
Titre:
Title:

The use of Ag⁺-β-alumina and Ca²⁺-conducting aluminate solid 
electrolytes in thermodynamic measurements involving SO₂ (g)

Auteur:
Author:

Jianzhong Wu 

Date: 1992

Type: Mémoire ou thèse / Dissertation or Thesis

Référence:
Citation:

Wu, J. (1992). The use of Ag⁺-β-alumina and Ca²⁺-conducting aluminate solid 
electrolytes in thermodynamic measurements involving SO₂ (g) [Thèse de 
doctorat, Polytechnique Montréal]. PolyPublie. 
https://publications.polymtl.ca/57988/

Document en libre accès dans PolyPublie
Open Access document in PolyPublie

URL de PolyPublie:
PolyPublie URL:

https://publications.polymtl.ca/57988/

Directeurs de
recherche:

Advisors:

Programme:
Program:

Non spécifié

Ce fichier a été téléchargé à partir de PolyPublie, le dépôt institutionnel de Polytechnique Montréal
This file has been downloaded from PolyPublie, the institutional repository of Polytechnique Montréal

https://publications.polymtl.ca

https://publications.polymtl.ca/
https://publications.polymtl.ca/57988/
https://publications.polymtl.ca/57988/


UNIVERSITE DE MONTREAL

The Use of Ag+ -/3-alumina and Ca2 +-conducting Aluminate Solid

Electrolytes in Thermodynamic Measurements Involving SO^ (g)

Par

Jianzhong WU

DEPARTEMENT DE GENIE METALLURGIQUE

ECOLE POLYTECHNIQUE

THESE PRESENTEE EN VUE DE L'OBTENTION

DU GRADE DE PHILOSOPHIAE DOCTOR (Ph. D.)

April 1992

® droits reserves de Jianzhong Wu 1992



latkmal Library
f Canada

Bibtiotheque nationale
du Canada

^nadian Theses Service Servfce des theses canadiennes

ttawa. Canada
1AON4

The author has granted an irrevocable non-
exdus'ive licence allowing the Nation^ Ubrary
of Canada to reproduce, toan, distribute or sell
copies of his/her thesis by any means and in
any form or format, making this thesis avaflabte
to interested persons.

The author retains ownership of the copyright
in his/her thesis. Neither the thesis nor
substantial extracts from it may be printed or
otherwise reproduced without his/her per-
mission.

L'auteur a accord^ une licence irrevocable et

non exclusive permettant a (a BibTiotheque
nattonale du Canada de reproduire. pr6ter,
distribuer ou vendre des coptes de sa these
de quek^ue maniere et sous quelque forme
que ce soit pour mettre des exemplaires de
cette these a la disposition des personnes
interessees.

L'auteur conserve (a propriete du droit d'auteur
qui protege sa these. Ni la these ni des extraits
substantiels de celle-ci ne doivent 6tre
imprimes ou autrement reproduits sans son
autorisation.

ISBN 0-315-74998-9

-3anad'a



UNIVERSITE DE MONTREAL

ECOLE POLYTECHNI UE

Cette these intitules:

The Use of Ag+-B-alumina and Ca2+-conducting Aluminate Solid

Electrolytes in Thermodynamic Measurements Involving SO^(g)

presents par: Jianzhon Wu

en vue de 1'obtention du grade de: Philoso hiae Doctor Ph. D.

a ete dument accepte par Ie jury d'examen constitue de:

M. PELTON Arthur D., Ph. D., president

M. BALE Christo her W. , Ph. D., membre et directeur de recherche

M. AJERSCH Frank, Ph. D., membre

M. THOMPSON William T., Ph. D., membre



ABSTRACT

It is well known that a non-stoichiometric phase in the

NagO-Al^Og binary system, generally referred to as B-alumina,

is a good sodium ion conductor. Through ion-exchange, Na' in

B-alumina can be replaced by other ions to obtain a variety of

solid electrolytes. The B-alumina family of ionic ceramics

can provide a reliable means of obtaining thermodynamic data

from electrochemical measurements.

In the present investigation, Ag+-B-alumina tubes have

been prepared by ion-exchange of B-alumina tubes in a molten

AgNO^ bath. In addition, attempts have been made to fabricate

Ca2+-conducting aluminate tubes. Both types of tubes have been

used in galvanic cell measurements involving SO^ (x = 2, 3) gas

species.

In the development of an SO^ gas sensor based on emf

measurements, many different electrolytes have been considered

and tested. Among the electrolytes employed, B-alumina is a

promising candidate for in situ monitoring at high

temperatures. Although a linear relation between emf and the

logarithm of SO^ concentration has been reported, there are

still some points in question.

First, the establishment of equilibrium between SO^ and



SO^ in the gas phase may not always be favored in the

experimental conditions. For example, a high flow rate of gas

and a low temperature has a definite effect on the SO^/SO^

ratio. As a result, an emf dependence on the gas flow rate is

often observed. In this case, the emf value recorded is not

an equilibrium one but one at a steady state, which may

invalidate any calculations of thermodynamic properties from

the emf value.

Second, a layer of sulfate is formed on the surface of

the B-alumina when exposed to sulfur oxides at high

temperatures. This is confirmed by electron microscopy. In

an electromotive force measurement, the electrical current is

suppressed by the high impedance of the potentiometer. When

the ceramic material is predominantly ionic conducting,

significant transport of the conducting element through the

material can not be expected, irrespective of the presence of

a chemical potential gradient of the element. It can not be

taken for granted that the sulfate formed during emf

measurement has the same physico-chemical properties as the

bulk sulfate.

Third, since B-alumina may be attacked by sulfur oxides

to produce sulfate, a knowledge of the phase relations between

B-alumina and sulfate is essential. Furthermore, the
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temperature and SO^ concentration ranges within which the

formation of sulfate will not lead to the failure of the solid

electrolyte are more or less pertinent. This information may

be retrieved froro a well-established phase diagram. An effort

has been made in this study to assess all the thermodynamic

data available from known phase diagrams, from emf

measurements, and from data compilations within the M-A1-0-S

(M =Na, Ag, Ca) systems. A series of phase diagrams has been

calculated with the aid of a computer.

The galvanic cell under study can be represented by the

following expression:

Ref. / B-Al^ / (SO^+Air), MSO^, Pt (I)

In the case of Ag+-B-alumina, pure silver is the reference

electrode, and the overall cell reaction can be proposed as:

2 Ag(s) + so^tg) + 1/2 o^tg) = Ag2SO^(s, l) ... (1)

(The formation of CaSO^ will be the overall cell reaction in

the case of a Ca2+-conducting aluminate. ) Since the activities

of silver and silver sulfate are unity, a^ = ^so^ = 1/ the
Nernst equation for cell reaction (1) can be written as:
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-2FE = AG~ - RTln(Pso^'Po^-) ... (2)

This is the theoretical basis upon which the SO^ gas sensor

operates by means of emf measurements.

At relatively high temperatures, the emf has been found

to be a linear function of temperature at fixed initial P^o^

levels (10, 108, 980, 8600 ppm) in air, and to be reproducible

with respect to different experimental runs. By a linear

regression procedure, the following standard Gibbs energy

changes for cell reaction (1) have been deduced:

AG°(J) = -290 460 + 202. 99 T (624 < T < 703 K)

AG°(J) = -271 160(12236) + 175. 54(±1. 68)T (703 < T < 926 K)

AG°(J) = -252 060 + 154. 91 T (926 < T < 1146 K)

The emf dependence on the flow rate of the gas mixture

+ air) has been obseirved throughout the measurements,

especially at low flow rates. In general, the higher the SOg

concentration and the lower the temperature, the stronger the

dependence. This, coupled with the decline of the emf as the

flow rate increases, implies that SO, rather than SO^ is the

electro-active species and can be monitored exactly by emf

measureroents.
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By comparing the emf measurements at the same initial SO^

concentration, same flow rate and temperature range but with

or without Ag^SO^ powder being present in the working electrode

compartment, the conclusion has been reached that in the

absence of Ag^SO^ powder, at most a sulfate layer of a few

atoms thickness can be formed on the surface of B-alumina.

The physico-chemical properties of the layer are different

from those of the bulk sulfate.

According to the calculated potential-composition phase

diagrams, in oxidizing atmospheres and at SO^ concentrations

from 1 ppm to 1 %, sulfates may thennodynamically coexist with

a- rather than B-alumina at a relatively low temperature

range; the exception is Ag+-B-alumina, which shows a limited

stable range of Ag^SO^ coexisting with B-alumina. This does

not rule out the validity of using B-alumina as a solid

electrolyte in the presence of SO , but the critical point

beyond which aluminium sulfate is more stable than a-alumina

may indicate the point of electrolyte failure.

The use of Ag+-B-alumina to monitor SO^ contents in air

is recommended with the following optimal operation

conditions:

(1) a standard (calibration) curve is established
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for emf against logarithm 303 concentration at low

temperatures, without a catalyst, and at high flow

rates;

(2) subsequent emf value measurements correspond to

a definite concentration of 803 on the standard

curve.

In the case of monitoring SO^ contents, precautions must be

taken to establish equilibrium in the gas phase. From the SO^

concentration determined above, the corresponding SOg

concentration can be calculated.

On a qualitative basis, the Ca2+-conducting aluminate
ceramic tube used in this study may have potential

applications in monitoring SO^ contents. Further experimental

work is required to establish the quantitative relationships

between emf and SO^ concentrations for this material.



RESUME

II est bien connu qu'une phase ceramique du systeme

binaire Na^O-Al^, generalement connue sous Ie nom d'alumine

beta, est un ban conducteur des ions sodium. Par echange

ionique, les ions Na+ de 1'alumine beta peuvent etre remplaces

par d'autres ions, pour obtenir une variete d'autres

electrolytes solides. La famille des ceramiques de type

alumine beta permettent d'obtenir des donnees thermodynamiques

au moyen de mesures electrochimiques.

Dans cette etude, des tubes d'alumine beta a 1'argent ont

ete prepares par echange ionique dans un bain de nitrate

d'argent. De plus, on a tente de fabriquer des tubes

d'aluininate conduisant par Ca2+. Ces deux types de tubes ont

ete utilises dans des mesures de piles galvaniques en presence

de melanges gazeux SO (x = 2, 3).

Afin de developper des detecteurs de SO^ par 1'entremise

de mesures de potentiels, plusieurs electrolytes ont ete

testes. Parmi ceux-ci, 1'alumine beta s. est avere prometteur

pour la mesure in situ dans des environnements corrosifs a

haute temperature. Meme si on fait part de relations

lineaires entre la tension et Ie logarithme de la

concentration en SOg, certains points restent tout de meme a

clarifier.
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Premierement, 1'atteinte d'un etat d'equilibre entre Ie

SO^ et Ie SO^ de la phase gazeuse n'est pas toujours favorise

par les conditions experimentales. Par exemple, on sait qu'un

fort debit (de gaz) et une basse temperature ont un effet

marque sur Ie rapport SO^/SO^. Dans de tels cas il n'y a pas

equilibre mais regime permanent, ce qui invalide toute

propriete thermodynamique derivee des mesures de f. e. m..

Deuxiemement, une couche de sulfate se forme a la surface

de 1'alumine beta lorsque celle-ci est exposee a des oxydes de

soufre a haute temperature. Ceci a ete confirme par

microscopie electronique. Lors d'une mesure de force

electromotrice. Ie courant electrique est bloque par la haute

impedance du potentiometre. Lorsque Ie materiau ceramique est

conducteur a predominance ionique, on ne s'attend done pas a

une diffusion importante de 1'espece conductrice meme s'il y

a un gradient de potentiel chimique de 1'element dans

1'epaisseur de la ceramique. On ne peut prendre pour acquis

que Ie sulfate forme en surface, lors de la mesure de f. e. m.,

a les memes proprietes que Ie sulfate forme en volume.

Troisiemement, puisque 1'alumine beta peut etre attaquee

par les oxydes de soufre pour produire des sulfates, la

connaissance des equilibres entre ces sulfates et 1'alumine

beta est primordiale. De plus, la temperature ainsi que la
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gamme de concentrations en SO^ qui ameneront la formation de

sulfate sans degradation de 1'electrolyte solide ont une

importance plus ou mains grande.

Ces informations peuvent etre deduites a partir d'un

diagramme de phase. Un effort particulier a ete fourni dans

cette etude pour rassembler et analyser les donnees

thermodynamiques de toutes provenances; diagrammes d'equilibre

connus; mesures effectuees a 1'aide de piles galvaniques;

compilations de donnees thermodynamiques des systemes M-A1-0-S

(M = Na, Ag, et Ca). Ensuite, une serie de diagrammes ont ete

calcules au moyen de logiciels du systeme F*A*I*T disponible

a 1'Ecole polytechnique de Montreal.

La pile galvanique a 1'etude peut etre representee de la

fa^on suivante:

Ref. / B-alumina / (SO^+Air), MSO^, Pt ... (1)

Pour ce qui est de 1'alumine beta a 1'argent, 1'argent pur

sert d'electrode de reference et la reaction globale de la

pile peut etre decrite par la reaction:

2 Ag(s) + S03(g) + l/20^(g) = Ag^SO^ts, !) ... (1)
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Pour I'aluminate conduisant par Ca2+, la reaction est la

meme mais elle donne lieu a la formation d'un sulfate de

calcium. Puisque les activites de 1'argent et du sulfate sont

unitaires (a^ = a = 1), 1'equation de Nernst pour la

reaction (1) de la pile peut s'ecrire:

-2FE = AG° - RTln(P S03--0, ... (2)

Cette equation constitue Ie fondement theorique a partir

duquel il est possible de determiner la teneur en SO d'un

melange gazeux en mesurant des f. e. m..

A des temperatures relativement elevees, on a pu observer

que la f. e. m. est une fonction lineaire de la temperature

lorsque la teneur initiate en SO^ dans 1'air est constante.

Ces resultats sont reproductibles pour tous les essais

effectues avec des teneurs en SO^ de 10, 108, 980 et 8600 ppm.

Au moyen de techniques de regressions lineaires, on a pu

determiner les enthalpies libres standards de formation de la

reaction de pile (1) qui ont les valeurs suivantes:

AG°(J) = -290 460 + 202. 99 T (624 < T < 703)

AG°(J) = -271 160(12236) + 175. 54(±1. 68) T (703 < T < 926)

AG°(J) = -252 060 + 154. 91 T (926 < T < 1146)
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La dependance de la tension mesuree en fonction du debit

du melange (SO^ + air) a ete observee d'essai en essai, plus

particulierement a faible debit. De fa<?on generale on a pu

constater que la dependance est d'autant plus forte que la

teneur en SO^ est elevee et que la temperature est faible. Ce

coinportement, ainsi que la chute de potential resultant d'une

augmentation de debit, impliquent que c'est Ie SO^ plutot que

Ie SO., qui est 1 'espece electro-active et que la mesure de

tension perinet de suivre la teneur en SO^ du melange.

En comparant les mesures de f. e. m. sous des conditions

experimentales identiques (meme teneur en SO^, meme gainme de

temperature et de debit) mais avec ou sans Ag^SO^ dans Ie

compartiment de I*electrode de travail, on parvient a la

conclusion, qu'en 1'absence de Ag^SO^, qu'il se ferine une

couche mince de sulfate (tout au plus quelques epaisseurs

atomiques) a la surface de 1'alumine beta. Les proprietes

physico-chimiques de cette couche sont differentes d'un

sulfate ferine en volume.

Les diagrammes de phase potentiel vs composition calcules

nous ont revele que les sulfates peuvent coexister avec

1'alumine alpha, et non avec 1'alumine beta, dans des

atmospheres oxydantes contenant des concentrations en SO^

allant de 1 ppm a 1% lorsque la temperature est basse;
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1'exception a cette regle est 1'alumine beta a 1'argent qui

peut coexister avec Ie sulfate d'argent dans une gamme limitee

de temperature. Cette constatation n'elimine pas pour autant

1'alumine beta comine detecteur de SO . Cependant la

temperature au-dessus de laquelle Ie sulfate d'aluminium est

plus stable que 1'alumine alpha peut constituer Ie point de

defalliance de la sonde.

L'aluinine beta a I* argent peut servir a mesurer la teneur

en SOg dans 1'air si 1'on precede a 1'etalonnage de la tension

en fonction de teneurs en SO^ connues a basse temperature,

sans catalyseur et a fort debit. Ces courbes d'etalonnage

permettront de determiner la teneur en SO^ d'un melange

inconnu a partir de la mesure de tension.

Pour arriver a mesurer la teneur en SO^ il est essentiel

d'atteindre 1'equilibre thermodynamique dans Ie melange. De

la concentration en SO^ determinee ci-haut il est possible de

determiner la teneur en 50^ par simple calcul.

D'un point de vue qualitatif, il semble que les tubes

d'aluminate de calcium puissent servir a la detection de SO^.

II reste toutefois a etablir quantitativement la relation

entre la teneur en SO^ et la f. e. m., chose qui n'a pas ete

faite dans cette etude.
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CHAPTER I INTRODUCTION

From a classical thermodynamic point of view, the

information about the equilibria in a system can be provided

by the determination of the thermodynamic properties of the

system. For example, the equilibrium constant of a reaction

is related to the standard Gibbs energy change of the

reaction. Usually if a gas phase and one or several condensed

phases are involved in the reaction, it is the equilibrium

constant of the reaction which is determined experimentally by

controlling and analyzing the composition of the gas phase and

used afterwards for calculating the thermodynamic properties

of the reaction. On the other hand, the thermodynamic

properties obtained from electromotive force (EMF)

measurements of a Galvanic cell with a solid electrolyte may

be used to describe the overall cell reaction under

equilibrium more precisely because of the higher measurement

accuracy characteristic of the electrochemical method.

Independent of any specific knowledge of the mechanism of

ionic conduction in a solid electrolyte which exhibits

exclusive ionic conduction, a simple consideration of energy

conversion provides the relationship between the reversible

cell potential E and the Gibbs energy change AG for the

virtual chemical reaction of the cell:



AG = - nF E ... (1. 1)

where n is the equivalents of charge passed through the

external circuit, and F is Faraday constant. The application

of Gibbs-Helinholtz relations to the temperature dependence of

the cell voltage provides values of AH and AS for the

reaction.

Unlike liquid electrolytes, which are used at relatively

low temperature and have exclusively ionic conductivities,

there is always the possibility of the electronic conductivity

in a solid electrolyte due mainly to the defect transport

mechanism in the crystal. Therefore all solid electrolytes

are, to some extent, mixed conductors. The total electrical

charge is transported by both ionic species and electrons

and/or holes:

CTT = Z a, = Z q, -c,. B, . .. (1. 2)

where a^ is the total conductivity, a, is the partial

conductivity of i species, and c, , B, , and q, are the

concentration, the mobility, and the electrical charge of

species i respectively. Unless the concentration of ionic

charge carriers is many orders of magnitude greater than that

of electronic charge carriers (which is the case in doped



oxide electrolytes, CSZ and YDT, under certain conditions),

according to equation (1.2), it is important always to

consider the relative mobilities of electrons, positive holes,

and ions in solid electrolytes because of the fact that in

ionic solids the ionic mobilities seldom exceed 10 
' 

m2 /Vs

which may be an operational lower limit for electron and hole

mobilities. Since the presence of significant electronic

conductivity will allow a continual transport of material from

one electrode to the other even under open circuit conditions,

attention must be paid to not making conclusions simply froro

steady emf values without the knowledge of electronic

conductivity on the specific solid electrolyte used.

In general, a galvanic cell is composed of a solid

electrolyte, in which a cation conducts exclusively, and two

electrodes which fix the chemical potential of the conducting

component at both sides of the electrolyte. The cell can be

represented as follows:

Pt,Fi'N / Solid Electrolyte / p."^ ̂  Pt ... (1)

where p, \ and p. "^ are the chemical potentials of the metal

component in the electrodes. At constant temperature and

pressure, the theoretical (or thermodynamic) emf expression

for the above galvanic cell may be derived''' :



. //ll"u

. -^T/<:-'fh
z-Fi:

... (1. 3)

where Z^ is the valence of the cation; t, on is the ionic

transport number which is defined as:

'Ion
'loa

'loa
... (1. 4)

If t- = 1, the Nernst equation follows from equation (1. 3)

E = -
Z^'F

. /11// - ll/ \ =
» V' M' ~

^.ln<'
z^-

... (1. 5)

This relationship is the basis on which chemical sensors

operate by means of emf measurements. A general review is

given in Chapter II for the electrochemical methods involving

solid electrolytes.

A phase diagram has been defined121 as a geometrical

representation of the loci of thennodynainic parameters when

equilibrium between different phases under a specified set of

conditions is established. Therefore, the conditions under

which phases can stably coexist may be available from a well



determined phase diagram.

In a galvanic cell involving a solid electrolyte, the

equilibrium is usually characteristic of a multi-phase

reaction in a multi-component system. Due to the lack of

relevant phase diagrams for the systems in the present

investigation, the knowledge of certain phase equilibria are

not complete. With the aid of computer, the construction of

the phase diagram has been made easier, and an effort has been

made to calculate a series of phase diagrams for M-A1-0-S (M

= Na, Ag, and Ca) system. The details of the phase diagram

calculation are presented in Chapter III.

In the development of the SO gas sensor based on emf

measurements, many kinds of electrolytes, such as molten

sulfate mixtures, solid sulfates, solid solution of sulfates,

and B-alumina, have been considered and tested1581 68'74'883.

Usually the initial gas mixture contained only one type of

sulfur oxide, either SOg or SOg, and the equilibrium between

SOg and SOg in the gas phase was assumed so that a theoretical

calculation of emf was made possible. The emf dependence on

the flow rate of the gas mixture was often not reported. In

fact, the establishment of the equilibrium in the gas phase is

in question, especially under unfavorable experimental

conditions. Therefore, an investigation of the dependence of



eiaf on the flow rate of the gas mixture in a variety of

temperatures and concentrations of SO^ would be helpful to

resolve the dispute, which constitutes a part of the

experimental work in the present study.

^3-alumina is considered a good candidate as a solid

electrolyte for an SO^ gas sensor. Whilebeing exposed to SO^

under oxidizing conditions, ^3-alumina may react with sulfur

oxide to fonn a sulfate. Under the experimental conditions of

the emf measurement, the current is suppressed by the high

impedance of the potentiometer. Consequently, massive

formation of the sulfate on the surface of ^3-alumina can not

be expected. How the emf may be influenced by the state of

sulfate is another experimental aspect in this study. The

experimental details of using Ag^ -^-alumina and Ca~ -

conducting aluminate to monitor SO^ are described in Chapter

IV.

Three types of working electrodes, where the activity of

the conducting element is determined from the measured emf,

have been studied. The results of the experiments, including

the emf dependence on the temperature, on the flow rate of the

gas mixture, and on the concentration of SOg, are reported in

Chapter V.



From the emf measured with Ag+-B-aluinina being the solid

electrolyte, the standard Gibbs energy change for the cell

reaction has been deduced as a function of temperature and a

cathode reaction mechanism has been proposed to explain the

experimental observations. The formation of a layer of

sulfate due to the reaction between SO and the B-alumina

solid electrolyte, the state of the reaction layer, and other

aspects pertaining to the SO gas sensor are discussed. These

constitute Chapter VI.



CHAPTER II LITERATURE SURVEY

- ELECTROCHEMISTRY IN GAS SENSORS

The potential application of solid electrolytes in modern

science and technology has activated an interest in the

electrochemistry of solid electrolytes. As a result, the

number of publications in this field has been increasing

annually. Thereare numerous reviews on the theory" '" and

experimental techniques'1 1 . 12] of solid electrochemistry, on

solid electrolytes and applications . This chapter is

directed towards the application of solid electrolytes as gas

sensors, particularly with respect to the SO^ sensor.

2. 1 Basic Requirement for a Gas Sensor

A gas sensor has been defined12 as a device by which
the concentration of certain gaseous components can be

measured. Usually an electrical property, such as voltage or

current, of the system containing the gaseous species is

monitored. The general requirements for a gas sensor are as

follows:

* high accuracy,

* wide range of measurement,

* good reproducibility and constancy of the indicated

value,



* low sensitivity to external disturbances,

* high selectivity for the component being monitored,

* rapid response, particularly when the sensor is used as

a control function.

2. 2 Oxygen Sensor with Oxide Solid Electrolyte

In principle, many types of solid electrolytes may be

used to monitor the content of oxygen in a system by means of

emf measurement as long as equilibrium is attained at the

reference and working electrodes. Solid oxide electrolytes

provide a direct means for oxygen to be monitored and,

together with their high temperature stability, are preferred

both in the laboratory and in the industrial applications.

For example, calcia stabilized zirconia (CSZ) and yttria doped

thoria (YDT) solid oxide electrolytes, which have high oxygen

ionic conductivities under certain conditions, have been

popular for the past 30 years.

Oxygen Ion Conductors, CSZ and YDT

From a crystal structure point of view, only those oxides

which have the fluorite crystal structure, a face-centred-

cubic arrangement of cations with the anions occupying all the

tetrahedral sites, are potentially useful oxygen ion
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conducting electrolytes. As shown in Figure 2. 1, each metal

cation in the crystal is surrounded by eight oxygen anions,

and each oxygen anion is tetrahedrally coordinated with four

metal cations. The large number of octahedral interstitial

voids makes this structure a rather "open" one, thus rapid ion

diffusion might be expected.

dOQ
I
I

CL-

0 OXYGEN METAL

Figure 2. 1 The fluorite crystal structure

At room temperature pure ZrOg has a monoclinic crystal

structure which changes to a tetragonal form above 1200 °C,

and finally to a cubic one above 2300 °C. The high-

temperature cubic fluorite phase in zirconia can be stabilized

by addition of some of the aliovalent oxides. In contrast to

ZrO^, pure thoria has the cubic CaF^-type structure up to its

melting point, and therefore does not need any stabilization.

However, it is the solid solution such as ThOg (YO^ 5 ) and

ZrOg (CaO) which exhibits high ionic conductivity. The phase

diagrams of these two binary systems ' are shown in

Figure 2. 2.
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Figure 2. 2 ZrOg-CaO and ThO^-Y^ 3 phase diagrams
[113, 114]

The ionic conductivity in this kind of electrolyte is due

to oxygen-ion migration by a defect transport mechanism. The

determination of the oxygen self-diffusion coefficient in

polycrystalline samples of ZrO^(CaO) by means of radioactive-

tracer measureroent has shown that the oxygen ion migrated

about 1010 times faster than the cations1 ' . In addition,

density'24] and x-ray intensity[25 ] measurements on CSZ have
confirmed that the predominant defects present in the solid

solution are anion vacancies. Higher concentrations of

oxygen-ion vacancies are created in both CSZ and YDT solid

electrolyte, leading to their higher ionic conductivities.
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The most commonly used CSZ contains 15 mol% CaO, whereas the

YDT contains 7 to 15 mol% YO^s-

Electronic Conductivity and Electrolytic Domain

As pointed out in Chapter I, the electronic conductivity

cannot be ignored. The relative magnitude of the electronic

conductivity in a solid electrolyte should always be given

consideration in order to obtain meaningful information from

measurements (especially thermodynamic measurements) involving

a solid electrolyte.

For a solid oxide electrolyte, there are two possible

equilibrium reactions in which the oxygen at the electrodes,

the oxygen ionic vacancies in the electrolyte and the

electrons or holes are involved:

1/2 0^ +VQ +2 e/ = QC ... (2. 1)

1/2 0^ +V-o = QO+ 2 h- ... (2. 2)

where Vg denotes the oxygen ionic vacancy, Oy the oxygen In an

anionic lattice site, e' and h the electron and hole

respectively. Application of the mass action law to these

equilibria with the assumption of idea behavior of all the
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species involved results in the following expressions:

^ =
[Ool

Pt/2[Vo-]l23
... (2. 3)

-a, ivo

[OolP2
^/a[Vo-]

... (2. 4)

where n and p are the concentrations of electrons and holes

respectively. Since [OQ] = const. and [Vg ] is independent of

PO , it follows that:

Xl ac Pt-1/4 ... (2. 5)

p«p^/4 (2. 6)

With the assumption of independence of mobility on

concentration of electron or hole, the dependence of

electronic conductivity on the partial pressure of oxygen

results from the combination of equation (2. 5) or (2. 6) with

equation (1. 2). Furthermore, the ionic transport number, t, <,n

in equation (1. 3), as a function of Py^ can be obtained by

substituting the dependence of electronic conductivity on PQ^

into equation (1. 4), leading to the theoretical evaluation of
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emf from equation (1. 3) for oxide solid electrolytes
126]

>/A/4^. ^(ln^:+pfl-'. lnp^+p'^)
~^""Pe/i -. P"^ ' ^ Pe/4 * P^'

... (2. 7)

where the parameters P® and P@ are the oxygen pressures at

which the ionic transport number t, "" is equal to the hole and

electron transport number respectively, and PQ and Pg^ denote

the oxygen pressures at the anode and cathode of the galvanic

cell respectively. Several limiting situations in equation

(2. 7) are of practical value:

a) If PQ<P'O<P^P\, E. = ^jln^?- ... (2. 8)

iZTi-. ''P.
Jb) l£ Pe<P/o.<P//o<P®. ^ = ^ln-p73 ... (2. 9)

02

c) if p/<, <Pe<Pe<^\' ^ = IJln^ ... <2. io)

>11
RT^ " .r o,d) l£ p^<Pe<P//p. <Pe/ ^ = ^ln^ ... (2'11)

e) Jf Pe<P/p, »P©<P//o. V P/^<Pe"P//o. <P®/

E^ = RTln2
-e F

... (2. 12)



15

A schematic illustration of equations (8) through (12) is

shown in Figure 2. 3.

EMF

N&rn.s. -fc [i"ne.~^/
/

y

/

/

../

I

I

I /'

^Ln(2) ^
/'';
/ I

ul

u?

w

U-l'

LnCPq,)

Figure 2. 3 Schematic drawing of equation (8) to (12)

Following the experimental determination of P@ and PQ'

34\ the extended work on this subject135' ] has reached the
definition of the electrolytic domain, in which the ionic

transport number t, ^n ^0. 99, as a function of PQ and

temperature. The electrolytic domain for CSZ and YDT has been

tentatively delineated. by considering all the data available,

although there was a disagreement on the Pg value for YDT
[29-

32] As shown in Figure 2. 4, the oxygen partial pressure
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range, over which a thermodynamic measurement can be conducted

for a galvanic cell using either CSZ or YDT, will become
\

smaller as the temperature goes higher. At a certain

temperature, CSZ covers a higher Pg^ limit, whereas YDT favors
the lower Pn measurement.

10

0

-10

"^-20

6
0

s'
-30

-40

T(°C)
20001500 1000 600

Zr02(15Mote % CaO)

Th02(15Mole% VOi.5)

7 9

(K-')

11 13

IQ" ".,,

Figure 2. 4 Electrolytic domain for CSZ and YDT
[15]

A "double cell" involving a combination of CSZ and YDT

solid electrolytes has been developed for emf measurements

at elevated temperatures, in order to broaden the measurable

range of Py^ by making use of both the desired properties of

CSZ at relatively high oxygen pressures and that of YDT at

very low oxygen pressures. The cell assembly is schematically

shown in Figure 2. 5. A inetal-metal oxide which acts as a
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oxygen buffer has been placed between the two solid

electrolyte tubes thereby maintaining the oxygen partial

pressure in the electrolytic domain of both CSZ and YDT. In

this manner, the cell can perform thermodynamic measurements

over a considerably wider range of oxygen pressures than using

either solid electrolyte alone.

SIUCONE RUBBER

SPRIN6

N!-*

/-d.

vs^s.. .
l^i'S

H!
ill
w

s
-g ,<

-«\N"

REFERENCE ELECTRODE
Pt/0; (0.2 ATM.)

SPECIMEN-CONTAININ6

PLATINUM BASKET

CoA^O BUFFER

FURNACE

SILICA CAPILLARY TUBE

ThO;-Yz03 TUBE

ZrO;-CaO TUBE

CATHODE LEAO WIRE

VACUUM

SILICONE RUBBER

ANOOE LEAD WIRE

Figure 2. 5 A schematic view of a "double cell"
C29]
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There has been discussion' concerning the advantages

of the bielectrolyte cell arrangement on a theoretical basis

where the oxygen pressure in between the two solid

electrolytes was not fixed and might be calculated from the

knowledge of the oxygen pressures in the two terminal

electrodes and the electrical conductivity parameters for both

electrolytes. The analysis'38] based on the theoretical
calculation of the steady-state chemical potential profile in

a solid electrolyte under open circuit or ion-blocking

condition has, in contrast to the above, stressed the

importance of keeping Pg^ at the interface of two solid

electrolytes always lying within the electrolytic domain for

both of them. It is clear that voltages less than the

thennodynamic value must be expected for the bielectrolyte

cell when one or both electrolytes exhibit considerable

electronic conductivity.

Methods of Determining Electronic Conductivity Parameters

The values of P© and P@ (equation (2. 7)) for a specific

solid electrolyte play an important role in both the

theoretical evaluation of emf and the determination of the

electrolytic domain. Several kinds of experimental methods

have been developed, including dc polarization

measurement[ 28'39-42] , emf measurement on cells with known
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.

[34. 43. 44]
oxygen activities'--. --'- ^ and coulometric titration

procedures
[29, 44. 45]

1461
The dc polarization technique, proposed by Hebb" ~' and

WagnerE47J, is based on the steady-state current-voltage

measurement on a cell between a reversible and a non-

reversible electrode. Although the dc polarization studies

were also carried out in a cell between two irreversible

electrodes139'431 , its validity was questioned by Joshi1 .

According to Hebb and Wagner, either the ionic or electronic

current in a mixed conductor can be suppressed by a properly

chosen electrode. To measure the electronic conductivity in

an oxide electrolyte, such a non-reversible electrode is

chosen that no oxygen ion can be provided from the electrode,

and is made negative relative to the reversible electrode. A

voltage less than the decomposition voltage of the solid

electrolyte is then imposed on the cell. In the steady-state

condition, all the current is carried by the electronic charge

carrier, i. e. by electrons and/or holes.

Under the assumptions of independent migration of all

species, local equilibrium throughout the specimen,

independence of the mobilities, B@ and B@, on concentrations

and concentration gradients of ionic and electronic defects,

zero ionic current at steady state, and negligible specimen
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decomposition, an expression of steady-state current, !", as

a function of voltage, E, and temperature has been

deduced
[28]

J^ = ^(0©° [1 - e-u] + oe0 Eeu - l] ) ... (2. 13)

where CT@> and CTQ are respectively the partial positive hole and

partial excess electron conductivities, for the oxide

electrolyte at the fly of the reversible electrode. L is the

distance between the two electrodes.

quantity u is given by

The dimensionless

U = E'F/R'T ... (2. 14)

From measurements of I» and E at different PQ values at the
reversible electrode, the dependencies of a@ and OQ on the

partial pressure of oxygen have been obtained and can be used

for the determination of the parameters, P@> and P© for both

CSZ and YDT, in equation (2. 7) if the ionic conductivities

have been measured separately. This method is characteristic

of the simultaneous determination of both parameters.

The emf comparison method has been used in several

different ways. Using two different solid electrolytes, CSZ
C43]

and YDT, to study the same system, Steele and Alcock""" have
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obtained the P@ value at 1000°C for CSZ by comparing the emf

measurements made with CSZ and YDT which were believed to be

totally ionic conductors under the experimental conditions.

Alternatively, Baker et al[34] have measured the emf of the

cell:

Pt, H2, H20(Po )/CSZ/(Po^)H2, H20, Pt ... (II)

at various PH, O/PH, ratios, then plotted emfvs. P^ to deduce

the PQ values at different temperatures by noting the kink on

the curves. Clearly the P@ (or P@) value determined in this

way would stand in error if the measured emf deviated from the

equilibrium value to a large extent by virtue of the material

transport through the solid electrolyte. This was observed

by Etsell and Flengas
[44] in their measurement of emf for a

cell similar to (II) with the exception that the PQ^ was fixed
at one atm. A strong dependence of emf on the flow rate of

H^ O/Hg mixtures was found and the higher emf at a higher flow
rates was attributed to the formation of water by the reaction

between hydrogen and oxygen which continuously migrated

from the cathode to the anode due to the onset of electronic

conductivity at a very low oxygen partial pressure. In

fact the increase of the electronic conductivity as Py

decreases will not only lower the emf by a factor, 1^^, but

also bring about the electrode polarization. The oxygen
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build-up at the anode due to the internal current, if it could

not be removed quickly by the formation of water, would

definitely result in a lower emf, which should always be

avoided in a thermodynamic study.

Compared with the other methods, the coulometric

titration technique is rapid and should be accurate if special

attention is paid to the conditions required in its

application. There are similarities between dc polarization

and coulometric titration techniques. In both cases the

oxygen is removed from the low partial pressure electrode.

The oxygen ion migration will stop completely in the final

steady-state when the electronic conductivity becomes

predominant.

In the dc polarization technique, the current-time curve

is recorded under constant voltage, and the current plateau

indicates the steady-state. In the coulometric titration

technique, the forced removal of oxygen from the low Pg side

by electrolysis eventually makes Py « P© and the equation

(2. 11) becomes valid if the reference electrode is kept

unpolarized. Then by the interruption of the current withdraw

and immediate emf measurement at different temperatures, P@

can be calculated if an emf plateau is reached. After the

interruption, an unsteady emf, followed by a steady one, has
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been observed for a cell of double electrolyte in which

the oxygen was removed from a gas phase. Alternatively a

liquid metal, from which the oxygen was withdrawn, was

used144'453 in consideration of the experimental difficulties

of keeping the system gas tight.

Equilibrium at Triple Points

The first two steps for a thennodynamic study by emf

measurement constitute choosing a solid electrolyte and being

aware of its electrolytic domain. The next step is to prepare

electrodes which must quickly attain equilibrium with the

solid electrolyte. Usually, the electrochemical reactions

taking place at the electrodes of a galvanic cell with a solid

electrolyte are characterised by multi-phase reactions. If a

gaseous species is involved in an electrochemical reaction, as

in the case of a gas sensor, the presence of triple points

where the electrode, the gas species, and the solid

electrolyte are in physical contact has been considered

indispensable to facilitate the establishment of

equilibrium
19]

The triple point has also been defined as an electrode

microsystem1493 in a study of oxygen electrochemical

semipenneability in solid oxide electrolytes. Such a
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microsystem is shown in Figure 2. 6. EMF measurements with a

point electrode149' , as shown in Figure 2. 7, have
demonstrated that it was the concentration of the electro-

active species at the triple points which determines the

electrical potential of the electrodes.

By considering the presence of the second phase which may

be formed on the surface of a solid electrolyte by the

penetration of the gas species, Heyne et al1
'" 

have

identified two key parameters which determine the response

speed of solid electrolyte Galvanic cells for gas sensing.
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The first is the amount of active material involved in the

composition change on the surface of the solid electrolyte.

The second is the density of material flux with which the

required amount can be supplied. Therefore, the analysis of

the surface micro-structure of solid electrolyte should be

emphasized.

A porous platinum layer is applied to the solid

electrolyte surface in nearly all gaseous oxygen sensors

because it provides many triple points, making the electrodes

less polarizable and emf measurement more reliable. Thus by

controlling the type, thickness, and way of application of the

metal electrode, the quality of the electrode and the

performance of the cell can be improved to a large

extent
C52, 53]
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In addition to the number of triple points and the ease

of access for the electroactive species to get in and/or away

from these points, which can be effectively enhanced by a

proper electrode preparation, the catalytic activity of a

particular electrode also plays a important role in the

achievement of the optimizing conditions for an equilibrium

measurement.

Pre-reactions in the Electrodes

In the application of the oxygen sensor to a non-

equilibrium system, such as the mixture of air and a fuel in

a combustion engine, the emf response has been found to

depend on the catalytic activity of the electrode material as

well as on its physical characteristics, such as porosity and

size, the flow rate of the non-equilibrium gas mixture, and

the temperature range in which the emf measurement was made.

This could be attributed to the pre-reactions which are taking

place in the electrodes. Reducing gas species, such as CO or

CH^, tend to react with oxygen at high temperatures, but at
reaction rates which depend very much upon the use of

catalysts. This makes the measurements non-reproducible and

unreliable. Similar problems in cell behavior were observed

in developing gas sensors for SO,
158, 591 and AsH,

[60]
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Two different possible mechanisms have been

proposed to describe this kind of phenomena. One is referred

to as an electrocheinical mechanism, in which the components

react with each other in consecutive anodic and cathodic

reactions with a zero net current at the phase boundary. This

results in a mixed potential at the electrode '. The

other is referred to as a non-electrochemical mechanism, in

which a purely chemical transfer reaction proceeds in the

adsorbed state. Many catalytic processes involving gaseous

species belong to this category. The reactants are

adsorbed and dissociate at the electrode surface, where a

transfer of atomic species occurs. In stationary reaction

conditions, the velocities of yielding and receiving the

transmitted particles are equal, and a definite activity of

the species determining the potential is attained at the

surface and is different from the equilibrium activity
C 5 9 3

2. 3 Other Gas Sensors

In addition to the oxygen sensor, sensors of gaseous

species such as CO^ , N0^, SO^, etc. , have also stimulated much

interest165 . These gaseous species are discharged into

the atmosphere from metallurgical industrial gas stack or

automobile exhausts and constitute a primary source of

pollutants in the air.
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CO^ Sensor

The partial pressure of carbon dioxide, in the range 9

ppm to 1. 2 % in air, has been successfully measured'"" by the

following electrochemical concentration cell:

AU / CO^^QZ / K^CO^ts) / 02«, C02« / Au ... (111)

The measured emf was found to obey the Nernst equation within

±1. 5 mV in the temperature range 575 to 1025 K for all of the

COg concentration levels except the lowest one. No emf

dependence on flow rate was observed from 100 to 400 ml/min..

The same cell asseinbly was used to measure the decomposition

pressure of CaC03 from which the standard Gibbs energy change

for the decomposition reaction was deduced. The fairly good

agreement of AG° with published data served as an indication

of the valid use of K^COy as a CO^ sensor.

NO Sensor

An oxide chalcogenide glass with the composition

se6 0 Ge28 sb1 2 Fen (n = 1-3 ~ 2^ ' after being activated by an
oxidative heat treatment, has been used ' as an electrode

material sensitive to N0^ . Linear proportionality between emf
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and log (P^) was found down to 1 ppm N0^. The exclusive

response of emf to N0^ in the presence of other gas species

such as Og, NO, N^, CO, SOg, and CH^ has been attributed to the

preferred cheinisorption process of NOg on the electrode.

Since no simple redox couple was found to be responsible for

the emf, a mixed potential mechanism has been considered1213

but could not be reconciled with the mechanism of a reversible

chemisorption suggested by the authors1673 :

NO^g) + G^^^^, ^, = NO,G(S) = NO, - + G+ ... (2. 15)

A solution of fused salts[6S] has been used as the

electrolyte in the following cell assembly:

Ag/ Ag+ in (Na, K)N03 // (Na, K)N03 / N0^, 0^, Pt ... (IV)

The overall cell reaction is the formation of silver nitrate

in the nitrate solution electrolyte from pure Ag, N0^, and 0^.

The partial pressures of N0^ and Og were controlled by N3, N0^,

and 0^ mixtures. Over the temperature range of 250° to 325 °C,

the P range of 0. 363 to 0. 754 atm., and the P range of 0. 11

to 0. 454 atm., the emf for cell (IV) was found to follow the

Nernst equation although the dependence of the Nernst plot

slope on the flow rate of gas mixture above 60 inl/min. was

detectable.
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The substitution of gold for platinum had no effect on

the results, indicating a non-catalytic electrode reaction at

the cathode. From a known activity coefficient of AgNO^ in

the electrolyte, and from the Nernst equation, the standard

Gibbs energy change for the overall cell reaction was

obtained. The value agrees with previous measurements,

indicating that this cell unit might be used as a N0^ gas

sensor. The fused salt was replaced by solid Ba(N03)3 with 1%

AgCl addition in a similar work1583 for the purpose of

developing a N0^ sensor and a linear relation between emf and

log(P) was observed.

More recently, a sensor for gas species which is not the

charge carrier in the solid electrolyte has been proposed[69-72].

The activities of the mobile component in the electrolyte and

the gas component under measurement are correlated by an

auxiliary gas sensitive layer. The auxiliary layer may be

porous or should show high chemical diffusion coefficients in

the case of dense materials. In the N0^ sensor studiedC70]

(Figure 2. 8), Ag+-B-alumina and Na+-B-alumina have been chosen

as the solid electrolytes whereas AgNO^ and NaNOg as the gas

sensitive materials in the following cell design:

Pt/M/M-6 or B"-alumina/MN03/Pt, NO^(g) , 0-, (g) .. . (V)
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Figure 2. 8 A schematic representation of cell (V)
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The overall cell reaction is the formation of the nitrate:

M(S, 1) + N0^ (g) + Og (g) =MN03<S, 1) ... (2. 16)

where M= Ag or Na. Under the conditions of fixed Pp and
unit activities of metal and metal nitrate, the emf of the

cell will respond to the concentration of N0^ in a definite

way. Values of emf corresponding to concentration of NOg as

low as 0. 1 ppm, which is beyond the detection limit of the

infrared spectroscopic measurement, were measured and agreed

with the theoretical values from the Nernst equation.

In a second series of measurements, large amounts of NO

(0. 01 atm. ) were added to the gas mixture. The emf

corresponding to the NOg formed by the oxidation of NO was

approached, indicating that the most oxidized state of the gas
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species was detected by this cell design.

It is worth pointing out that this form of cell assembly

can be applied to many gas species, including those mentioned

above as air pollutants (COg , SO^ etc. ). From a thermodynamic

point of view, the gas sensitive layer present on the surface

of the solid electrolyte is an indispensable part of the

electrode in which the activity of the conducting element is

fixed, making the cell unit behave reversibly. Furthermore,

the state of the sensitive layer and its reactivity with the

solid electrolyte are two important factors which are

considered to have a direct effect on the operative qualities

of the gas sensors, for example, the response time, the

reproducibility and reliability of the measurement, and so on.

AsH3 Sensor

Arsine, AsH3, appears as an undesirable toxic impurity in

hydrometallurgical processing of certain Cu, Ni, Au and Ag

ores. In order to develop a highly sensitive and selective as

well as inexpensive sensor for arsine, several cationic

conducting ceramics such as Na -^-Al^ 03, Ag -^-Al^ 03 ,

NaCaAsO^, and AgZr^(AsO^)gc7 have been tested with a
successful emf response to the content of AsH^ in air. Among

the solid electrolytes tested, the AgT -^-alumina was found to
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be particularly attractive due to its simple cell design. Two

types of sensor assemblies were tested and are shown in Figure

2. 9. The cell unit is represented as follows:

PI Ag

\ \
COTRONIX

SEttLANT Aq WIRE

Type A sensor

/
PI-IO-X.Rh A12°S TUSe Afl fl-ALUMIN* Pl BLACK

ANO Pt MESH

Pl-tO*t. Rh Wtft£

Ag WRC REFEfICNCE eLECTROOE A, -flA LUUINA ruee

pl-IOTt. Rh WIRE

Ag POWDER

i/-' Type B sensor

4 80fl£ ALUWtHA TUBE */-4~ ^

pl WIRE WOR«H(; £i-ECTROO£

Figure 2. 9 A schematic depiction of cell (VI)
[601

Ag(s) / Ag+-^-aliuuina / AsH^ (g), 0^ (g), Pt ... (VI)

Compared with cell (V), there are two special features in cell

(VI) which are different although similar.

The first is the oxidation of arsine in the gas phase to

form the arsenic oxide which is electro-active species in the
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electrode reaction before the gas mixture gets to the surface

of electrolyte. Therefore the dependence of emf on the flow

rate of gas mixture was observed and it was necessary for a

catalyst to be present along the gas passage so that the pre-

reaction can be promoted to reach the equilibrium.

The second is the formation of silver ortho-arsenate on

the surface of the solid electrolyte during the initial period

of an experiment run, which made the electrode eventually

reversible. In fact, it is the format ion of Ag-^AsO^ which

provides the gas sensitive layer mentioned previously. The

consequence of this feature is the uncertainty of the physical

and chemical properties for the sensitive layer because its

formation, which requires a massive transport of conducting

component from one side to the other, is not favored under the

conditions of emf measurement.

2. 4 Electrolytes Used in Developing 80^ Sensor

.

[58, 59, 68, 74-89]
A fairly large number of investigations""

have been conducted in order to develop an SO^ (SO^ or 803)

sensor because of the severe environmental probleros caused by

sulfur dioxide emissions, for example, "acid rain", which is

mainly attributed to the SO^ absorbed by water.
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Mixture of Molten Sulfates

A molten salt mixture composed of Ag, Li, Na, and K

sulfates has been used[681 as an electrolyte in the following

galvanic cell:

Ag/Ag+(lM) in (I. i, fla., V.)^SO^// (I. i, Na., K)ySO^/SO^ O^Vt (VII)

The emf was found to be independent of the gas flow rate (up

to 180 ml/min. ) at the cathode. A linear relation between emf

and logCPg^ Py*) was observed at 550°C, from which the

standard Gibbs energy change for the overall cell reaction:

Ag(s) + S03(g) + 1/2 O^q) = AgSO^ (,-" ̂ en salt) ... (2. 17)

was deduced to be -111. 3 ± 4. 2 kJ/mole. In this study the gas

mixture was prepared by passing a mixture of N3 and 0^ over

liquid SO^ in a boiling flask. Any decomposition of SO^ to SOg

was ignored, probably due to the unfavorable kinetic

conditions in the experiment.

In a more recent study1 743 , a similar mixture of the same

sulfates was used as the electrolyte and a gas mixture of SO^

and 0^ was passed over both the reference and working

electrode, at a relatively low concentration of SOg. A
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Figure 2. 10 The cell using a molten sulfates mixture

schematic view of the cell is shown in Figure 2. 10. Since the

basic response of the cell was found to be to 803, the

oxidation of SO^ was assumed and the dependence of emf on the

flow rate of gas mixture was ascribed to the unequilibrated

conversion of SO^ at a higher flow rate. If the two gas

electrodes matched each other (having same Pp at

equilibrium), the cell unit would function as a SO^ detector

in the low concentration range. A Nernstian slope for SO^

concentration lower than 1% was observed.

Pure Solid Sulfate

Unlike a liquid electrolyte, the solid electrolyte can be

fabricated in the form of a tube or pellet. The tube (or

pellet) simplifies the cell design and the gas sensor can be
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readily used to monitor the content of a gaseous species.

This feature is particularly attractive for applications in

process control where high temperatures are involved, such as

in metallurgical processing.
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Figure 2. 11 The cell using pure K^SO^CS) electrolyte
t581

Solid potassium sulfate has been employed""' as the

electrolyte in a cell with the application of both a gas

reference electrode and an Ag/AgSO^ reference electrode. A

cell unit is depicted in Figure 2. 11. Although there is no

report on the study of the ionic transport nuinber for this

electrolyte, it is believed to be equal to unity because the

emf measured agreed within ±lmV with that calculated
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theoretically above 650 °C. Below 650 °C, the deviation from

linear relation of emf vs. temperature plot at one SOg ratio

was found to occur in the case of gas reference electrode. A

straight lineof emf vs. log(Pso^) plot was observed at 820°C

in the case of Ag/AgSO^ reference electrode. Since several

different gases of sulfur-contairilng species, such as H^S,

CH^SH, and COS, produced the same emf signal as SO^ at the same

concentration level in air, it was concluded that these gases

were converted rapidly into SO^ under the experimental

conditions. It was also concluded that under certain given

conditions, equilibrium among SO^, Og, and SO^ was reached

quickly, at least in the area closest to the electrode.

Further work on different types of reference

electrodes175'763 has revealed that the gas-circulation electrode

is more stable and reliable than the Ag/AgSO^ electrode

although it presents Certain practical drawbacks. The

prospect of the reference electrode based on the thermal

decomposition of solid sulfate-oxide mixtures as well as the

application of non-catalytic metal electrode to monitor

exclusively SO^ in the presence of SO^ was also proposed.

In another experiment, a study on sodium sulfate[77] was

carried out by first measuring the ionic transport number of

its high temperature form, Na^SO^-I, (which has a modified a-
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Figure 2. 12 The cell using pure Na^SO^-ICs) electrolyte [77]

Ca^SiO^ structure) at 700 K, then monitoring the concentration

of SOg in an identical cell design, as shown in Figure 2. 12.

The ionic transport number was found to be unity and the

behavior of the emf as a function of log(P -PQ^) led to the
same conclusions as above. Pure lithium sulfate has also been

considered1783 as a candidate for monitoring SO but without

success due to its hydroscopic nature, although it has

comparatively high ionic conductivity.

Solid Solution of Sulfates

From a practical point of view, the solid reference

electrode such as Ag/AgSO^ simplifies the cell unit design and
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Figure 2. 13 The cell using a two-phase electrolyte1793.

makes the emf measurement more convenient. Unfortunately, the

convenience is often accompanied by a lose of stability of emf

created by the interaction between the electrode and the

electrolyte. A mixture of two solid solutions in the Li^SO^-

Ag^SO^ binary system has led to a better performance^9'803 for
both the reference electrode and the solid electrolyte for the

SO.. sensor. A schematic view of the two phase electrolyte

sensor, together with the phase diagram of Li^SO^-Ag^SO^ binary

system, is shown in Figure 2. 13. The two phase mixture

functioned as a buffer for the sulfate which was involved in

the overall cell reaction. The activities of the sulfates

were kept constant during a long term experiment. The only

shortcoming of the two phase mixture solid electrolyte lies

in the limited temperature range of 510° to 560°C where the

two phases can stably coexist.
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Sodium sulfate doped with NaVO, and Ln^ (SO^ ), (Ln = Pr,

Y) has also been found1813 to have good properties as a solid

electrolyte. It shows no phase transformation and maintains

a Na^SO^-I-like phase. As a potential SO^ gas sensor

material, it was tested at 400 °C and relatively high SO^

concentration levels. The concentration of SO^ in the

reference electrode had an effect upon the measured emf.

Below about 5% SO^ , a deviation of measured emf from that

calculated occurred. Further measurements at different

temperatures and lower SOg concentration levels are needed to

fully characterise this behavior.
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A:r
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Figure 2. 14 The cell using a mixture of solid sulfates
[81 ]

In order to overcome the phase transformation problem for

alkali-metal sulfate solid electrolytes, a mixture from the

Na^SO^-Y^ (804)3-8102 ternary system was prepared'"" and used

as an electrolyte. The cell assembly is shown in Figure 2. 14.
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Various metal salfate-oxide mixtures were employed as the

reference electrode: MgO/MgSO^ , VLn^O^/VlnSO^ , NiO/NiSO^ . The

NiO/NiSO^ mixture showed the best agreement between the

measured and theoretical emf.

An effort was made183'8 to increase the ionic

conductivity at relatively low temperatures by adding Li^ SO^

to the mixture. The emf measurement using the mixture of the

quaternary system as the solid electrolyte to monitor SO^ has

shown that the best agreement with the calculation was

achieved for the solid reference electrode at the higher

temperature range studied. The disagreement of emf with the

calculation at the lower temperature range was attributed to

the uncertainty of the thermodynamic data for the sul fates

involved in the overall cell reaction.

/3(^8")-alumina

/3-alumina, by virtue of its high chemical stability and

ionic conductivity, has been considered recently'"' "" as an

electrolyte for monitoring the content of SO^ in a gas phase.

The following cell design was first studied"" :

Pt, Ref. / Na+-^"-alumina / SO^+SOs+Og^Pt ... (VIII)



Ar

43

Alumina
cement'

Pt lead- -'Alumina tube

8-aluminatube

Au'Au^Na

Thermocouple- 1

Alumina lid

Pt paste

Alumina tube

Air*302

Figure 2. 15 Schematic representation of cell (VIII)
[85]

where Ref. is the reference electrode which fixes the chemical

potential of sodium. A solid reference electrode is

preferred. A mixture of Au + Au^Nats) has been employed

successfully as the reference electrode to sensor SO^ in the

range of 0. 9 - 9000 ppm in the temperature range from 821 K to

1108 K. Figure 2. 15 is the schematic representation of the

cell studied. The determination of sodium activity in the

mixture was carried out by another independent Galvanic cell

measurement in order to compare the theoretical emf and the

experimental value measured in cell (VIII). The mixture of /3

and /3" alumina powder is a possible alternative reference

electrode in the higher temperature range.
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Replacing Na+-B-alumina in cell (VIII) by Ag+-B-

alumina[86:1 is an attractive alternative because of the

potential application of pure silver as the reference

electrode. The cell assembly is shown in Figure 2. 16. A

linear relation between einf and log(PgQ ), was observed for the

concentration of SOg in the range from 10 ppm to 1% over the

temperature range from 713 K to 1113 K. Under the assumption

of silver sulfate formation being the overall cell reaction,

the measured emf was compared with, and found to be higher

than that calculated theoretically in all the concentration
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and temperature ranges studied. A response time of 3 minutes,

which is superior to the Na+-B-alumina, was reported.

The essential requirement for thermodynamic measurements

is the formation of a layer of sulfate on the surface of the

B-alumina in the working electrode compartment. This layer

was identified [86'87] by means of an electron probe X-ray

microanalyzer (EPMA) . Afterbeing exposed to the gas mixture

of SO^ + Og for more than 3 hours, the surface of the G>-

alumina samples was analyzed for Na, S, and Al. The scanning

electron microscope (SEM) photographs of the samples showed

that there was an abrupt increase of the concentrations of

sodium and sulfur on the surface, which, together with X-ray

emission spectra of the surface and a weight increase of the

sample, was attributed to the formation of the sulfate.

Accordingly, the higher emf measured than that calculated in

the case of Ag+-B-alumina was explained[86] by a proposed

formation of sulfate solution in the Ag^SO^-AlgC 80^)3 binary

system instead of pure silver sulfate. This explanation is

still open to discussion, taking into account the uncertain

chemical and physical properties of the sulfate formed on the

surface of the B-alumina.
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Other Solid Electrolytes

NASICON, which is known to be a fast sodiuro ion conductor

with the stoichiometric formula Na^Zr^Si^PO^, has been usedc89]

as a solid electrolyte with gas mixtures of SOg + 0^ flowing

over both electrodes. As in the case of B-alumina, sodium

sulfate was formed on the surface of NASICON, leading to the

same cell reaction as with Na^SO^. Nevertheless, NASICON was

found to be superior, when used for measuring SOg pressure

difference over several orders of magnitude, because of its

high density obtained in the sintering process. In addition,

good selectivity to SOg was reported. The presence of COg

and/or NOg in the gas mixture had no influence on the emf

measured. At 1049 K, the emf response to a Pgg change was

within 3 minutes, a relatively fast responding time. The

Nernst equation was obeyed only above 929 K, limiting its

application to a relatively high temperature range.

The possibility of using Zr0^(8% Y^) solid electrolyte

to monitor SO^ has been proposed[59] according to the

measurement of steady-state oxygen activity on Pt electrode in

the presence of SO^. Depending on the temperature and gas

phase composition, a cell with platinum electrodes could

monitor SOg or SOg/SOg.
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2. 5 ^8-Alumina Solid Electrolyte

There are several reviews on ^3 (j8")-alumina solid

electrolytes. Among them, the articles by Kuinmer" " ,

Kennedy[91], and Collongues et all92] should be cited.

Crystal Structure

The composition of sodium jS-alumina corresponds to

Na20-llAl203 but varies up to Na^O-9^0^ due to the presence

of 15% - 30% excess Na^0 relative to the ideal formula. The

crystal structure of hexagonal jS-alumina, with a axis 5. 594 A

and c axis 22. 53 A, consists of four cubic close-packed layers

of oxygens with 3A1 ions occupying some of the resulting

octahedral and tetrahedral positions between each pair of

oxygen layers, giving a typical spinel-like composition of

AlgO^. These spinel-like blocks are separated by so-called

mirror planes containing a loose packing of Na and 0 ions, the

spacing between these mirror planes being 11. 2 A. The nearest

Na-0 distance, 2. 87 A, is much larger than the sum of their

ionic radii, 2. 35 A. This fact, together with the large

number of the available but unoccupied sites for Na ions, is

responsible for the large NaT ion diffusion and ionic

conductivity in the plane perpendicular to the c axis.
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The ratio of Na^O to Al^ is 1:5 - 1:7 for the related

B"-alumina which is stable below 1500 °C but needs to be

stabilized with MgO or Li^O in order to be sintered at higher

temperature. Compared with B-alumina, the structure of B" is

more complicated. There are three spinel blocks per unit cell

so that the c axis is enlarged to 33. 51 A. The conduction

plane is sandwiched between two mirror planes. Due to the

larger concentration of charge carriers (Na+) and the greater

space available for its motion, the ionic conductivity of B"

is larger than that of B-alumina. A schematic representation

of B and B" alumina crystal structure is shown in Figure 2. 17.
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lon-excbange

From a practical point of view, a useful property of beta

alumina is the fact that the cation in the conduction plane

can be easily replaced by another cation through an ion-

exchange process, making a variety of cation conducting solid

electrolytes available. The feasibility and the extent of the

ion-exchange depends upon both the relative magnitude of the

ionic radii and the composition of exchanging medium.

Usually, a molten salt is chosen as the medium. Complete

substitution of Ag+, Tl+, K+ , Rb\ and NH^T for Na' , Li' and

In+ for Ag+ has been reported1933 . Partial substitution and
slow exchanging rate of some divalent ions for Na in /3-

alumina has also been observed and ascribed either to an

unfavourable equilibrium or to a low diffusion rate, or to a

combination of both. ^"-alumina has been reported"" to be

superior to p for divalent ion exchange, probably due to the

fact that more sodium ions are present on the conduction plane

so that the accoiamodation of the divalent ions is made easier

without breaking the electrical neutrality.

Ionic Conductivity

The relative ionic conductivity, or more precisely the

ionic transport number, of a solid electrolyte is important in
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thennodynamic measurements. In principle, the dependence of

the electronic conductivity on the chemical potential of the

conducting element in the solid electrolyte of a

multicomponent system should be evaluated. This can be

performed with the aid of dc polarization techniques and an

electrolytic domain can be identified, as for example in the

case of CSZ or YDT oxide solid electrolytes, as a function of

temperature and chemical potential of conduction component.

Unfortunately, it is not as easy to control the chemical

potential of the metal cation conducting element. Therefore,

the ionic conductivity of a single crystal of Na' -/3-alumina

has been measured19 by means of a standard ac bridge at

-150° to 820°C under an inert atmosphere whereas the

electronic transport number at 25"C was determined' to be

well below 0. 005 by an emf comparison method where the emf

measurement based on an amalgam concentration cell was carried

out.

The only work where the polarization method has

been used is the study on the transport properties of silver

beta alumina1973 . By imposing a voltage which was below the

decomposition voltage of Ag"-j8-alumina on the sample between

a silver cathode and a platinum anode, a current plateau was

recorded, from which the electron conductivity was found to be

several orders less than the total conductivity determined by
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ac impedance bridge method. The current-voltage

characteristic curves were found to be similar to that

obtained for AgBr[983 and AgCl19 ] , but depended on the oxygen

partial pressure at the platinum anode side.

The ionic conductivity of a Ca2+-^"-alumina single

crystal obtained by ion-exchanging process was measured'

by means of an ac impedance bridge. An Arrhenius behavior

between 250° and 450°C with an activation energy of 0. 57 eV

for bulk Ca ion conduction was reported. Measurements using

a polycrystalline Ca2+-^"-alumina tube fabricated by slip

casting11 01] were also performed and as expected, a relatively

lower ionic conductivity than that of a single crystal was

reported. Very often, the electronic conductivity of a solid

electrolyte is not measured, but the thennodynamic

measurements11°2] with which the previously published data

agreed has been considered as an indication of valid

application of the electrolyte at least under those particular

experiment conditions.

2. 6 Electrodes and Electrode Process

From an experimental point of view, an electrode can be

defined as a location in a chain of electric conductors where

the conductivity changes in nature from an electronic to an
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ionic conductivity. In thermodynamic measurements, an

electrode must be a good electronic conductor. It must

equally be a source or sink of the ionic conducting element in

the solid electrolyte so that the measurement can be

unambiguously related to the cell reaction.

Reference Electrode

There are several requirements for a reference

electrode16' 1 6 ] . First of all, it should be able to fix the

activity of either the conducting component or its counterpart

in a solid electrolyte of a binary or quasi-binary system over

the temperature range studied. For a gas electrode or any

other kind of non-electronic conducting electrode, the second

requirement is the employment of an electronic conductor,

usually a noble metal, which is chemically inert to the solid

electrolyte. For a coexistence electrode where two or more

phases are physically mixed, absence of phase transformations

as well as chemical inactiveness are required. Moreover, for

an indirect electrode116] where thennodynamic data are

determined for reactions involving an element for which a

solid electrolyte is not available, chemical and phase

equilibria within the electrode are required.
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Reversible Electrode and Reversible Process

An electrode which can provide or accept both electrons

and ions is called a reversible electrode. For a cation

conductor electrolyte, the corresponding metal is a candidate

of the reversible electrode whereas in the case of an anion

conductor, it is necessary to have an inert electronic

conductor if the chemical potential of the conduction element

is fixed by a non-electronic conducting system. A variety of

reversible electrodes have been classified and discussed

elsewhere . There is also an experimental definition of

the reversible electrode in which an electrode-electrolyte

coinbination at equilibrium is not displaced from equilibrium

by the passage of a small current in either direction through

the cell. In addition, the latter definition is frequently

used to check the reversibility of the cell reaction, but

attention must be paid to the difference between the

reversible electrode and the reversible process.

The Gibbs energy change of a cell reaction is related to

the reversible emf of the cell. Experimentally it is

necessary to pass a small current through the cell so that

electrical measurements can be performed. As a result of this

current flow, though it is restrained to a low level by the

high internal impedance of the measuring instrument, there is
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a consumption of the reactants and a release of the products

of the cell reaction at the anode and the cathode

respectively, which disturbs the equilibria built up at the

electrodes. Steady emfs are not disturbed as long as all the

elementary reaction steps of the cell reaction and other

transport process, if any, can keep up with the current flow,

leaving the activities of all the electroactive species

unchanged. The ability for an electrode to keep its

equilibrium state may be classified as its unpolarizability.

Thermodynamicallyy any process which occurs at an

appreciable rate is proceeding irreversibly'""''"'"', and

therefore strictly speaking any electrode reaction which

proceeds at a finite rate is thenaodynamically irreversible.

Accordingly, the application of a reversible electrode in

thermodynamic measurements does not guarantee that a

reversible einf will be measured. The use of less polarizable

electrodes tends to minimize experimental errors.

The polarizability of an electrode depends upon many

factors, such as the physical state and the geometrical shape

of the electrode, the temperature and pressure of the system,

and even the electrochemical reaction taking place at the

interface between electrode and electrolyte. Generally, an

electrode reaction consists of several elementary steps'' ''',
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one of which is the slowest and called the rate determining

step (r. d. s. ) because it governs the rate of the overall

reaction. In fact, the study of electrode processes will

eventually reveal the r. d. s. of the cell reaction, and lead to

a means whereby the electrodes are made less polarizable.

Diffusion of Electro-active Species

The electro-active species are those which are directly

involved in the electrochemical reactions occurring at the

interface between the electrode and the electrolyte. It is

the concentration of the electro-active species that

determines the electrode properties such as the electrode

potential, the double layer capacity and so on. The deviation

of the emf from the reversible value, resulting from the

variation of electro-active species concentrations, occurs if

there are some difficulty in the diffusion processes for these

species to get into and away from the electrode inicro-system.

The electro-active species may be a gas species diffusing

through a boundary layer in gas phase or through a condensed

phase. In the former case, any factor that can reduce the

thickness of the boundary layer will speed up the diffusion

process, whereas in the latter case, an increase of the

porosity of the condensed phase will be beneficial. Thus, the
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use of a porous platinum layer as inert electrode has become

a common practice, particularly in thermodynamic measurements

involving gaseous species.

If ions are involved in the diffusion process, for

example in the scaling process of a metal oxidation, the

application of an electrical field will have an influence on

the rate of the oxidation as demonstrated1 ""'"'"' in the

studies of silicon oxidation where the oxygen ion was found to

be the only species diffusing through the oxide film. Agl is

an ionic conductor through which AgT diffuses. By solving

diffusion equations of the scaling process''"' of Agl on Ag,

the average electronic transport number for Agl has been

estimated and the possibility of using this method for

identifying new solid electrolytes has been proposed.

Studies of direct current-voltage characteristics have

been carried out152'107' to investigate the electrode

reaction of oxygen on platinum with CSZ solid electrolyte.

The cathode process was found to be responsible for the non-

ohmic overpotential recorded. From the observation of a

limiting current at a relatively low applied voltage, a

diffusion controlling step was readily identified1 ""J . Based

on Pick's first law, the diffusion overpotential was expressed

ast108]:
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^ln-A
n^"" 1^-1

... (2. 18)

where i^ is the limiting current density and n is the number
of electrons associated with the slow diffusing species that

are involved in the electrode reaction. From the slope of a

plot of equation (2. 18), using the experimental data with a

porous platinum electrodec1° , it was found that four
electrons were involved in the diffusion process, indicating

the r. d. s. is oxygen molecule diffusion through the platinum

electrode pores.

The current-voltage characteristics method was also

employed11093 to study the diffusion of oxygen in liquid

silver. The diffusion overpotential was observed when the

silver electrode was made a cathode, and was attributed to the

depletion of oxygen at the metal-electrolyte interface due to

the relatively low diffusion coefficient of oxygen in the

liquid. The limiting current was found to be directly

proportional to the concentration of dissolved oxygen, which

could provide an alternative to the electromotive force method

for the determination of the oxygen content in liquid metals

and alloys.
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Adsorption/Desorption Processes

There is an apparent relationship between the adsorption

of a gas species on a solid surface and the catalytic effect

of the solid on the reaction involving the gas. Because of

its spontaneous feature, any adsorption process results in

lowering the energy of the system. On the other hand, a

catalyst present in a system will not change the energy of the

system, but make a reaction occur more easily by lowering the

activation energy for one of the elementary steps, usually the

r. d. s., of the reaction. Thus, if one of the reaction steps

involves adsorption, as proposed for many electrode reactions

involving gas species153'55 ' 59'64 ' ] , the use of a catalyst

will lead to the activation of the adsorption process since it

is the catalyst itself that usually provides the adsorption

sites.

In the measurement of oxygen concentrations under non-

equilibrium conditions with a solid electrolyte , it is

the catalytic effect of the electrode that should be avoided.

Therefore, a poisoned electrode has been found to be

suitable for non-equilibriuia oxygen measurements without

losing the good properties of the electrode (for example

adsorption and/or dissociation of oxygen) for oxygen

monitoring. A layer of an oxide on the platinum electrode
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exposed to the non-equilibrium gas mixture has been found1553

to change the catalytic efficiency of the electrode

drastically, which might result from the intimate contact

between the oxide and platinum layer, thereby greatly reducing

the surface area and associated catalytic effect of the

platinum layer. Polarization studies on a variety of

electrode materials1533 have demonstrated the importance of the

catalytic nature of the electrode material and its surface.

Compared to the process of the adsorption, the desorption

process usually proceeds with difficulty because it is

required to overcome a higher energy barrier"421, making it a

rate determining step. The 803 adsorbed on the platinum has

been found1591 to reduce the catalytic activity of platinum for

the oxidation of SO^ because of the difficulty with which the

liquid like adsorption layer of SO^ could be removed. A

method to remove electrochemically oxygen in order to enhance

the decomposition of NO on platinum metal has been

proposed"10'1113 since the preferential chemisorption of 0^ over

NO as well as the possible formation of an inhibiting platinum

oxide surface must have caused the reduced catalytic activity.
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Electro-chemical Reaction

If the electrochemical reaction step, in which the charge

transfer is involved, is the rate determining step of an

electrode reaction, the Butler-Volmer equation is readily

deduced'112] with two parameters, ig , the exchange current and

a (or j8 = 1 - a) / the cathodic (or anodic) transfer

coefficient, being determined. Usually the parameters can be

obtained from a Tafel plot of the experimentally determined

current-overpotential data. The overpotential caused by the

slow electrochemical reaction step is called transition or

charge-transfer ovei-potential. The anodic and cathodic

processes of oxygen in the presence of CO/COg mixture have

been found11013 to be controlled by the electrochemical

reaction:

Oad + 2C = 0
2- ... (2. 19)

From the Tafel plots at 850 - 1100 °C, a =/3 = 0. 5 and the

exchange current densities ranging between 0. 1 and 1. 6 mA/cm2

were found. It was also reported that the current density

increased as either temperature or the CO concentration

increased.
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Formation of Solid Layers

In some of the above gas sensors, the over-all cell

reaction produces a solid layer160'85'86'893 on the surface of the

solid electrolyte during the experimental run. It was

reasonably believed that the formation of the solid could not

be the rate determining Step, although no studies have been

carried out on this subject, due to two facts, (1) the large

negative standard Gibbs energy change for the overall reaction

and (2) the small activity of the solid due to unfavorable

experimental condition for its massive production. Both

factors result in larger negative Gibbs free energy change for

the solid to be formed. The latter fact was also observed in

the electrolytic deposition of silver on platinum cathode11043

where silver ion was found to deposit more easily onto an

incompletely covered platinum cathode. The explanation was

that amounts of silver (and presumably other metals) too small

to cover the surface of a platinum cathode had an apparent

thermodynainic activity which was variable and rouch smaller

than the activity of silver in the bulk standard state.



CHAPTER III THERMOCHEMICAL CONSIDERATIONS

3. 1 Phase Diagram Calculations - PREDOM and POTCOMP

In order to measure thermodynamic data, a necessary

requirement in electromotive force measurements is that the

system under investigation be at equilibrium. Usually, a

steady experimental emf is considered as an indication of

equilibrium if the emf returns to its steady value after a

small disturbance by letting a small current flow through the

cell unit in either direction. In practice, this is not

always as easy to attain as stated theoretically, because the

magnitude of the current which is permitted to flow through

the cell without inducing irreversible processes depends very

much upon the electrodes. The two electrodes of the cell

always react independently. A current small enough for one

electrode may cause an irreversible change for another

electrode. Thus it is preferable to obtain an indication of

equilibrium by other means.

In addition to the local chemical equilibria at both

electrodes in a Galvanic cell, which may be completely

described by the relation SV, JLI, = 0 where v, and ju, represent

the stoichiometric coefficient and electrochemical potential

of species i in an electrode reaction, the equilibria among
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the relevant phases must also be considered.

An effective means of representing and studying phase

equilibria is through the equilibrium phase diagram. In two

dimensional space, phase diagrams have been classified123 as

three types according to their topological units of

construction. Briefly, the "type-1" phase diagram is a

potential-potential diagram. For example, the predominance

area diagrams in pyrometallurgy and E-pH diagrams in

hydrometallurgy belong to this class. The "type-2" phase

diagram is a potential-composition diagram. The classical

temperature-composition diagram for a binary system is the

most common example in this category. The "type-3" diagram is

a composition-composition diagram which is rarely calculated

in the metallurgical field.

Generally speaking, before experimental measurements are

carried out, thermodynamic calculations on the relevant phase

equilibria involved in a Galvanic cell can provide useful

information on the individual electrode equilibrium under the

various experimental conditions such as temperature, partial

pressure and activity of the reactants and the products.

According to the information obtained, the experiment can be

designed more fruitfully.
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The predominance area diagram for a system of gas sensor

by emf measurement can provide useful information in the

selection of electrode materials and in the determination of

gas composition range within which the cell unit functions

properly. An example is the case of the alkali-metal sulfate

solid electrolyte [79'80].

As discussed in Chapter II, the cell reaction, compared

with that in the cell using metal sulfate as a solid

electrolyte, is the same while using B-Al^Og as a solid

electrolyte in SO sensor, but the phase relations might be

different in consideration of the possible reactions between

electrode and the solid electrolyte. Thus it is necessary to

study both "type-1" and "type-2" phase diagrams for M, -Mg-0-S

systems (M, = Na, Ag, and Ca, Mg = Al) . The calculation and

presentation of these phase diagrams is made easier by means

of two programs, PREDOM and POTCOMP, from the FACT database[167]

(FACT - Facility for the Analysis of Chemical Thermodynamics).

3. 2 Predominance Area Diagram Calculation with PREDOM

Two types of predominance area diagrams can be calculated

by the PREDOM program. They are one-metal based and two-metal

based systems. Only those compounds containing the base metal
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are included in the calculation of one-metal predominance area

diagram, whereas those compounds bearing either base metal can

be included in the two-metal diagram. In addition, a range of

the base metal atomic ratio may be specified for the

calculation of two-metal typet168].

3. 2. 1 Na-Al-0-S System

Sodium B-alumina, Na^O-llAl^, belongs to the Al-Na-0

ternary system. The composition, the crystal structure and

the related physical properties of B-alumina were discussed

previously. Several studies have been reported on the

equilibrium phase diagram for the Na^O-AlgOg binary

system C116'123], but the Na-Al-0-S predominance area diagram

calculation has not been published.

Na+-B-alumina is a sodium ion conducting material. With

the sodium activities defined at both electrodes, the general

Galvanic cell can be represented as follows:

Reference electrode / B-alumina / Workin electrode

/i'Na ^"Na
The reference electrode subsystem is usually a ternary system,

whereas the working electrode subsystem is a quaternary

system. For example, in Itoh's study'853 (cell VII inChapter
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II), the reference electrode is the Al-Na-0 system, and the

working electrode is the Na-Al-0-S system.

Reference electrode subsystem

15.0

. 20.0
. 40. 0 . 35. 0 -30 0 -25 0 . 20 0 -15. 0 -10. 0 -5. 0 00

L*t(P(02))

Figure 3. 1 Predominance diagram for the Al-Na-0 system

The calculated one-metal predominance area diagram for

the Al-Na-0 ternary system, superimposed at 800, 1000, and

1200 K, is shown in Figure 3. 1. The thermodynamic data are

taken from the FACT database. In Itoh's study [85]« the sodium

activity at the reference electrode was defined by a mixture

of Au(s) and AU3Na(s) . The range of defined sodium activity
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varied from 10'4 to 10'6. Argon gas was employed to minimise

the oxygen chemical potential in the reference electrode

compartment. The exact partial pressure of oxygen in Ar was

not reported. According to Figure 3. 1, at 800 K, NaAlOg(s) is

the predominant phase in the sodium activity range 10'4 to

10'6, even at oxygen partial pressures as low as 10'40 atm.

Increasing temperature promotes the stability of Al^(s) at

the expense of NaAlO^(s) . Figure 3. 2 shows the same system as

Figure 3. 1 with a.^^) replaced by aNa-.ocs)' No information

concerning 6 or B" phases is provided in the two Figures due

to the lack of thermochemical data for these two phases.

At-Nt. O, 1000 . 14BO K

0. 0

-5.0

^19.t

«» 1 5. 0

Al(l]

20 0
40 0

NtAI0;(<;)

Al zOgts)

. SO. 0 200

i«KP(Ot)»

1400 K

1200 K

10UI K

10.0 0. 0

Figure 3. 2 Predominance diagram for the Al-Na-0 system
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Working electrode subsystem

The two-metal predominance area diagrams for the Na-Al-0-

S quaternary system, calculated at 800, 1000, and 1200 K, are

shown in Figures 3. 3 and 3. 4 (also see Figures 1 - 4 In

Appendix A). The B and B" phases are not included in the

calculation due to the lack of basic thermochemical data for

these phases.

N. -AI 0-S, 1000 K, Lti(t(Nt20)|

0. 0

-9. 0, 1) 50<AL((NA*AL)<1.0

; 4 '3 1, (SO<|3(,)

2. t

-- 4. (

-. 6.0

». 0

Nt S; ( I * A I ( « )

Nt$;(l ) «AI, 8, C>
N«;SO,(tj)*At;0j(.)

N«;S( *A gOjtt)
., 0-(. )+AI , 0, (.

10.0
-40. « . 35. 0 . 30. 0 -25. 0 -20. 0 -15. 0 . 10. 0 -S. O 0.0

Lo(( P(02)1

Figure 3. 3 Predominance diagram for the Na-Al-0-S system
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As mentioned earlier, B and B" are non-stoichiometric

phases in the Na^O-Al^ binary system with the empirical

formula Na^O-xAl^. The activity of NagO(s) in B or B" phase

is as low as 10'9 at 1000 K[88:l. In the calculation, the

activity of Na^O(s) is defined as 10'9 and 10'12. The metal

atom ratio (indicated on the upper right of the Figures) is

chosen to be on the aluminum rich side in consideration of the

composition range of B and B" phases.

The Figures indicate that at a relatively low

temperatures (Figures 1 and 2 in Appendix A), the system will

change from an A1^(SO^)^+ Na^SO^ area to an Al^ + Na^SO^ area

as PgQ decreases. With increasing temperatures, the stable

area for the mixture of sulfates becomes smaller, whereas that

for the oxides, Na^O + AlgOg, becomes larger. If the mixture

of oxides is considered as the B or B" phase, the direct

qualitative conclusion from these diagrams is that the

stability of 6 or B" phase relative to sulfates increases as

the temperature goes up. At a given temperature, a relatively

large domain for the mixture of oxides as the activity of

sodium oxide decreases may indicate a higher stability of B

phase than B" phase (compare Figure 3. 3 with 3. 4 ) since there

is less Na^O content in the E> phase.
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Figure 3. 4 Predominance diagram for the Na-Al-0-S system

3. 2. 2 Ag-Al-0-S System

The predominance area diagram in the Ag-Al-0-S quaternary

system has not been reported, but one is available for the

Ag-S-0 ternary system179'803. The Ag-S-0 system is fairly

unusual in that metallic silver can coexist with its sulfate,

Ag^SO^. This makes silver metal an idea reversible reference

electrode in a galvanic cell when Ag^SO^ is the solid

electrolyte. In a reported study1 861 using Ag+-B-alumina as

solid electrolyte, pure silver was used as the reference

electrode and a gas mixture of air and SO^ was employed at the

working electrode. The reference electrode was the Ag-Al-0



71

ternary system and the working electrode was the Ag-Al-0-S

quaternary system.

Reference electrode subsystem

0 0

5. 0

^ . It.O
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Figure 3. 5 Predominance diagram for the Al-Ag-0 system

With the assistance of the program PREDOM, the one-inetal

predominance area diagram for Al-Ag-0 system was calculated at

800 K and 1200 K. (Figure 3. 5) The beta alumina phase is

excluded from the calculation due to the lack of

thermochemical data for that phase. The only phase that

appears is solid alumina over nearly whole range of the
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calculation. This does not mean that silver metal can not

stably coexist with alumina. This is the drawback of this

kind of predominance diagram which includes only the phases

containing the base element, Al, in the calculation.

Working electrode system

The two-metal predominance area diagrams for Ag-Al-0-S

system have been calculated at 600 K, 800 K and 1000 K

(Figures 5 to 10 in Appendix A). As with the Na-Al-0-S

system, the B phase is excluded from the calculation due to

the lack of thermochemical data for that phase. An

alternative approach was tried by assigning a small value to

the activity of AggO(s). As a result, the domain containing

AggO(s) increases as the activity of Ag^0(s} is lowered from

10'7 to 10'10. Similar conclusions can be made if the mixture

of oxides is considered as the B phase. In contrast to the

Na-Al-0-S system, silver sulfate is less stable than aluminum

sulfate.

3. 2. 3 Ca-Al-0-S System

The one-metal predominance area diagram for Al-Ca-0

ternary system at 1000, 1200y and 1400 K has been calculated

(Figure 3. 6). Several calcium aluminates appear in the
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Figure 3. 6 Predominance diagram for Al-Ca-0 system

diagram. At 800, 1000, and 1200 K, the two-metal predominance

area diagrams for the Ca-Al-0-S quaternary system have been

calculated and shown in Figures 11 to 16 in Appendix A.

There are some similarities, compared with the Na-Al-0-S

and Ag-Al-0-S systems. The domain of oxide mixtures becomes

larger as the temperature increases and as the activity of CaO

decreases. Calcium sulfate is more stable than aluminum

sulfate. In this type of predominance diagram calculation,

the atom ratio range of the two metal elements must be

assigned, which is shown at the upper right of the diagram.

Depending on the range of the atom ratio, different compounds
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involving two metals or two metal oxides may appear in the

diagram.

3. 3 Potential-Composition Diagram Calculation with POTCOMP

No quantitative information concerning the phase

relations between the solid electrolyte, B alumina, and the

electrodes is provided in the above predominance diagrams

because the B phase was excluded from the calculation due to

the lack of thermochemical data in the FACT database. Even if

the thermochemical data are available, as in the case of the

Ca-Al-0-S system, there is still the composition range limit

which reduces the phases being present in the diagram. These

drawbacks are resolved in "type-2" phase diagram calculations.

Unlike the calculation of predominance area diagram (PREDOM),

the "type-2" phase diagram calculation by means of POTCOMPC167]

needs only the expressions of Gibbs energy for the phases

under consideration, which are often available, and even

obtainable from known phase diagrams.

3. 3. 1 Na-Al-0-S System

Phases

The phases included in the calculation of the Na-Al-S-0



75

system are:

1. sodium oxide Na^O(s);

2. aluminum oxide A1^03(s) ;

3. B-alumina with the stoichiometric composition

Na^O-SAl^Ogts) ;

4. B"-alumina with the stoichiometric composition

Na^O-GAl^ts) ;

5. solid solution of Alg(SO^)3 in Na^SO^;

6. aluminum sulfate Al^(SO^}^(s) ;

7. complex salt N03^(80^)3(8);

8. liquid solution of sulfates, Na^SO^-Al^(SO^)^;

9. mixed oxide NaAlO^(s) ;

10. sodium su If ide NagS(s) ;

Thermodynamic data

The reference state for AG° can be chosen arbitrarily

because only changes of the Gibbs energy are involved in the

calculation. The standard Gibbs energy changes for the

following two reactions have been set to zero:

Na(l) + 1/4 O^Cg) = 1/2 Na^Ots) ... (3. 1)

A1(S) + 3/4 0^(g) = 1/2 Al^O) ... (3. 2)
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Several studies have been reported [124'127J on the formation

of B and B" aliimina from the oxides. The results are not very

consistent. The most recent emf measurements[88] lead to the

following expressions of AG°:

Na^O(s) + llAl^ts) = Na^O. llAl^Cs) ... (3. 3)

AG°., (J) = -232400 - 7. 698-T (874 - 1055 K)

Na^Ots) + 6AlyOy(s) = Na^O. SAl^Cs) ... (3. 4)

AG°^(J) = -217800 + 16. 292-T (823 - 1073 K)

As mentioned previously, the real Na^O content in the E>

phase is varied and higher than that in the empirical formula

Na^O-llAl^. The formula Na^O-SAl^ is used instead to

represent B phase, assuming the standard Gibbs energy is

identical with AG0^.

The standard Gibbs energy changes for the formation of

sulfates by the following reactions:

Na^O(s) + SO^tg) + 1/2 O^g) = Na^SO^ts, !) ... (3. 5)

Al^O) + 3 so^g) + 3/2 o^Cg) = AI^OO^^O) ... (3. 6)
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have been compiled by Kellogg [128]

AG°5(J) = -679820 + 519. 94-T - 37. 18 T-lnT (700 - 1157 K)

AG°^(J) = -874750 + 1190. 8'T - 50. 42 T'lnT (700 - 1100 K)

The alternative expression for AG0^ is found in the

compilation by Turkdogan"291, but there is little difference,

as shown in Figure 3. 7, between the two expressions. The

standard Gibbs energy change for the following reactions are

taken from Turkdogan's[129] compilation:

Na^OCs) + Al^Cs) = Na20-Al203<s) ... (3. 7)

AGOy(J) = -184720 - 2. 929-'S (773 - 1405 K)

Na^ots) + so^Cg) = Na^s(s) + 3/2 O^Cq) ... (3. 8)

AG°«(J) = 343920 -70. 08-T (371 - 1251 K)

Optimization of the published phase diagram

The Na^SO^-Algt 80^)3 binary phase diagram has been

determined experimentally by Fedorov[130] using the "cooling

curve" method, and by Kochubei11313 using DTA. There are
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contradictory conclusions about the existence of a complex

salt. Fedorov proposed the exclusive existence of N3^1(80^)3

by assuming the instability of NaAl(SO^)g during the annealing

process in his experiment, whereas NaAl(SO^)^ was found to be

the only compound in Kochubei's measurement. Consequently,

there is disagreement concerning the eutectic temperature.

Since the experimental data are not available in reference

[131], the experimental data of Fedorov were treated by means

of FITBIN[167] (a program in the FACT system) to obtain the

excess Gibbs energy expression for the liquid solution of the

sulfates:

GE(J) = -13525X, X2 - 36945X, X22 + 194313X,X^3

where X^ and X^ are mole fractions of N3(30^)05 and Al(SO^)^ 5

respectively. The standard Gibbs energy change for the

following reaction was also obtained:

3/2 Na^SO^d) + 1/2 Al2<SO^)3(l) =y^Al(SO^y(s) ... (3. 9)

AG°o(J) = -66360 + 42. 643-T

There is limited solid solubility of Al^( 80^)3 in Na^SO^

according to Fedorov's measurement. The excess Gibbs energy

of the solution can be obtained by the calculation of



Na^SO^-Al ^(SO^)3
1200

1 1 00

1000 D+ L<

90 0

L+ B

8 0 0

7 0 0

D+C

(00

B"A2(Sa). 3(s)
C -  MlSO<l3(s).

o Btperiirental points
by Fedorov et al

C+ B

0. 0 0 . 2

Na g 804

0. 4 0. 6 0.8

Mole Fraction

80

1 . 0

Al2(804)3

Figure 3. 8 Optimized Na^SO^-Al^(SO^)^ phase diagram

^°AI-, (SO/. ), ' assuming that Henry's law is obeyed in the dilute

solution. At 913 K, the solution with Xg = 0. 0214 is

equilibrated with solid Na^AltSO^)^, the complex salt, where

the activity of AI^CSO^)^ is assumed to be unity. Accordingly,

YA1, (SO«)3 -
*A2, (SO«)3

^

1

0. 0214

<?i5, (50«), - RT-Ln^^so, ), - 29200 (J) ... (3. 10)

The calculated phase diagram is compared with the experimental

points of Fedorov in Figure 3. 8.

In order to combine the data together on the same basis,
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the Gibbs energy change for fusion of the sulfates must be

known. Unfortunately neither the enthalpy of fusion nor the

temperature of fusion for aluminum sulfate is known, although

those of sodium sulfate are available. Therefore an estimated

AG° expression was used in thecalculation for the fusion of

. Al^(SO^)^ according to Kubaschewski11321:

Al^SO^y(B) = Al^t 80^)3(1) ... (3. 11)

AG°,, (J) = 74680 - 50. 21-T11

whereas that of Na^SO^ was calculated from the C data.
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Figure 3. 9 POTCOMP diagram for the Na-Al-0-S system
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Na^SO^Cs) = Na^SO^d) ... (3. 12)

AGO,, (J) = -597. 89 + 352. 17-T + 0. 02965-T2 - 54. 72 T. lnT12

Results and discussion

The calculated potential-composition diagrams are shown

in Figures 3. 9 through 3. 12 (also see Figures 17 - 29 in

Appendix A). The following points are concluded:
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Figure 3. 10 POTCOMP diagram for the Na-Al-0-S system

(a). At Log(Psg) = -2 and P = 0. 21 atm. (Figure 3. 9), B
and B"-alumina can not coexist with sodium sulfate,

even at temperatures as high as 1400 K (Figure

3. 10). Rather, it is a-alumina which is stable
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with sodium sulfate.

(b) . At Log(PsoJ = -6 and P^ = 0. 21 atm. (Figure 3. 11 and

3. 12), 6 and B"-alumina can coexist with sodium

sulfate in the temperature range 1157 to 1340 K

above which NaAlO^ is the more stable phase to

equilibrate with Na^SO^. Below 1157 K, Na^SO^

coexists with a-Al^.
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Figure 3. 11 POTCOMP diagram for the Na-Al-0-S system

These points may not favor the emf measurements carried out by

Itoh et alt851, at least at the higher P so- and lower

temperature range since, as predicted by the diagrams, the fi

and B" phases will be consumed by the cell reaction to produce
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a mixture of Na^SO^ and a-Al^.

Although the uncertainties of the thermodynamic data have

some effect on the phase diagram calculation results, the

tendencies shown in the Figures should still hold, i. e. when

the temperature and the partial pressures of SOg and 0^ are

changed, the relative stabilities among the different phases

reinain the same.

Furthermore, it is possible that at the interface between

the solid electrolyte and the sulfate which are supposed to

coexist in the cell, the overall cell reaction will result in

the disappearance of the B phase and the appearance of a-



85

alumina. The attack on the B phase by the cell reaction

becomes suppressed, partly due to the measurement condition

with a potentiometer, and partly to the kinetic factor in a

heterogeneous reaction.

3. 3.2 Ag-Al-0-S System

Phases

The phases considered in the phase diagram calculation

for Ag-Al-0-S system are as follows:

1. silver oxide, Ag^OCs);

2. alumina/ AI^CS) ;

3. silver sulfate, Ag^SO^Cs) ;

4. aluminum sulf ate, Al^SO^)^(s);

5. silver beta alumina, Ag^O-SAl^Cs) ;

6. silver sulfide, Ag^SCs) ;

7. mixed oxide AgAlOgCs) ;

8. liquid silver sulfate, Ag^SO^Cl) ;

Thermodyneunic data

Basic thermochemical data for Ag^O are found in

Barin's[133] compilation but limited to the temperature range

300 to 500 K. To carry out the phase diagram calculation, the
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following expression of AG° from Turkdogan[129] is used and

extrapolated outside the temperature range limit:

2Ag(s) + l/20^(g) = Ag^ots) ... (3. 13)

AG°,^(J) = -30540 + 66. 107-T ( T < 298 K)13

Unlike the Na-Al-0-S system, the pure metals are assigned zero

standard Gibbs energy so that most standard Gibbs energy

expressions from the literature can be used directly. The

standard Gibbs energy change for the formation of a-alumina is

found in reference [132],

2A1(S, 1) + 3/2 0^(9) = A1^{S) ... (3. 14)

AGO,/. (J) = -1677000 + 366. 68-T - 7. 23-TlnT <298 - 933 K)14

AG°»(J) = -1697700 + 385. 85-T - 6. 81-TlnT (933 - 1800 K)

The expressions of the standard Gibbs energy change for

the following reactions

Ag(s)+l/402(g)+n/2Al203(s) = l/2^g^0-j^l^(s) ... (3. 15)

Ag(s)+l/402(g)+l/(2n-2)Ag20-nAl203 = n/(n-DAgAlo^ ... (3. 16)
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have been developed11343 from emf measurements in the following

cells:

Pt/Ag/Ag^-B-alumina/Ag^O-iiAl^^Al^/Pt

Pt/Ag/Ag+-B-alumina/AgA102, Ag^O . nAl^/Pt

AGO, 5(J> = 1853. 5 - 36. 275-T (673 - 1173 K)

AG°^(J) = -38060 + 33. 388-T (673 - 1173 K)

The standard Gibbs energy change for the formation of

silver sulfate by the reaction:

2Ag(s) + so^Cg) + o^(g) = Ag^so^(s, l) ... (3. 17)

1128]
is given in the compilation of Kellogg

AG», 7<J) = -404340 + 679. 65. T - 55. 39-TlnT (930 - 1234 K)

An alternative way to derive a AG° expression for silver

sulfate employs the data from Barin's compilation"333. The

results are as follows:

AG°,-, (J) = -398400 + 299. 41-T (600 - 703 K)17
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AG°i-, (J) = -382900 + 276. 61-T (703 - 933 K)

AGO,-, (J) = -364990 + 257. 41-T (933 - 1200 K)

There is little difference for AG0^^ from the two sources. The

expression from Barin's compilation is used in the calculation

because it covers a lower temperature range. The standard

Gibbs energy change for the formation of aluminium sulfate by

the reaction:

2Al(s, l) + sso^Cg) + 30^(g) = AI^CSO^^IS) ... (3. 18)

is obtained by Hess* law:

AGO,g(J) = -2551740 + 1545'T - 57. 65-TlnT (298 - 933 K)

AG°,g(J) = -2572450 + 1576-T - 57. 23-TlnT (933 - 1800 K)

Finally, the standard Gibbs energy change for the

formation of silver sulfide by the reaction:

2Ag(s) + l/2S^(g} = Ag^sO) ... (3. 19)

can be found both in reference [129] and in reference [132].

The values of enthalpy and entropy from [129] is as much as
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twice that from [132]. It was also determined by emf

measurements[uo] with the fused chloride electrolyte saturated

by Ag^S, which agrees fairly well with that from reference

[132]. Thus, the expression is taken from [132]:

AGO,g(J) = -87820 + 35. 56-T (452 - 1115 K)
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Figure 3. 13 POTCOMP diagram for the Ag-Al-0-S system

Results and Discussion

Typical potential-composition diagrams are shown in

Figures 3. 13 and 3. 14 (also see Figures 30 - 40 in Appendix

A). The range of temperature and the concentration of SOg is
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pre-selected to match the experimental conditions in reference

[86]. According to these Figures, the conclusions are:

(a). At Log(PJ = -2 and P =0. 21 atm. (Figure 3. 13),

B-alumina can equilibrate with Ag^SO^ above 1018 K.

Between 890 and 1018 K, it is a-alumina which can

stably coexist with silver sulfate. Below 890 K is

the stable region for the sulfates mixture.
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Figure 3. 14 POTCOMP diagram for the Ag-Al-0-S system

(b) . At PSQ, = lOppm and P = 0. 21 atm., B-alumina can

coexist with Ag^SO^ between 886 and 980 K, above

which AgAlO^ is the more stable phase. It is a-

alumina which equilibrates with silver sulfate
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between 886 and 750 K, below which the sulfates

mixture predominates.

In contrast to the Na-Al-0-S system, there is a

temperature range within which silver sulfate, Ag^SO^, can

coexist with Ag+-B-alumina at P^ == 0. 21 atm. It is also

apparent that below a certain temperature which depends on the

concentration (partial pressure) of SO^, the system will be

comprised of only sulfates. That may correspond to a critical

point beyond which the failureof the solid electrolyte caused

by the formation of aluminumsulfate will occur, leading to a

drastic change of emf with temperature.

3. 3. 3 ca-Al-0-s system

Phases

The following phases were chosen in the calculation of

the potential-composition phase diagram for the Ca-Al-0-S

system:

1. calcia, Ca0(s);

2. alumina, hl^Oy(s)',

3. calcium sulfate, CaSO^(s) ;

4. aluminum sulf ate, Al^(SO^)^(s) ;

5. calcium sulfide, CaS(s);
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6. mixed oxide, CaO-SAI^CS) ;

7. mixed oxide, CaO . 2A1^(s);

8. mixed oxide, CaO-Al^(s);

9. mixed oxide, SCaO-Al^Cs) ;

Thermodynamic data

The standard Gibbs energy changes for the following

reactions have been set to zero:

Ca(l) + l/20^<g) = ca0(s) ... (3. 20)

Al(l) + 3/402<g) = l/2Al203(s) ... (3. 21)

There are two sources for the standard Gibbs energy of

formation for CaSO^:

CaO(s) + SO^(g) + l/20^(g) = CaSO^(s) ... (3. 22)

Kellogg's compilation t1281

AG°, -, (J) = -572500 + 864. 96. T - 75. 60 T-lnT (1100 - 1638 K)22

and Turkdongan's compilation11293
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AG°^(J) = -461790 + 237. 73-T (1223 - 1468 K)

The data are compared in Figure 3. 15. The standard Gibbs

energy for aluminiua sulfate is the same as that given in the

Na-Al-0-S system. For calcium sulfide, there are two data

sources giving nearly identical standard Gibbs energy

expressions for the reaction

Ca(l) + 1/282(9) = CaS(s) ... (3. 23)

by Turkdogan[129],

AG°^(J) = -548100 + 103. 85-T (1112 - 1757 K)23

by Kubaschewski"321,

AGOn(J) = -551370 + 104. 35-T (1124 - 1760 K)

The standard Gibbs energies for several mixed oxides in

the CaO-Al^Og binary system have been found in

literatures[132'135"139]. Comparison is made among the data from

these publications and shown in Figures 3. 16 through 3. 19.

Accordingly, the expressions by Kumar and Kay1 1371 from emf

measurement are taken, although there is a calculational error

for AG0^ in the original article. The correct expressions for
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the standard Gibbs energies are as follows:

Ca0(s) + 6Al203(s) = CaO-CAl^ts) ... (3. 24)

AGO^(J) = -17870 - 39. 33-T (1100 - 1500 K)

Ca0(s) + 2Al^(s) = CaO-2^1^(3) ... (3. 25)

AG°2s(J) = -12916 - 26. 74-T (1000 - 1500 K)

Ca0(s) +Al203(s) == CaO-Al^O) ... (3. 26)

AG°^(J) = -15113 - 18. 20-T (1050 - 1500 K)

3CaO(s) + Al203<s) = SCaO-Al^ts) ... (2. 27)

AG027<J) = -22407 - 29. 50-T (1020 - 1320 K)

Results and discussion

The calculated diagrams are shown in Figures 3. 20 and

3. 21 (also see Figures 41 - 59 in Appendix A). Compared with

the Na-Al-0-S system, there are two points to mention:

(a) . In a manner analogous to the system containing



100

sodium, at Pg, = 0. 21 atm. and Log(Pgo) = -2.0

(Figure 3. 20), the compound CaO-GAl^ does not

appear until above 1379 K. Between 875 and 1379 K,

it is the a-alumina which equilibrates with CaSO^.

Below 875 K, two sulfates coexist.
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Figure 3. 20 POTCOMP diagram for the Ca-Al-0-S system

(b) . At P = 0. 21 atm. and LogCPgg) = -5. 0 (Figure

3. 21), there are several temperature ranges in

which two phases can coexist. Between 1176 and

1255 K, it is the CaSO^ + CA^ two phase region, from

1255 to 1270 K, the CaSO^ + CAg region, 1270 to 1325

K, the CaSO^ + CA region, and from 1325 to 1350 K,
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the CaSO^ + C^A region.
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3. 4 Summary

Thermodynamic equilibrium information for a multi-

component system is provided by the calculated phase diagrams.

In all M-A1-0-S (M = Na, Ag, Ca) quaternary systems, the

stability of E> and B" with respect to sulphates is limited to

high temperatures and low values of Pgg and Pg . At a given Pg

and PgQ , Ag+-B-alumina may coexist with silver sulfate in a

lower and wider temperature range than that for Na+-B-alumina

or calcium aluminate. Therefore, to select a solid
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electrolyte in a thermodynamic measurement involving SO gas,

Ag+-B-alumina -may be considered superior to Na+-B-alumina or

calcium aluminate materials. In the stable coexisting range

of Ag+-B-alumina with Ag^SO^, the cell using Ag-B-a lamina

solid electrolyte will function reversibly. As the

temperature decreases, the possibility of aluminum sulfate

formation at the expense of the B phase is pronounced and

thus diminishes the reliability of the emf measurements.



CHAPTER IV EXPERIMENTAL INVESTIGATIONS

The experimental objective of this work was to develop an

SO^ gas sensor with an alumina ceramic material being the

candidate for the solid electrolyte. As discussed in the

previous chapters, B-aluminas have been employed'85'863 in

galvanic cells to monitor SOg contents in oxidising

atmospheres. In this study, Ag+-B-alumina was considered the

primary candidate for the solid electrolyte. In addition,

experiments were carried out on a Ca2+-conducting aluminate

material.

4. 1 SO Monitoring by Ag+-B-alumina

Ag+-B-aliunina Preparation

Tubes of the solid electrolyte Na -B-alumina were

prepared by the slip-casting method of PolyCeram[166]. The flat

bottomed tubes were 3. 5 - 4. 0 cm long, 6 mm ID, with 1 mm wall

thickness. Ag+-B-alumina tubes were produced by an ion-

exchange procedure described elsewhere1933. Briefly, the

properly sintered Na+-B-alumina tubes were immersed into an

alumina crucible containing pure silver nitrate (99. 5%,

Johnson Matthey) at 260 °C. The tubes were kept in the molten
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Table 4. 1 lon-exchange Experiment Result

Batch|

No.

1

2

3

4

5

6

7

Weight Increase (%) (Thickness |
of wall

L 2 3 4 (xnm)

18. 20 19. 00 19. 43 1.0
18. 69 18. 31 B 1.5
18. 45 19. 22 18. 79 1.0
18. 39 18. 54 B 1.0
19. 27 19. 12 B 1.0

*19. 19 19. 25 19. 26 19. 58 1.0
*18. 62 19. 20 19. 00 19. 25 1.0

18. 15
18. 76
19. 39
18. 80
19. 33

Exchange
time

(days)

5+1
5

5

5

2

3

2

B: tube was broken during ion-exchange;
*: thickest wall in that batch.

salt for 2-3 days with stirring intermittently in the bath,

and then they were taken out of the crucible to check the

weight increase. Another cycle of ion-exchange was carried

out with fresh AgN03 in order to make sure that complete ion-

exchange was reached and no further weight increase of the

tubes was observed.

The results of the ion-exchange experiment are shown in

Table 4. 1. There were seven batches of tubes with four tubes

in each batch. As seen from the Table, the weight increase

varied between 18. 15% and 19. 58%. There was no further

significant weight increase after two days of ion-exchange.

The least weight increase for a given batch was always

observed for the tube with greatest wall thickness, which is
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understandable from a diffusion process point of view.

The chemical and physical properties of the Na -B-alumina

powder which was used in the slip casting have been reported

elsewhere11433. From the chemical composition of the powder, a

value for x of 7. 72 in the formula, Na^O-xAl^ of the beta

phase can be deduced. The weight increase in the ion-exchange

experiment can also be used to check the composition of the

powder. Using the formula Na^O-xAl^ for the beta phase, the

general expression for x in the case of complete substitution

is as follows:

z -
M^ (2^-(M, -M^} -M^ ... (4. 1)

where M, and WI are the molecular weight of substitutive ion

and the weight increase in percent respectively. Substituting

the molecular weights, M, = 107. 9, M^ = 22. 99, M = 61. 98,
M,, ^ = 101. 96 and the maximum weight increase from Table 4.1

into equation 4. 1, a value of 7. 89 for x is obtained, which is

close to the value of 7. 72 for the original beta alumina

powder.

Cell Assembly

The cell unit for the emf measurement can be expressed as
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B p F 0 H J

t }

A. Set screw; B. Aluminium guide; C. Silver wire;
D. Pt-10ZRh,Pt thermocouple; E. 4 bores alumina tube;
F. Alumina support tube; G. Cement; H. Ag-Beta-alumina;
I. Platinum wire; J. Silver plate.

Figure 4. 1 Schematic view of a cell unit

follows:

Ag/Ag+-B-alumina/(S02 + Air) ^Ag^SO^^Pt ... (IX)

where pure silver on the left side is the reference electrode

at which the activity of silver is fixed at unity. On the

right side, the activity of silver is fixed by the reaction

between the gas phase and the solid electrolyte. A schematic

depiction of a cell unit is given in Figure 4. 1. Pure silver

wire (C) is connected to the outside bottom of the solid

electrolyte tube by a load imposed by the set screw (A) . A
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four bore alumina tube (E) (50 cm long) serves as both a

thermocouple sheath and a passage for the gas mixture. The

tube (E) is put inside the solid electrolyte tube (H) .

Zirconia cement (G) is used to seal the solid electrolyte tube

to the alumina tube. A Pt-10%Rh/Pt thermocouple (D) made from

the wires (Johnson Matthey, 110 Industry St. Toronto, Ont. M6M

4M1) is located directly on the platinum mesh which provides

the passage for the electronic current. Various gas mixtures

of SO^ + Air (SO^ concentrations = lOppm, 108ppm, 980ppm,

1019ppm and 860Oppm) provided by Canadian Liquid Air LTD

(ALPHAGAZ, division of LIQUID AIR in Montreal) were directed

into the electrolyte tube.

Working Electrode

The working electrode is the cathode of the cell (IX) .

Due to the complexity of the electrode system, for example,

the possible non-equilibrium gas mixture and the

unequilibrated electrode reaction, precautions must be taken

to promote equilibrium. Three different configurations of the

electrode were eiaployed (Figure 4. 2).

For type 1 (Figure 4. 2), the inner surfaces of the tubes

were platinized from a few drops of chloroplatinic acid

solution. After baking at 600 °C, a porous layer (F) of
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A. Cement; E. 4 bores alumina tube; C. Thermocouple;
D. Ag-Beta-Al203; E. Platinum wire; F. Porous Pt layer;
G. Platinum mesh; H. Ag<, SO, powder.

Figure 4. 2 Three types of working electrode

platinum was formed on the surface of the solid electrolyte.

The metallic layer functioned both as an electronic conductor

and as a catalyst for the oxidation of SOg. In addition, a

platinum mesh (G) was used to maintain a good electric contact

between the electrode and the lead wire. As indicated in

Chapter II, a catalyst is indispensable for the pre-reactions

which take place in the gas phase. Consequently, a roll of

fine platinum wire (E) was inserted into the bore of the gas

inlet and acted as the catalyst.

Unlike type 1, the surface of the solid electrolyte was
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not platinized for type 2 and type 3 (Figure 4. 2) electrode

preparations. -Instead, the end portion of the gas mixture

inlet was platinized (F) in order to catalyze the equilibrium

of the pre-reactions in the gas phase before the gas mixture

reached the triple point area. Since the formation of silver

sulfate on the surface of the solid electrolyte is expected to

take place by the attack of the gas mixture on the

electrolyte, type 2 and 3 electrode constructions are

considered to be superior to type 1 in that more reaction

sites will be available without the porous platinum layer on

the surface of the electrolyte. For type 3, some solid silver

sulfate powder (H) was also added between the solid

electrolyte and the platinum mesh in order to compare the

different electrode preparations.

Measurement Equipment

A schematic presentation of the measuring system is shown

in Figure 4. 3. The temperature was maintained at ±2 °C by a

Lindberg Hevi-Duty temperature controller. A digital PH/mV

meter. Model 701A, was used to measure the emf, and signals

were recorded on a SOLTEC-1242 250mm 2 pen strip chart

recorder.

The flow rate of the gas mixture was measured by two
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A. Dry air, B. S02+dry air, C, D. Capillary flow meter,
E. Furnace, F. Cell unit, G. Temperature controllor,
H. Potential meter, I. Voltmeter, J. KOH solution.

Figure 4. 3 Schematic view of experimental assembly

types of flow meters, depending on the flow rate range. A

capillary flow meter was employed for flow rates less than 60

ml/min., whereas a floating ball flow meter was used for

higher flow rates. Both flow meters were calibrated by the

soap-bubble method before each experimental run.

Cell Reaction

The dominant reactants of a cell reaction are those for

which changes in concentration directly result in noticeable
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changes in the electrode properties. SO^ may be excluded from

the possible dominant reactants because in the primary

measurement it has been found that the emf of the cell was not

sensitive to changes in concentration of SOg. This is in

agreement with previous studies[58'n], i. e. it took a long time

to get a reasonable emf change corresponding to a

concentration change of SOg, so the overall cell reaction can

be proposed as follows:

2Ag(s) + 803<g) +l/202<g) = Ag^SO^O) . . . (4. 2)

For the pure silver reference electrode, the activity of

silver is unity and the Nernst equation for the cell reaction

can be written as

E - -
AG- RT In *Aff,SO<

^^ 2y~~^0, <2
... (4. 3)

where AG° is the standard Gibbs energy change for the cell

reaction (4. 2). If the activity of silver sulfate is equal to

unity, Pn_ is defined, and AG° is available, the partial

pressure of SOg can be determined from the emf measurement.

Furthermore, the emf of the cell can be related to the

initial partial pressure of SO^ by the method first adopted in

Gauthier's study1 581. Assuming that the equilibrium in the gas
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phase

so^tg) + i/20^(g) = S03(g) (4. 4)

has been established and considering that

tpS02^ initial 
= ^PSO^ + PSd3^ equilibriuii

(4. 5)

the equilibrium constant of reaction (4. 4) is

K - rff03
.pv3

730^ .F02

(4. 6)

Combining equations (4. 5) and (4. 6) results in

^03-
(p^l'K-py
1 -. 2C<2

... (4. 7)

Substituting equation (4. 7) into equation (4. 3) leads to

A<?- _ RT^ a^^'<1 + Jc<2)
~^¥ ~ ~2F^ (P^'K-PO^

... (4. 8)

In the present study, (Po) ,n,-tiat =0-21 atm, (Pso^) initial is
in the range of lOppm to SGOOppm, and Pp can be considered

unchanged during the measurement. Assuming unit activity of

silver sulfate, equation (4. 8) simplifies to
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... (4. 9)

where A depends only upon temperature and Pp^. According to

equation (4. 9)/ at constant T and P , E is a linear function
of In (Pso),, whereas at constant (P^ i and po^' E is a linear
function of temperature (if AG° is a linear function of T) .

EMF Measurement

For all three working electrode preparations, the emf was

measured in the same manner. First the temperature of the

cell unit was raised gradually to the higher part of the

temperature range while keeping dry air flowing over the

working electrode compartment. When the temperature became

constant, an SOg + Air gas mixture at a fixed flow rate was

introduced into the working electrode compartment (Figure 2).

This resulted in a gradual increase in the emf. Depending

upon the temperature and initial concentration of SO^, the emf

became stable after several hours. When the emf values

remained constant to ±1 mV for more than 20 minutes, it was

considered to be in equilibrium and the value was noted. Then

the temperature was raised (or lowered) several decades of

degrees for a new measurement. For increases in temperature,

regardless of the SO^ concentration, the exnf value declined,

implying that dE/dT was negative. Depending on the SO^ level,
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the highest temperature was limited to the point where a non-

zero emf could be measured, this corresponded to an equal

activity of silver on both sides of the electrolyte. The

lowest temperature was determined when the emf started to

deviate from the linear behavior indicated by equation (4. 9).

After several cycles of temperature, the concentration of SO^

was changed and the temperature cycle was repeated, starting

at the high temperature.

Two electrode leads were made of different metals, Ag and

Pt. The thermopotential generated by the Ag/Pt thermocouple

is well-known[68] and can be expressed by a simple linear

function of temperature:

E(mV, Ag+) = -8. 098 + 0. 01914-T (580 - 1130 K)

Accordingly, the experimental emfs were corrected for this

thermoelectric effect.

4. 2 so. Monitoring with 0. 9CaO*0. 72MgO*5. 5Al2;03

Preparation of Ca2+-Conducting Ceramics

Experiments were carried out in order to prepare Ca2+-

conducting ceramic tubes by the slip-casting method. The

composition of the tubes was designed to correspond to

0. 9CaO-0. 72MgO-5. 5Al203 by making the slip from oxides and/or
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salts stoichiometrically. After being sintered at about

1600 °C, the crystal structure of the tubes was checked by X-

ray diffraction. Although the tubes were well sintered, none

was identified to have the 6 or B" structure. From the

results of X-ray diffraction for the powder of a sintered

tube, the phase of magnetopluinbite[u4:l was identified. Both B-

alumina and magnetoplumbite phase have a hexagonal structure

with c/a » 4. Compared with the 6 phase, less conductivity is

expected for the magnetoplumbite phases.

Preparation of the Electrodes

The following cell design was employed using tubes of Ca2+

conducting ceramic electrolyte:

Pt, Air, CaO/0. 9CaO-0. 72MgO-5. 5Al203/CaSO^, (SO^, Air) , Pt . . . (X)

The reference electrode was composed of pure CaO powder and

dry air. This electrode covered the exterior of the tube.

The activity of calcium was fixed by the equilibrium between

air and solid calcia powder. Platinum mesh was put on both

sides of the ceramic electrolyte tube in order to assure good

electrical contact in the triple point area. The working

electrode compartment was closed by sealing the joint between

the electrolyte tube and the alumina tube of the gas mixture
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passage with zirconia cement. A small amount of calcium

sulfate powder, - obtained by mixing CaCO^ and (NH^)^SO^ powder

and then calcinating at 800 °C for 12 hours, was put inside

the working electrode compartment. This promoted equilibrium

and made the electrode reversible.

Cell Reaction

If calcium is the only cation migrating through the

ceramic tube, the overall reaction in cell (X) could be

proposed as follows.

At the anode which is the reference electrode on the

left, the calcia decomposes by the reaction:

cao -2e = 1/20, + Ca2+ ... (4. 10)

whereas at the cathode of cell (X), the formation of calcium

sulfate proceeds as follows:

Ca2+ + SO^ + 0^ + 2e = CaSO^ ... (4. 11)

The overall cell reaction is given by the sum of the two

electrode reactions:
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cao(s) + so^tg) + l/20^<g) = caSO^(s) ... (4. 12)

If reaction (4. 4) in the gas phase is taken into account, the

alternative overall cell reaction will be

Ca0(s) + SO^(g) = CaSO^(s) ... (4. 13)

From the dependence of emf on the flow rate of gas at the

working electrode compartment, SO^ has been experimentally

ruled out as an electro-active species. Thus reaction (4. 12)

was considered to be the predominant overall cell reaction.

Application of the Nernst equation to the cell reaction leads

to:

E - - AG-
2F

RT , 1/2,+ -'". InfP- -J
~SO^ '. 0^

... (4. 14)

where AG°, F, and R are the standard Gibbs energy change for

reaction (4. 12), the Faraday constant, and the gas constant

respectively.

Apparently the conversion ratio of SOg to SO^ at fixed Pp

is a function of temperature, and it plays an important role

in the theoretical calculation of emf by equation (4. 14). If

the conversion ratio is defined as follows:
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C. R. (%)
100-P,so,

(PSO^ Initial
(4. 15)

then, from equation (4. 7):

C. R. (%)
loo-jr-p^2
1 + iC<2

(4. 16)

According to equation (4. 16), the conversion ratio at

equilibrium depends upon both temperature and the partial

pressure of oxygen. A schematic plot of C. R. (%) versus

temperature at three Pg levels is shown in Figure 4. 4, from

which a C. R. of less than 10 % is expected above 1200 K.

Consequently, Pgg in equation (4. 14) can be replaced by

(pso. ) initial without introducing much error (maximum error would
be less than 2. 3%). At temperatures below 1200 K, an

expression identical to equation (4. 9) may be deduced:

E - -

,1/2
AG° . RT^ 'rso'f i^
2f 22^

; In
l^K-Py

... (4. 17)

EMF Measurement

Calcia powder was used as the reference electrode and it

was situated outside the electrolyte tube. Since calcia tends
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to react with traces of water in the air to form hydroxide

below 800 K, measurements were carried out by first raising

the temperature of the cell unit above 800 K and then waiting

for a steady value of emf.

Four different experimental runs were carried out, of

which one was found to give an unexpected emf response to the

temperature change. It was attributed to a leak at the cement

joint, arising from the fact that an acid liquid (pH= 2-3)

was condensed in the cold zone of the supporting alumina tube

during the measurement.
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The flow rate of gas in both electrode compartments was

varied separately in order to examine the dependence of emf on

the flow rate of the gas mixture. The flow rate of air over

the reference electrode in the range 0 - 100 ml/min. produced

only a few millivolts difference in emf. Unlike the case of

Ag+-B-alumina, high flow rates of gas over the working

electrode resulted in higher emf values, implying that SO^ was

the predominant electro-active species.

Compared with the emf measurement using Ag'r-B-alumina,

the emf value was not stable at certain temperatures and gas

flow rates. Anemf value within ±3 mV over 20min. was taken

as a steady one. At the beginning of the experimental run, a

relatively high emf value was observed, approaching the

theoretical value from equation (4. 17). The emf value then

kept declining to a much lower value. The emf never regained

its high level during subsequent cycles of temperature.



CHAPTER V RESULTS AND DATA TREATMENT

5. 1 EMF Values Measured with Ag+-B-alumina

Following the experimental procedure presented in the

proceeding Chapter, the dependence of emf on the temperature,

on the flow rate of the gas mixture, and on the initial

partial pressure of SOg was investigated for all the three

types of working electrode construction. Generally speaking,

the dependencies were different for the three types of working

electrodes, although there were similar behaviors. From the

dependence of emf on the temperature, the standard Gibbs

energy change for the cell reaction can be deduced providing

that the equilibria at the electrodes are sustained.

EMF Dependence on Flow Rate of Gas Mixture

It was found that the measured emf was dependent on the

flow rate of the gas mixture in the working electrode

compartment, and that the extent of the dependency was

influenced by factors such as the temperature, the

concentration of SO^ in the gas mixture, and the range of the

flow rate. When the flow rate was low, at high concentrations

of SO^, an acid liquid (pH= 2 - 3) appeared on the wall of

the plastic tube which was connected to the outlet of the gas
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mixture. The more concentrated the gas mixture in SOg and the

lower the flow rate, the more liquid formed on cooling. As a

result, it was difficult to control precisely the flow rate,

especially at the low range.

For the type 1 working electrode construction, at the

lowest SO^ concentration level of 10 ppm (Figure 5. 1), the

dependence of emf on the flow rate was not strong, especially

at relatively high temperatures. The dependence of emf on

the flow rate became stronger as the concentration of SOg was

increased, as illustrated by Figure 5. 2 (see also Figures 1

and 2 in Appendix B). A plateau on the emf versus flow rate

plot was observed at higher flow rates. Nevertheless, at

higher temperatures this dependence was mitigated.

The type of electrode construction did not have a strong

effect on this dependence, at least with respect to the

behavior of emf for various flow rates. The dependence for

the type 2 electrode is shown in Figures 3 to 6, and that for

the type 3 in Figures 7 to 10 in Appendix B. Less strong

dependence of emf on flow rate was observed at higher SOg

concentration levels for these two latter electrode

constructions (Figures 2, 6, and 10 in Appendix B).
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EMF Dependence on Temperature

The measured emf at relatively low temperatures was

always lowered by an increase in flow rate. This implies a

lower conversion fraction of SO^ at higher flow rates, as

predicted by equation (4. 3) . The results shown in Figures 5.3

to Figure 5. 13 were taken at such flow rates that a further

decrease of the flow rate either resulted in a decrease of emf

or no effect at all. For a given concentration of SO^, the

behavior of the emf as a function of temperature was found to

depend upon the working electrode preparation.

For a given gas flow rate, the measured emfs for type 1

electrodes were not reproducible between different

experimental runs, as shown in Figure 5. 3 (also see Figures

11, 12 in Appendix B) . This is probably due to the fact that

the porosity of the platinum layer on the surface of the solid

electrolyte is the least reproducible among many relevant

factors involved in electrode performance [4] In addition,

there was a tendency of the steady emf at a certain

temperature to decrease with time.

The measured emf as a function of temperature with the

type 2 working electrode construction was found to depend on

the duration of the run. As shown in Figures 5. 4 and 5. 5,
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both parameters in the linear regression equation vary with

time.

At PgQ = 108 ppm (Figure 5. 4), the experimental points

within the first five days measurement are best fitted by the

equation:

E =1132 - 0. 9365-T (mV)

those from five to ten days by the equation:

E = 1452 - 1. 305-T (mV)

and those after 45 days by the equation:

E = 1473 - 1. 392-T (mV)

At PSQ = 8600 ppm (Figure 5. 5), the dependence is not as

noticeable as that at the lower SOg concentration.

Thermodynamically, the gradual change of slope of the emf

vs. temperature plot, dE/dT, indicates that the entropy change

for the cell reaction is a function of time. The slope change

from -0. 9365 to -1. 392 mV/K after 45 days continuous

measurement indicates that the entropy change was much higher

after a long period of time. In fact, after about 15 days,

the rate of slope change decreased by nearly a factor of 5.

That is why little slope change can be observed in Figure 5. 5,

in which the data after 20 days roeasurement and that beyond 40

days are compared.
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The most reproducible and stable emf values were observed

for type 3 electrode preparations. This is due to the

reversibility of the type 3 electrode construction. As shown

in Figures 5. 6 through 5. 9, a linear relation between emf and

temperature predicted by equation (4. 9) was observed for all

the SO^ concentration levels studied within a certain
temperature range. The departure from the linear relation

took place at low temperatures, depending on the concentration

of SO^. As indicated in Figures 5. 7 through 5. 9, the
deviation occurred at approximately 706 K, 719 K and 794 K for

SOg concentrations of 108 ppm, 980 ppm, and 8600 ppm
respectively. Irrespective of the temperature history, the

experimental emf points fall on a common line. In addition,

the results are reproducible between different experimental

runs. A linear regression analysis leads to the following

expressions:

PS02 =
PS02

pso^

p^-

10 ppm E = 1364(±15. 8) - 1. 394(±0. 019)-T (mV)

108 ppm E = 1400(±12. 2) - 1. 348(±0. 014)-T (mV)

980 ppm E = 1517(±14. 3) - 1. 366(±0. 021)-T (mV)

8600 ppm E = 1566(±15. 3) - 1. 325(±0. 015)-T (mV)

EMF Dependence on SO^ and 0^ Concentration

As discussed earlier, the emf was not sensitive to the
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concentration change of SO^ in the gas phase, indicating that

SO^ was not an electro-active species. Furthermore, it was
found that changing concentration of SO^ from the highest

level, 8600 ppm, to a lower one resulted in a higher emf in

comparison with those directly measured at that level. This

phenomenon was observed for all three types of electrode

constructions. Figure 5. 10 shows an example of the phenomenon

for the type 1 electrode with the SO^ concentration being

changed from 8600 ppm to 10 ppm. Examples for type 3

electrode are shown in Figures 5. 11 and 5. 12. The higher emf

value at the beginning of the SO^ concentration change tended

to decrease as the measurement was continued.

In Figure 5. 13, following the measurements carried out

with 8600 ppm SO^, air was introduced and was kept flowing

over the working electrode compartment for about 2 days. Then

a lower level of SOg (10 ppm) was introduced. It is noted

that there is good agreement between the two sets of

experimental data.

In one experimental run, the dependence of emf on both

P_ and P. was investigated at two different temperatures.
S02 """ ~ °2

Two P levels (air and pure 0^) , were used while P^ was
changed from 30 ppm to 5000 ppm. It was found that the emf

responded to the Pg change more quickly than to the P^
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change. The results are shown in Figure 5. 14. As predicted

by equation (4. 9), a linear relation was observed for both P^

levels at 964 K, but only for the higher P^ level at 918 K.
A deviation from the linear relation is noted as the

concentration of SOg was increased for the case of low

temperatures and low Py^ level.

Long Term Stability

An evaluation was performed on the long term stability of

emf at three temperatures with *108 ppm SO^. At a given

temperature, the steady emf value was unchanged within ±2. 4 mV

for up to 8 days. There was no indication that beyond that

time the emf would change drastically. The results are shown

in Figure 5. 15. They can be expressed as:

848 K EMF = 272. 4 ±0. 6 (mV)

891 K EMF = 221. 9 ±2. 4 (mV)

942 K EMF = 166. 4 ±1. 1 (mV)

Standard Gibbs Energy Change for the Cell Reaction

The standard Gibbs energy change for the proposed cell

reaction (4. 2) is related to the emf by equation (4. 8) as long

as the equilibria in the cell system are sustained during the
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emf ineasureroent. With a^gg^ =1, as in the type 3 electrode
preparation of "this study, equation (4. 8) can be expressed as

Aff' ° -2FE + JZT-ln
(P^), -JC-(P^).
1 + JC-(P^)e1/2 ... (5. 1)

where AG°, (Pso)r (po^' and K represent the standard Gibbs
energy change for reaction (4. 2), the initial partial pressure

of SO^, the equilibrium partial pressure of 0^ and the

equilibrium constant for reaction (4. 4) respectively.

The equilibrium constant K can be obtained by means of

well-established thermodynamic data"321 for reaction (4. 4).

Experimentally (PQ?) i>><pso2) i' so (P02)e in equation (5. 1) can be
replaced by (PQ, ),- = 0. 21 atm.. As a result, AG' can be

calculated from the experimental values of E, T, and (Pso^, ),-

The emf vs. temperature plots in Figures 5. 6 through 5.9

show a linear relation between emf and T, implying a linear

function of T for the Gibbs energy change,

AG" = A + B«T ... (5. 2)

Each experimental point in these Figures leads to a value of

AG° at that temperature (equation (5. 1)). A plot of all the

AG° values versus T is shown in Figure 5. 16. Constants A and
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B in equation (5. 2) can be obtained from a linear regression

analysis (Table 5. 1).

Table 5. 1. Results of Linear Regression Analysis

AG° = A + B-T (J)

2Ag(s) + SOgtg) + 1/2 O^Cg) = Ag^SO^(s, l)

Constant A
Standard Error of AG° Estimation
Relative Coefficient
Number of Observations

Degree of Freedom
T Coefficient B
Standard Error of Coefficient B

-271160
2236

0. 9842
176
174

175. 54
1. 68

Solid silver sulphate undergoes an a ^ B transformation

at 703 K and melts at 926 K. The enthalpy changes at the

phase transforination temperatures have been measured11453. The

Gibbs energy changes for the phase transformations are:

Ag^so^ta) = Ag^so^O) ... (5. 3)

AG° = 19300 - 27. 45'T (J) ... (5. 4)

Ag^so^CB) = Ag^so^d) ... (5. 5)

AG° = 19100 - 20. 63-T (J) ... (5. 6)
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An attempt to deduce the Gibbs energy changes for the

values of transformation of Ag^SO^ (5. 4 and 5. 6) by dividing

the emf data into three groups according to temperature and

then carrying out a linear regression analysis for the three

groups individually failed, particularly for the lower

temperature range, because there are fewer experiroentalpoints

at the two extreme temperatures and that leads to smaller

relative coefficients.

The alternative way is to transform the Gibbs energy

change in the lower and higher temperature ranges to a

corresponding value of the B-phase by adding an appropriate

Gibbs energy change of transformation. Then, an expression of

Gibbs energy for the B-phase can be obtained through a linear

regression analysis for all the experimental points. The

result is given in Table 5. 1 and shown in Figure 5. 16 where

the regression line for the B-phase takes the form:

-3.AGO(kJ) = -271. 160(±2. 236) + 1. 7554 (±1. 68) lO'-'-T ... (5. 7)

For the purpose of comparison, AG" expressions from this

study and from previous publications are listed in Table 5.2

and plotted in Figure 5. 17.
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Table 5. 2. Standard Gibbs energy change for reaction (4. 2)

Reaction: 2Ag(s) + SO^(q) + l/20^(g) = Ag^SO^s, !)

AG° expression
(J)

T range
(K)

AG03S
(kJ~)

-306 000-55. 34TlnT+586. 27T 930 - 1234 -121.286

-299 900 + 205. 9-T
-284 400 + 183. 1-T
-266 490 + 163.9-T

400 - 703
703 - 933 -124. 553

933 - 1200

-290 460 + 202. 99-T 624 - 703
-271 160(12236)+175. 54(±1. 68)T 703-926 -117. 913
-252 060 +154. 91-T 926 - 1146

-107. 110

(a) this study

Ref.

128

133

(a)

153

5. 2 EMF Values Measured with 0. 9CaO-0.72MgO-S.SAl^

Quantitative conclusions can not be made at this stage

with respect to experiments involving Ca2+-conducting ceramic

tubes since only a few successful experimental runs were

carried out. Keeping the two separate electrode compartments

gas-tight was the major experimental difficulty due to the

cement failure after a temperature cycle. Any observations

concerning the dependence of emf on the temperature, the flow

rate of gas mixture over the working electrode, and the

concentration of SO^ are qualitative.
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EMF Dependence on the Flow Rate of the Gas Mixture

In contrast to Ag+-B-alumina, a higher flow rate of the

gas over the working electrode resulted in a higher emf

response. As shown in Figure 5.18, at 1206 K and 1267 K there

is little dependence of emf on the flow rate; this is

understandable since the conversion ratio of SO^ to SOg is less

than 10 % over about 1200 K, so the concentration of SO^ is

less influenced by the flow rate. The dependence of emf on

the flow rate became stronger at lower temperatures and the

higher initial SO^ concentrations.

EMF Dependence on Temperature

An expected linear relation between emf and temperature

was not observed. Instead, a curvature in the plot of emf vs.

temperature was obtained. The einf calculated from equation

(4. 17) did not correspond to the experimental values. In

Figure 5. 19, the measured einfs are compared with the

theoretical values at 980 ppm SO^ in air. It is seen that

there is only one experimental point close to the theoretical

line. In Figures 5. 20 and 5. 21, emf is plotted against

temperature for two different concentrations of SO^. Both

figures show a similar response.
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CHAPTER VI DISCUSSION

6. 1 Electrode Reaction Mechanism

There are two noteworthy features of the dependence of

the emf on the flow rate of gas mixture in the measurements

with Ag+-B-alumina. First, the more concentrated the gas

mixture in SO^, the stronger the dependence; second, the lower

the temperature, the stronger the dependence (see Figures 5. 1,

5. 2, and 1 - 10 in Appendix B).

In the investigation of Salzano[74], a molten sulfate

mixture of Li^SO^, Na^SO^, and K^SO^ was used as the

electrolyte. The oxidation of SOg is not favoured at high

temperatures. Salzano concluded that when the concentration

of SOg in the gas mixture was low, the rate of conversion to

SO^ could be first order with respect to the inlet
concentration of SOg. At a high flow rate, by assuming that

the fraction of SOg converted was small and approximately

independent of the inlet SO^ concentration, Salzano proposed

that both the SO^ and SO^ content could be monitored with his

concentration cell. An emf dependence on the flow rate of the

gas mixture, SO^ + Air, was observed, implying a non-

equilibrium gas mixture at high flow rates.
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In the investigation of Vayenas[59], YSZ (yttria

stabilized zirconia) tube was employed as an electrolyte to

measure the activity of oxygen on various electrodes (Pt, Ag,

and Au) in a set of SOg + air mixtures. In comparison with

Salzano's results, Vayenas[59] observed that the rate of SOg

oxidation was independent of the flow rate. A first order

rate with respect to SO^ partial pressure for Pgg^ below

approximately 0. 3 atm. was observed. Furthermore, Vayenas

found that Ft was the more effective catalyst in the oxidation

of SO^ to 803. According to Vayenas, SOg was adsorbed on the
platinum film surface to form a solid-like SOgtPt) layer which

was not easily vaporized. This resulted in a poisoning effect

to the catalyst, and consequently, the oxidation of SOg was

hindered and the equilibrium partial pressure of SOg in the

gas phase could not be established.

Both of the studies indicate that the partial pressure of

SO^ in the gas phase depends on the conversion ratio of SO^ and
is proportional to the initial partial pressure of SO^. In

addition, a higher conversion ratio of SO^ is expected at

lower temperatures (see Figure 4. 4) . This may explain the emf

dependence on flow rate in this study and favor the proposal

of cell reaction (4. 2). From the Nernst equation for the cell

reaction (4. 2), it is apparent that there are three possible

parameters which affect the emf of the cell, i. e. the activity
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of solid sulfate and the partial pressures of SO^ and 0^.

According to Vayenas . results"93, the equilibrium between

gaseous and adsorbed oxygen on the platinum surface in the

presence of SO^ has been established under the conditions (T

range and Pgg range) in the present investigation. The

activity of solid silver sulfate was independent of the flow

rate of the gas mixture, at least in the cell with the type-3

working electrode construction. Clearly, the dependence of

emf on the flow rate is related to the concentration of SO^;

therefore a lower emf at a relatively high flow rate must

result from insufficient oxidation of SO^ to SOy, which is

predicted from the Nernst equation.

In the present study, the observation of emf dependence

on the flow rate of the gas mixture occurred in all the

different experimental runs, irrespective of the types of

electrode preparation, indicating an identical elementary

reaction step which was essential in determining the electrode

potential. The following qualitative discussion of the

electrode reaction mechanism may be helpful to identify this

step.

In general terms, the cathode reaction for cell (IX) can

be divided into several elementary steps as follows:
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(1) diffusion of the electro-active species to the

three phase region, through the porous platinum

layer for the gaseous species and through the solid

electrolyte for silver ion respectively;

(2) adsorption/desorption of the gaseous species around

the triple points;

(3) electron transfer;

(4) chemical reaction to form the silver sulfate;

(5) formation of the nucleus of the crystals.

Step (3) can not be the slowest step as long as there is

a good electrical Contact between the solid electrolyte and

the electrode. In any case, the measurements were carried out

under equilibrium conditions11413 with a negligible amount of

current flowing through the solid electrolyte. If step (1) is

the slowest one, the activities of the gaseous species on the

surface of the electrode will depend on the factors which have

strong effect on the diffusion process; consequently, emf

dependence on these factors should be observed.

There is a plateau in the plot of emf against flow rate

(Figure 5. 2), indicating that beyond a certain flow rate, the

diffusion process can be excluded from being the rate

determining step. Unlike type-1, type-2 and type-3 electrode

preparations are not platinized on the interior surface of the
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solid electrolyte tube. Cells with these latter type

electrode constructions would certainly have easier access for

gaseous species to diffuse to and from the triple point area.

These cells should have a quicker response of the emf to

changes of temperature and/or concentration of gaseous

species, if the step (1) was the decisive one. This was not

observed in the present investigation.

Normally, the rate of step (4) at upper temperatures is

relatively high, compared with the other steps in which

additional energy is required to activate the particular

process. This point was demonstrated by the observation that

the measured emf did not iinmediately jump to a high value

after the introduction of gas mixture of SO^ and air into the

cells with the type-1 and type-2 electrode preparation, where

the activity of silver sulfate is zero at the beginning of

experiment and a very high emf is expected according to

equation (4. 3).

Finally, step (5) was not the slowest step since

irrespective of the activity of silver sulfate at the

electrode (unity activity in the case of type-3 electrode

preparation, or less than unity in the type-1 and type-2

electrode preparation), the response of emf to the change of

temperature and the concentration of SO^ was similar. In
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conclusion, only step (2) was common in all three types of

electrode preparations and therefore may be considered as the

slowest step.

It was noted earlier that changing the concentration of

SO^ from the highest level in this study to a lower one
resulted in a higher emf in comparison with those directly

measured at the lower level. The higher value decreased

gradually and finally merged with the regression line obtained

from those experimental points measured directly at the lower

level (Figure 5. 11). In most cases, it took several cycles of

temperature to attain this agreement.

The lagging phenomenon is an indication of a slow process

which had a direct effect on the emf measurement. Usually,

diffusion processes in solids are slow. The galvanic cell in

this study is actually a silver concentration cell. Since

silver is soluble in platinum, it is reasonable to expect a

slow response of emf to the change of SO^ concentration if the

silver activity in the working electrode is fixed by the solid

solution of silver in platinum. Following the experiment

runs, the platinum mesh in the working electrode was analyzed

by scanning electron microscopy. As shown in Figure 6. 1, the

analysis indicated no dissolution of silver in the platinum,

ruling out any relation between the solid diffusion process
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The analysis above for the cathode reaction mechanism may

be strongly corroborated by the lagging phenomenon. The

hysteresis response of electrode to the change of

concentration of electro-active species in the gas phase must
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have resulted from the higher activity of that species around

the triple point area because the partial pressure of SO^ in

the gas phase would be decreased immediately after changing

the concentration of SO^. When the measurement was carried

out at the highest concentration of SO^, more 803 molecules

would be chemically adsorbed in the triple point area. Since

the adsorption/desorptionof SOg was the slowest step in the

sequence of the elementary electrode reaction steps, it may

have taken a longer time for the amount of SOg adsorbed to be

reduced.

In a separate experiment, the measurements were taken at

the highest SO^ level. Then air was introduced into the

working electrode compartment for about 2 days, followed by

the introduction of the mixture of SO^ and air, in which the

SOg concentration was at a lower level. The emf measured
showed agreement with those directl measured at that level

(Figure 5. 13). This can be explained in the following way:

with air flowing over the working electrode, the process of

desorption of SO^ from the triple point area is accelerated by

the presence of a maximum chemical potential gradient of SO^.

From a theriaodynamic point of view, the cathode reaction

for cell (IX) is an irreversible one with respect to the

concentration change of SO^ from high to low. In general,
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most processes of the chemisorption of gases on a solid are

not reversible11463 because chemisorption involves

electron-sharing or electron transfer between adsorbent and

adsorbate leading to the formation of a surface chemical bond

in a fashion related to bond formation in simple molecules;

this, again, supports the electrode reaction mechanism

proposed above.

It should be pointed out that the hysteresis phenomenon

occurred only when changing SO^ concentration from the highest

level to a lower one, indicating that there is a limit of the

SOg concentration above which the so-called cheinisorption of
SO^ could take place. This is in agreement with Vayenas'[59]
observation. He found that the stable chemisorbed 803 on the

surface of platinum could exist only under certain conditions.

6. 2 Sulfate Formation on the Surface of B-aliuaina

According to the overall cell reaction (4. 2) and the

corresponding Nernst equation (4. 3), the existing state of

sulfate has an effect on the emf measurement. In other words,

the activity of silver sulfate influences the magnitude of the

emf. In order to explain their experimental results, which

showed systematically higher emf values than those calculated

theoretically, Itoh[861 et al suggested that the composition of
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the reaction layer at the surface of the Ag+-B-alumina was in

the range where a solution in the Aq^SO^-Al^(SO^)^1o±nary system

rather than the pure Ag^SO^ existed. An activity of Ag^SO^

ranging from 0. 1 to 0. 01 was deduced from their emf data.

In the present investigation, at a fixed low flow rate of

the gas mixture, the emf measured for the cells with the

type-1 electrode preparation was higher than that for the

cells with the type-3 electrode preparation. In the latter

case, the activity of Ag^SO^ was equal to unity. Therefore,

the higher emf is related to the non-unity activity of Ag^SO^

in the former case. It is more likely that only a few atoms

layer of Ag^SO^ could at most be formed in the cells with the

type-1 electrode preparation because of the existence of the

porous platinum layer, rather than the formation of a solution

in the Ag^SO^-Al^t 80^)3 binary system, leading to greatly

reduced activity of Ag^SO^. In fact, under the conditions of

electro-motive force measurement with a potentiometer, the

massive migration of the conducting component ion from one

side to the other side could not be expected unless the

electronic conductivity was significant. Consequently, the

formation of sulfate on the surface of B-alumina would proceed

very slowly and the activity of silver sulfate would depend on

total duration of the experiment.
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This argument is favored by the observation in

measurements with the type-2 electrode preparation (Figure 5.4

and 5. 5). As demonstrated in Figure 5. 4, both the slope and

the intercept in the emf vs. T plots gradually changed with

time. The origin of the change is the variation of silver

sulfate activity. From the Nernst equation (4. 3), if the

silver Sulfate assumes a non-unity activity, there will be a

contribution of Ag^SO^ to the emf value. If the activity of

silver sulfate is a function of time, both the slope and the

intercept in emf vs. T plot will change with time.

When the slope of emf vs. T plots for type-2 electrode

construction agrees with the slope for the type-3 electrode

construction (where the activity of silver sulfate is unity)

the entropy change of the cell reaction is identical for both

types of electrode construction. This indicates a final state

of pure solid Ag^SO^ formed on the surface of Ag+-B-alumina in
the cells with type-2 electrode. As shown in Figure 6. 2, the

slopes for the two types of electrode construction are almost

identical. There is still a small difference between the two

sets of data (about 30 - 40 mV) . The higher emf for type-2

electrode results from a gradual process of formationof a few

atoms layer of Ag^SO^ which has an apparent thermodynamic

activity smaller than that in massive standard state11043.
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Furthermore, it has been found that at a relatively high

concentrations of SOg, the emf measured in the cells with the

type-1 electrode preparation continued to increase as the flow

rate approached zero, whereas in the type-3 electrode

preparation, there was a maximum in the plot of emf vs. flow

rate (compare Figure 2 with Figure 10 in Appendix B) .

This phenomenon can also be explained by the reaction

mechanism proposed above. Since only a few atoms layer of

silver sulfate is possible to be formed on the surf ace of the

solid electrolyte for the first type electrode preparation,

the reaction will stop completely as complete coverage of the

surface by the product is reached. Therefore, the activity of

SOg around the triple point can be maintained even if there is

no fresh gaseous 803 to be provided at zero flow rate. For

the case of the type-3 electrode preparation, the cathode

reaction could proceed continuously as long as the rate of

transport of the reactants to the triple point area was fast

enough. As the flow rate reached zero, the transport of

gaseous SO^ by diffusion might be too slow to keep up with the

formation of the sulfate, leading to the marked activity

decrease of SO^ around the triple point which resulted in the

decrease of emf.
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6. 3 Standard Gibbs Energy of Formation for Ag^SO^

Methods of obtaining AG° for a reaction

Tabulated values of the standard Gibbs energy change for

a reaction as a function of temperature are usually obtained

by means of integration1132'1481 involving the basic

thermochemical data, such as heat capacity, Cp, standard

entropy and enthalpy at 25 °C, AS0^ and AH0
^- 

Such data are

found in compilations [133'147]. The uncertainty in calculating

AG° is clearly dependent on the accuracy of the thermochemical

data used in the integrated equation:

AGy - AHaaa - T-Ai Saga + /Acp1
298

,dT TJA5'i^Edr
298

,.. (6. 1)

which is characteristic of the calorimetric method by which

most of the basic thermochemical data are obtained.

An alternative way to obtain AG° is by the determination

of the equilibrium constant particularly if gaseous species

are involved in the reaction under study. For example, many

of the decomposition reactions for sulfates have been

investigated by measuring of the total decomposition pressure.

The corresponding Gibbs energy changes have been evaluated and
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compiled by Kellogg"283. The drawbacks of total decomposition

pressure measurements have been considered by Warner[u9].

In general, the EMF measurement of a Galvanic cell can

provide precise and accurate thermodynamic data for the

overall cell reaction as long as the emf is obtained under

reversible conditions. A few measurements are available"50'1511

for several sulfate decomposition reactions, using alkali

sulfate as the solid electrolyte. There is fair agreement

among the AG° results from different investigators.

All the three kinds of methods presented above have been

used previously to obtain the standard Gibbs energy change for

reaction (4. 2). Unlike most sulfates, Ag^SO^ decomposes to a

metal and a gas mixture consisting of SO^, SO^ and 0^. The

decomposition pressure was studied by Marchal[152], from which
the standard Gibbs energy change was deduced by Kelloggt128].

Barin[133] also calculated and tabulated AG° 33 by integration
from the basic thermochemical data evaluated by Kelley[162].

Hauffe[153] made an emf measurement at 873 K for the following

cell:

Pt, Ag / Ag^so^ / so,, Oy Pt .. (XI)

and obtained a value of AG' for the reaction:
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2Ag(s) + S03<g) + l/20^(g) = Ag^so^d^s) ... (6. 2)

The standard Gibbs energy change for the above reaction was

also derived in Chapter V from emf measured in present

investigation. As shown in Figure 5. 17, there is a

disagreement among the various studies.

Total decomposition pressure measurement

In addition to thermal diffusion11493 which may result in

a higher P<;n_ determination from the total pressure

measurement, there are other factors, characteristic of this

method, which can introduce errors into the calculation of the

equilibrium constant.

The first factor lies in the assumption of equilibrium in

the gas phase for reaction (4. 4). A study of the kinetics of

SO^ oxidation employing various catalysts1593 has revealed that
the equilibrium in the gas phase may only be established if

precautions are taken to remove the limitation of the rate

determining step in a series of elementary reactions. Thus it

would be easy to understand the irreversible behavior with

increasing temperatures for decomposition pressure

measurements of A1^(SO^)^W which were carried out in the

absence of a catalyst for reaction (4. 4). Fe^Og has been used
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as a catalyst in the kinetic investigation of SO^

oxidation"553. Higher decomposition pressures for Al^ (80^)3-

Fe^Og mixtures than that for pure Al^t 80^)3 in the same

investigation can be explained by the catalytic effect of Fe^Og

on the equilibrium reaction (4. 4). It was reported"543 that

there was a curvature in the plot of log^gK vs. 1/T for

aluminum sulfate decomposition, however the curvature could

not be observed in subsequent measurementt163] for the same

system with a platinum container which would tend to catalyze

the reaction (4. 4).

The second factor is characteristic of the means by which

the equilibrium constant is calculated from the total

decomposition pressure. The total pressure measurement does

not directly provide the partial pressures which appear in the

equilibrium constant expression. A numerical procedure is

required under the assumption of equilibrium for reaction

(4. 4), to calculate the partial pressures. As pointed out

earlier, for most sulfates, thermal diffusion tends to cause

errors in the equilibrium constant determination. In the case

of silver sulfate, the situation may be more complicated.

The following reaction has been proposed1128'1523 for the

decomposition of silver sulfate:
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Ag^so^Cs, !) =2Ag(s) + S02<g) + o^Cg) ... (6. 3)

It is noted that silver and not silver oxide is stable.

Taking reaction (4. 4) into account, the equilibrium gas

mixture also includes SOg. It is possible that the

decomposition mechanism may be represented by the reverse of

reaction (6. 2) where 803 decomposes further into SOg and O^.

If the decomposition of silver sulfate proceeds by equation

(6. 3), further reaction in the gas phase to form SO^ will

reduce the total number of moles of gaseous species over the

sulfate. For decomposition pressure measurements in a closed

system, the total pressure will decrease to a miniinum value as

the equilibrium is approached. On the other hand, back

reactions (6. 2) and (4. 4) will tend to increase the total

pressure of the system gradually to a maximum. In practice,

these reactions may take place simultaneously, and it is

difficult to determine whether the gradual increase of total

pressure observed by Marchalt152] is due to the gradual

decomposition of sulfate or due to the further decomposition

of SOg.

Pure silver has not been found to be a catalyst for SOg

oxidation[59], and consequently, the establishment of

equilibrium reaction (4. 4) in Marchal's measurement is

unlikely.
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Integration method

The integration method is the most common method employed

to obtain AG° for a chemical reaction. The errors in

integration are created by uncertainties in the thermochemical

data. Three kinds of basic thermochemical data are involved

in the integration equation (6. 1): heat capacities, standard

enthalpies and entropies at 298 K. Kelley[162] made a critical

evaluation for the thermochemical data of Ag^SO^ where an

estimated expression for C was proposed. This value of Cp,

together with other thermochemical data, is used in Barin'sc133]
calculation and tabulation of the standard Gibbs energy for

silver sulfate. More recent measurements[U5] of the heat

content for Ag^SO^ by drop calorimetry indicate a different

value for Cp (Figure 6. 3).

The standard enthalpy of formation of Ag^SO^ at 298 K was

also evaluated by Kelley[162] who recommended a value of -711. 74

kJ/mole obtained from solubility measurements. More recently,

Pan and Lin[164] deduced a value of -714. 041 kJ/mole from their

emf measurement results on the following cell:

Cd-Hg(2 phase)/CdSO^-8/3H20(satd. )/Ag2SO^(s)-Ag ... (XII)

The results are in fair agreement with the results of
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solubility measurements. The values are somewhat more

negative than those obtained from reaction heat measurement11653

(-699. 31 kJ/mole).

EMF measurement method

As discussed in Chapter IV in the present investigation,

a porous platinum layer was plated around the internal wall of

the gas mixture passage (Type-3 electrode). In addition, fine

platinum wire and mesh were placed in the path of the gas

mixture before it reached at the triple point vicinity where

the electrode reactions take place. These precautions ensured

the establishment of equilibrium in the gas phase.

In Hauffe's studyC 153], the emf for the cell reaction (6. 2)

was measured by employing Ag^SO^ as the solid electrolyte.

The gas mixture of (SO^+Air), which had flowed over the

working electrode compartment, was analyzed, from which the

equilibrium constant and the standard Gibbs energy change were

calculated. As shown in Table 5. 2, the reported value of

AG° = -107. 110 kJ at 873 K is in fair agreement with the value

of AG°g73 == -117. 913 kJ obtained in present study.

Boxallt68] has reported a value of the standard Gibbs

energy change for reaction (6. 2) at 823 K from his emf



175

measurements using a mixture of molten sulfates as

electrolyte. The result is shown in Figure 5. 17 and is in

reasonable agreement with the present study.

From Barin's tabulation11333, the standard Gibbs energy

change for reaction (6. 2) as a function of temperature has

been calculated and is listed in Table 5. 2. At 873 K, quite

good agreement is found between Barin's result (-124. 5 kJ) and

the extrapolated value from Kellogg's result (-121. 3 kJ) .

However there is approximately 7 kJ difference between the AG°

from present study and that from Bar in's compilation. This

difference can be considered to be normal, taking into account

the inherent error characteristic of the calorimetry method by

which most of the basic thermochemical data were obtained.

The standard Gibbs energy change for reaction (6.2) obtained

in the present study is in agreement with that calculated from

Barin's compilation, but it is proposed that the results in

the present study are more reliable because of the smaller

error (approximately 2. 2 kJ in AH°) from the linear regression

analysis of the experimental data.

In the present investigation, a linear function of

temperature for AG° was observed, implying that the AC for

reaction (6. 2) is zero according to equation (6. 1). In other

words, the standard Gibbs energy change for reaction (6. 2) can
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be simply expressed as:

AG° = AH°29s - T-AS0 298
... (6. 4)

Consequently, the standard enthalpy of formation for Ag^SO^ at

298 K may be deduced. A value of -686. 23 kJ/mole isobtained

and, compared with those obtained by other method, is

approximately 13 - 28 kJ/mole less negative. This is a result

of the extrapolation of the regression equation from the

higher temperatures to room temperature.

6. 4 Electronic Conductivity in 0. 9CaO*0. 72MgO*5. 5Al203

As mentioned earlier (Chapter V) , the measured emf for

cell (X) is far below that predicted by equation (4. 17). A

possible reason may be due to electronic conductivity under

the measurement conditions. Since neither the electrical

conductivity nor the conduction mechanism of this ceramic

material has been investigated at the present time,

discussions can only be made on a hypothetical basis.

According to Heyne[157], a solid electrolyte material

should be considered as a mixed conductor unless the chemical

and thermodynamic conditions are well controlled. In solid

electrolytes, it is the presence of defects and the equilibria
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involving defects that lead to the characteristics of mixed

conduction.

Assuming that the calcium ion, Ca2+, is the only ion which

may migrate in the ceramic material and that the equilibrium:

Ca + 2h- ^ Ca2+ ... (6. 5)

is established at the interface between electrode and solid

electrolyte. With the use of the symbolic system from

reference [157], the equilibrium implies:

l»*Ca + 2^. - |lQi' ... (6. 6)

or in terms of variations:

Aii'ca + 2Ay.y - A|ic.^ ... (6. 7)

The value of p,^ is constant"573, and the variation in the
chemical potential of the neutral component Ca and that of the

electron hole are directly coupled:

A |i QI - -2 A p^,. ... (6. 8)
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Assuming that the electron holes exhibit ideal behaviour,

the right side of equation (6. 8) varies linearly with ln(p) ,

whereas the left side shows the same dependence on P^g where

p is the concentration of electron hole and P^ the partial

pressure of metal calcium. Consequently, the concentration of

electronic holes in the ceramic is inversely proportional to

the square root of the partial pressure of calcium:

p«p^2 ... (6. 9)

The lower the partial pressure of metallic calciuro, the

higher the concentration of electron holes induced by the

defect reaction (6. 5) in the ceramic. Taking equations (1. 2)

through (1. 4) into account, a lower emf may be expected if the

partial pressure of calcium is kept sufficiently low. In

fact, in the equilibrium of air with solid CaO, the partial

pressure of calcium can be calculated from the know

thermodynamic data and it is as low as 3. 5-10-28 atm. at 1000

K.

It should be pointed out that it took some time for the

electronic conductivity in the ceraiaic material to become

significant. At the beginning the measurement, the

theoretical emf was approached (see Figure 5. 19), then the

deviation of measured emf from the theoretical line occurred.



179

6. 5 S0_ Sensor with Different Materials

According to the phase diagram calculations (Chapter

III), Ag+-B-alumina may be superior to Na+- and/or Ca2+-B-

alumina for monitoring SOg concentration if the measurements

are carried out in a relatively high concentration range of

SO^ which favors the formation of sulfates. This is because

only for the Ag-Al-0-S system is there a temperature range

where the silver sulfate can coexist with the B phase (see

Figures 3. 9, 3. 11, 3. 13, 3. 14, 3. 20, and 3. 21).

However, as a sensor for SO^, all three B alumina

materials have their own particular applications.

Using Ag+-B-alumina to monitor SO^ by means of emf

measurements, Itoh[86] have found a quicker response time to

the concentration changes of SOg in comparison with NaT-B-

alumina. In the present investigation, the analysis of

electrode reaction mechanisms (Section 6. 1) has shown an emf

response to the concentration of SOg. From a practical point

of view, Ag+-B-alumina is the best candidate for monitoring 803

concentrations. A recoinmended procedure is to establish a

calibration curve of emf versus logarithm of the concentration

of 503 under extremely unfavorable conditions of SO^ to SO^

transformation, for example, at low temperatures, without a
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catalyst and in high flow rate. Then, any emf value measured

thereafter will' correspond exclusively to a concentration of

SO^ on the calibration curve, irrespective of the measurement
conditions.

The different emf dependencies on the gas flow rates for

various materials iinply a possible selectivity with these

materials. As discussed in section 4. 2, SO^ rather than SO^

is the predominant electro-active species when using the Ca'

conducting ceramic electrolyte. Therefore, SO^ can be

monitored by means of a Galvanic cell incorporating the Ca2+-

conducting electrolyte.

There may be relations between the decomposition reaction

of sulfates and that of the gaseous sulfur oxides. For

example, the decomposition reaction of silver sulfate is the

reverse of equation (6. 2) instead of (6. 3), whereas that of

calcium sulfate is represented by the reverse of (4. 12) rather

than the reverse of (4. 13). In a Galvanic cell incorporating

6-alumina, the presence of the corresponding sulfate in one of

its electrode compartments is essential to make the cell

function reversibly. Consequently, the decomposition

equilibriuinof sulfate will have an effect on the emf response

to the gaseous species. If this is true, it would be

reasonable to expect that Na+- and K+-B-aluminas could be used
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to monitor SO^ because the decompositions of these sulfates

are similar to-that of calcium sulfate. The observation of

emf dependence on flow rate in a Galvanic cell using potassium

sulfate as a solid electrolyte"83 supports this prediction

where the emf value measured was higher as the flow rate of

(SO^ + Air) mixture was increased.

6. 6 Al^CSO^g Formation

As discussed earlier (section 5. 1, Chapter V), at low

temperatures with type-3 electrode constructions, the measured

erof deviated from the regression line obtained from the

experimental points at the higher temperatures. The

temperature at which the deviation takes place depends upon

the initial concentration of SO^ (Figures 5. 7 through 5. 9).

In addition, at temperatures far below the critical

temperature the emf is no longer stable.

When the emf deviates from the regression line, it goes

under the line and forms a convex curve in the emf vs. T

plots. Since a high flow rate of gas mixture makes the

measured emf vary in the sam6 direction, it would be

reasonable to relate the deviation to insufficient oxidation

of SO^ if the concentration of SO, at high flow rate of gas
mixture was far below that at equilibrium.
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Experimentally, attempts were made to reduce the flow

rate as much as possible, but we were unable to avoid the

deviation. For different gas flow rates, a maximum in emf vs.

flow rate plots was usually observed, especially at the low

temperature range (see Figure 10 in Appendix B) , confining the

measurement to a dynamic one.

On the assumption of equilibrium in the gas phase, the

conversion ratio of SO^ to SOg (defined by equation 4. 16) is

independent of the initial concentration of SOg. Below about

800 K, the conversion ratio is not very much influenced by

temperature (see Figure 4. 4, in which the curve is rather flat

below 800 K). In other words, the concentration of SOg does

not depend appreciably upon temperature in the low temperature

range. This means that insufficient oxidation of SO^ is not

the cause of the strong deviation and of the unsteady emf far

below the critical temperature.

Emfs lower than predicted values may be caused by an

unexpected reaction between the electrode and solid

electrolyte"58'1613. If the reaction proceeds and finally leads

to the failure of the solid electrolyte (for example by

forming a dense layer of reaction product which is poor ionic

conductor), unsteady emfs will be observed. In the present

investigation under certain conditions, the attack on
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B-alumina by SO gas species may result in the formation of

Al^SO^.

The possibility of aluminum sulfate formation is clearly

indicated in the phase diagrams calculations of Chapter III.

Figures 3. 13 and 3. 14 are typical temperature-composition

phase diagrams for the Ag-Al-0-S system at a given value of Pg

and various Pgo, levels. According to these Figures, a

Ag^SO^ + B-alumina mixture will be replaced by a Ag^SO^ +

Al^(SO^)^ mixture below a certain temperature which depends

upon the SO^ partial pressure, P^. At relatively high values
of P^Q , the temperature at which the aluminum sulfate is more
stable than alumina is higher. The formation of aluminum

sulfate has probably created the deviation of the emf from the

regression line.

The possible reaction mechanism between B-alumina

material and sulphur oxides is schematically illustrated in

Figure 6. 4. At a certain concentration of SOg in air, if the

emf measurement is carried out above the critical temperature,

only traces of silver sulfate may be formed on the surface of

B-alumina (Figure 6. 4 (a)). The existence of a micro-system

for the equilibrium among B-alumina, silver sulfate, and gas

mixture ensures the reversibility of the electrode and

maintains a stable emf. When the temperature drops below a
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critical point, aluminum sulfate is thennodynamically more

stable than alumina. As a result, the surface of B-alumina

will be completely covered by a layer of mixture of sulfates

(Figure 6. 4 (b)). Consequently, the electrode no longer

behaves reversibly and this results in unstable emfs.

Similar to the Ag-Al-0-S system, aluminum sulfate may be

formed in the Na-Al-0-S system at relatively low temperatures

in the presence of SO . As shown in Figures 3.9 and 3. 11, the

critical temperature for the sulfate formation shifts from a

higher one at a higher values of Pgp to a lower one at a lower

P . Experimentally, a convex curve in emf vs. temperature

plot has been observed by Itoh[85] in the low temperature range

of SO^ monitoring with Na-B"-alumina electrolyte. This may be
due to the formation of aluminum sulfate by the reaction

between SO and the solid electrolyte.

For the Ca-Al-0-S system, phase diagram calculations show

comparable relations among the phases.



CHAPTER VII CONCLUSIONS AND RECOMMENDATIONS

The investigation of Ag+-B-alumina and Ca2+-conducting

aluminate solid electrolytes in thermodynamic measurements

involving SO^(g) has led to the following conclusions and

recommendations:

(1) . The measured emf using a solid electrolyte in the

presence ofSO^/SOg gas mixture is influenced by the

flow rate of the gas mixture, and indicates a non-

equilibrium state in the gas phase particularly at

higher flow rates.

(2) . In a galvanic cell with Ag+-B-alumina as the solid

electrolyte, SO^ is the electro-active species. The

SO^ concentration may be monitored precisely by emf

measurements. The SO^ concentration may be

determined only under the conditions which favor

the establishment of equilibrium in the gas phase.

(3). For monitoring SO^ contents in air, if the

concentration of SOg is below 1000 ppm, the

procedure mentioned in section 6. 5 is recommended.

First, a standard (calibration) curve is

established which relates emf to logarithm
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concentration of SO^ under conditions which do not

favor the-SO^ to SO^ transference. Subsequent emf

measurements correspond to particular values of SO^

on the standard curve.

(4) . The adsorption/desorption of SO^ on the platinum

electrode is the slowest step among the elementary

steps in the cathode reaction. The formation of a

solid-like S03<Pt) in a chemisorbed state depends

upon the concentration of SO^ (or SO^) . The

reliability of the emf measurement is influenced by

the formation of SO^tPt) .

(5) . A reaction layer of a few atoms thickness is

probably formed on the surface of the solid

electrolyte during the experimental runs resulting

in different physico-chemical properties of the

product layer from that of the bulk product.

(6). The standard Gibbs energy change for the reaction:

2 Ag(s) + SOgCg) + 1/2 o^g) = Ag^sojs. l)

has been determined from the emf measurements. AG°

can be expressed as the following linear functions

of temperature:

AG°(J) = -290 460 + 202. 99T (624 - 703 K)
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AG°(J) = -271 160(12236)+175. 54(±1. 68)T (703-926 K)

AG°(J) ==--252 060 + 154. 91T (926-1146 K)

(7). A thermodynamic analysis indicates that the use of

6 (or B")-alumina as a solid electrolyte in the

presence of SO^ in oxidizing atmospheres may be

limited to relatively high temperatures

(approximately above 800 K) . The critical

temperature below which the sulfate is more stable

than a-alumina and electrolyte failure takes place

is a function of the concentration of SO^. The

higher the concentration of SO^, the higher the

critical temperature.

(8). On a qualitative basis, calcium aluminate with the

stoichiometric composition 0. 9Ca00. 72Mg05. 5Alg03 may

be used as solid electrolyte to monitor SO^ contents

at high temperatures. Further work is required on

a reference electrode where the activity of Ca is

relatively high.

The following additional"studies are proposed:

(1) . With Ag -6-alumina, it is proposed that metal

cathodes other than platinum should be
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investigated. The metals should not allow the

formation -of chemisorbed SO^ on the electrode

surface.

(2) . The use of other B-aluminas such as Li+- or K -B-

alumina should be studied, particularly with

respect to the dependence of emf on the flow rate

of the gas mixture.
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APPENDIX A

Predominance diagrams and Potential-Composition diagrams

calculated by means of FACT.

1. Predominance diagrams;

The Na-Al-0-S system. Figures: 1-4.

The Ag-Al-0-S system. Figures: 5-10.

The Ca-Al-0-S system. Figures: 11 - 16.

2. Potential-Composition diagrams;

The Na-Al-0-S system,

Log(Psg ) = -2, Figures: 17 - 23,

Log(P^) = -6, Figures: 23 - 29,

The Ag-Al-0-S system,

Log(Pso ) = -2, Figures: 30 - 35.

Log(P<:nJ = -5, Figures: 35 - 40.

The Ca-Al-0-S system,

Log(Pgo^) = -2, Figures: 41 - 50,

Log(P^) = -5, Figures: 51 - 59
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Figure 1. Predominance diagram for the Na-Al-0-S system
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Figure 2. Predominance diagram for the Na-Al-0-S system
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Figure 3. Predoininance diagram for the Na-Al-0-S system
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Figure 4. Predominance diagram for the Na-Al-0-S system



204

Aj-AI-0-S, 800 K, Loj(«(Aj20)) . -7 0, 0. 0<AL/(AS*AL)<1 0

0 0

Ai( s) t ( OJ 3) s)

-1.0

. 2.0

0

.« . ». e

AljSO^f. )tAI;(SO, )3( «

-. -4.0

. t. »

(S)tAI ^Ogf S

Ag;SO (s)+AI; g(«)

-6.0
. 20.0 15. 0 10. 0 .5.0

Lo|(P(02) )

0. 0

Figure 5. Predominance diagram for the Ag-Al-0-S system

Ag-AI. O. S, 600 K, Log(l(Aj20)) - . 10 0. 0<AL;(AQ+AL)<1.0

0 0

Ag(«)+ ( O^gft)

. 1.0

2 . 0

Aj^SO^f >)+AI;(SOJ 3(»)

a^ A8(» Al 203(8^^0(8) + ; SO^gfs)

0

<» . ». 0

4 . 0

s. a

Ag;0(s) tAI ^Ogf »)

6 0
20.0 -15. 0 -100 5 . 0

0 0

lo((P(OtU

Figure 6. Predominance diagram for the Ag-Al-0-S system
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Figure 17. POTCOMP diagram for the Na-Al-0-S system
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Figure 18. POTCOMP diagram for the Na-Al-0-S system
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Figure 19. POTCOMP diagram for the Na-Al-0-S system
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Figure 20. POTCOMP diagram for the Na-Al-0-S system
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Figure 21. POTCOMP diagram for the Na-Al-0-S system
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Figure 22. POTCOMP diagram for the Na-Al-0-S system
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Figure 23. POTCOMP diagram for the Na-Al-0-S system
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Figure 24. POTCOMP diagram for the Na-Al-0-S system
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Figure 25. POTCOMP diagram for the Na-Al-0-S system
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Figure 26. POTCOMP diagram for the Na-Al-0-S system
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Figure 27. POTCOMP diagram for the Na-Al-0-S system
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Figure 28. POTCOMP diagram for the Na-Al-0-S system
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Figure 29. POTCOMP diagram for the Na-Al-0-S system
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Figure 30. POTCOMP diagram for the Ag-Al-0-S system
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Figure 31. POTCOMP diagram for the Ag-Al-0-S system
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Figure 32. POTCOMP diagram for the Ag-Al-0-S system
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Figure 33. POTCOMP diagram for the Ag-Al-0-S system
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Figure 34. POTCOMP diagram for the Ag-Al-0-S system
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Figure 35. POTCOMP diagram for the Ag-Al-0-S system
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Figure 36. POTCOMP diagram for the Ag-Al-0-S system
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Figure 38. POTCOMP diagram for the Ag-Al-0-S system
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Figure 39. POTCOMP diagram for the Ag-Al-0-S system
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Figure 40. POTCOMP diagram for the Ag-Al-0-S system
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Figure 41. POTCOMP diagram for the Ca-Al-0-S system
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Figure 42. POTCOMP diagram for the Ca-Al-0-S system
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Figure 43. POTCOMP diagram for the Ca-Al-0-S system
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Figure 44. POTCOMP diagram for the Ca-Al-0-S system
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Figure 45. POTCOMP diagram for the Ca-Al-0-S system
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Figure 46. POTCOMP diagram for the Ca-Al-0-S system
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Figure 47. POTCOMP diagram for the Ca-Al-0-S system
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Figure 48. POTCOMP diagram for the Ca-Al-0-S system
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Figure 49. POTCOMP diagram for the Ca-Al-0-S system
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Figure SO. POTCOMP diagram for the Ca-Al-0-S system
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Figure 51. POTCOMP diagram for the Ca-Al-0-S system
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Figure 52. POTCOMP diagram for the Ca-Al-0-S system
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Figure 53. POTCOMP diagram for the Ca-Al-0-S system
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Figure 54. POTCOMP diagram for the Ca-Al-0-S system
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Figure 55. POTCOMP diagram for the Ca-Al-0-S system
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Figure 56. POTCOMP diagram for the Ca-Al-0-S system
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Figure 57. POTCOMP diagram for the Ca-Al-0-S system
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Figure 58. POTCOMP diagram for the Ca-Al-0-S system
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Figure 59. POTCOMP diagram for the Ca-Al-0-S system



APPENDIX B

Figures of experimental results

1. EMF dependence on flow rate,

Figures: 1-10

2. EMF dependence on temperature,

Figures: 11 - 12
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APPENDIX C

Experimental data

(1) EMF values measured with Ag+-B-alumina as a solid

electrolyte. Cell No. 2, 3, 4, 5, 6, 7, 8, 9, and 10.

(i) Cell No. 2, 3, 5, 6, 1 Type 1 electrode construction,

Page 246 - Page 250.

(ii) Cell No. 4 and 8, Type 2 electrode construction,

Page 251 - Page 254.

(iii) Cell No. 9, 10, Type 3 electrode construction,

Page 255 - page 259.

(2) EMF values measured with 0 . 9CaO-0 . 72MgO-5. SAl^ as a solid

electrolyte. Cell No. 11, 12, Page 260 - Page 261.



Type 1 electrode. Cell No. 2

246

Temp. EMF
(K) (mV)

(S02)inintial = 10
911
866
920
966

1016
672
673
772
855
871
868
842
871
919
926
970
771
817
920
822
863
918
727
724
863
871
722
920
816

143.6
191.2
160. 1
149.3
153.5
442.4
429.1
328.3
153.6
221.2

191
181.8
173.9
144.2

152
168.2

321
258.6
147.6
261.3
146.8
144.6

220
378.4
179.4
197.9

388
171.5
220.9

F. R.
(ml/min)
ppm

90
19.3
19.3

75
75

1

1

1

70
1

18
15
70
68

112
1

1

1

69
1

69
53

112
1

15
7

1

1

14

Temp.
(K)

EMF F. R.

(mV) (ml/min)

(S02)initial = 11 Ppm
1021

780
1070

728
731
680
925
626
831
679
833
626
877

1125

151.3
217.3
157.3
302.7
249.6
386.6
138.3
451.1

169
381.7
137.8
392.7
142.5
163.5

114
114
114
114
114
114
114
114
114
114
114
114
114
114

(S02)initial = 100
721 369.5

1018 164
821 202.4
915 152.3
921 163
966 158.7
771 287
821 203.5
871 169.6
871 163.1

(S02)initial = 400
961 144.4
773 334.5
913 140.9
819 265.2
870 176.3
723 403.2

(S02)initial = 1018
917
821
821
870
870
965
870
965
821

1013
821
823
821
722
821
623
821
723
870
820
970
870
772
918
772
918

287
343.3

327
231.9

236
226.5
262.5

225
297.9

209
302.2

413
307.5
543.5
319.5

717
321
542
354
417

217.4
351

374.1
248

379.5
176. 6

ppm
105
105
105
105
105
105
105
105
105
105

ppm
105
105
105
105
105
105

ppm
1

2

25
150
105

10
45

19.8
195

2

140
1

105
1

150
1

105
1

1

1

1

1

195
2

150
150
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Type 1 electrode. Cell No. 2 (continied)

(S02)inintial = 1018 ppm
772 389. 2 105
918 188. 2 55
772 372. 5 75
621 546. 3 30
723 422. 6 190

1015 177 140
723 427. 5 150
773 473.5 1
723 434. 2 105
673 604 1
723 440. 4 70
821 408 1
673 472. 4 195
918 234.8 5
673 473. 4 150
870 229. 6 195
673 477. 6 105

1060 163 2
673 479. 8 80
772 479. 2 1
617 527 150
918 182. 5 105
617 527. 3 105
674 602 1

1015 196 19.8
918 270 1
621 543. 3 80

(S02)initial = 3000 ppm
954 154. 5 105

1008 153. 8 105
671 510. 4 105

1065 163. 5 105

Type 1 electrode. Cell No. 3

(S02)initial = 3000 ppm

(S02)initial = 11 Ppm
601
628
678
730
780
779
826
826
828
879
877

465.4
484.2
367.4
326.6
275.2
276.9
239.3
240.2

317
338.3
246.7

119
119
119
119
119
119
119
119
119
119
119

675
1005

773
963
868
916
964
870
721
896
919
822
617
925

515.5
154

410.1
156

255.7
174.6

150
238.6

479

205.2
185.4
336.2
507.4
174

105
105
105
105
105
105
105
105
105
105
105
105
105
105

(S02)initial = 8600 ppm
964

1010
954

1065
954

1010
965
960

1010
915
954
915

1015
914

1012
864
866

276.2
264
169

194.5
311

265.5
303.2

323
256
362

175.8
350
246

352.8
230.8

430
428.5

(S02)initial = 11 ppm
877
920
925
923
967
972
971

1021
1016
1020
1066

212.7
197.9
283.1
167.2

128
213.5

145
120.6
101.8
105.7
88.7

2

2.5
38

2.5
2

3

2

3

0

3

27
4

2

2

2

2

2

119
119
119
119
119
119
119
119
119
119
119



Type 1 electrode. Cell No. 3 (continied)

248

Temp. EMF
(K) (mV)

(S02)initial = 119
680 484.6
728 400.1
731 470.4
778 374.1
780 432.7
827 353.4
875 304.8
875 321.6
923 248
970 188.6

(S02)initial = 242
680 450.6
731 449.3
780 430.7

829 387
873 324.8
875 333.1
876 343.1
923 266.4
923 262.7
922 284.4
967 207.5
970 194.8

(S02)initial = 407
680 430.4
731 433.4
781 413
828 385.5
873 339.1
923 273.3
967 226.3

F. R.
(ml/min)
. 7 ppro

119
119
119
119
119
119
119
119
119
119

7 ppm
105
105
105
105
105
105
105
105
105
105
105
105

. 4 ppm
100
100
100
100
100
100
100

Temp.
(K)

(S02)initial
620
667
667
667
730
730
730
730
730
777
777
777
777
777
824
824
829
829
878
878
878
878
914
914
914
924
970
970
970

1017
1067

EMF F. R.
(mV) (ml/min)

1018 ppm
477. 9 25
492. 7 25
464. 6 55
440. 4 105

376 100
401. 6 50
376. 6 130
442. 3 25
382. 4 105
341. 8 50
317. 8 95
313. 2 150
307. 3 195

318 105
393. 6 142
390. 9 195
396. 2 80
391. 8 105
354. 2 55
350. 3 105
348. 5 150
347. 6 180
299. 7 195
299. 9 150
300. 6 90
306. 3 60
245. 3 105
244. 8 150
244. 8 186
196. 2 105
146. 9 105

Type 1 electrode. Cell No. 6
(S02)initial = 10 ppm

619
619
670
722
772
772
822
821
821
870

499.2
525.2

515
435.4
311.4
345.8
255.5
243.8
265.3
246.4

5

0

0.3
50
50

5

50
100

15
50

(S02)initial
1055
1055
1008

979
940
896
858
858
858
819

10 ppm
69.6

63
83.2

97
110

127.1
232.6
224.9

214
262

10
150

50
50
50
50

0

50
40
50



Type 1 electrode. Cell No. 6 (continied)

249

Temp. EMF
(K) (mV)

(S02)initial = 10
870
870
870
918
961

1012
1055

773
773
773
773
724
722
673

241
237
248

231.6
166.2
162.2

67
268.4
349.1
349.7
349.4

407
396.2
361.1

F. R.
(ml/min)
ppm

100
150

10
50
50
50
50
50

5

50
100

50
100

40

(S02)initial = 108 ppin
915
915
914
914
960
960
960

1010
1010
1060
1060
1010

963
963
915
915
870
869
821
819
772
773
721
721
672
672
723
722
722

174.5
255

233.5
252. 6
206.8

187
186.2

154
135

135.4
134.2
139.6
155.5
151.3
209.3

197
296.6

261
356.9
329.2
395.8
366.8

411
380.8
449.1
467.4

429
414

410.5

95
5

70
0.3
0.3

55
70

0.5
105
0.5
0.5
0.5
0.5
110

0. 15
105
0.4
110

1

45
0.5

55
1

55
4

0.4
0. 15

1

1

Temp.

(K)
(S02)initial

867
867
867
867
867
916
916
916
916
916
964
964
964
964
963

1010
1008
1009
1009
1057
1057
1057
1008
1008
1008
1008

962
962
962
962
915
915
915
869
869
869
819
819
819

EMF
(raV)

108
294.5
284.6

278
331.2
271.4
224.5
226.8
240.6
243.8
263.1
189.6

183
177

193.5
174.5
113.5
114.8
119.6
122.8
93.3
92.5
93.3

107.9
105.9
104.6
103.7
124.8
122.7
121.6
128.7
166.4
156.9
185.3
237.4
197.6
240.9
290.3
256.2
301.6

F. R.
(ml/min)
ppm

50
90

160
1.4
110
110

75
15
10

0

50
50

105
2.5

65
65
30

5

0.2
55
65
10
10
40
70

100
30
75

100
5

5

50
2.5
0.8

40
0.4
0.4

10
0.3
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Type 1 electrode. Cell No. 6 (continied)

Temp.
(K)

(S02)initial
673
673
726
722
772
819
819
868
868
868
915
915
915
915
915
960
960
960
960

1010

EMF

(mV) (
1018

496.4
504

456.4
488.4

491
421

420.5
356.3
361.5

400
314.3
299.7
289.7
292.8
320.1

237
239

243.7
249.2

196

F. R.

ml/min)
ppm

1. 25
2

50
1

1

65
140
135
100

10
120
150
210
165

75
180
120

85
55

105

Cell No. 5
(S02)initial

964
917
918
918
868
821
821
822
821
777
776
776
726
771
821
863
909
914
960

1002
1055

= 10 ppm
218.5
289.7
292.8

277
340.6
424.8
416.5
409.3

401
478.7
466.5
454.1
469.5
475.5
416.4
356.6
296.4
301.2
221.3
153.2
123.3

34
35

0.3
110
115

25
70

107
145

5

45
110
118
118
115
125
105

45
120
118

30

Temp.
(K)

(S02)initial
1010
1010
1010
1059
1006
1057
1008

957
957
908
915
863
866
820
820
766
769
721
720
671

EMF F. R.
(mV) (ml/min)
= 8600 ppm

232.3
230

254.2
213

252.7
220

260.8
312.2

384
450.3
366.7

476
424.6
539.9
482.6
550.1
511.3
590.3
542.5
617.7

105
105

70
70
70
70
70
70

0.5
0.5

70
2

70
0. 25

70
0.3

70
0. 25

70
0.5

Cell No. 7
(S02)initial = 10

1026 93
1076 87.4
1026 89.8

976 93.1
979 96.5
933 156.7
930 157.5
882 210.4
886 218.3
886 215
835 266
834 265.2
834 264.3
783 317.7
784 313.3
786 311.8
735 344.1
735 355.9
734 357.1
734 356
685 395.9

ppm
115
115
115
115

5

85
115

55
1.5
115

35
100
115

5

95
115

10
5

65
115

50



251

Type 2 electrode. Cell No. 4

Temp. EMF F^R.
(K) (mV) (ml/min)

(S02)initial = 10 ppm
918
918
871
871
824
875
875
875
918
968
965
965

1018
1018
1018

915
884
866
814
814
821
821
821
771
771
771
721
774
823
872
914

146
165

232.8
222.3

394
405.9
445.3
426.3
395.6

355
294.4

296
285.4
292.1

305
427.1
447.5

458
470.8
472.1
471.5

500
469.4

512
511.2

516
450

352.5
305

268.4
223.3

23
2

2

15
61

2

1

2

2-5
2.5

30
14
14
47
47
45
48
47
75
55
15
10
90
85
50
75

110
105
105
105
105

(S02)initial = 1018 ppm
771
723
672
727
775
821
821
871
922
916
966

487.2
540

558.5
504

462.1
374.7

379
305

246.5
282. 1
265.1

68
40
10
10
10
10

5

5

10
5

5

Temp. EMF
(K) (mV) (

(S02)initial = 1018
1014 236.3
1060 163.9
1111 208
1063 146.1
1012 163.1

966 215.4
920 289
918 319.5
918 318
918 307.5
918 301
918 294.3
918 292.9
918 324
918 304
868 373.5
868 376.9
868 363
868 354
868 346.3
868 343.5
868 340
868 399.6
822 457
821 408
821 392.5
821 386.5
821 423.5
774 460
774 483.5
774 515
722 589
722 559
722 565
668 637

(S02)initial = 8600
871 283.5
871 358.5
871 309.2
825 397.8

825 475
825 435.5
825 485
824 501

F. R.
ml/min)

ppm
5

5

5

5

5

5

5

10
30
70

105
130
140

1

1

1

50
70

105
125
150
170

1

1. 25
50

100
130

30
30

5

1

1

3

2.5
2

ppm
14

1

7

7

0.5
1

0

0.5



Type 2 electrode. Cell No. 8

252

Temp. EMF
(K) (mV)

(S02)initial = 10
1012 68
1012 68
1012 67.5
1042 57.5
1042 62.7
991 61.7
945 88.3
898 139.5
898 135.5
852 199.5
804 258.9
804 262

756 328.3
778 300
766 311.1
823 268
872 191.6
872 179
919 141.6
963 88.1

966 24.4
966 19.5
966 19.2

918 88.5
918 94
918 109.1
872 168.5
872 170.1
825 218.1
825 228.6
777 284.7
728 334.9

677 314.5
680 323.5
680 324.5
709 329.3
757 314.9
806 262.1

824 230.1
853 192.8
900 140
900 128.5
900 105.2

F. R.

(ml/min)
ppm

50
100

30
50
50
50
50
50

120
50
30

5

20
50
50
50
50

100
100
100

50
100

30
20

2

1.5
2

2.5
2.5

2

2.5
2.5
150

5

2.5
2.5

2

2

2.5
2.5
2.5
3.3
100

Temp.
(K)

(S02)initial
1017
1050

997
762
762
762
762
811
858
906
906
906
953
953
953

1000
1000
1000
1000
1049
1015

973
925
878
877
830
830
774
775
721
730
678
678
625

1057
1057
1057
1026
1026
1026

990
990
990
944
944

EMF

(mV)
108

180.2
160.1

203
312.2
284.3
367.4
381.2

330
284.9
267.6
251.7
247.8
264.3
251.6
246.1
182.5
182.8

184
186.2

124
151

212.4
287.3
337.6

328
377.4
368.7
386.7
406.6
451.2

459
510.4

468
554

74.5
75.8
75.8
96.9

98
97.2

141
137.5

134
203.8
189.6

F. R.
(ml/min)
ppm

100
100
100

50
100
2.5
0.3

1

50
50

100
150

30
100
150
150
100

50
5

150
50
50
30
30

150
30

150
30

3

2.5
3

2

150
1.2

10
100

3

30
5

100
10
50

100
30

100



Type 2 electrode. Cell No. 8 (continued)

253

Temp.
(K)

(S02)initial
944
896
896
896
896
850
850
850
850
799
799
751
754
754
754
693
693
653
653
675
675
675
726
726
776
776
821
821
821
821
873
871
871
914
914
960
960
960

1012
1012
1012
1012

966
966

EMF
(mV) (

108
195

275.5
267.3

264
260

348.9
335.6

328
321.4

370
386
448

446.5
430.4
431.8
533.6
517.7

606
607.3

620
615
570

495.5
490.6
418.3
418.2
357.7

352
351.8

353
287.5
286.5

293
261.3
257.5
204.2

201

200.1
126.5
125.7
43.2
53.8

109.1
81.3

F. R.

ml/min)
ppm

Temp. EMF F. R.
(K) (mV) (ml/min)

(S02)initial = 108 ppm
50

5

30
60

100
5

30
60

100
30

2.5
2.5

5

30
30

5

30
50

150
50

150
150

60
100

30
30
30
60

150
100
100
150

30
30

100
30
60

100
50

100
150

50
50

150

966
916
870
870
870
822
822
774
774
725
725
674
805
805
805
853
898
898
950
996
995
995

1023
966
966

116. 4
184.7
249.6
256.5
262.4

299
330.8

386
366

398.4
439.1
381.7
343.7
360.2
335.2
278.3

218
206.8
146.4

77
51.9
70.1
31.7
94.6

105.8

10
5

5

2.5
1. 25

10
0.5

0

5

10
0

0

3.3
0

5

5

5

5

4

2.5
100

30
30
30

4

(S02)initial = 8600 ppm
963
963
963
963

1013
1013
1013
1013
1054
1115
1090
1031

980
931
885
850
850
798

316.5
296.7
322.3
284.5
259.5

250
245.6
237.3

184
119.8

153
224

272.1
321.5
390.8

378
445.2

524

30
100

20
150

50
100
150
200
150
150
150
150
150
150

50
50
10

2.5



254

Type 2 electrode. Cell No. 8 (continued)

Temp.
(K)

(S02)initial
758
758
705
656
604
680
678
731
785
777
777
825
825
874
874
874
917
917
917
917
917
917
917
918
917
965

1013
1063
1063
1114

920
920
920
871
821
774
825
850
900
943
992
992
992
992

EMF' F. R.
(mV) (ml/min)
= 8600 ppm

580.5 0
501 30

645. 6 0
698 0
584 10
668 0.3

669.6 0
621 0

559.4 2
584 0
568 5
499 30
471 100

438. 7 100
427. 5 150
450. 7 30
396. 2 30
386. 8 100
379. 4 150

373 200

368. 3 250
398.2 5
372 0
360 2

348.5 5
295 5

234. 2 50
172 50
173 100

106. 8 100
316. 3 100
331. 4 30
348.2 6
420. 6 2.5
494.7 3

545 1.5
486.3 5
461 5

394.6 5
331 5
261 5

238. 2 50
191 120

246. 7 20

-Log(S02) EMF
(mV) (

Temperature = 964
2. 3 231.7

3 193
3. 3 179.6
2. 7 205.5
2. 5 212.4
3. 5 168.8
3. 5 172.9
3. 7 159.1
4. 3 119.9
4. 5 98.2
4. 5 134.2
4. 3 142

4 160.5
3. 7 190
3. 5 207
3. 5 196
3. 3 208

3 230.2
2. 7 250.2
2. 5 266.2
2. 3 275.5

Temperature =918
2. 3 317.7
2. 5 317
2. 7 308.6

3 286.4

3. 3 274.4
3. 5 276.6
3. 7 260.8

4 238
4. 3 212
4. 5 199.1
4. 5 152.8
4. 3 159.1

4 173.5
4 174.4
4 181.4

3. 7 197
3. 5 207
3. 3 211.3

3 213
2. 7 201.7
2. 7 196.8
2. 5 184

F. R. P(02)
ml/min) (atm.
K

100 0. 21

100
100
100
100
100
100

100
100
100
100 1
100
100
100
100
100
100
100
100
100
100

K

100 1
100
100
100
100
100
100
100
100
100
100 0. 21
100
100
100
100
100
100
100
100
100
100
100



Type 3 electrode. Cell No. 9

255

Temp. EMF
(K) (mV)

(S02)initial = 10
623
623
624
680
682
726
781
776
824
824
824
824
824
872
872
872
872
872
921
946
900
852
805
757
757
757
757
707
657
657
656
656

502.2
457.7
516.7
450.6
435.5
364.8
302.1
285.7
217.2
214.8
216.1
218.5
218.4
137.4
139.7
137.7
140.1
139.8
61.3
18.3
89.6

165.9
232.7
297.9
268.2
245.7

308
376.3
425.4
386.6
424.2
442 .4

F. R.
(ml/min)
ppm

10
150
1.7
1.7
2.5
1.7
1.7
1.7
1.7
1.7
150

30
10
15

100
150

60
10
15
15
20
20
20
20
50

100
5

2.5
2.5

50
t.7
1.7

Temp. EMF F. R.
(K) (mV) (ml/min)

(S02)initial = 108 ppm

(S02)initial = 108 ppm
656
706
759
756
806
804
802
802
802
853
850

453
461.4
399.7
375.8
307.6
260.4
327.5
325.6
323.4
257.1
260.8

5

1

1

0.8
0.9

50
4

1. 25
5

5

5

902
896
943
991
989
993
993
993

1012
965
918
872
872
872
872
824
771
726
727
677
678
918
919
919
919
919
965
965
965
965
965
965
965
965

185.8
192.6
118.5
43.9
47.1
36.1
45.8
46.6
15.3
84.5

154.6
205.6
163.7
220.4
215.4
280.
346
398
412.7
440.7
413.4

314
331.9
319.7
218.5

338
269
278

275.3
175.6
124.6
92.7

112.6
114.2

,5
1

1

5

5

5

5

5

100
5

0.5
5

5

5

5

20
2

1.7
1.7
1.7
1.7

1. 25
0.9
1.4

1

5

6.3
80

3.3
0.7

10
30
80

0

30
10

3.3

(S02)initial = 8600 ppm
966
966

1012
1012
1012
1012
1012
1012
1059

205.6
214
235

142.4
162.5
197.4

213
211.8
144.1

5

3.3
10
80
30
10

3.3
5

5



Type 3 electrode. Cell No. 9 (continued)

256

Temp. EMF F. R.
(K) (mV) (ml/min)

(S02)initial = 8600 ppm

Temp. EMF
(K) (mV)

(S02)initial = 108
1059
1059
1059
1109
1109
1109
1109
1085
1040
1040
1040

993
993
993
946
946
946
946
946
899
899
900
900
900
851
853
803
756

148.5
140.2
146.5
88.6
76.5
64.5

83
116.3
157 . 3
178.7
180.2

198
216.5

248
259
308

228.5
295

300.8
362

304.2
355.8
335.2
360.5
397.2
426.9

486
522.6

30
80

0

0

15
50

5

5

15
2.5
2.5

10
5

1. 25
5

0.7
0

0.9
1. 25
1. 25

0

1.5
5

1.7
2

1

1

0.5

(S02)initial = 108 ppm
758
707
707
707
657
782
824
872
872
872
871
917
964
964

1012

455
524.5

525
547.5
575.4

421
337

229.1
244.9
267.7

264
187

105.4
130.1

65

0

2

.3
0

0.3
0.2

2

1.5
3

1

0.3
0.8
0.6
0.5

0

0

1012
1012

993
947
947
900
899
900
854
805
710

32.8
40

69.8
125

142.6
143.3
232. 1
179.1
296.4

368
419

F. R.

(ml/min)
ppm

1.3
0.5
0.2
2.5
0.2
0.5

0. 15
0. 33

0.2
0

(S02)initial = 10 ppm
710
710
710
761
761
808
808
856
856
902
902
949
949
967
921
921
874
826
826
778
778
730
681
680
627
627
681

378
417.5
427.3
356.9
371.7
298.8
291.6

197
215.4
134.1
143.4
60.5
72.4
29.7
88.4

103.4
163.9

211
213.8
274.5
283.4
337.4

385
390.2
402.9
407.8
381.1

20
2

0.4
3.3
0.5
3.3
2.5

2

0.5
1.7
0.7

2

0.5
5

5

0.8
1

0.5
3.3
3 .3
0.8
0.7
0.7
0.2
0.2

0. 33
3.3



257

Type 3 electrode. Cell No. 10

Temp. EMF F. R.
(K) (mV) (ml/min)

(S02)initial = 108 ppm
965 118 0.5

1008 22 50
1008 22. 5 50
957 90 30
959 95. 1 20
959 100.4 5
959 97 5
959 97. 2 6.6
914 150. 4 10
914 160. 7 3.3
914 160. 7 3.3
866 217. 7 3.3
866 219.5 2
822 277. 4 0.4
771 339 0.4
726 398. 7 0.4
675 398. 5 0
755 357. 4 0
756 361.5 0
804 296 1
850 242. 1 0.3
850 238 1
850 212. 2 5
850 239 0.7
900 182. 6 0.7
946 121. 7 1.1
992 54.9 1
990 45. 9 40
990 24 100
990 60. 4 2

1028 12.7 2
1028 13 2
1028 13.4 0
1008 34. 4 20
1008 35.8 5
1008 33. 4 0
1008 36. 3 10
961 100. 4 10
962 93 20
962 96. 9 10
962 101 5

Temp. EMF
(K) (mV)

(S02)initial = 10
962 19.2
962 19.6
962 20.4
962 21.5
916 97
916 83.5
916 70
916 81.2
916 84.1
876 129.4
831 195
830 193.2

784 259.6
783 255.8
783 258.7
736 323.4
685 416.8
770 284.4
726 330.7
680 374.3
743 308.8
787 240.1
787 225.5
787 233.6

815 204.7
815 210.1
815 214.7
858 158.3
858 158.1
903 109

903 104.2
903 84.9
903 70.4
903 60.5
902 90.2

902 90.5
945 41.7
945 40.8

F. R.
(ml/min)

ppm
40
30
20
10
10

3.3
40

1

5

5

0.2
1

0. 15
1

0. 15
0. 15
0. 15
0. 15

0.4
0.4

0. 33
0.2
2.5

1. 25
1

0.2
0. 15
0.6

1

1

5

20
80

120
15
15
15
10



Type 3 electrode. Cell No. 10 (continued)

258

Temp. EMF F. R.
(K) (mV) (ml/min)

(S02)initial = 8600 ppm
945
945
990
989
989
903

309.5
274.2
237.2

213
216

356.7

(S02)initial = 10 ppm
903
914
914
914
914
870
843
797
752
705
657
657
696

201
117.6
93.7
66.3

91
148.1
183.6
245.6
311.8
376.6
421.5
427.2
392.5

0.5
10
10
15
15

0. 15

30
15
20

150
20
15
15
15
15
15
15

0.9
0.9

(S02)initial = 8600 ppm
695
743
789
834
878
923
923
966
966
966

1012
1062
1058
1108
1108
1146
1115
1071
1020
1024
1024
1024
978

388
435.7

420
409

395.8
346
320

284.7
248
282

218.3
144
150

79.3
74.9
21.8
73.3

144.5
211.6
201.6
192.6

211
266

0.5
1. 25
1. 25
1. 25

1

1.7
5

5

15
2

2

2

2

2

2

2

5

5

5

1.7
10

3.3
3.3

Temp.
(K)

(S02)initial
978
933
889
844

(S02)initial
844
800
752
752
752
752
706
706
706
687
735
735
782
827
871
917
915
960

1006
1032
1032
1032
1032

986
986
986
943
943
898
853
806
806
806
762
762
716

EMF
(mV) (

8600
273
326

379.3
432

108
311.4
367.4
419.6

446
455
460

510.8
490.6
507.8
521.4
468.8
474.5
405.6
346.6
270.5

193
203

138.5
51.7
16.2
22.4
20.6

21
87.5
89.9
93.2

139.7
157.5
214.8

280
335.9

337
343.3
394.5
395.3

454

F. R.

ml/min)
ppm

1.7
1.7
1.7
1.7

ppm
10
10
10

5

3.3
1.5
1.1

2

1.7
1.7
1.7
1.5
1.7
1.7
1.5
1.5

2

2

2

2

15
40

3.3
3.3

7

1.7
1. 35
2.5
1.7
1.7
1.5

1. 25
0.6
0.5
0.3
0.8



Type 3 electrode. Cell No. 10 (continued)

259

Temp.
(K)

(S02)initial
842
835
834
834
882
882
933
933
978

1028
1028
1076
1076
1044
1044

991
993
951
902
854
854
854
804
754
754
755
703
650
575
626

EMF

(mV)
980

359.8
383

385.5
391.2
312.8
330.4
255.4
255.2
157.6

82. 3
82.6
16.8

15
51.5
52.1

131.7
129.2
200.9
268.8

336
340

342. 1
406.9

454
457.4

467
509.5
523.6
362.8

574

F. R.
(ml/min)
ppm

10
8

1. 25
0. 3 <
0.5
0.9
1.1
1.1
1.1
1.1
1.1
1.1
1.2
1.1
1.1
1.1
1.1
1.1
1.1

1

0

0.4
0.6
0.6
0.6
0.4
0.3

0. 15
2

0

Temp.
(K)

(S02)initial
670
722
774
823
872
920
969

1016
1062
1062
1062
1083
1082
1032
1032

985
985
985
936
936
888
830
830
793
793
740
740
690
633
583

EMF
(mV)

980
557.6
517.2
455.9
383.3

305
247.6
179.3
104.2

35
58.4
63.6
35.6
46.7

112.7
121.1
175.4

179
185.6
242.1
248.3
310.6
367.5
374.8
432.8
439.5
492.7
491.4
516.1
530.8

446

F. R.
(ml/min)
ppm

0

1

0.1
0.2

1

1

1

1

1

40
8

8

10
10

3

3

2

1

1

i.5
.5
i.5
.2

0.5
0.2
0.2
0.2

0

0

0



260

Cell No. 11, 0. 9Ca00. 72Mg05. 5A1203 as electrolyte

Temp
(K)

(S02)initial
1012
1060
1110
1110
1162
1162
1162
1162
1162
1162
1162
1214
1267

EMF F. R.
(mV) (ml/min)
= 980 ppm

582. 3 20
565. 2 20
533. 2 20

525 20
290 20
212 20

160. 3 20
165. 1 20
178. 9 80
201. 4 150
201.9 6
184. 6 10

95 10

Cell No. 12
(S02)initial = 11 ppm

914
914
914
965

1008
1060
1108
1160
1160

92.1
76.5

108.5
100.4
111.5

116
123.9
110.6
108.7

15
3

50
15
15
15
15
15

1

Temp

(K)
(S02)initial

1264
1264
1314
1314
1314
1314
1314
1367
1367
1367
1342
1342

EMF F. R.
(roV) (ml/min)
=980 ppm
88. 3 10
88.1 1
66.7 1
69. 6 1
72.9 1
70.5 1
70.8 1
66 1

69. 1 1
62 10

63. 4 10
64. 8 10

(S02)initial
1156
1156
1156
1206
1206
1206
1206
1206
1206
1218
1179
1129
1129
1129
1080

= 980 ppm
406 60

397. 5 43
388. 1 20
508. 1 25
516. 7 55
521. 3 90
523. 6 140
524. 3 180
525. 4 250
294. 1 30
245. 7 15
293. 1 60
199. 3 20
240. 8 90
231. 5 75



261

Cell No. 12, 0. 9Ca00. 72Mg05. 5Al203 as electrolyte

Temp
(K)

(S02)initial
1080
1034

985
937
937
937
890
842
794
854
899
946
996

1046
1094
1141
1191
1191
1241
1292
1292
1348
1318
1265
1214
1165
1115
1066
1016

969
921
867
868
868
868
824
822

EMF

(mV)
101

218.5
244
280
306
351
368
308

322.4
321. 6

305
323.9

290
253.5
220.5
168.8
145.3
103.5
127.2
177.2
83.9

101.2
73.4

83
97

126
110.3
131.5
159.8

210
267.3
301.3
310.3
405.5
359.5
306.2
262.8
348.1

F. R.
(ml/min)
ppm

65
60
60
60
45
85
60
60
60
60
90
85
80
80
80
70
70

180
70
65

180
60
60
60
90
90
90
90
85
85
85
85

180
150

80
70

180

Temp EMF
(K) (mV)

(S02)initial = 11
822 251.8
822 307.5
873 257.7
920 239.7
970 218.4
970 181.3

1065 129
1115 101.5
1165 79.9
1215 89.9
1215 99.4
1215 78.5
1267 78.1
1266 84.5
1320 79.8
1319 70.3
1286 76.3
1233 83.9
1184 94.3
1135 112.6
1086 118.6
1037 128

987 196.9
949 245
890 275
853 275
804 293.3
754 302.8

F. R.
(ml/min)
ppm

75
150

90
85
80
85
80
80
75
65

150
15
45

120
85
50
80
80
80
80
80
80
80
75
80
90
80
90
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