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RESUME

Dans le present rapport, on deerit une electrode de reference en

argent-chlorure d'argent a haute temperature et haute pression. Son but

est de servir de guide d'utilisation pour l'experimentateur. Done, on

traite de sa conception et construction en detail. En outre, on examine

les problemes qu'on pourrait rencontrer ainsi que leurs causes et les

remedes possibles. On donne des facteurs de conversion pour les electrodes

de reference interne et externe de sorte a pouvoir rapporter les potentiels

mesures a l'echelle d'electrodes normales d'hydrogene.
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ABSTRACT

A high-temperature, high-pressure, silver-silver chloride

reference electrode is described. This report is meant to serve as a

user's guide to the experimentalist. Consequently, the design and

construction of the electrode are dealt with in some detail. The problems

that may be encountered, along with their possible causes and remedies, are

also discussed. Conversion factors are given for both internal and

external reference electrodes, so that measured potentials can be related

to the standard hydrogen electrode scale.
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1. INTRODUCTION

In this report, ve describe a high-temperature, high-pressure,

silver-silver chloride reference electrode. To the best of our knowledge,

the electrode was first developed at the Central Electricity Research

Laboratories, Leatherhead, U.K., by Peter McKay and Tim Underwood. The

original design has been developed over the years. The present design, and

its variations described here, are the result of work at Vhiteshell Nuclear

Research Establishment (VNRE). However, the electrode is not unique to us.

A very similar design has been described previously [1J.

This document is intended to serve as a user's guide. The first

section covers the basic electrode design. Two variations of this design

are described, one for internal use and one for external use. Next, we

describe the step by step construction of the electrode. Particular

attention is paid to the precautions that should be taken when making the

electrode and the potential problems, and their remedies, that may befall

the user. Finally, the characteristics of the electrode are noted. These

characteristics include the electrochemical potentials of the various

designs and the stability and durability of the electrodes.

2. ELECTRODE DESIGN

Here, the design of the electrode used at VNRE is given. There

are slight variations from researcher to researcher in the exact details of

the design, some of which are noted. However, the description given covers

the main features of the electrode without going into great detail.

Typical dimensions are given for some of the components, but they should be

treated as a guide only, and may be changed as required.

We start off with the basic design for an internal reference

electrode, i.e., one that would be used in a pressure vessel in intimate

contact with the test environment. The suitability of this basic design

for use in a y-radiation field is also noted. Finally, an external
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reference electrode is described. This electrode would be used if, due to

extreme environmental conditions, there is a danger of poisoning or

deteiioration of an internal electrode.

2.1 BASIC ELECTRODE DESIGN

The basic electrode design is shown in Figure 1. Five major

components will be discussed in detail: the electrode body, the lover end-

plug, the wick, the silver wire coated with silver chloride and the

reference electrolyte solution.

The electrode body is made from polytetrafluoroethylene (PTFE)

tubing. The body should fit snugly over the upper and lower end-plugs. A

small hole can be drilled in the upper part of the body above the level of

the reference electrolyte solution. This hole allows the reference

electrolyte solution to be replaced without having to dismantle the

complete electrode. It also allows for pressure equalization when the

pressure inside the autoclave is cycled.

The lower end-plug is made from three components machined from

PTFE rod (Figure 2). Typical dimensions are shown in Figure 2. The

cylindrical plug (A) should fit tightly into the lower part (B). The

Luggin probe (C) is screwed tightly into the side of part B.

Ionic conduction between the reference electrolyte solution and

the test solution is made via an asbestos wick. The wick is made by heat-

shrinking PTFE over asbestos string or some other suitable material.

Before use, the wick is soaked in the reference electrolyte. The wick is

pulled through the lower end-plug assembly and cut so that the ends

protrude slightly into either the reference electrolyte or the test

solution. It is imperative that a good, tight seal is formed between the

wick and the end-plug.

The base for the Ag/AgCl component of the electrode is a long

silver wire. The wire is covered with heat-shrink PTFE, leaving the bottom

2 to 3 cm of the wire exposed. A bead of silver chloride is then added to

the wire in one of two ways. In the first method, the exposed end of the
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silver wire is repeatedly dipped into molten high-purity AgCl, until a bead

approximately 1 cm long is formed (Figure 3a). Alternatively, the AgCl can

be electrolytically deposited by chloridizing the Ag wire in 1 mol*dm~3 HC1.

Typically, a current density of about 1 mA*cm"2 is passed for 18 hours

(this deposition can conveniently be done overnight). These conditions

produce a thick layer of AgCl. It is then prudent to attach a fine silver

wire to the silver wire base (Figure 3b). If a larger amount of deposited

AgCl is required, a longer length of exposed Ag wire can be formed into a

spiral. The electrolytically deposited type of electrode has been found to

be more reliable at temperatures above 150°C.

The last major component of the electrode is the reference

electrolyte solution. We have generally used 0.1 mol'dnr3 KC1. Because

the cation and anion transference numbers are about equal for this

electrolyte at this concentration, the junction potential is minimized by

using this solution. However, other concentrations of KC1 can be used.

Problems may arise when using this electrode in a y-radiation

field. The radiation field may cause the PTFE to embrittle. In addition,

the chloride concentration of the reference electrolyte may be altered by

the formation of oxychloride radiolysis products. This effect could be

particularly important within the pores of the silver chloride. However,

we have not encountered any great problems with the electrode with absorbed

dose rates of up to 200 Gyh" 1 for periods of 2 to 3 weeks (total absorbed

dose of 10s Gy). Kubota [2] has reported no deleterious effect on

saturated calomel, glass, fluoride-specific and nitrate-specific electrodes

with dose rates of 9000 Gyh" 1 and total doses of 106 Gy.

Should problems be encountered with embrittlement of the PTFE

components or contamination caused by breakdown of the polymer, other

materials can be used. Heat-shrink polyolefin or Kynar can be used for the

electrode body and wick casing. The upper and lower end-plugs can be made

from polysulphone. It is debatable, however, how advantageous it is to use

these substitutes for PTFE. The electrode is sufficiently cheap and easy

to make so that, if embrittlement does occur, a fresh electrode could be

usud for each experiment. If serious problems do occur, it may be better

to move the reference electrode out of the radiation field, i.e., to use an

external electrode.



2.2 EXTERNAL REFERENCE ELECTRODE DESIGN

In some cases it may be advisable to use an external reference

electrode. One case, the presence of a radiation field, has been mentioned

above. Another case would be the presence of e.ectrode poisons, such as

sulphide. Because an external electrode can be kept cool, it can be used

if the test environment is to be maintained at a high temperature (greater

than 250°C, say) or at a moderate temperature (150 to 200°C) for long

periods. Generally, an electrode's useful lifetime is inversely propor-

tional to the temperature.

Essentially, the design of an external reference electrode

differs from the basic design only in the length of the asbestos wick. Ve

have used two designs, with wick lengths of about 50 cm and 1 m. The

shorter wick design was used in a small y-radiation facility, known as a

gamma-castle. The longer wick was used for the electrochemical corrosion

experiments carried out in the Immobilized Fuel Test Facility (IFTF) at

VNRE. In both cases, lead shielding was placed between the r-radiation

source and the body of the reference electrode.

A diagram of the autoclave and reference electrode arrangement in

the gamma-castle is shown in Figure 4. The PTFE-covered wick is encased in

stainless steel or titanium tubing and the electrode body itself is

situated in a stainless steel housing. Note that the electrode is in the

inverted position. The only part of the electrode remaining in the

autoclave, and, hence, in the radiation field, is the lower end-plug/Luggin

assembly and a short length of the wick. Because the electrode is removed

from the heat-source, a temperature gradient exists along the length of the

wick. This gradient results in a thermal liquid junction potential (TLJP)

(see Section 4.2).

Figure 5 illustrates the electrode configuration in the IFTF

tests. Although not shown, the wick extends into the autoclave and, again,

ends in the lower end-plug/Luggin assembly. In this instance, the

reference electrode lies in a horizontal position. The stainless steel

housing for the reference electrode includes a water jacket through which

cooling water is passed. The seasonal variation in the cooling water
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temperature ranges from 15°C in the summer to 3°C in the winter.

The primary purpose behind these two designs is to shield the

electrode from the effects of y-radiation. Along with this shielding

effect, there is the advantage that the reference electrodes are kept at or

below room temperature. These benefits are thought to extend the useful

lifetime of the electrodes.

3. CONSTRUCTION OF THE ELECTRODE

The electrode is reasonably simple and quick to assemble. The

components of the basic design are listed in Appendix A and a set of step

by step instructions for making the electrode is given in Appendix B.

However, problems do sometimes occur so we have included some precautions

we have found necessary when making the electrode.

Making the heat-shrink PTFE components of the electrode (steps 1

and 2 in Appendix B) should present no problems. The molten AgCl for the

Ag/AgCl wire should be freshly prepared. A small amount of AgCl can be

melted in a suitable glass vial, which can then be discarded after use.

The silver wire above the AgCl bead may become oxidized during the dipping

procedure. The oxide can be removed by simply scraping the wire to expose

the underlying silver.

It is very important to make a tight seal when pulling the wick

through the lower end-plug assembly. The seal is formed in the hole

drilled through part A (see Figure 2) of the end-plug. Because the cross-

section of the PTFE-sheathed wick is not uniform, it can be difficult to

get a good seal. If this difficulty occurs, either a new wick or a new

end-plug with a smaller diameter hole should be made.

There are several precautions to be taken during final assembly

of the electrode. Although we have invariably used 0.1 mol'dnr3 KC1 as the

reference solution, a lower concentration can be used if significant

chloride contamination of the test solution occurs. As with the wick seal,
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it is important to make good seals between the electrode body and the end-

plugs. For this reason, the end-plugs should fit snugly into the ends of

the electrode body. Both seals should be wrapped in PTFE tape and, for an

even lighter seal, fine wire can be tied around the tape. If wire is used,

it should be wrapped with another layer of PTFE tape. The electrode

body/end-plug seals are sometimes broken during pressure cycling in the

autoclave. As the pressure in the autoclave is varied, the pressure inside

the reference electrode changes as well. Rapid pressure cycling can result

in the electrode bursting at the seals. This can be prevented to some

extent by expelling most of the air from the electrode body by squeezing it

before the upper end-plug is sealed in place. Better still, a small-

diameter hole can be drilled in the electrode body above the level of the

reference solution. This hole permits rapid pressure equalization. When

cycling the pressure in the autoclave, the pressure should be applied, and

relieved, gently.

There is no set equilibration time for the electrode once it has

been assembled. The only criterion is that the wick should be fully soaked

with the reference solution before use. Complete saturation may take some

time when using the longer wicks with the external reference electrode.

Also, when using an external electrode, the PTFE sheathing on the wick

should be checked for cracks or holes that would allow solution to leak

out.

The test for these electrodes is whether the potential is close

to the theoretical value. The electrode should be rejected if the

potential is not +40 ± 5 mV versus a satur . id calomel reference electrode.

After the wick is soaked, the potential can be checked in a small beaker

filled with 0.1 mol'dm"3 KCl. The potential should be re-checked after the

electrode has been sealed in the head of the pressure vessel.

Even after all of these precautions, the occasional problem will

still undoubtedly arise. Appendix C is a trouble-shooter's guide to the

most commonly encountered problems, along with their possible causes and

remedies.
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4. ELECTRODE POTENTIALS

For those wishing to convert the measured potential of a working

(test) electrode to the thermodynamic standard hydrogen scale, this section

gives the conversion factors for both the internal and external reference

electrodes. Data are given for the common experimental temperatures of

100, 150, 200 and 250°C.

Those readers who wish to avoid a detailed thermodynamic

discussion may turn to Section 4.3 for a summary of the conversion factors

for the internal and external reference electrodes.

4.1 INTERNAL REFERENCE ELECTRODE

Consider the experimental cell

(T)Ag/AgCl/KCl/test solution/WE(T) (1)

where VE represents the working (test) electrode and T is the experimental

temperature. The measured potential difference of this cell, AE1(meas.),

is given by

AE^meas.) = EWE(T) - E A g / A g C 1(T) (2)

where EWE(T) and E A g / A C1(T) are the potentials of the working and

reference electrodes, respectively, at temperature T. We have assumed that

the liquid junction potential between the KC1 reference solution and the

test solution is negligible.

The potential difference we seek, the potential of the working

electrode with respect to the potential of the standard hydrogen electrode

(SHE) at temperature T (ESHE(T)), is given by

4E = EWE(T) - ESHE(T) (3)
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The potential of the Ag/AgCl electrode is related to its standard

potential and the chloride activity in the solution by the Nernst equation

EAg/Agci(T) = ES,/AgC1(T) - f- In acl_ (4)

[ o T OT

E A , / A , C 1 ( T ) - ESHE(T)J - j|i In acl_ (5)

or

where acl_ is the activity of the chloride ion in the KCl reference

solution and [E£g/AgCl(T) - ESHE(T)J is the standard potential of the

Ag/AgCl electrode with respect to SHE at temperature T.

Combining Equations (2), (3) and (4) gives OE in terms of the

measured potential, AE^meas.),

AE = EWE(T) - ESHE(T)

= AE^meas.) + [ E°g/AgC1(T) - ESHE(T)] - f- In acl_ (6)

Values for the standard potential at various temperatures have

been measured by Greeley et al. (3] and calculated by Tremaine et al. (4J

(Table 1).

The calculation of the chloride ion activity presents a few more

problems. Habitually, we prepare the KCl solution by volume. The solution

most commonly used is 0.1 mol-dnr3 KCl. However, activity coefficient data

are usually expressed on the molal concentration scale (mol-kg"1). At

25°C, 0.1 mol-dnr3 KCl is equivalent to 0.1005 mol-kg"1 KCl. As the

temperature is increased the molar concentration decreases whilst the molal

concentration remains constant. In all subsequent calculations, we will

assume a constant KCl concentration of 0.1 mol-kg"1. A second problem is

the value of the activity coefficient. Mean molal activity coefficients

(Y +) for 0.1 mol'kg"
1 KCl have only been measured to a temperature of 70°C

(Table 2) (5,6,7]. Alternatively, we could use (a) the Debye-Huckel

expression for the activity coefficient [8], (b) the high-temperature

thermodynamic relations developed by, among others, Holmes and Nesaer [9]
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or, (c) the experimental high temperature data for HCl [10] or NaCl [11].

However, all three alternative methods also have their limitations. For

the Debye-Hiickel treatment, the upper concentration limit is about

0.1 mol*dm~3 and there is uncertainty over the value of the ion-size

parameter at high temperatures. The high-temperature thermodynamic

relations are generally applied at concentrations above 0.1 mol'kg"1.

Finally, using data for HCl or NaCl instead of KCl is no more justified

than extrapolating the KCl data itself. Because none of the alternative

methods are completely satisfactory and because an error of 10% in the

activity coefficient only results in an error in the potential of 3 mV at

200°C, we have decided to calculate the activity coefficients of

0.1 mol'kg"1 KCl in the following manner. We have assumed a value for

Y± of 0.77 at 25°C and a temperature coefficient, &y±/AT, of -3 x 10~
4 K"1

(Table 2). On this basis, the mean molal activity coefficient of

0.1 mol'kg"1 KCl at various temperatures is

T/K

298
373
423
473
523

Y+ (0.1 mol-kg"
1 KCl)

0.77
0.75
0.73
0.72
0.70

With these activity and standard potential values, we can now

calculate the potential of the Ag/AgCl/0.1 mol-kg"1 KCl reference electrode

with respect to SHE at various temperatures from Equation (5). These

values are given in the fourth column of Table 3. For comparison, the

values calculated from the fitted Equation (7)

EAg/AgC1(T,SHE) = 0.23755 - (5.3783 x 10"
4 t) - (2.3728 x 10"6 t2)

+ 2.2671 x lO"4 (t + 273) VSHE (7)

are also given in Table 3. In Equation (7), t is the temperature in °C.

The first three terms on the right-hand side of Equation (7) are

expressions for the temperature dependence of the standard potential

(vs. SHE) [3]. The last term is the factor -(RT/F)ln acl_ for a constant
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activity of 0.072 rnol'kg"1. As can be seen, Equation (7) gives potentials

within 2 mV of the more rigorous value for temperatures up to 200°C.

In conclusion, the potential of a working electrode measured

against an internal Ag/AgCl/0.1 mol'kg'1 KC1 reference electrode can be

converted to the SHE scale at that temperature by adding the relevant

potential in column four or five of Table 3 to the measured potential

difference. For temperatures other than those given in Table 3, we would

suggest using Equation (7).

4.2 EXTERNAL REFERENCE ELECTRODE

An external reference electrode is used when long-term stability

is required or when there is the possibility of degradation of an internal

electrode due to the nature of the test solution. In general, both

pressure and temperature gradients may exist between the test environment

and the reference electrode. The external reference electrode described

here is of the pressure-balanced type, where the reference electrode is at

the same pressure as the solution in the autoclave. Consequently, we will

restrict ourselves to discussion of the effect of the temperature gradient

between the test solution at temperature T and the external reference

electrode (assumed to be at 298 K).

Consider the experimental cell

(298)Ag/AgCl/0.1 mol-kg"1 KCl/test solution/WE(T) (8)

The measured potential difference of this cell, 0E8(meas.), is given by

AEe(meas.) = EWE(T) - E A g / A g C 1(298) + EThJP (9)

where E T I J p is the thermal liquid junction potential. Again, we have

assumed that the isothermal liquid junction potential between the reference

and test solutions is negligible.

The TLJP arises from the tendency of the solute (KC1 in this

case) to diffuse because of a temperature gradient (the Soret effect). At

infinite time a steady state would be established between this thermal
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diffusion and Fickian diffusion in the opposite direction caused by the

resultant concentration gradient. The TLJP is a function of the

temperature difference, AT, between the autoclave and reference electrode.

Values for E T L J p can be obtained from measurements on the

theirmocell [11]

(298)Ag/AgCl/KCl/Ag/AgCl(T) (10)

for which

AEth.™. = E A g / A g C 1(T) - E A g / A g C 1(298) + E T L J P (11)

Macdonald's data [11] for 0.102 mol-kg"1 KCl are given in Table 4 as a

function of AT.

Equation (11) can be rewritten as

E T L J P = AEth.rm. - [E A g / A g C 1(T) - ESHE(T)J + [EAg/AgC1(298) - ESHE(298)]

- [ESHE(T) - ESHE(298)J (12)

where values for [E A g / A g C 1(T) - ESHE(T)] and [EAg/AgC1(298) - ESHE(298)]

are given in Table 3. The term [ESHE(T) - ESHE(298)J results from the

change in reference scale at the two different temperatures. The

potentials of the Ag/AgCl electrodes at T and 298 K must be referred to the

same potential scale. This change in scale can be visualized by consider-

ing the following "thought experiment". Suppose we start with two hydrogen

electrodes at 298 K, both with a hydrogen partial pressure of one

atmosphere and a hydrogen ion activity of one, i.e., the standard hydrogen

electrode at 298 K. The potential of these electrodes is defined as zero.

If we now increase the temperature of one of the electrodes, the hydrogen

partial pressure and hydrogen ion activity will depart from unity and a

potential difference will be established between the two electrodes. It is

this potential difference we must correct for in Equation (12). Values of

[ESHE(T) - ESHE(298)] are given in Table A [12].
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Values of E T L J P as a function of AT calculated from Equation (12)

are given in Table 4.

McKay [13] has defined an alternative thermal liquid junction

potential, Ej L J P, given by

" ESHB(298)1 + £,„„ (13)

McKay's definition is simply the sum of Macdonald's TUP, E T L J P, and the

correction for the change in SHE scale. In the following treatment of the

correction to be applied to the measured potential difference, AEg(neas.),

we will use Macdonald's definition. An analogous treatment could be

carried out using %LJP, but the final correction would, of course, produce

the same result.

Having derived a set of values for E T L J P, we now turn our

attention to the correction to be applied to the experimentally measured

potential. Equation (9) can be rewritten as

AE8(meas.) = [EWE(T) - ESHE(T)] - lEAg/AgC1(298) - ESHE(298)J

+ IESHE(T) - ESHE(298)] + E T L J P (14)

or

[^(T) - ESHE(T)J = AE8(meas.) + [EAg/AgCl(298) - ESHE(298)J

- fESHE(T) - ESHE(298)J - E T L J P (15)

where the term on the left-hand side of Equation (15) is the quantity we

seek. Ve know values for the last three terms on the right-hand side of

Equation (15) for various values of T or AT. Consequently, we can

calculate the correction, AEEXT, that should be applied to the measured

potential to give the potential of the working electrode with respect to a

SHE at temperature T (Table 5).
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4.3 SUMMARY OF ELECTRODE POTENTIALS

In order to prevent possible confusion, ve summarize here the

conversion factors for the internal and external Ag/AgCl/0.1 mol-kg"1 KC1

reference electrodes.

When using an internal reference electrode, if AE1(meas.) is the

measured potential difference between the working and reference electrodes

at temperature T, we must add a potential difference, AEINT, to give the

potential of the working electrode with respect to a SHE at that

temperature, EWE(T,SHE), such that

EWE(T,SHE) = AE^meas.) + AEINT (16)

When using an external reference electrode at 298 K, if

AEB(meas.) is the measured potential difference between the working

electrode at temperature T and the reference electrode at 298 K, we must

add a potential difference, AEEXT, to give the potential of the working

electrode with respect to a SHE at temperature T, EWE(T,SHE), such that

EWE(T,SHE) = AE8(meas.) + AEEXT (17)

Values of AEIHT and AEEXT are summarized in Table 6 for various

experimental temperatures T.

5. USAGE AND ABUSAGE

We conclude with a brief discussion of our experiences with the

electrode. The aim of this catch-all section is to leave the reader with a

realistic expectation of the reliability, reproducibility, stability and

lifetime of the electrode.

Firstly, let us consider the basic internal electrode. With

practice, we have been able to prepare stable electrodes for use at

temperatures up to 150°C for periods of up to six weeks. Some of these

electrodes have been re-used up to six times by simply refreshing the KC1
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reference solution between runs. At higher temperatures, it is advisable

to remake the electrode each time and to use two reference electrodes in

case one fails. The lifetime of the electrode decreases with increasing

temperature, but one should expect a fev days useful lifetime even at

275°C. Regardless of the temperature, we estimate the accuracy of the

potential measurement to be ± 10 mV

We have had mixed success with the external electrode. Despite

following the same procedure each time, some external reference electrodes

work and some do not. A successful external reference electrode will

produce the same + 10 mV accuracy for periods of up to three months.

Problems seem to arise, especially, if long wicks are used between the

autoclave and external cell. If it is suspected that the reference

electrode is faulty, the only remedy is to strip it down and start again.

6. CONCLUSIONS

We have described a functional high-temperature, high-pressure,

Ag/AgCl reference electrode. The description covers the construction of

the electrode and the precautions to be taken during its manufacture. The

potentials of both the internal and external versions of the electrode have

been discussed in some detail. Data are given to convert the

experimentally determined potentials to the thermodynamically based

standard hydrogen scale.

Examples of such reference electrodes abound in the literature.

In addition to the specific references cited in the text, we include a

general bibliography of articles on high-temperature reference electrodes

that may be of use to the interested reader.
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TABLE 1

VALUES FOR THE STANDARD POTENTIAL OF THE SILVER-SILVER CHLORIDE

ELECTRODE AT ELEVATED TEMPERATURES

T/°C

0
10
20
25
30
40
50
60
70
80
90

100
125
150
175
200
225
250
275
300

EA\/A9Ci<T,SHE)VVSHE

Greeley et a l . [3]

0.222 33

0.196 8

0.169 6

0.133 0
0.103 2
0.070 8
0.034 8

-0.005 1
-0.054
-0.090

Tremaine et a l . [4]

0.236 49
0.231 34
0.225 50
0.222 35
0.219 05
0.212 05
0.204 53
0.196 51
0.188 04
0.179 1
0.169 7
0.159 8
0.133 2
0.103 6
0.070 9
0.034 5

-0.006 0
-0.051 9
-0.105
-0.170

* E°g/AgC1(T,SHE) is short for the expression

lEAg/Agci(T> - E S H E ( T ) J
 in Equations (5) and (6).
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TABLE 2

MEAN HOLAL ACTIVITY COEFFICIENTS FOR O.I mol-kg-1 KCl

T/°r

10
15
18
25
35
38
40
45
50
55
70

UT J /

Y+
—

Robinson and Stokes
[5]

0.770

0.768
0.765

0.762

-2.7 x 10"4

(0.1 mol-kg-1 KCl)

Hostetler et al.
[6]

0.7725

0.7695
0.7695

0.7655

0.7615

-2.8 x 10-4

Giordano et al.
m
0.769

0.764

0.759

0.753
0.746

-3.8 x 10"4

Temperature coefficient calculated assuming a linear dependence between
the lowest and highest temperatures reported for each study.



TABLE 3

POTENTI/LS OF THE Ag/AgCl/0.1 mol-kg"1 KCl ELECTRODE AT ELEVATED TEMPERATURES

T/K

298

373

423

473

523

0.222

0.160

0.103

0.035

-0.053

0.066

0.083

0.095

0.107

0.120

0.288

0.243

0.198

0.142

0.067

calculated from Eq.(7)

0.290

0.245

0.199

0.142

0.073

* Average value from Table 1.

** EAg/Agci<T»SHE) is short fo r th« expression [EAg/AgC1(T) - ESHE(T)J in Equation (5).

to
O



TABLE 4

THE THERMAL LIQUID JUNCTION POTENTIAL FOR AN EXTERNAL

SILVER-SILVER CHLORIDE REFERENCE ELECTRODE

T/K

298

373

423

473

523

AT7K

0

75

125

175

225

[11]

0

0.030/*

0.0390

0.0425

0.0420

[ESHE(T) - ESHE(298)]/V
[12]

0

0.058

0.085

0.098

0.100

0

0.017

0.043

0.091

0.163

* AT defined as (T - 298)

'* Value for AT = 75 K interpolated from Macdonald [11],

i

Is}
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TABLE 5

CORRECTIONS TO BE APPLIED TO POTENTIALS MEASURED AGAINST

AN EXTERNAL Ag/AgCl/O.l mol-kg-1 KC1(298) REFERENCE ELECTRODE

T/K

298
373
423
473
523

AT/K

0
75
125
175
225

A E E X T / V S H E

0.288
0.213
0.160
0.099
0.025

AEEXT defined by

AEEXT = IEAg/AgC1(298> - ESHE(298)J - [ESHE(T) - ESHE(298)J - ET
tJ1>

TABLE 6

SUMMARY OF CONVERSION FACTORS FOR INTERNAL AND

EXTERNAL REFERENCE ELECTRODES

T/K

298
373
423
473
523

AE I NT'V S H E

0.288
0.243
0.198
0.142
0.067

4EEXT/VSHE

0.288
0.213
0.160
0.099
0.025
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Vent/Filling Hole

PTFE
Electrode Body

Asbestos String Wick
Sheathed in PTFE

Three-Part PTFE
Lower End-Plug

PTFE-Sheathed
Ag Wire

Upper End-Plug

0.1 mol'dm"3KCl

AgCl Bead

Luggin Capillary

FIGURE 1: The Basic Reference Electrode Design



9O53 am

1
1
1
1
1
1
1
1
1

-

10*16 mm

12.70 mm

6.35 mm

2A.13 mm
19.05 mm

q
22.86 mm

11u 4 3 mm

FIGURE 2: Details of the Lower End-Plug Assembly
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PTFE Sheath

AgCl Bead

Ag Wire

(a) Dipped AgCl Electrode

Ag Wire
PTFE Sheath

AgCl Coating
Fine Ag Wire

(d) Chloridized AgCl Electrode

FIGURE 3: Two Different Types of AgCl Electrode



A . Interlocking lead brick
B . Autoclove
C. Stainless steel or Titanium

wick casing

0. y- Radiotion source
E. External pressure -

balanced Ag/AgCI
reference electrode

FIGURE 4: Reference Electrode Arrangement in the y-Castle and Detail of the
Pressure-Balanced External Ag/AgCI Reference Electrode
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A - Autoclave C - Reference electrode
6 - Lead shielding D - Cooling water tubing

FIGURE 5: Top View of Autoclave and Reference Electrode
Arrangement In the IFTF Tests
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APPENDIX A

LIST OF MATERIALS FOR THE BASIC REFERENCE ELECTRODE

(as shown in Figure 1)

0.80-mm (1/32 in.)-diameter silver wire, approximately 30 cm (12 in.) long

1.59-mm (1/16 in.)-diameter heat-shrink PTFE tubing to sheath silver wire

High-purity silver chloride

Asbestos string, approximately 10-cm (A in.) lengths

2.38-mm (3/32 in.)-diameter heat-shrink PTFE tubing for vick

(shrink ratio 2:1)

9.53-mm (3/8 in.)-diameter PTFE tubing for electrode body

PTFE upper end-plug machined from 9.53-mm (3/8 in.)-diameter PTFE rod

3-part PTFE lower end-plug (see Figure 2)

PTFE tape

0.1 mol-dm"3 KCl (Certified ACS Grade)
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APPENDIX B

STEP BY STEP CONSTRUCTION OF THE BASIC REFERENCE ELECTRODE

(1) Sheath the silver wire and asbestos string in the appropriate

heat-shrink PTFE tubing.

(2) Heat the PTFE-sheathed components in an oven at 350°C for 1 hour

to shrink the PTFE.

(3) Cut the 9.53-mm-diameter PTFE tubing into approximately 64-mm

(2% in.) lengths for the electrode body.

(4) Ag/AgCl wire and upper end-plug assembly:

(a) Strip 25 mm (1 in.) of PTFE tubing off one end of the silver

wire and dip the wire repeatedly in molten silver chloride

to form a 10-mm-long bead.

(b) Pull the sheathed silver wire through the upper end-plug

leaving the AgCl bead and approximately 10 mm of wire

remaining below the end-plug.

(5) Asbestos wick and lower end-plug assembly:

(a) Pull the sheathed asbestos wick through part A of the three-

part lower end-plug assembly (see Figure 2).

(b) Press-fit part A into part B and pull the wick through the

side-hole.

(c) Slide the side-arm (part C) ~ver the wick and screw it into

part B.



- B.2 -

(6) Final assembly:

(a) Push the lower end-plug assembly into one end of the

electrode body. Tightly wrap the connection with PTFE tape.

(b) Fill the compartment with 0.1 mol'dnr3 KC1, discard the

solution and refill so that the electrode compartment is

2/3 full.

(c) Insert the upper end-plug assembly into the top of the

electrode body, ensuring that the AgCl bead and exposed Ag

wire are fully immersed in the solution.

(d) Wrap the upper connection with PTFE tape.

(7) Allow the wick to fully saturate with KCl solution. Ve suggest

users keep a supply of pre-saturated wicks stored in the

reference electrolyte solution to reduce or eliminate the tine

taken for this step.

(8) Measure the electrode potential in 0.1 mol'dnr3 KCl against a

saturated calomel reference electrode. The potential should be

+ 40 ± 5 mVSCE.



APPENDIX C

A TROUBLE-SHOOTER'S GUIDE

PROBLEM

(1) Potential of electrode
is not +40 + 5 mVSCE
on bench.

(2) Potential of electrode
fine on bench but not
after assembly in
pressure vessel.

POSSIBLE CAUSE

a) Reference electrolyte
contaminated or prepared to
incorrect concentration,

b) Asbestos wick not completely
saturated with reference
electrolyte.

a) Contact in cell,
b) Short circuit in pressure

coupling,
c) Leakage in vick of external

electrode.

POSSIBLE REMEDY

a) Change reference electrolyte,
b) Scrape Ag wire and AgCl bead to

produce "fresh" surfaces,
c) Dismantle electrode, repair and/or

replace electrode components as
necessary.

a) Check for contact in cell and
ensure vick is in the solution,

b) Check visually for stripping of
heat-shrink PTFE in pressure
coupling,

c) If using an external electrode, check
for leakage in vick by measuring
resistance betveen stainless steel
tubing and silver vire. A finite
resistance indicates a leak. If the
resistance is infinite, check for
contacts in the cell and ensure the
reference electrode is functioning
and that the Luggin capillary is in
the solution. Check potential on the
bench (+40 ± 5 mV S C E).

I

n

.continued



A TROUBLE-SHOOTER'S GUIDE
(concluded)

PROBLEM

(3) Loss of potential
after pressurization
of autoclave.

(4) Finite, but drifting
or high or low
potential.

(5) Potential varies
or is unstable during
heat-up or during
course of experiment.

POSSIBLE CAUSE

a) Loss of some or all of
reference electrolyte,

b) Leakage in wick of
external electrode.

Change in concentration of
reference electrolyte.

a) Loss of electrolyte/change in
concentration of electrolyte,

b) Poisoning of electrode by
environment or electrode
materials,

c) Loss of contact of wick, with
solution,

d) Electrical contact between
lead wire and autoclave,

e) Dissolution of AgCl
(especially at higher
temperatures and chloride
concentrations).

POSSIBLE REMEDY

a) Disassemble and check solution
level in reference electrode. Refill
if necessary. Pressurize more
slowly. Drill air-hole in body of
electrode if not already present,

b) As for remedy 2(c) for previous
problem.

Renew electrolyte in reference
electrode. Make tighter seals.

a) Remake electrode with tighter
seals. Extend AgCl wire closer to
the bottom of reference compartment,

b) Use external electrode,
c) Place reference electrode lower in

test solution or use a greater
overpressure of gas to prevent
evaporation of solution,

d) Use more suitable sheathing
material,

e) Use a larger bead of AgCl or plate
out more AgCl.

I

n
m

I
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