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Abstract. Pressure-balanced external Ag/AgCl electrode has been extensively used for both Pressurized Water Reactor
(PWR) and Boiling Water Reactor (BWR) environments. The use of KCl-based buffer solution often becomes the
source of electrode potential drift due to slow leakage through its porous plug, typically made of zirconia. It is
reported that results of our effort to improve the stability of electrode potential by using high purity water as the
filling solution in which Cl ion activity can be established and maintained at the solubility of AgCl even with the
sustained leakage for a long period. Stability tests have been made in boron and lithium mixture soluti®®. at 288
The electrode potential remained stable within 10 mV over one week period. And after a thermal cycle between
288 to 240C the potential shift of Ag/AgCI electrodes did not exceed 15 mV. By using the limiting equivalent ionic
conductances and Agar's hydrodynamic theory, the thermal liquid junction potential (TLJP) of the electrode has been
predicted. The calculated values for the water-filled Ag/AgCI electrode potential, in which the chlorine concentration
in the filling solution was derived from the measured data at ambient temperature, had a good agreement with the
experimental values.
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1. Introduction temperature, especially when the AgCl surface is not well
protected, the decomposition rate of AgCl is very figio

The corrosion of structural metals in PWR operating watersolve this problem the external reference electrode of which
is the primary causes of the degradation and fouling of stearAgCl part was maintained at ambient temperature was devel-
generator (SG), piping, and turbine. As the results of exten-oped. Pressure-balanced external Ag/AgCl electrode has been
sive research during the past two decades, it is now possiblextensively used for both PWR and BWR environm@fits.
to predict the corrosion behavior of metals as function of The use of KCl-based buffer solution often becomes the
electrochemical corrosion potential (ECP) andpFor this source of electrode potential drift due to slow leakage
purpose, it is necessary to develop reference electrodes fahrough its porous plug, typically made of zirconia.
condition monitoring and life management of the secondary
system of PWR. 2. Rationale and Approach

The role of a reference electrode is to measure the poten-
tial of a particular electrode with stability and reproducibility.  Fig. 1 shows the schematic of rationale and approach of
A major decision in all high temperature electrochemical our Ag/AgCI electrode development. At 2&8 the potential
studies in an aqueous system is to choose a suitable refenf Ag/AgCI electrode appeared to change with the dilution
ence electrod®. Ag/AgCl reference electrode is well- of CI ion by more than 100 mV per month. It was assumed
defined, widely used, and very reliable electrode for high that the main paths of ion leakage were the gap between a
temperature work2% But in a reducing environment at high porous plug and Tefi§htube and through the porous plug
body itself. The leakage through the porous plug may be
TE-mail: becb@snu.ac.kr reduced by modifying the porosity or using a long plug or
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Fig. 1. Schematic of rationale and approach of water-filled Ag/AgCl

development.

Fig. 2. Schematic of modified Ag/AgCI reference electrode.
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Fig. 3. Plug tip tightened Ag/AgCl electrode potential variation as a
function of time in comparison to untightened Ag/AgCl electrode
potential.

tube, Ruloff sleeve, and a nut. Fig. 2 shows the schematic of
the modified Ag/AgCI electrode design, which is based on
Danielson’s electrode desighFig. 3 shows the test results for
the plug tip tightened Ag/AgCI electrode potential variation
with time in comparison to the untightened one. From the
results, plug tip tightening retarded the leakage but it was not
enough to be qualified as the long-lived reference electrode
for use in PWR. Therefore, it is reported that results of our
effort to improve the stability of electrode potential by using
high purity water as the filling solution in which "dbn
activity can be established and maintained at the solubility of
AgCI even with the sustained leakage for a long period.

3. Experimental

The performance and life tests for the water-filled Ag/
AgCI electrode have been conducted. To protect the penetra-
tion seals from high temperature, the autoclave was turned
upside down. A refreshed water system was used with a
charging/bleeding rate of about 1 L/hr for the loop of which
an estimated water volume was about 4 L. Overall flow dia-
gram for the test loop is shown in Fig. 4. Two water-filled
Ag/AgCIl electrodes and two platinized Pt electrodes were
installed with a Cu/Cy0D/ZrO, electrode. To maintain a
reducing environment, the solution supply tank was pressur-
ized by 5% hydrogen gas (95% nitrogen) at 2.0 atm. The pH
of test solution was controlled by adjusting boric acid
(H3BO3) and lithium hydroxide (LiOH) or potassium hydrox-
ide (KOH) concentrations.

4. Experimental Results

Fig. 5 shows the experimental results for the effect of tem-
perature on water-filled Ag/AgCI electrode potential. A solu-

double junction. But in this reference electrode design totion composed of 0.01 M boric acid and 0.001 M potassium
reduce the leakage through the gap, the plug tip was tightenetlydroxide was used as test solution. Solution temperature
by means of the machined and threaded stainless steel (S®)aintained as sequence 200, 225, and®@58g/AgCl elec-
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Fig. 6 shows test results for the long-term stability of
water-filled Ag/AgCI electrode potential. A solution com-
posed of 200 wppm boron and 3.25 wppm lithium was used
until 90 hours elapsed. At that test period, solution tempera-
ture increased from 240 to 28B. Then the test solution was
changed as 400 wppm boron to observe the dependency of
Ag/AgCI electrode potential on solution pH. In 400 wppm
—;;-I boron solution, long-term stability test has been conducted at
288C. As shown in Fig. 6 the Ag/AgCI electrode potential
remained stable within 10 mV over one week period. After a
thermal cycle between 288 to 24D the potential shift of

L, {:1 EJ.H]_ ﬁlge/AgCI electrodes did n?t- exceed 15 mV. It was found that

[ potential of the water-filled Ag/AgCI electrode showed a
very stable behavior as was expected.

5. Calculation of Potential Difference Between
! I * ' ‘ - ' ' 300 Water-Filled Ag/AgCI vs. SHE(T)

08

| AgAgCiwaten vs Pt r - 1% Main focus in the development of the electrode was to
06 E . . . . .

# improve the stability of electrode potential by using high

0 purity water as the filling electrolyte in which @n activity

: could be established by the solubility of AgCl even with the
leakage problem. But to understand the fundamentals of

001 MH BO_ +0.001 M KOH . . .

o | Flow rate. 2 Lhr electrode reaction and high temperature electrochemistry the

(H2]=0.156 ppm 1'% potential difference between water-filled Ag/AgCl and

SHE(T) needs to be calculated. The basic equation for calcu-

os I N\ 1% lation is adopted from the work of Macdonald et’al..
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06 L L ] L i) | ! 0
0 10 20 30 40 50 60 70 80 Ewater Ag AgClvs. SHE 'I)(T)

Time (hours) = AEAg/ Ach(T) _AETh
Internal, Ay AgC T
Evs, SHE h—) _{ AE]298.15+ A(pTLJP, AgCﬂ’

= Efg agckT) ~2.30FI0g[ i (T)s(T)] g

Ag/AgCl{Water) vs. Cu/Cu20/2r02
Solution Temperature

02 B

(0, ) eimesadwa]

Electrode Potentials ( V)

-0.2

Fig. 5. Test results for the effect of temperature on water-filled Ag/
AgCl electrode potential.
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obtained by Greeley et af. And Greeley’s equation is as
Fig. 6. Test results for the long-term stability of water-filled Ag/ below.

AgCl electrode potential.
EZg/AgCl(T) = 0.23735- 5.378% 10T

trode potentials versus platinum and CwWGIZrO, elec- ~2.3728x 10 °T%, T(°C)

trodes were measured with temperature variation. Based on

these results, it is possible to calculate the potential of Ag/ AE° ]298 15 is the difference between Ag/AgCI electrode

AgCl electrode vs. SHE(T) as a function of temperature. Thevs. SHE at the temperature of T and Ag/AgCI electrode vs.
derived equation can be used as the calibration results of SHE at 28C, and it can be calculated by using Macdonald’s
water-filled Ag/AgCl electrode. formula as described in Eq. &

@)



90

T
AEO]298.15 = —0.5879+ 0.005469 +6.635V' T

o 3)
—4.2452x 10 TInT-3.8643x 1

66T2

In Eq. (1), s denotes the solubility of AgCl apnd is the mean
ionic activity coefficient of AgCl which can be calculated by
using Debye-ldckel limiting law®

1/ 2, 172

)z, 21 at 25°C

logy. = (0.5092.%2/mol

1 2

wherel. = 55 ¢z .

Cc zlz 171 (4)
Thenlogy, agci = —0.5092/spqc

where §,c = 1.25x 10°mol/kg at 25°C

In Eg. (4),z. andz denotes the charge number of cation
and anion, respectivelis, ¢;, andz are the ionic strength, the
concentration and the charge number of itheion, respec-
tively.

In Eq. (1), the final term, the thermal liquid junction
potential (TLJP) of the water-filled Ag/AgCI electrode can
be calculated by below equatit.
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whereF, t;, andS* are Faraday constant, the transference

number of ionic speci¢, and the entropy of transport of
ionic speciei, respectively. In an electrolyte solution that is
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In Eqg. (6-1), Qi*0 denotes the standard heat of transport
andT is temperaturee is the charge of electron amdis the
charge number of ionic spedies is the permittivity of water
andR; is the ionic radius. In the Agar's hydrodynamic theory
there are stick and slip boundary conditions for the hydrody-
namic boundary conditions. The two boundary conditions
yield values differed by 10%. Because it is impossible to
know which one is more appropriate for this study from the
two conditions and the main focus is to compare the calcu-
lated results with the experimental results, in this study stick
boundary condition is employed arbitrarily.is the Boltz-
mann constant ang is the viscosity of water. The self-diffu-
sion coefficientD; has the relationship with the limiting
equivalent ionic conductanck® as below equatiot?

_RTA}
i~ 2?
1

@)
F°z

Therefore, the standard heat of transport and entropy of
transport can be expressed by the ionic conductance, the per-
mittivity and viscosity of water, when Eq. (7) is inserted into
Eq. (6-3).
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homogeneous in concentration but with a temperature gradient, Eq. (10) was used as the viscosity of water as a function
an internal electric field occurs almost instantaneously throughof temperature. This equation was obtained by fitting the
the migration of ions due to the Soret effect. Correspondingoriginal data”

to this electrostatic field there occurs an electric potential that

n(m =

—0.051099+ 149.92 T —1.8686x 10/T°

is designated as the thermal diffusion poterflahfter a
time, concentration gradients also arise in the solution,
which, in turn, leads to the diffusion potenttal.in this

paper, it is assumed to designate the sum of the thermal dif-

fusion potential and the diffusion potential as the “thermal
liquid junction potential”. When calculating TLJP it is sup-
posed that the filling solution is composed of only four ionic
species: Ag CI, H", and OH.

To calculate TLJP by using Eq (5), the entropy of transport

must be known as a function of temperature. And the stan-

dard entropy of transport, which is valid only in the case of
infinitely dilute solution, can be introduced from the Agar's
hydrodynamic theory to calculate the entropy of transfbrt.

Qi*o = _T(ezziz/ 82)(08/0T)4Ri ( stick boundary condition) (6-1)

where R = kT/67mD; (stick boundary condition) (6-2)
2.2
* 61" Z nD; g¢
o _ 1 | -
Then Qi - 2 T (6 3)

4ke

+1.2841x 18/T°-5.2562x 16%T1*
+1.2827x 16%/T°-1.7302x 16°/1°
+9.976x 1d%/T', T(K)

(10)

Eq. (11) was used to calculate the dielectric constant of
water as a function of temperatdfe.
g = 5321/ T+233.76— 0.929T +0.001417°
-8.292x 10'T°, T(K)
g, = 8.854x 107°C/Vm
€= &€,

(11)

The data of the limiting equivalent ionic conductance was
adopted from the work of Quist et &).Fig. 7 shows the
Quist’s original data and the fitted curves. And the coeffi-
cients of the polynomial fitted equations like Eq. (12) were
tabulated at Table 1.

2°(T) = A+ BT+ CT+DT>, T(K) (12)
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Table 1. The limiting equivalent ionic conductances of each i6h

lonic species A B&x10° Ccx10 D x10%
Ccr -0.015067 -4.9382 5.5471 -4.3961
K* 0.006945 -21.033 9.4067 -7.702
Li* -0.020571 5.1822 0.6934 1.2878
Agty 0.0055 -20.007 8.9473 -7.2516
H* -0.27596 175.15 -28.435 15.698
OH -0.092911 33.085 3.7546 -7.3268
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Fig. 8. Calculated values of the standard entropies of transport for
important ions in comparison to the referenced values.

unit. The dissociation constant of water was introduced to
calculate the concentration offHind OHas a function of
temperature. Eq. (15) is the fitted equation from the original
data?? It is assumed that except ldnd OHother ions such

as Ad, CI, and K have the constant molal concentration
even if the solution temperature varies.

logK,, = —52.023+ 0.2855X —0.00078946°

(15)
+1.0284x 10°T3-5.302x 10°°T*  T(K)

6. Calculation Results & Discussion

As like Eq. (13), the standard entropy of transport can be
expressed by the viscosity of water, dielectric constant of Fig. 8 shows the calculation results of the standard entropies
water, and the limiting equivalent ionic conductances of ionic of transport for considered ions as a function of temperature

species.
5= 31mE’RNA] g¢
2kF? ¢ T
37'[62R nAioagr
= - St /K]
2 2
2kF°g, & aT

[J/ molOK]

_ __3m(1.602x_10"°C)°(6.02x 16¢%/mol)’ nA 9%,

2(96485/ mo)(8.854x 10 -2C/V )

JLnAT O%,

-5.3174x 1
5r2 T

[J/ molK]

g2 a7

(13)

in comparison to Lvov's dat4) The calculated values are
lager than the Lvov's data. Also, the calculation results show
that the ion-to-ion variation is much larger than the results of
reference case. The equation used to calculate the standard
entropies of transport is dependent on the limiting equivalent
ionic conductance of each ion. Furthermore the ion-to-ion
variation ofs*0 is only dependent on the limiting equivalent
ionic conductance. But in the case of the reference values, by
combing the measured initial and stationary state thermoelec-
tric powers of the cells incorporating Ag/AgCl electrodes
and aqueous NacCl, KCI solutions, the standard entropies of
transport have been derived and extrapolated by employing
Agar’s hydrodynamic theor? This feature seems to make
such difference.

As well as the entropy of transport, to calculate the TLIP Fig. 9 shows the results of the calculated TLJP with varia-
from Eg. (5), the transference number of ionic species mustion of compositions and concentrations of the filling solu-
be also known. And it can be calculated by using the belowtion. In the case of AgCI, TLJP increases with the increase

equation'?
¢ = 4 Ac
1
Y [z|ATc
[}

The concentration of each iam was calculated in molal

(14)

of the solution concentration. In Fig. 9, ‘1:@%°m AgCl’
corresponds to the solubility of AgCI at the ambient temper-
ature. To be compared with an experimental result, the case
of ‘56x10°m KCI' is also calculated. Fig. 10 shows the cal-
culation results based on Eq. (1) for the potential of Ag/
AgCl vs. SHE(T) in comparison to the experimental results.
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Fig. 9. The calculated values of the thermal liquid junction
potential with variation of the compositions and concentrations of
the filling solution.
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In Fig. 10, the three points denoted as16°>N KCI' were
referenced from EPRI's experimental d&taAnd the points
denoted as ‘Pure Water(RUN 10)' and ‘Pure Water(RUN
07) mean the two experimental results for the water-filled
Ag/AgCI electrodes. As shown in Fig. 10, there is the large
difference between the experimental results ‘Pure Water
(RUN 10)" and the analytical results denoted as ‘Pure Water’
and ‘5x10°m KCI'. The analytical result denoted as ‘RUN

10’ shows a similar behavior, but some different temperature 5.
dependency to the experimental results in comparison to 6.

other analytical results. The potentials of the water-filled Ag/
AgCI electrodes used in ‘RUN 10’ experiment were measured
versus the saturated calomel electrode (SCE) @ a&6d the
value was +14810 mV. The concentration of chlorine ion

corresponding to the measured value was derived. And usingg

the measured concentration the analytical result ‘RUN 10’

was calculated. The cause of the difference between the med-l.

sured chlorine concentration and the theoretical one seems to
be the chlorine contamination during the build-up of the elec-
trode or the high solubility of the chloridized AgCl caused by
a certain surface condition. In this calculation, it is supposed
that the positive ion corresponding to the contaminated chlo-
rine ion is silver ion. It can be verified by the analysis for the
compositions of the positive ions in the filling solution. And
the assumption that the concentrations of, AZf, and K in

the filling solution except Hand OH have the constant
molal concentration, even if the solution temperature varies,
needs to be verified by other methods.

7. Summary and Conclusions

From the experiment and analysis for water-filled Ag/AgCl
reference electrode, following conclusions are made.

1) To improve the stability of a reference electrode, the
water-filled Ag/AgCI reference electrode has been developed.
2) The water-filled Ag/AgCI electrode potential remained
stable within 10 mV over one week period. And after a ther-
mal cycle between 288 to 22D the potential shift of Ag/

AgCI electrodes did not exceed 15 mV.

3) By using the limiting equivalent ionic conductances and
Agar’s hydrodynamic theory, the thermal liquid junction
potential of the water-filled Ag/AgCI electrode has been cal-
culated.

4) The calculated values for the water-filled Ag/AgCI elec-
trode potential, in which the chlorine concentration in the
filling solution was derived from the measured data at ambient
temperature, showed a similar behavior to the experimental
values.
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