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The use of yttria-stabilized zirconia (YSZ) electrodes of the type 
Hg/ HgO /ZrOz(Y203)/H § for measuring pH in aqueous solutions at high 
subcritical (150 < T < 374~ and supercritical temperatures (T > 
374~ is reviewed. The construction and operation of the YSZ and refer- 
ence electrodes employed in these studies are described and their applica- 
tion in measuring the pH of a variety of technologicaUy-important aqueous 
system is discussed. We show that the YSZ electrode is thermodynam&aIly 
viable at temperatures into the supercritical region, and that it is a 
primary pH sensor in that calibration is not necessary, provided that the 
activity of water is known. However, highly accurate pH measurements at 
high subcritical and supercritical temperatures will require the develop- 
ment of mare accurate reference electrodes. 
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1. Introduct ion  

The activity of hydrogen ion aH§ is a key parameter in describing 
the thermodynamic and kinetic properties of processes occurring in 
aqueous solutions. Because of the wide range over which aa § may vary 
(practically from > 1 to < 10 "14 at 25~ due to the magnitude of the 
dissociation product of water (Kw = 10 "14 at 25~ it is common 
practice (z) to express ari § on a logarithmic scale as pH 

pHT = - log (a t  + ) = - lo g (mH § ~,H § ) (1) 

where ma § and ~§  are the molal concentration and activity coefficient of 
an hydrogen ion, respectively, in the system. 

The quantity defined by Eq. (1) may be termed the "ther- 
modynamic pH," because it is expressed in terms of the hydrogen ion 
activity. However, it contains a quantity ~ §  that is not experimentally 
accessible. For this reason, other definitions have been employed, (~;') 
including those related to various concentration scales (as opposed to 
activity) 

prim = - 1 og (mH +) (2) 

prim = - l o g  (Mri +) (3) 

where Mn + is the molar hydrogen ion concentration. As pointed out by 
Mesmer, (2) the definition afforded by Eq. (2) [and hence also by Eq. (3)] 
offers the significant advantage that the pH can be expressed as 

prim = - log  (an § acl-) + log inca- + log (y~ sic1) (4) 

in that all of the quantities on the right hand side are known (mcl-) or 
can be measured ( a i ~ + a c l - , y + , n C l )  directly. Thus, ari§ - can be 
measured using the Hamed cell without liquid junction and ~'e ~ca is also 
often known from direct measurements. 

Notwithstanding the confusion that sometimes results because of 
the existence of multiple definitions of 'pH, '  the choice of any particular 
definition is normally made for operational convenience, either because 
a particular pH sensor is calibrated against standard buffers or because a 
particular electrochemical cell is employed in the measurements. In the 
present work, we define pH in the thermodynamic sense [Eq. (1)], prin- 
cipally because the pH sensor employed in the majority of our studies 
(the yttria-stabilized zireonia electrode) senses hydrogen ion activity. 
This definition has the distinct advantage that it is directly related to a 
well-defined thermodynamic scale [the Standard Hydrogen Electrode 
(SHE) scale], but it has the disadvantages that the pH can only be re- 
lated to the other definitions by knowing the activity coefficient for I-I +, 



pH in Sub- and Supercritical Aqueous Systems 851 

Id•WitlJ 
(PI or SI601) 

Teflon Tubing 

~eel  Safety w~ner 

Tellon Seal 

~ l ~ e ~  R~erencs 
Eleclmde H ~  

Fig. 1. Typical Yttria-stabilized zirconia pH sensor. 

(which is not accessible experimentally) and that the isothermal liquid 
junction potential must be estimated. 

It is not our intention, in this paper, to review the many techniques 
for measuring pH. Instead, we restrict our discussion to one specific 
electrode [the yttria-stabilized zirconia (YSZ) membrane electrode] for 
measuring pH in aqueous systems at elevated temperatures, (3) and we 
review recent efforts in our laboratory to extend pH measurements to 
supercritical temperatures. To our knowledge, the work reported here 
represents the first attempt to measure pH at temperatures above the 
critical temperature of water. 

2. E x p e r i m e n t a l  T e c h n i q u e s  

2.1. The Yttria-Stabilized Zirconia Electrode 

The yttria-stabilized zirconia (YSZ) sensor was originally 
described by Niedrach in 1980 as a reference electrode and pH sensor, 
and was subsequently used extensively to measure the pH of aqueous 
solutions at subcritical temperatures up to 300~ by Macdonald and 
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coworkers (3's'7) and others (s). This electrode has proven to be rugged and 
serviceable, and is currently well-suited for physico-chemical investiga- 
tions in high temperature aqueous systems, when high accuracy is not 
required. The current restriction on accuracy, however, is not an in- 
herent limitation of the YSZ sensor but arises because of the current 
lack of a correspondingly accurate reference electrode, as discussed later 
in this paper. 

Typically, a YSZ pH sensor consists of an oxygen ion-conducting 
ZrO2 (9% Y203) ceramic tube containing a metal/metal oxide reference 
element (Fig. 1). Accordingly, the sensor may be represented in the for- 
mal sense as 

M/MxOy [ ZrO2(Y203) [ H +, H20 (5) 
r I qbz, r r II  r 

where r is the electrical potential and subscripts (r,r), (z,r), (z,s), and 
(s, s) denote the reference side of the reference interface (1), the ceramic 
side of the reference interface, the ceramic side of the YSZ/solution in- 
terface (II), and the solution side of that interface, respectively. Because 
YSZ is exclusively an oxygen ion conductor, the reactions that occur at 
interfaces I and II can be written as 

(1/y)MxOy + VO + 2e' ~ Oo + (x /y)M (6) 

Vo + HzO ~...---~ Oo + 2H + (7) 

respectively, where Vo  designates (in Kroger-Vink notation) an oxygen 
vacancy in the YSZ lattice (with double positive charge) and Oo sig- 
nifies an oxide ion in a normal anion site in the lattice. At equilibrium, 
the sum of electrochemical potentials 

ft. = ~t ~ + R T l n a i  + z iF~ (8) 

for species on each side of reactions (6, 7) must  be equal, where go is 
the standard chemical potential, ai is the activity of the i ~ species (of 
charge zi), and # is the electrical potential in the various phases as 
shown in Cell (5). Equilibrium at the two interfaces therefore stipulates 
that 

q~r,r -- •z,r = - A g ' ~ / 2 F + ( R T / 2 F ) l n ( a v b , r )  (9) 
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Cz,s - ~s,s = -AIx~/2F - (RT/2F) In (ave5, s) - (RT/2F) In (an2o) 

- (2.303RT/F)pH (10) 

where A~t ~ is the change in standard chemical potential; (ave,r) and 

(av6,~) are the activities of oxygen vacancies Vo in the YSZ membrane 
at the reference (M/MxOy) and solution sides, respectively, and anzo is 
the activity of water. Subscripts r and s are defined as referring to the 
reference side and the solution side, respectively, of the membrane with 
the additional definitions given above. Subtraction of Eq. (10) from Eq. 
(9) yields the potential of the YSZ sensor on the standard hydrogen 
electrode (SHE) scale as 

RT 2.303RT 
E = ~xOy- (~ - f f ) ln (an2o) - (  ~ -)pH (11) 

where the standard potential ~xOy is related to the change in standard 

chemical potential AIx~ for the reaction 

(1/y)MxOy + H2 <__---) (x/y)M + H20 (12) 

by ~MxOy = -AI.t~/2F (13) 

The analysis described above leads to a number of very important 
consequences for the performance of the YSZ pH sensor: 

1. The equilibrium potential is independent of the properties 
of the ceramic membrane, provided that the measurement is 
made potentiometrically (r = ~z,s) and the ceramic is of 
uniform composition and defect structure (av~j,r = av~5,~). 

2. For a given water activity and pH, the equilibrium potential 
depends only on the standard potential of the internal refer- 
ence couple. Consequently, the YSZ sensor is a primary 
pH electrode (i.e., it does not need calibrating). Further- 
more, the best internal reference has a stoichiometric com- 
position, a single oxidation state, and accurately known 
thermodynamic properties. Of all the metal/metal oxide 
couples available, Hg/HgO appears to fulfill these require- 
ments most completely. Other couples that have been 
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employed (e.g., Cu/Cu204 or oxygen gas 8) are not suitable 
for highly accurate work, because one or more of the con- 
ditions stated above are not met with sufficient precision. 
However, because of the toxicity of mercury, other couples 
may be desirable for many applications at the expense of 
accuracy. In this regard, we have found that Ag/Ag20 and 
Ni/NiO are both quite acceptable as intemal reference ele- 
ments. Although the thermodynamic stability of Ag20 
above 150~ is questionable, our data showed that AgzO is 
kinetically stable even at 275~ for short periods of time. 
The lack of stoichiometry in NiO is a matter of concern for 
accurate laboratory work, but the Ni/NiO couple does ap- 
pear to be suitable for the purposes of pH monitoring in in- 
dustrial environments. 

. Because ZrO2(Y203) is a wide band-gap material, 
electronic conductivity is negligible so that the YSZ sensor 
does not respond to changes in the redox potential of the 
system. This is a most important property of the YSZ 
electrode, because the redox potential may be adjusted to 
stabilize a species of interest in the solution. For example, 
the YSZ sensor could be used to study the hydrolysis of 
Cu 2* by stabilizing Cu(II) with oxygen, whereas the same 
measurements are not feasible using a hydrogen electrode. 

The advantages outlined above are partially offset by the need to 
know the activity of water. For dilute solutions, the error incurred in ig- 
noring the water activity term (i.e., by assuming an2o = 1) is negligible 
for all but the most accurate work, but at high ionic strengths the con- 
tribution of this term to the pH can be substantial. We have found that, 
for most applications, the activity of water may be estimated from os- 
motic coefficient data for NaC1 solutions (Liu and Lindsay ~ at equiv- 
alent ionic strengths. We caution, however, that this must be regarded 
as a first approximation only, and that highly accurate work may require 
the simultaneous measurement of the activity of water by independent 
means (e.g., by measuring the vapor pressure). Another problem ex- 
perienced when using the YSZ sensor arises from the high electrical 
resistance of the ceramic membrane, particularly at lower temperatures. 
Typically, the resistivity of the membrane changes from 1 0  7 - 1 0  8 ~"2-cm 
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Fig. 2. External pressure-balanced reference electrode assembly. 

at 100~ to < 105 ~-cm at 300~ The resistivity at the lower tempera- 
tu;e is sufficiently high to give rise to considerable electrical problems 
in measuring the cell voltage due to stray current leakage around in- 
sulated fittings. Practically, we have found that the lower temperature 
limit for reliable pH measurements is about 125~ 

2.2. Reference Electrodes 

In determining the pH of a solution, the parameter that is actually 
measured experimentally is the voltage of the YSZ sensor against a 
suitable reference electrode. Before describing the types of reference 
electrodes that have been used in high temperature aqueous solution 
studies, it is first necessary to identify those characteristics that are 
desired in reference electrodes for reliable pH measurements, (~~ par- 
ticularly at elevated temperatures (T > 100~ The desired properties 
are as follows: 

1. The electrode needs to be sufficiently rugged to withstand 
the high temperatures and pressures inherent in these 
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studies and to survive the large changes in temperature and 
pressure associated with heat-up and cool-down of the ap- 
paratus. 

. The electroactive element of the reference electrode must 
be thermally and chemically stable at the prevailing tem- 
peratures, and must not exhibit a mixed potential associated 
with non-conjugate anodic and cathodic reactions. 

. The internal solution in contact with the electroactive ele- 
ment should be well-defined thermodynamically, in that the 
activity of  the potential-determining ion must be known at 
the temperature, pressure, and concentration of interest. 

. The transport properties and concentration of the internal 
solution should be such that the liquid junction potential 
between the intemal and external environments is reduced 
to as low a value as possible or can be estimated reliably. 

5. A most important characteristic of  any reference electrode 
is that its potential must be related to a rational ther- 
modynamic scale (e.g., the SHE scale), either by calcula- 
tion or by direct calibration. Care must be taken to ensure 
that, in the first case, the electrode operates in the true equi- 
librium state and, in the second, the reference electrode 
potential is reproducible and reversible and does not exhibit 
significant hysteresis over the entire range of conditions (T, 
P, composition) of operation. 

Broadly speaking, the reference electrodes that have been used in 
high temperature aqueous studies can be divided into two classes: (i) ex- 
ternal reference electrodes of which the External Pressure Balanced Ref- 
erence Electrode 0EPBRE) is the most prominent member, and (ii) inter- 
nal reference electrodes (IREs). It is not our intention to review refer- 
ence electrode technology in detail, because this has been done 
elsewhere. (1~ Instead, we will concentrate on EPBREs, which have 
been used extensively at high subcritical temperatures, (12) and on two 
novel IREs, both of which show promise for extending pH measure- 
ments above the critical temperature of water (374~ 
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(i) External Pressure Balanced Reference Electrodes. The 
EPBRE was introduced by Macdonald, Scott, and Wentrcek ~z) in 1981 
in an attempt to produce a highly stable reference electrode for monitor- 
ing potentials in high temperature aqueous systems over extended 
periods of time. The principal problem that this design attempted to ad- 
dress was the thermal hydrolysis of the electroactive element (e.g., AgC1 

AgzO --4 Ag) that has plagued aqueous electroIyte internal reference 
electrodes when operated for long times at high temperatures, par- 
ticularly under reducing conditions. <~) The EPBRE (Fig. 2) addresses 
this problem by maintaining the electroactive Ag/AgC1 element at am- 
bient temperature, at the expense of forming a thermal liquid junction 
potential along the non-isothermal electrolyte column contained in the 
deforrnable PTFE inner compartment. A deformable compartment was 
employed so that volume changes on pressurization could be accom- 
modated without significant flow through the porous zirconia, isother- 
mal liquid junction. Furthermore, deformation of the PTFE compart- 
ment transmits pressure pulses into the internal solution, thereby 
preventing thermal diffusion and hence the establishment of a Soret 
steady state. Accordingly, the EPBRE is designed to operate in the 
Soret initial state, and the thermal liquid junction potentials derived 
from calibrating the electrode refer to this condition. It is important to 
note that the EPBRE is strictly a non-equilibrium electrode because of 
thermal diffusion. In principal, the potential of the EPBRE can be cal- 
culated by knowing the entropies of transport of K § and CI- and the 
thermodynamics of KC1 solution at the cold end of the junction. In 
practice, however, it is much more convenient to calibrate the electrode 
against an Ag/AgC1, internal reference electrode in a solution of the 
same KC1 concentration as the EPBRE internal solution (0.1 m), so that 
the isothermal liquid junction potential is zero. Typical calibration data 
are shown in Fig. 3 and have been expressed in polynomial form as 

Esrm(T) = Eobs + 0.286637- 1.003217x103AT 

+ 0.0174478x10-SAT 2 - 0.3030048x10-gAT 3 (14) 

where Esaz(T) is the potential of the indicator electrode on the SHE 
scale at temperature T, Eobs is the observed potential with respect to the 
EPBRE, and AT= T-298.15K.  A somewhat more accurate correlation, 
extending to temperatures as high as 400~ was recently determined in 
our laboratory as 

EsI-iz(T) = Eobs + 2.8159x10 "3 + 4.2802x10-nAT - 2.8170xl0VAT 2 
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- 1.2650• 3 + 7.4738• 4 (15) 

which is in good agreement with that of Bogaerts (14) for temperatures 
from 25 to 300~ (the extent of his calibration). Thermal liquid junc- 
tion potentials (TLJPs) for alkali halide solutions have been calculated 
from data of the type summarized above and some of the TLJP data are 
plotted in Fig. 4. The thermal liquid junction potential is found not to be 
a strong function of concentration and to be nearly independent of the 
identity of the cation. Finally, the thermal liquid junction potential data 
could be accounted for quite well by a simple ion in a uniform dielectric 
medium model, indicating that the principal contribution to the potential 
is electrostatic in nature. (is) 

The isothermal liquid junction potential (ILJP) that is established 
by ionic diffusion across the porous zirconia plug (Fig. 2) must be cor- 
rected if accurate pH values are to be derived. In principle, the ILJP can 
be calculated using the following equation 
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Tab le  I.  Calculated Isothermal Liquid Junction Potentials for  
the Junction 0. lm KC1/lm N aO H  

T(~ E~ enders~ E~j orrb ETj c EjM esmerd 

25 47.0 -3.0 44.0 29.6 
50 49.2 -3.3 45.9 31.1 
100 48.0 -3.6 44.4 31.0 
150 45.1 -3.9 41.2 29.7 
200 423 -4.2 38,0 28.2 
250 40.0 -4.8 35.2 27.0 
300 38.7 -5.9 32.9 26.3 

a Equation (17). b Activity coefficient correction, c Equation (16) assuming concentra- 
tion-independent transport numbers, d Ref. 2 mean concentration approximation. 

Ej = - --if- ~i (ti/zt)dlnai (16) 

where ti is the transport  number  for  the i th ion (charge z0, ai is the ion 
activity (ai = miTi), and the integral is evaluated across the junct ion from 
phase (1) to phase (2). By  ignoring activity coefficient  effects, Eq. (16) 
reduces to the Henderson (16) equation 
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RT W2 - W: U2 
Ej = F U2 - Ux In (~-~1) (17) 

where U = 2 ljlzj[rnj, w = 2 ~ilzilmi/zi 
J 

and the subscripts I and 2 designate the boundaries of the junction. Be- 
cause activity coefficient effects are ignored, Eq. (17) provides only a 
rough approximation of the actual liquid junction potential, which be- 
comes less reliable as the ionic strength increases. An even more ap- 
proximate form of Eq. (16) is commonly used (2':7) and is obtained by 
writing dln(m.O- dmi/~ where rni is the average concentration of 
species i across the junction. However, this approximation breaks down 
badly when the liquid junction potential exceeds a few tenths of a mil- 
livolt, and it is not recommended unless conditions are chosen that this 
constraint is fulfdled (e.g., by using very high KC1 concentrations in the 
electrode). The importance of activity coefficient effects and the 
viabilities of various approximations to Eq. (16) have been recently ex- 
plored by Pang and Macdonald (:8) and will be published shortly. The 
importance of using the full form of Eq. (I6) for estimating ILJPs is il- 
lustrated in Table I for the junction 0. lm KCll lm NaOH at temperatures 
ranging from 25 to 300~ Thus, the activity coefficient correction (/br 
this particular case) is 7-12% of the ILJP calculated using the Hender- 
son equation, and the potential, calculated using Mesmer's 
approximation, (2) are more than 25% lower than the value estimated 
using Eq. (16) over the entire temperature range. It should be noted that 
even the latter value is an approximation because the concentration 
dependencies of the transport numbers have been ignored. Given  the 
difficulties inherent in estimating ILJPs it is recommended that the con- 
ventional approach of suppressing liquid junction potentials using a 
suitably high KC1 concentration on the left side of the junction be 
employed if at all possible. However, the viability of this approach 
depends heavily on the composition of the solution on the right side of 
the junction and for highly concentrated solutions suppression may not 
be possible. 

Compared with an Ag/AgC1, (KC1 solution) IRE of the type 
originally used by Greeley et al . ,  (19) the EPBRE is less accurate due to 
the uncertainty in the TLJP. However, EPBREs offer considerable ad- 
vantages in terms of long term stability and serviceability, and they are 
ideally suited for measuring potentials in systems where moderate ac- 
curacy is acceptable (e.g., in corrosion and solubility studies). For 
highly accurate pH studies, internal reference electrodes are still 
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preferred, but they must be handled with care to avoid potential drift due 
to the thermal hydrolysis of the reference element. 

(ii) Internal Reference Electrodes. The general design and opera- 
tion of IREs has been discussed at length elsewhere, (11~~ so that the 
present discussion is restricted to two recent innovations that were made 
to extend the temperature of operation above 300~ and ultimately into 
the supercritical region (T > 374~ The principal drawback of IREs 
based on the Ag/AgC1, (KC1 soln.) electroactive element is thermal 
hydrolysis of AgC1, which generates a mixed potential rather than an 
equilibrium potential as well as changing the chloride activity. 
Nevertheless, the Ag/AgC1 element is one of the most accurate and serv- 
iceable in electrochemistry, so that considerable incentive exists for 
retaining its use in the study of high temperature aqueous systems. In an 
attempt to increase the temperature range over which this reference sys- 
tem may be used, we recently devised a polymer electrolyte reference 
electrode consisting of  a KC1 electrolyte dispersed in an epoxy matrix 
(Fig. 5). The electrolyte sets as a rubber, with the result that the 
electrode within the pressure vessel is easily manipulated to produce the 
optimum configuration. The performance of this electrode is shown in 
Fig. 6. Because the thermodynamic properties of KCI in the electrolyte 
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Fig. 6. Performance of the polymer internal reference electrode as function of tempera- 
ture. The potential of the electrode was measured against that of a hydrogen electrode in 
the same solution saturated with hydrogen at ambient temperature. 

are ill-defined, it is not possible to calculate the potential a priori from 
theory. Nevertheless, the electrode is readily calibrated and has 
provided stable performance over many hours at temperatures as high as 
275~ In one instance, polymer electrolyte reference electrode was in- 
advertently taken to -340~ for a short time with no apparent ill- 
effects. 

In the second case, we devised a Ag/AgC1 electrode with a soda 
glass (KCI) electrolyte. While this electrode exhibits extraordinarily 
high impedances at low temperatures, the impedance of the electrolyte 
is sufficiently low at temperatures above 300~ that it can be used for 
potential measurements. However, as with the polymer electrolyte 
electrode, the glass electrolyte reference electrode must be calibrated to 
the SHE scale because the thermodynamic properties of KC1 in glass are 
u n k n o w n .  

3. Thermodynamic Viability 
Although we have previously published (a) our findings on the 

thermodynamic viability of the YSZ electrode, it is worth repeating 
some of the details here because they indicate the level of precision that 
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the YSZ electrode is capable of  when measuring pH. The most effec- 
tive way of  assessing the thermodynamic viability is to measure the 
potential of  the YSZ electrode against an electrode whose pH response 
is known (or assumed a priori)  to be Nemstian. The most suitable 
electrode for this purpose is the hydrogen electrode, and plots of  this 
type for temperatures of  200 and 300~ are shown in Figs. 7 and 8. 
Each point in these plots refers to a different solution, which were 
chosen to span the high temperature pH range from about 3 to 9, as in- 
dicated by the upper scale. The pH values listed on the upper ordinate 
were calculated from the potential of  the hydrogen electrode measured 
against an EPBRE on the SHE scale. 

From Eq. (11) and the Nemst equation for the H2/H + system, we 
may express the potential of  the hydrogen electrode En as a function of  
that for the YSZ electrode Evsz, both measured against a common refer- 
ence electrode, as 

2.303RT 
ErI = Evsz - ~ngatgO ~ [logfa2 -- logart2o] (18) 

Because the solutions employed in this analysis are relatively dilute, 
aH2o - 1, and since the fugacity of  hydrogen was established under am- 
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bient conditions by sparging the reservoir, fr~z is constant (ignoring small 
salting-in/salting-out corrections). Accordingly, the last term on the 
right hand side of Eq. (18) is constant (as is ~H~gO for any given tem- 
perature), so that a plot of EH VS. Eysz should be linear, as observed, 
only if the YSZ electrode exhibits a Nemstian dependence on pH. Fur- 
thermore, the intercept at Evsz = 0 is found to be in accord (to within +5 
mV) with the known standard potential of the Hg/HgO couple. Interest- 
ingly, the point for 0.01m B(OH)3 was found to lie to the left of the cor- 
relation by an amount that decreases rapidly with increasing tempera- 
ture. The fact that the problem lies with the YSZ electrode is clearly 
evident by noting that the pH of 0.01 m B(OH)3 at 200~ is 5.4, as 
determined by calculation and measurement using a hydrogen electrode 
against a suitably calibrated reference. This anomalous behavior dis- 
appears when a small amount of LiOH is added to the solution, as 
shown in Fig. 7. 

A second feature of the data plotted in Figs. 7 and 8 is that they 
indicate the level of precision that may be achieved in the measurement 
of pH using a YSZ electrode in the absence of errors in a reference 
electrode. Close examination of these data indicates that the YSZ 
electrode is precise [i.e.,  conforms to Eq. (11)] to better than _+ 10 mV at 
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200~ and to better than +5 mV at 300~ with much of these dif- 
ferences being traceable to variations in the last term in Eq. (18) from 
solution to solution. Accordingly, when using a precisely calibrated ref- 
erence electrode, the YSZ sensor should be capable of yielding pH 
values to better than +0.05 units. This level of precision renders the 
YSZ electrode quite suitable for precise thermodynamic and solution 
chemistry measurements. 

Another way of displaying and assessing the thermodynamic 
viability of the YSZ electrode is to replot (Fig. 9) the data as a function 
of temperature as 

K~u ,3? ,r 
2.303RT lo H mz n(H 

AE = L~Hgmgo+. 2F g[(~)(~zHz) - - ~ ) ]  (19) 

where Kn is Henry's constant for hydrogen in water, ~z  is the activity 
coefficient for hydrogen, frh is the fugacity, and anzo is the activity of 
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water. The superscripts "o" and "T" designate the reference temperature 
of 25~ and test temperature, respectively. In deriving Eq. (19), we 
have included corrections for the activity of water and for the salting- 
in/salting-out of hydrogen, as described elsewhere, o) For example, 
water activities were calculated from the extensive data of Liu and 
Lindsay (9) for NaC1 solutions using the "equivalent ionic strength" ap- 
proximation. Salting-in/salting-out was corrected using the Sechenov 
coefficients listed by Naumov et  al. Czl) As can be seen from Fig. 9, data 
for the solutions agree quite well with the theoretical behavior (to within 
+0.1 pH unit), again indicating the viability of the YSZ sensor and the 
validity of the corrections for non-ideality (although the corrections are 
very small). For the more concentrated solution (lm Na2S04), and for 
phosphoric acid at lower temperatures, the level of agreement is not 
quite so good, reflecting the lower reliability of non-ideality corrections 
for more concentrated solutions (in the case of lm Na2S04) or because 



pH in Sub- and Supercritical Aqueous Systems 867 

-1- 
o .  

of excessive corrosion of the stainless steel cell (for phosphoric acid). 

4. A p p l i c a t i o n s  

In this section, we describe recent applications of the YSZ sensor 
for measuring pH in aqueous solutions under extreme conditions of tem- 
perature, pressure, and composition. Emphasis is placed on demonstrat- 
ing the versatility of the electrode for measuring pH in a wide variety of 
systems, many of which are of relevance to the electric power industry. 
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Fig. 11. Plots of pH vs. temperature for lm NaOH +lm Na2SO4 + 2m B(OH)3 solution. 

4.1. The B(OH)JOH- System 

Boric acid is used in the primary circuits of pressurized water 
(nuclear) reactors (PWRs) as a nuclear "shim" ( i .e . ,  to control reac- 
tivity), because of the high capture cross section of boron for neutrons. 
However, absorption of neutrons produces lithium so that, as bum up of 
the fuel proceeds, the pH of  the primary heat transport fluid gradually 
increases. Because the acidity of the water can have a significant im- 
pact on corrosion and on mass and activity transport processes, a 
detailed understanding of the chemistry of the B(OH)dLiOH system is 
essential for effective control of these phenomena. Although several 
studies of this system under PWR primary circuit conditions at tempera- 
tures up to - 300~ have been reported previously, including the exten- 
sive and highly accurate work of Mesmer e t  al . ,  m )  measurement of the 
pH of various B(OH)3 + MOH (M - alkali metal) solutions as a func- 
tion of temperature provide a good test of algorithms that have been 
devised to model the chemistry of the primary fluid. 

One such test is shown in Fig. 10, in which pH vs.  temperature 
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Fig. 13. Plots ofpH v s .  temperature for lm NaOH + lm Na2SO4 + 20m B(OH)3 
solution. 

correlations calculated for a variety of B(OH)3 + KOH solutions (KOH 
was chosen to avoid complications associated with ion pairing between 
Li § and OH-) using the Electric Power Research Institute's MULTEQ 
code (23) are compared with experimental data. Good agreement is ob- 
served in most cases, with the two data sets seldom differing by more 
than 0.2 pH units. 
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In a somewhat more ambitious study, (u) we measured pH vs .  tem- 
perature correlations for a series of  concentrated boric acid solutions of 
the type lm NaOH + lm Na2SO4 + xm B(OH)3 with x ranging from 2 to 
100 using both YSZ and hydrogen electrodes. Studies on this system 
are important from a technological viewpoint, because solutions of  this 
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type are thought to exist in boiling crevices in the secondary sides of 
PWR steam generators when boric acid is added to the water to control 
denting corrosion. However, because of the difficulty in estimating 
water activities and isothermal liquid junction potentials for these solu- 
tions, and because of complications arising from glass formation at high 
boric acid concentrations, the measured "pH" can only be regarded as 
semiquantitative and as a crude indicator of the acidity of the solution. 
Data for solutions with x = 2, 5, 20, 50, and 100 are shown in Figs. 11 to 
15; these data were measured using the cell shown in Fig. 16, which was 
equipped with a Pd/25 wt% Ag diffuser for establishing a known partial 
pressure of hydrogen in the environment. Also plotted are data cal- 
culated using EPRI's MULTEQ program, which incorporates activity 
coefficient corrections and which also provided estimates of the activity 
of water used in calculating the pH from the measured potential of the 
YSZ sensor. While the data are clearly only semiquantitative in nature, 
for the reasons discussed above, reasonable agreement is found between 
experiment and calculation, particularly at the lowest boric acid con- 
centrations. At very high boric acid concentrations, the systems form 
glasses (as observed on cooling), which render both the activity of water 
and the isothermal liquid junction potential highly uncertain. Surpris- 
ingly, for boric acid concentrations up to 50 m, the experimental data 
differ from those calculated using MULTEQ by no more than one pH 
unit, corresponding to differences in potential of less than 120 inV. In 
two instances, we also plot the potential of the hydrogen electrode 
measured in the same system by saturating the cell with hydrogen 
through the Pd/25% Ag diffuser. In both cases, the pH values measured 
using the hydrogen electrode fall below the calculated values and the 
values measured with the YSZ sensor. The sources of these differences 
are unknown, but they might be related to the ability of the diffuser to 
saturate the test cell with hydrogen (in the case of the hydrogen 
electrode) or to a significant uncertainty in the activity of water (for the 
YSZ electrode). Nevertheless, the level of agreement is probably all 
that could be expected, given the highly non-ideal nature of the system 
at such high boric acid molalities. Finally, it should be noted that the 
pH of the most concentrated system (Fig. 15) was measured in the direc- 
tion of descending temperature. Except for the highest temperature 
(300~ good agreement is obtained with MULTEQ until the tempera- 
ture decreases below 175~ at which point a sharp increase in pH is ob- 
served. We attribute this increase to glass formation, which releases 
hydroxide ions on boric acid polymerization. From a technological 
viewpoint, the importance of these data is that they show that con- 



pH in Sub- and Supercritical Aqueous Systems 871 

centrated boric acid solutions are highly acidic but if glass formation oc- 
curs the acid is substantially neutralized. Furthermore, the data indicate 
that equilibrium models of the MULTEQ type may be used to estimate 
the pH of non-glass forming concentrated boric acid solutions to a level 
of accuracy that is probably sufficient for most technology purposes. In 
closing, it should be noted that MULTEQ incorporates the polymeriza- 
tion model of Mesmer et a/. (zz) to account for the formation of lower 
polyborates but not for the formation of glasses. 

As a final example of the use of YSZ sensors to explore the 
B(OH)3/base system, we describe below titrations of boric acid with 
sodium hydroxide solution. These studies were carried out as a part of 
our program to explore the properties of simulated crevice environments 
in PWR steam generators. The titrations were performed in a recirculat- 
ing loop, in which aliquots of the titrant were added to the reservoir via 
a burette, or to a static pressure cell via a high pressure syringe pump. 
Typical titration curves for boric acid solutions of moderate concentra- 
tions at 25~ obtained using a glass electrode, and at 250~ obtained 
using a YSZ electrode, are shown in Figs. 17 and 18. Also plotted are 
titration curves calculated using a simple boric acid hydrolysis model, 
which ignores polyborate formation, as well as titration curves cal- 
culated using MULTEQ in which the formation of lower polyborates is 
taken into account. In deriving these curves, we have corrected for the 
changes in stoichiometric boron and sodium concentrations due to the 
addition of titrant to the cell. Although the level of agreement was not 
always as good as that displayed, these studies again confirm the ability 
of MULTEQ to simulate the acidity of the B(OH)3/NaOH system over 
wide ranges of composition and temperature. Finally, the pKb values re- 
quired for the simple, non-polymer model for boric acid to simulate the 
measured data are in reasonable agreement with literature values. 

4.2. Simulation of PWR Secondary Environments 

In addition to the studies on the B(OH)3/base systems reported 
above, we have also measured pH vs. temperature correlations for a 
variety of solutions that are thought to model crevice environments on 
the secondary side of a PWR steam generator (Figs. 19 and 20). These 
solutions contain solutes that enter the steam generator as impurities in 
the feedwater (silicates, organic acids, and inorganic ions such as Ca 2§ 
and SO42-), as corrosion products from the condensers (e.g., CuC12 for 
plants containing copper alloys) or as water treatment chemicals (e.g., 
phosphates). We also plot pH vs. temperature correlations for con- 
centrated natural cooling waters (e.g., "Mississippi River Water" and 
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"Lake Michigan Water," as calculated using MULTEQ), to simulate in- 
leakage through faulty condensers. In all cases, the solute concentra- 
tions are much higher than found in the bulk water; the higher con- 
centrations are used to simulate environments that are thought to exist at 
boiling surfaces, in crevices, and possibly in "sludge" piles on the sup- 
port plates and tubesheet. It is clear from these measurements that the 
simulated environments differ widely in their acid/base properties, sug- 
gesting that environments of equally variable pH may exist in operating 
steam generators. Of particular interest are the low pH values displayed 
by 0.1m CuCI2, because copper has been implicated in "denting" cor- 
rosion that occurs in the crevices between the Alloy 600 tubes and carb- 
on steel support plates in the steam generators of PWRs equipped with 
copper alloy condensers or feedwater heaters, czs) However, previous 
studies (2n) have shown that it is not the acidity per  se that is responsible 
for the fast growth of magnetite on carbon steel, but the presence of 
easily reduced cations (e.g., Cu 2+) that effectively depolarize the 
cathode of the corrosion couple and/or provide a catalytic surface for 
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hydrogen evolution. Copper has also been implicated in pitting and pos- 
sibly intergranular attack on Alloy 600 steam generator tubes; in these 
cases, the low pH due to hydrolysis of Cu 2§ (Fig. 19) as well as the 
ability of Cu(II) to displace the corrosion potential in the positive direc- 
tion, coupled with a susceptible microstructure, are probably the most 
important factors in causing damage to the tubes. 

4.3. Salt Repositories for High Level Nuclear Waste 

Geologically-stable salt domes are currently being considered as 
repositories for the permanent disposal of high level nuclear waste 
(HLNW). The concept calls for the disposal of canisters containing the 
wasteform in caverns mined from the salt; the caverns are ultimately 
back-filled with crushed salt, and creep of the surrounding matrix will 
eventually result in the canisters being encapsulated in rock salt. Be- 
cause the canisters emit heat from radioactive decay and because the 
solubility of salt increases with temperature, brine inclusions contained 
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within the salt will move up the temperature gradient towards the 
canisters. Indeed, depending on the type of waste and the design of the 
canisters and the repository, the temperature at the surface of a canister 
may be as high as 250~ soon after closure of the repository, with an ul- 
timate decay to ambient at a half-life as long as several hundred years. 
Accordingly, we expect that eventually the canisters will become bathed 
in saturated brine at the canister surface temperature. Furthermore, the 
brine is subject to T-radiolysis, albeit at moderate does rates (-2x105 
rad-h-1), which is expected to yield, on balance, an oxidizing environ- 
ment. Because geological brines frequently contain significant amounts 
of Mg 2§ hydrolysis is expected to produce an acidic environment which, 
together with the oxidizing conditions produced by radiolysis, could 
pose a threat to the integrity of the canister depending on the material of 
fabrication. To explore this issue, we have used the YSZ sensor to 
measure pH/concentration/temperature surfaces for the NaC1-MgCIz- 
H20 system across the entire composition range and at temperatures 
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as a function of temperature. 

from 125 to 250~ (27) 
Examples of the data measured in this study, which will be 

analyzed in depth elsewhere, (27) are shown in Fig. 21. These data in- 
dicate that for a temperature of 250~ and at high Mg 2§ concentrations, 
the pH could be as low as 3.0. We believe that acidities of this mag- 
nitude, coupled with the oxidizing redox environment generated by 
7-radiolysis, do indeed pose a serious threat to the long term integrity of 
canisters fabricated from most common metals and alloys (e.g., carbon 
steel and copper alloys). To our knowledge, the data reported here are 
the first to have been measured on saturated brines under conditions 
relevant to the disposal of high level nuclear waste in salt repositories. 

4.4. Supercritical Aqueous Systems 
The physico-chemical properties of aqueous systems at supercriti- 

cal temperatures (T > 374~ for pure water) are of great theoretical and 
practical interest, because of the unusual phenomena that occur on tran- 
sitioning the critical temperature (e.g., the compressibility at Tc is in- 
finite and the density of the fluid is an independent variable at T > To), 
and because supercritical aqueous systems are involved in processes 
ranging from power generation (in supercritical fossil units) to 
mineralization in geochemical systems. While considerable work has 
been reported on measuring the PVT properties and electrical conduc- 
tivities of such systems, no studies have been reported on measuring the 
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pH. However, we recently extended our pH measuring capabilities 
using YSZ electrodes to supercritical temperatures by developing an 
EPBRE that can operate for short periods of time at temperatures above 
400~ Details of these studies will be published elsewhere. In this 
paper, we report the results of some of this work in general form, with 
the purpose of demonstrating the current state-of-the-art in measuring 
pH at supercritical temperatures. 

The apparatus used in our studies is shown schematically in Fig. 
22. Briefly, the cylindrical Hastelloy-C test cell was contained in a 
once-through Hastelloy-C recirculation flow system activated by a 
HPLC (High Pressure Liquid Chromatography) pump. The desired 
chemistry conditions in the fluid could be established by sparging the 
reservoir with hydrogen at ambient temperature. The cell contained 
ports for a YSZ pH sensor, a reference electrode, a Pt hydrogen 
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Fig. 24. Variation ofpH as a function of temperature for 0.01m KOH. 

electrode, and a Pt-resistance thermometer. The ceU could be operated 
at temperatures in excess o f  400~  and at pressures up to 300 bar. 

To test the thermodynamic viability of  the YSZ electrode at tem- 
peratures into the supercritical region, we  plot data in Fig. 23 for the cell  
HjH*/ZrOz(Y203) /HgO/Hg as a function o f  temperature. Also plotted 
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are theoretical correlations of AE vs. T, as calculated using Eq. (19), for 
hydrogen partial pressures ranging from 0.017 to 1.0 atm. These cor- 
relations were calculated to account for the scatter in the experimental 
data, which we attribute to variations in the fugacity of hydrogen in the 
test cell due to losses through the walls of the apparatus. While the data 
are only semiquantitative in quality, we did not detect any discontinuity 
in the cell voltage as the temperature transitioned the critical tempera- 
ture. This was expected since the cell voltage is given by the zeroeth 
derivative of the change in Gibb's energy. 

Because the EPBRE used in this work had been calibrated to the 
SHE scale, the potential of the YSZ electrode measured with respect to 
this reference could be used to calculate the pH of the solution. A plot 
o fpH vs. temperature for 0.01m KOH from 200~ to 380~ is shown in 
Fig. 24. The highest temperature is greater than Tc for pure water 
(374~ and is estimated to be just above the critical temperature of 
-375~ calculated for 0.01m KOH according to the data of 
Marshall. (28) Again, the curve transitions the critical region con- 
tinuously. Note that, in calculating the pH, we used extrapolated values 
for the activity of water estimated from the MULTEQ computer code. 
To our knowledge, the data plotted in Fig. 24 represents the first attempt 
to extend pH measurements to temperatures above the critical tempera- 
ture of water. 

5. Summary  and Conclusions 

In this paper, we review the use of yttria-stabilized zirconia (YSZ) 
electrodes of the type Hg/HgO/ZrO2(Y2Oa)/H § for measuring pH in 
aqueous solutions at high subcritical (150 < Tc < 374~ and super- 
critical (T > 374~ temperatures. We discuss the construction and 
operation of YSZ and reference electrodes used in our laboratory for 
these measurements, and we illustrate their use with reference to studies 
on boric acid/base buffer solutions (including highly concentrated sys- 
tems), simulated pressurized water reactor (PWR) secondary-side steam 
generator crevice environments, and on NaC1-MgC12-H20 systems 
simulating brine inclusions in rock salt high level nuclear waste 
repositories. Finally, we describe recent work extending pH measure- 
ments to temperatures above the critical temperature of water. Our 
studies have shown that: 

1. The YSZ pH sensor is thermodynamically viable, in that it 
responds correctly to changes in pH when compared with a 
hydrogen electrode in the same solution. Because the 
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potential of the sensor can be calculated thermodynami- 
cally, the YSZ electrode is a primary pH sensor; 

. The principal obstacle to highly accurate pH measurements 
at temperatures into the supercritical range is the lack of an 
accurate reference electrode; 

. Using existing reference electrodes, particularly the 
EPBRE, technologically useful pH measurements can be 
made on a wide variety of aqueous systems at temperatures 
ranging from 150~ to greater than 374~ and 

4. The further development of YSZ electrodes as accurate pH 
sensors for high subcritical and supercritical aqueous sys- 
tems will require precise knowledge of the activity of water 
and the isothermal liquid junction potential over wide 
ranges of composition and temperature. 

Finally, the work outlined in this paper demonstrates that the 
Electric Power Research Institute's MULTEQ chemistry program is ef- 
fective for estimating pH v s .  temperature correlations for a wide variety 
of aqueous systems of importance to the electric power generating in- 
dustry. 
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