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Abstract

From the de Levie's theory for a porous electrtitejmpedance can be expressed in function
of the cylindrical pore characteristics: the panegth, the pore radius and the number of
pores. If the pores have a finite length, thesampaters can be regressed from the
experimental impedance diagrams. In the case efmamfinite pore length, only the product
r¥2n can be obtained. In this paper, two practical edlamof porous electrodes were
presented: the corrosion of cast iron in drinkiregev and the electrodissolution of copper in

1 M hydrochloric acid solution. In each case, theegparameters were assessed.
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1. Introduction

It is very common in the literature to analyze im@ece results by a physical model; this
model is expressed by a mathematical equationtas@duation can be represented by an
equivalent circuit. The values of the electricainpmnents of the circuit are associated with
the physical/chemical properties of the metal—-ebdgtie interface. However, in general,
experimental impedance is not a semi circle andestispersion in frequency is normally
found. In this case, the so-called constant phieseemt (CPE) approach is used Ipit it is
not always easy to attribute a physical meaninyeéaegressed parameters, even if a very

good fit can be obtained.

A classical example of dispersion in frequency pnéisg a clear physical meaning was
described by de Levie J2or porous electrodes. He considered that theeghapce of a porous
electrode could be described by a parallel scheridentical cylindrical pores. The
impedance of each pofge_evieWas calculated by the transmission line technigui the

following assumptions:

the solution resistivity is independent of the coate along the pore axis

the conductivity of the solid phase is infinite (alkc electrode behavior),

the local impedance is independenkof

Thus no axial concentration gradient is considamstithe ohmic drop is neglected.

ZdeLevie (in Q) is given by:

[Rg )
— 1
Vze, (1)
Ry is the electrolyte resistance for a one-unit lergire inQ cmi, Z is the interfacial

impedance for a one-unit length poreiirtm andiis the length of each pore in cRy andZ,

can be expressed in function of the pore radissfoliows:

Zadeve = (RoZp)' ' “coth (1

Ro = -'7 2)



Zo=Zed2mr (3)
whereZgq is the interfacial impedance per surface unition?) andp the electrolyte
resistivity (inQ cm).

The experimental impedance of a porous electiaggin Q) can be written by:

7. = Loleve (4)
H

n being the number of pores. The combination of (@) (3) and_(4)yields an expression of
Zeypin function of the three geometrical parametersandn:

Zo = B o ( 20 ) 5)

Nl et \]ﬂ P

An equivalent equation was previously given by kosl. [3 for a pure charge transfer-

controlled process.

201 Z . . .
Whenlf‘p' rZ“"|s large enough, which means that the pores bedmtlgough they are semi-

—
c 20117 32
infinitely deep,*®™ (t‘e’ PiTte )tends towards 1 ariy, tends toward§0Zea!'*/ V2rrn’?

In this particular case,andn cannot be determined separately; only the pro@ﬁ(fm) can be

obtained.
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When V2P %5 small enough™"" (1zerr rends toward& VP %a) andZeyp

towardsZea/ 27T | this case, the impedance corresponds to fraptane electrode.

When !y =P{ e

geometrical parametersr andn can be regressed from the experimental data.

coth [ 2P [1Zeq )

'has an intermediate value differs from 1 and the

Different pore geometries were taken into accoyrddweral authors. Keiser et al] [4
calculated in 1976 the impedance of occluded pofréisite depth by numerical simulation.
They only considered the case whggavas purely capacitive due to the double layer
capacitance. In 1981, Candy et al.rigported the impedance of porous electrodes raade
gold-powder and Raney-gold. It was shown that doea very intricate pore-form, the
overall impedance was equivalent to that of a dyloal pore electrode with equivalent pore

length, pore radius and number of pores. This agbravas also used to characterize the pore



texture of Raney-nickel J[6More recently, numerical simulations of impedamata for
different pore geometries were carried out by lditd Lasia [} pear-shape, spherical and

two spheres pore shapes were considered.

Because the pores are distributed (various dimasggithe use of a one pore model to
describe the electrode surface only provides aeevatles for the pore parameters. A model

taking into account distribution of simple cylincli pores was recently published by Song et

al. [8].

In order to obtain an analytical solution, de Leassumed that the interfacial impedance was
independent of the distance within the pode Which means that the ohmic drop along the
pore as well as the axial concentration gradieminagligible. Impedance of porous electrodes
in the presence of a concentration gradient waedunumerically by Keddam et al.][@nd
Cachet and Wiart [J(out the ohmic drop in the pores was neglected. 995, a model for
porous electrodes, assuming Butler—Volmer equatidhe pore interface, was presented by
Lasia who took into account the ohmic drop butthetconcentration gradient [[L1n the

case of finite-length cylindrical pores, he obtalimaly numerical solutions. A complete
numerical calculation in the presence of a cone¢intr gradient and a potential drop in the

pores was developed later by the same auth¢r [12

The aim of the present paper is to fit experimeimi@edance data of systems that exhibit a
porous behavior. For this purpose, an analyticedy® electrode model is much more
convenient than a numerical one. Thus, in the atesehinformation on the pore geometry,
cylindrical pores will be considered and the deiesvtheory used. Two practical examples
will be presented: the corrosion of cast iron imking water and the electrodissolution of
copper in 1 M hydrochloric acid solution. In ea@se, mean values for the geometrical pore
parameters will be obtained and the correspondisgraptions of de Levie's model will be

discussed.

2. Corrosion of cast iron in drinking water

Free chlorine (CI; the sum of hypochlorous acid HH@&a hypochlorite ions CIQ
introduced in drinking water in order to maintaircrobiological quality, gradually
disappears throughout distribution networks. Theasion of cast iron pipes, which represent

around 70% of the French networks, has been rgcentbked as an important source of



chlorine decay [13 Indeed, CL is chemically reduced by ferrous iogieased by the metal
dissolution [14.

2.1. Experimental

All electrochemical measurements were performet withree-electrode cell. The working
electrode was a cast iron rotating disk electré&®E) of 5 mm diameter, directly machined
from a typical pipe. Its rotation speed was fixed 50 rpm. The counter electrode was a large
platinum grid, and potentials were referred totarsded sulfate electrode (SSE). The
electrolyte was commercial Evian mineral waterduse delivered. Experiments were carried
out either without CL, in a single compartment cetlwith CL, in a two-compartment cell.
Free chlorine was added to water as bleach. Itsesdration was fixed to 0.5 or 2 mig.|

More details about the experimental conditionsgiaven elsewhere [15

Ac impedance diagrams were collected by meansl@Ba SOLARTRON potentiostat—
galvanostat and a 1250 SOLARTRON Frequency Respbmalyzer with a frequency

domain ranging from 60 kHz to a few mHz.

2.2. Experimental impedance diagrams

In Fig. 1, impedance diagrams are plotted at different tiofémmersion with 2 mgt of CL.

All diagrams show qualitatively the same featufidgey can be described by two capacitive
loops, a high-frequency (HF) loop to which corresg®a very small capacitance value, much
lower than the usual double layer capacitance ado@-frequency (LF) loop which has the
appearance of a diffusion impedance. During tts élays of immersion, the high-frequency
part of the diffusion impedance exhibits an andlé55 with respect to the real axis, the same
as observed for a plane electrode. This angle appss gradually 22.5° for increasing
immersion times, which suggests that the casteétectrode behaves as a semi-infinite porous

medium, in agreement with the theory of de Levie [2

Fig. 1. (@) Experimental and=) regressed ac impedance diagrams of the casRiDdf
plotted atE.or and 150 rpm, in function of immersion time in Bviaineral water added with

2 mg I'* of CL. Some frequencies expressed in Hz are itefican the diagrams.
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In the absence of CL, both loops are very flatteegdn at short times (angle of 22.5° from
the first day of immersion) [15Moreover, the comparison of results obtainedwi and 2
mg I"* of CL shows that for any time of immersion, a w#idn of CL concentration does not
modify the overall shape of the impedance diagrdrherefore, the electrochemical response

of cast iron depends only on the presence or theraie of CL and not on its concentration.

The porous electrode behavior detected on impeddiageams is confirmed by optical
observations that show a porous black rust layethaugeometrical characteristics of the

pores cannot be assessed due to the presencepofedtrust layer.

As it will be shown further, the corrosion studyaafst iron in drinking water is an example

where the use of the de Levie's theory is the waly to get a good adjustment of impedance

data

2.3. Physical model



The scheme proposed for the cast iron—drinking miaterface is illustrated in Fig. [25].
From this physical model, an electrical model & itterface can be given ( Fig. 3his
latter model, that takes into account the poroestedde model of de Levie][describes the
behavior of cast iron in drinking water, with andheut free chlorine, and at any time of
immersion.

Fig. 2. Physical model of the cast iron—drinkingevanterface. Equivalent circuit for the
cathodic impedance.
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Fig. 3. Electrical model for the cast iron—drinkiwgter system, & Equivalent circuit for
(a) the total impedance, (b) the anodic impedandg(@) the interfacial impedance for a one-

unit length macroporg.
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Near the corrosion potential, the total impedasaequivalent to an anodic impedaZge
linked in parallel with a cathodic impedangg with the solution resistané® added in series
(Figs. 3(a) and (b)). With the previous notatioa dathodic impedanc& corresponds to
ZyeLevidN. Zo Which is seen through the micropores, is compa$eide parallel arrangement
Ri/C: (Rs is the ohmic drop resistance of the electrolyteugh the microporous film arnc
the film capacitance) in series with the paraltehagement of the cathodic double layer
capacitanc&€gy® and the Faradaic branch consisting of a cathdticge transfer resistanB¢
in series with a diffusion impedangg (Fig. 3¢)).

Zp which describes the radial diffusion (relativedythe macropores) of oxygen through the

green rust layer is given by [[t6

Z = Ry TI®TD ©6)
\a_,I'LL!TD
with
55‘
™ = — L (7)



whereRp is the diffusion resistance; the diffusion time constand;, the thickness of the
diffusion layer that equals the thickness of theegrrust layer anb is the diffusion
coefficient of dissolved oxygen in this layer.

Thus the anodic surface corresponds to the erfteahiacropores whereas the cathodic
reaction occurs at the end of the micropores. Maeat should be noted thatr andn are

relative to the macropores.

Given the very low value of the corrosion curréhg axial ohmic drop is negligible. As the
diffusion of dissolved oxygen occurs only throubk green rust layer, the oxygen
concentration outside this layer equals the buticeatration and therefore, there is no
concentration gradient along tkexis. At last, the macroporous layer is made atklrust
which is known to have a metallic electronic bebavihus with the present model, all the

assumptions of the de Levie's theory are verified.

2.4. Regression

With the model illustrated in Fig., 3he impedance diagrams were analyzed by usimma n
linear least-squares regression procedure to éxihgsically meaningful parameters. The
results of the regression are shown in Fifprl2 mg I'* of CL. Whatever the time of
immersion, the model fits the experimental datg veell.

In Fig. 4 the modulus of ™" (t‘vflzp“"f""i )Was plotted in function of frequency for different
times of immersion in Evian mineral water addechvéitmg T* of CL. For 1 and 3 days of

immersion, the impedance value obtained at theehiffequency differs from the electrolyte

. . . : 120117
resistance (Fig.)land therZ, keeps a finite value; as a consequeL%:‘éT,h (]**r' pl1Ze) |

i fr .II . .
always differs from 1. For 4 days of immersiofc"" (]‘r‘r‘P‘ Zea) |d|ffers from 1 only in

the low frequency domain, which means that for Higlquencies, the macropores behave as
though they were semi-infinitely deep. For 1, 3 drdhys of immersion, the macropores have

a finite length and, r andn can be regressed from the experimental data.ofRgel times,

h ( L2p/r Ze . o
coth ( =PI ) |equals 1 whatever the frequency, which corresptmdsmi-infinitely

deep macropores. In this cas@andn cannot be determined separately, only the product

(r¥%n) can be regressed.

Display Full Size version of this imagéK)



Fig. 4. Modulus ofmh (t‘e’lzp‘“’f“": )vs. frequency for cast iron in Evian mineral wadded
with 2 mg ! of CL, in function of immersion time &, and 150 rpm.
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respond like a plane interface. Thus, although ohapee diagrams are not distorted in the so-
called Warburg domain (angle of 45°), a regressicime data by a plane electrode model
whereZ; is directly proportional t&,, would not give satisfactory results. A poroustiade
model is necessary to get a good adjustment, ewvie &rst days of immersion, where no
porous behavior is obvious.

2.5. Pore parameters

From the regression procedure, the mean lengtheofacropores, their radius and their

number can be extracted. The corresponding vahaesrasented in Tableand Fig. 5in

function of immersion time and CL concentrationtie present case, the length of the

macropores corresponds to the thickness of thé Iolest layer.



Table 1. Corrosion of cast iron in drinking water

T{pm) n{em )
Immersion time (day) | 2 3 4 K =10

[CL] (mg I7T)

150 ® b b b 12750
P@ s 12 1§ 44650
16 2 25 54 ° b 44150

5

(i

Mean length of the macroporé&nd number of macroporasextracted from the regression

procedure, vs. time of immersion and CL concerdrati

Fig. 5. Radius of the macropores vs. time of immeren Evian mineral water, for different

CL concentrations. Cast iron electrode rotatingy=t rom andEcor.
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At short times of immersion, the layer of blacktrigsmuch thicker without CLI£150 um)
than with CL. Moreover, for high CL concentratiohis macroporous layer is also thicker (
=54 um for 2 mg T* of CL andi=18 um for 0.5 mgT* of CL) and its growth kinetics is faster
(tis considered as semi-infinite after 7 days of &nsion for 2 mgT of CL and after 10 days
for 0.5 mg T%).

When the macropores can be considered as semitéhfideep; andn are dependent

parameters: only the produc¢tn can be regressed. Therefore, as sodragsn is fixed and



is calculated fronn®n. This fixed value fon depends on the absence or the presence of CL

but is similar for the two CL concentrations (seblE 1 last column).

For the chlorinated and non-chlorinated solutidng,radius of the macropores reach a
stationary value as soon as the macropores caonsé&dered as semi-infinitely deep (Fig. 5
Again this stationary value depends on the absenttee presence of CL but is similar for the
two CL concentrations. Furthermore, macroporeswder without CL (=1.25um) than with
CL (r=0.35um).

Thus, without CL, the macropores are less numetonger and wider than with CL.

Obviously the kinetic parameters and the capadisimvolved in the model are
simultaneously obtained. The corresponding valmespresented here due to the aim of the

present paper, are very close to those obtainBefn[14.

3. Electrodissolution of copper in 1 M hydrochloricacid solution

The anodic dissolution of copper in chloride meditas been widely studied in the literature

diagrams in the active dissolution region presenttapacitive loops ( Fig.)6These

diagrams have been explained by the following meisina

Cu+ CI™ & CuCl + e )
h-l
CuCl+Cl™ & CuCl; )

CuCl is an intermediary species adsorbed at therette surface and the steady-state current
is partially controlled by mass transport of Cu@20].

Fig. 6. (@) Experimental andy) regressed ac impedance diagrams of copper irHCM
plotted at —0.240 V vs. SCE and for two rotatiorexs: (a) 100 and (b) 400 rpm. Some

frequencies expressed in Hz are indicated on thgrains.
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Although this mechanism can simulate the main tesdncerning the electrodissolution of
copper in hydrochloric acid solution, it cannot kexp the linear part observed in the very
high frequency region with a slope of about 0.5 (B [25 and_26. The following study will
show how, by using the de Levie's theory descraddeml/e, this linear behavior can be

explained.

3.1. Experimental

All electrochemical measurements were performed withree-electrode cell. The working
electrode was a rotating disk electrode (RDE) atimgj of a cylindrical pure copper rod with
a 0.2 crfi cross-sectional area, the reference electrodeasaturated calomel electrode and

the counter electrode was a large platinum grig 3diution was 1 M HCI (pH 0).

For electrochemical impedance measurements, a3Q8ARTRON potentiostat—
galvanostat and a 1250 SOLARTRON Frequency Respbmalyzer were used, with a

frequency domain ranging from 65 kHz to a few mHz.

Due to the high renewal of the interface in thettalissolution process, no ex situ surface

analysis can be accurately performed. Thereforelineat evidence of porous electrode was

obtained.

3.2. Ac impedance model



Diard et al. [2% have proposed a physical model of the copper-ibt€iface that can be
represented by the equivalent circuit of FigTius, the impedanc&, is modeled by the
double layer capacitan€®, in parallel with the Faradaic impedance. The &aia

impedance is given by the charge transfer resist@na series with an element calculated by
taking into account the CuCl adsorption and theveotive diffusion of CuGI. In Fig. 7 Cags

is the adsorption capacitané®gsthe adsorption resistance afgda diffusion impedance

described by:

Fig. 7. Ac impedance model for the copper—1 M H@Gksm, at —0.240 V vs. SCE.

Equivalent circuit for the interfacial impedance parface uniZe,from Ref. [1].
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Cads

Rads 2y

The general numerical solution developed i j@2&@s used for the calculation of

( ~1/&qc; (0) Jat each frequency. This treatment takes into adabernconvective

diffusion to the disk electrode with a finite Schitnhumber, where the axial velocity is

treated by a two-term expansion.
The experimental impedance is deduced figaccording to Eq..5

Given this kinetic model, an axial concentratioadient of CuGI must exist, which is

contrary to the de Levie's assumptions. Howeve€lgZplays a role essentially in the

diffusion impedance that is significant in the lé@quency range where the electrode
behavior is the closest to that of a plane eleetr&or this reason, this porous electrode model
can be used as a first approximation. Concerniagtimic drop along theaxis, it can be

neglected due to the high conductivity of the sohut



3.3. Regression and pore parameters

The previous ac impedance model was used to retiregxperimental impedance diagrams
plotted at two different rotation speeds (Fiyj. Bhe results of the fitting are shown_in Fig. 6
A very good match was obtained between the expetahessults and the theoretical ones.

coth (14207 )

In Fig. 8 the modulus of has been plotted in function of frequency for 100
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higher frequencies. It means that above 100 Hzpohes behave as though they were semi-
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rpm. ) |differs from 1 for frequencies lower than 100 Hzl &guals 1 for
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y—P 1T , which means that the electrochemical system dotesespond like a plane

electrode even in the very low frequency range.

Fig. 8. Modulus of “™ (t‘*"?ﬂ"”"“ )vs. frequency for the electrodissolution of copipet M

HCI. Potential, —0.240 V vs. SCE; and rotation shd®0 rpm.
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From the regression, values for the pore lengthe pore radius and the number of pores
were obtained_(Table)2With increasing rotation speed, the pores become numerous
and shorter, but their radius remains identicak@@ rpm, the pores are roughly twice as
numerous and twice as short as at 100 rpm. Adwocorrosion of cast iron, the kinetics

parameters are simultaneously obtained.

Table 2. Electrodissolution of copper in 1 M hydrloeic acid solution

Parameter 100 rpm 400 1pm
D(pm) a0 45
r{pn) 35 36

n{cm ™)y 6050 14400

Mean length, radiusr and numben of the pores, extracted from the regression pnaegd

for two rotation speeds.

4. Conclusions

It was shown that the electrochemical impedancetspcopy is a very useful tool for
determining the characteristics of porous elecso#&en for a very intricate pore geometry,
the impedance can be represented by an equivalémdrical pore model. That is why de
Levie's theory with cylindrical pores was usedit@kperimental data of practical systems
exhibiting a porous behavior. Mean values for theepadiug, the pore lengthand the
number of pores were obtained if the pores were not semi infimitéhe whole frequency

range and for semi infinite pores, only the proddén was regressed.

Even if the shape of the impedance diagrams sugggifine electrode behavior, especially
in the high frequency range, the electrochemicstlesy can reveal porous electrode
geometry. Therefore, in some cases where a plasg@lle model does not give a good
adjustment of experimental data, a porous electnoaigel should be used, as for example for
the cast iron after 1 day of immersion (Fig. Maybe porous electrode geometries are more
frequent in the electrodissolution or in the coiwodield. This way could be used to analyze

some problems where CPE are introduced without gliséification.
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