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Preface

The present volume of Modern Aspects of Electrochemistry is
the second in a two-volume set (No. 46 and 47) that covers
important technological progress in recent years in the fields of
electrochemical corrosion and materials engineering.

The first chapter, by Macdonald, discusses electrochemical and
corrosion phenomena of metals and alloys in supercritical aqueous
media. The author reviews the corrosiveness of supercritical water
oxidation (SCWO) media operating at temperatures up to 650 °C
and at pressures of several hundred bars and the technical issues
that need to be resolved for practical use of SCWO technology.
The topics include the development of in-situ sensors for measuring
pH and redox potential and the electrochemical polarization and
corrosion studies in SCWO media.

In Chapter 2, Ohtsuka provides an in-situ characterization study
of passive oxide films on iron and steels using optical techniques.
A wide range of optical techniques — including ellipsometry,
Raman spectroscopy, potential modulation reflectance and photo-
electrochemical technique - are rigorously discussed to make a
step further towards understanding what really happens during the
passivation process. A comprehensive description is given of the
growth mechanism, composition, and semiconducting properties
(e.g., energy band gap, flat band potential, donor density, etc.) of
the passive oxide films.

Chapter 3, by Oltra and Vuillemin, deals with experimental
characterization and theoretical simulation of galvanic coupling
phenomena in localized corrosion. The chapter offers a succinct,
easy-to-follow introduction to the mathematical formulation of
electrochemical reactions problems, followed by extensive coverage
of localized galvanic corrosion modeling. The authors present
several examples for galvanic corrosion on galvanized steel and
aluminum alloys, which indicate the crucial role of current/potential
distribution and homogeneous/heterogeneous chemical processes
in localized corrosion.



vi Preface

In Chapter 4, Shin and Liu review some recent developments in
fabrication of hierarchical 3-dimensional porous structures for
energy storage and conversion by an electrochemical deposition
process, an area in which electrochemistry and materials science
are intertwined. These authors briefly present typical porous
structures observed in materials for electrochemical devices, and
then discuss the preparation of 3-dimensional electro-deposits with
micro-/nano-hierarchical pores that could make the transport of
electro-active species easier.

S.-I. Pyun
Korea Advanced Institute of Science and Technology
Daejeon, Republic of Korea

J-W. Lee
Korea Institute of Energy Research
Daejeon, Republic of Korea
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Advances in the Study of Electrochemical
and Corrosion Phenomena in
High Subcritical and in Supercritical Aque-
ous Solutions

Digby D. Macdonald

Center for Electrochemical Science and Technology, The Pennsylvania State Uni-
versity, 201 Steidle Building, University Park, PA 16802

I. INTRODUCTION

Supercritical Water Oxidation (SCWO) is a promising technology
for destroying highly toxic organic waste (including physiological
agents) and for reducing the volume of low-level nuclear waste.
For example, SCWO has been chosen by the US Army to destroy
chemical agents, such as VX hydrolysate (product obtained by
hydrolyzing the chemical agent VX with caustic) and a facility for
meeting this goal is now operating in Newport, Indiana. However,
other chemical agents as listed in Table 1 are scheduled to be
treated in a similar manner. Note that the various agents contain
sulfur, phosphorous, fluorine, and nitrogen (in the form of cya-
nide), so that complete oxidation is expected to produce the oxyac-
ids and/or (depending upon the pH) oxyanions of these elements.
The US Navy has also explored SCWO for destroying shipboard
waste, including oils and greases, solvents, and paints. Various

S.-I. Pyun and J.-W. Lee (eds.), Progress in Corrosion Science and Engineering II, 1
Modern Aspects of Electrochemistry 47, DOI 10.1007/978-1-4419-5578-4 1,
© Springer Science+Business Media, LLC 2012
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Table 1
The Composition and Nomenclature for Several Chemical
Agents. Reprinted from Ref. 1, Copyright (2008) with permis-

sion from
Agent Composition
VX O-cthyl S-diisopropylamino-methyl methylphosphonothiolate
GF Cyclohexyl methylphosphonofluoridate
GB (Sarin) Isopropy! methylphosphonofluoridate
HD (Mustard) Bis-2-(chloroethyl)sulfide
GD (Soman) Pinacolylmethyl-phosphonofluoridate
GA (Tabun) 0O-ethyldimethyl-amidophosphorylcyanide

pilot plant commercial facilities have been built in the United
States, Europe, and Japan with the goal of demonstrating the effi-
cacy of the method for destroying resilient organic waste. A vari-
ant of SCWO that operates under less severe conditions has been
developed by SRI International in the form of Assisted Hydro-
thermal Oxidation (AHO). This technology is now offered on a
commercial basis by Mitsubishi Heavy Industries, who operate a
commercial pilot plant in Nagasaki, Japan. Given the increasing
sensitivity of regulatory agencies and the general public to toxic
waste, there is little doubt that the commercial and governmental
application of SCWO will expand rapidly in the foreseeable future.

SCWO is accomplished at elevated temperatures (up to
650°C) and pressures (in excess of 300 MPa) in a pressure vessel
manufactured from a corrosion resistant material. A typical design
of a SCWO system is shown schematically in Fig. 1. Typically,
high nickel base alloys, such as Inconel 625, Alloy C-22, and Al-
loy 59 have been used with generally less-than-satisfactory results,
because of the high corrosion rates that are encountered. The cor-
rosion rates of the nickel base alloys were sufficiently high in the
Newport, Indiana facility, which is being used to destroy VX hy-
drolysate, that a platinum liner was employed, necessitating the
borrowing of platinum from the strategic reserve. However, even
platinum exhibited significant material loss, which was attributed
to the formation of PtO, under the highly oxidizing conditions
present. The loss is postulated to be due to volatilization, rather
than corrosion, because of the high vapor pressure of PtO, at
650°C.
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Figure 1. Schematic representation of a vertical down flow SCWO reactor. Reprint-
ed from Ref. 1, Copyright (2008) with permission from NACE International.

In this system, the waste [1] along with caustic [2] are injected
into the system as indicated in the figure. Initially, an auxiliary fuel
[3], such as kerosene, is also injected to initiate combustion of the
waste and the mixture is heat exchanged [4] with the outlet of the
reactor after quench separation of reaction products. The mixture
is then combined with an oxidant (air, oxygen, or hydrogen perox-
ide) [5] and is then injected into the top of the reactor, where com-
bustion takes place. The temperature in the top of the reactor is of
the order of 650°C. Separation of salts occurs in the reactor [7],
because of the low solubility of salts in the supercritical environ-
ment; these salts are removed via the blow-down [8] from the reac-
tor bottom. The fluid effluent exits the top of the reactor, flows
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through the quench separator and then through the hot side of the
heat exchanger [4], where heat is exchanged with the incoming
mixture. Note that the auxiliary fuel is only added initially; the
reaction becomes self-sustaining on the organic waste once condi-
tions have stabilized.

Supercritical water (SCW) is also the coolant of choice in su-
percritical thermal power plants and has been selected as the cool-
ant for one of the Generation IV nuclear power plant technologies
(Fig. 2). In the latter application, the high heat capacity, high ther-
mal stability, low cost, ready availability of water in ultrapure
form, and wide temperature range of operation has made water the
preferred coolant for supercritical nuclear power plants, as well.
These applications tend to use clean fluids that do not contain salts
or other components that might otherwise form precipitates that
could foul heat-transfer surfaces or cause corrosion. For example,
in supercritical fossil-fueled power plants the coolant is commonly
pure water, although some high subcritical systems may contain
pH and redox control chemicals, such as AVT (e.g., ammonia) and
hydrazine (N,H4), respectively, with the latter being added to
scavenge oxygen. Finally, one should note that water, under super-
critical conditions, is Nature’s universal solvent, being responsible
for the dissolution, transport, and deposition of such inert materials
as gold and the noble metals in fissured rock deep within the
Earth’s crust.

In this chapter, some of the chemical and electrochemical
properties of high subcritical and supercritical aqueous systems are
reviewed. Topics that are addressed include:

(a) the development of in-situ sensors,

(b) the development and functioning of reference electrodes,

(c) measurement of pH,

(d) electrochemical kinetic studies, including the effects of
temperature and pressure of the polarization characteristics
of metals and alloys, and

(e) corrosion of metals and alloys in supercritical aqueous me-
dia, particularly with regard to selection of materials for
service in SCWO reactors and SCTPPs.

SCWO offers a number of unique advantages over other waste
destruction technologies, such as incineration and pyrolysis (e.g.,
in plasmas), as previously noted. These advantages include:
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Figure 2. Coolant circuit of a supercritical water nuclear reactor. Note that the en-
tire coolant circuit operates at a temperature above the critical temperature of
374.15°C. Reprinted from http://en.wikipedia. org/wiki/ Supercritical water reactor.

e  Zero emissions to the environment.

e Very high destruction efficiencies (> 99.999%), for even
the most resilient waste.

e Relatively low cost.

e Remote siting through minimal need for services (elec-

tricity, etc.)

Nevertheless, the full and effective implementation of SCWO
faces major challenges, depending upon the nature of the waste.
Perhaps the greatest challenge is the selection of materials that can
withstand the harsh oxidizing conditions that exist in the reactor
and in downstream components. Thus, a major problem inhibiting
the wide implementation of SCWO is the lack of fundamental
knowledge about various physico-chemical and corrosion process-
es in SCW environments.
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II. DEFINITION OF THE ENVIRONMENT

Before any discussion is possible of the interaction of a material
with its environment, the properties of the environment must be
carefully defined, and the corrosion of metals and alloys in super-
critical aqueous systems is no exception. As noted above, the envi-
ronments employed in SCWO systems can be extraordinarily ag-
gressive, by virtue of the acid produced by the thermal hydrolysis
of organic waste, the high operating temperature, and the high re-
dox potential (due to the high partial pressure of oxygen or the
high concentration of hydrogen peroxide, which are used as oxi-
dants). In discussing this subject, it is useful to first characterize
the environment in terms of the phase behavior of pure water as
shown in Fig. 3. Thus, the figure compares the operating condi-
tions for conventional water-cooled reactors (BWRs and PWRs)
and the proposed operating conditions for a Generation IV super

supercritical fluid

=2 ; SCWR
D 250|-——-—————— f— a

~ gy [Siticalpresswre | L _ ‘I .
.'U - Per ihauid PWR Cl'.l“("]l ) I

= ' al pomt
7150 __________;_Ehﬂsf____! 1
() I i__BWR
[a W

¢ 1
! (R

,'_/ [

solid phase [
1 1

1

gaseous _pl;vhase ! enitical
(I : temperature
1 593 , Ter I
558 647 773
Temperature / K

Y

Figure 3. Phase diagram for pure water showing the critical conditions and the
conditions of operation of a supercritical water (nuclear) reactor.’
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critical water (nuclear) reactor. The latter system operates with its
entire coolant system at above the critical temperature of water
(374.15°C). The advantages that accrue by operating under these
conditions include a higher thermodynamic efficiency (45%) com-
pared with a conventional BWR (35%); no boiling, and hence no
formation of concentrated solutions on heat transfer surfaces; and a
simpler coolant circuit.

It is important to note that at a temperature that is above the
critical temperature a liquid phase cannot be produced by increas-
ing the pressure, as can be done at subcritical temperatures by
condensation. Instead, supercritical water is best described as be-
ing a fluid, whose density is a continuous function of pressure (un-
like a subcritical system for which the density is a discontinuous
function of pressure at the condensation pressure). Supercritical
aqueous systems range in their physical characteristics from low
density steam to dense fluids, depending upon the pressure.

The two most important parameters in defining the chemical
and electrochemical properties of any aqueous environment are the
potential and pH. The electrochemical potential, which is the po-
tential of an indicator or working electrode measured against a
suitable reference electrode in the same environment, and prefera-
bly expressed on the thermodynamically viable Standard Hydro-
gen Scale (SHE), provides a measure of the electrochemical driv-
ing force of whatever process might be occurring on the indicator
electrode surface. If the indicator electrode is inert, the potential is
established by various redox couples that exist in the system and it
is referred to as the redox potential. On the other hand, if the indi-
cator electrode participates electrochemically in the processes that
occur on the surface, by being oxidized, for example, the potential
is referred to as being the corrosion potential. All corrosion and
redox potentials are mixed potentials that arise from a balance of
non-conjugate partial anodic and cathodic reactions (e.g., Fe S
Fe*'+ 2 e and H + ¢ S % H,, respectively) on the surface, and
hence the system can never be at thermodynamic equilibrium.
However, if only a single redox couple exists in the system (e.g.,
H" + ¢ S % H,) the redox potential is an equilibrium potential,
with the value of the potential being determined by the activity of
H'" and the fugacity of H, in accordance with the Nernst equation.
If more than one redox couples exists simultaneously in the system
(e.g., H+eS %HandO, +4H +4¢ > 2 H,0) and the ex-
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change current densities are sufficiently high, the measured poten-
tial is, again, a mixed potential and not an equilibrium potential,
except in the trivial case where the two redox reactions have come
to equilibrium with the concentrations of H, and O, being related
by the equilibrium H,O = H, + 2 O,.

Potential-pH (Pourbaix) diagrams for iron and nickel in aque-
ous solutions above the critical temperature of water are shown in
Figs. 4A and 4B, respectively.** The lack of detail, compared to
their ambient temperature counterparts,’ reflects the lack of ther-
modynamic data for species at supercritical temperatures, particu-
larly for hydrolyzed ionic species, and the lack of stability of dis-
solved ionic species in the low dielectric constant supercritical
medium.

The diagram in Fig. 4A was constructed for iron for a temper-
ature of 400°C and for a pressure of 500 bar, and for reference the
approximate region in potential-pH space for the operation of su-
percritical water oxidation (SCWO) reactors, without pH neutrali-
zation, and supercritical thermal power plants (SCTPPs) are also
shown. The dotted lines (a) and (b) correspond to the equilibrium
conditions for the H,/H,0O and O,/H,O reactions, respectively, both
corresponding to unit gas fugacity. The other lines correspond to
Fe/Fe*" (line 1), Fe/Fe;0, (line 3), Fe/Fe;0; (line 13), Fe;04/Fe,0;
(line 12), Fe*"/Fe;0, (line 14), and Fe*'/Fe,0; (line 10). Note that
no stability regions appear for Fe’* and HFeO, ; the thermodynam-
ic data indicate that these ionic species are so unstable at tempera-
tures above the critical temperature that they can be ignored in the
present analysis. Note also the extensions of lines 12 and 13 into
the Fe’" stability field; these extensions define the conditions for
the formation of Fe;0, and Fe,O; as metastable phases (potentials
above lines 13 and 12, respectively), which are responsible for any
passivity that iron might exhibit in SCWO environments.

The diagram for nickel (Fig. 4B), constructed for a tempera-
ture of 450°C and a pressure of 500 bar is deceptively simple, pri-
marily because of a lack of thermodynamic data for hydrolyzed
cationic species under the conditions of interest. Furthermore, at
the temperature of interest (450°C), the hydroxide, Ni(OH),, is not
thermodynamically stable, so that only the oxide (NiO) is consid-
ered in constructing the diagram. No data could be found for other
compounds in the Ni-O system (e.g., NizO4, Ni,O3, NiO,), nor
could data be found for possible anionic species (e.g., NiO,”).
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Figure 4. Potential-pH diagram for iron (A) and nickel
(B) in supercritical aqueous solutions at 400°C and
450°C, respectively, P = 500 bar. The hydrogen equilib-
rium line for unit hydrogen fugacity is coincident with
the Ni/NiO equilibrium line. The diagram for iron shows
the approximate regions in potential-pH space for the op-
eration of SCWO reactors and supercritical thermal pow-
er plants (SCTPPs). Reprinted from Ref. 5, Copyright
(1997) with permission from Elsevier.
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Accordingly, these species have been omitted from the diagram.
Nevertheless, the diagram for nickel shown in Fig. 4B provides
some important information on the corrosion properties of this
metal, which forms the base of many of the corrosion-resistant
alloys that are used in SCWO service (e.g., Alloys C-276 and C-
22). Note that the extrapolation of the equilibrium line for Ni/NiO
into the Ni*" stability field defines the conditions for the formation
of metastable NiO, in the same way as that described above for
iron.

The first important feature to note is that the pH of neutral wa-
ter (pH = pK,,/2) under the conditions of interest is calculated to be
6.87 (molal scale) or 7.27 (molar scale), where the two scales are
related approximately by pH(molar scale) = pH(molal scale)
— log(p), where p is the density. The approximate sign arises from
the fact that the pH on the molal and molar scales is defined as
—log(y.mus) and —log(y.c), respectively, where m and c are the
molal and molar concentrations and vy.. and y. are the correspond-
ing mean activity coefficients. The activity coefficients have
slightly different values when calculated for the two scales. At the
low end of the pH scale, incomplete acid dissociation plays a ma-
jor role in determining the acidity of the system (see later). This is
illustrated in Fig. 5, in which is plotted the pH and —log(myc))
against log(m°yc;), where m°yc is the stoichiometric HCI concen-
tration in the solution. The important point is that as m°yc, increas-
es the pH does not change in a proportionate manner, because of
the lower degree of dissociation of HCI at a higher m’y¢;. Thus,
HCI, which is no longer a strong acid under the conditions of in-
terest (7> 374.15°C, P < 1000 bar), effectively buffers the pH.

With regards to the potential-pH diagrams shown in Fig. 4, in-
complete dissociation implies that the pH will not decrease in a
logarithmic manner with increasing stoichiometric HCI concentra-
tion, m’ycy, particularly at low density. This situation parallels that
encountered in developing potential-pH diagrams for metals in
concentrated alkali metal hydroxide solutions, where it was found
that plotting the potential against log(m’yc;) offered some ad-
vantages over the classical form.°

Finally, examination of Fig. 4A shows that SCWO systems
generally operate under much more aggressive conditions than do
SCTPPs, with respect to both potential and pH. Indeed, because
most SCWO systems operate at very high redox potential (high
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Figure 5. Plot of pH (molar scale) and —log[muc/(m)] versus log of the stoichio-
metric HCI concentration. If HC] was completely dissociated, the pH should be
nearly coincident with —log[m°c,(m)]. Reprinted from Ref. 11, Copyright (1998)
with permission from NACE.

po. or [HyO,]), the potential generally lies toward the upper bound-
ary of the shaded box. On the other hand, SCTPPs commonly em-
ploy low oxygen levels, or even reducing agents, such as hydra-
zine or ammonia, and the potential is estimated to lie within the
lower half of the oval. In the SCWO case, even if the pH is in-
creased by neutralization (e.g., by the addition of caustic), the po-
tential is so high that intense attack occurs on structural materials,
due to passivity breakdown.
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1. Properties

Most properties of liquid (subcritical) water, including density,
viscosity, and dielectric constant change gradually with increasing
temperature up to about 300°C. With increasing temperature above
that value, the properties begin to change much more rapidly and
once the critical temperature (7, = 374.15°C) is reached some
properties (e.g. heat capacity and compressibility) exhibit singular-
ities (i.e., their values go to infinity at 7;). For our present purpos-
es, we are mostly interested in the density, dielectric constant, and
viscosity, because these properties determine, to a great extent, the
tendency of acids and bases to ionize as well as determining solu-
bility, phase behavior, and the rate of mass transport of reactants to
a metal surface.’

In order to illustrate how these properties change at supercriti-
cal temperatures, we show in Figs. 6 to 8 plots of density, dielec-

0.7
B 600 bar
V¥ 500 bar
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Figure 6. Plots of density versus temperature for supercritical water
as a function of pressure. The conditions employed in the experi-
mental determination of pH for 0.01 M HCI solution are indicated
by the large filled circles. Reprinted from Ref. 5, Copyright (1997)
with permission from Elsevier.
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Figure 7. Plots of dielectric constant versus temperature for super-
critical water as a function of pressure. The conditions employed
in the experimental determination of pH for 0.01 m HCI solution
are indicated by the large filled circles. Reprinted from Ref. 5,
Copyright (1997) with permission from Elsevier.
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Figure 8. Plots of viscosity versus temperature for supercritical
water as a function of pressure. The conditions employed in the
experimental determination of pH for the 0.01 m HCI calibrating
solutions are indicated by the large filled circles, whereas those for
the CCly solution are depicted by the filled triangle (see later). Re-
printed from Ref. 5, Copyright (1997) with permission of Elsevier.
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tric constant, and viscosity, respectively, as functions of tempera-
ture and pressure.’ As a point of comparison, nitrogen gas at 25°C
and at a pressure of 100 atm has a density of about 0.1 g/cm’,
which is comparable to that exhibited by supercritical water at
500°C and at a pressure of 300 atm (Fig. 6). Accordingly, as far as
the volumetric properties are concerned, SCW, under conditions
that are characteristic of SCWO systems, is best described as being
a dense gas, rather than a liquid as we know water to be under
ambient conditions.

The dielectric constant, which determines the extent to which
ions are stabilized electrostatically in condensed media, also de-
creases strongly with increasing temperature and decreasing pres-
sure (density) under supercritical conditions, as shown in Fig. 7.
Indeed, the dielectric constant decreases to values that are typical
of non-polar solvents, such as hexane (a hydrocarbon). The princi-
pal consequence of this drop in the dielectric constant is that elec-
trolytes (e.g., HCI, NaCl, NaOH) that are essentially fully ionized
in water at ambient temperature and pressure (where the dielectric
constant is ~78) are very poorly ionized under supercritical condi-
tions. This is a most important point, because supercritical aqueous
systems begin to acquire gas-like properties as the temperature
increases above 7. and the density decreases. Accordingly, in
many respects, supercritical aqueous systems may be described as
representing the interface between the liquid phase and the gas
phase in many properties, including corrosion. However, it is still
possible to perform electrochemical measurements in this low den-
sity, poorly ionizing environment, as shown by the filled circles
and triangle that correspond to the conditions at which potentiom-
etric pH measurements have been performed (see below).

The transport properties of a medium determine that rate at
which corrodents (e.g., O, H" and HC) are transferred to a metal
surface, and hence determine the maximum rate at which a reac-
tion can proceed. To a good approximation, the transport proper-
ties can be described by a Walden-type equation:

Dn = constant @)

where D is the diffusivity of the species of interest (e.g., O,) and 1
is the dynamic viscosity of the medium. The importance of Eq. (1)
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Figure 9. Variation of the dielectric constant of water over ex-
tended ranges in temperature and pressure, with temperature be-
ing the primary independent variable. Reprinted from Ref. 11,
Copyright (1998) with permission of NACE International.

is not that it indicates a relationship between diffusivity and vis-
cosity, but that it indicates an inverse relationship. Thus, as the
viscosity drops (and it does so precipitously as the temperature
exceeds T,, Fig. 8), there is a correspondingly large increase in
species diffusivity and hence mass transport controlled reaction
rate.

Above the critical temperature, temperature and pressure are
independent variables, as dictated by Gibbs’ phase rule. Accord-
ingly, any discussion of the properties of supercritical media
(aqueous systems included) must include examination of the pres-
sure dependencies over extended ranges of temperature and pres-
sure. Figures 9 and 10 show plots of the dielectric constant of wa-
ter as a function of temperature and pressure, respectively, as the
primary independent variables extend to values that are character-
istic of SCWO systems (7 = 650°C, P = 300 bar) in the highest
temperature operating zone.” These plots show that not only does
the dielectric constant decrease to a very low value, but it becomes
essentially independent of 7 and P. Accordingly, the solubility of
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Figure 10. Variation of the dielectric constant of water over
extended ranges in temperature and pressure, with pressure
being the primary independent variable. Reprinted from Ref.
11, Copyright (1998) with permission of NACE international.

salts (e.g., NaCl, Na,COs3, and NaOH) are expected to be low and
relatively independent of the conditions that exist within the high
temperature reaction zone of a SCEO reactor (Fig. 1), with the
consequence that salt deposition occurs more-or-less uniformly in
this region. As the temperature decreases towards the exit of the
reactor, the dielectric constant and salt solubility, progressively
increase, giving rise to a zone where deposited salts redissolve into
solution. To a large extent, these simple relationships dominate the
dynamics of salt deposition and release from the reaction zone in a
SCWO reactor.

Because of the non-polar properties of supercritical water,
salts display low solubility and are readily precipitated as solid
phases when supercritical conditions are achieved; this is in con-
trast with the majority of non-polar gas-water and water-organic
systems, in which the components are fully miscible under compa-
rable conditions. Depending on whether critical behavior is ob-
served in saturated solutions, salt-water systems are consequently
classified into two types.” Type 1 systems exhibit high salt solubil-
ity in the vicinity of the critical temperature of water, whereas
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Figure 11. Temperature-composition phase diagram for NaCl-H,O at 250 bar.
Reprinted from Ref. 8, Copyright (2004) with permission from Elsevier.

Type 2 systems have low salt solubility. Classical examples of
Type 1 and 2 are NaCl-H,O and Na,SO4-H,0 system, respectively
(Figs. 8 and 9).* There are several interesting features in Fig. 11;
two lines of S-L-V (solid-liquid-vapor) equilibrium (solidus) exist
at 450°C and 720°C between which there is no liquid phase pre-
sent, the critical curves separating the liquid and liquid + vapor
phase (L/V + L), and the saturation lines separating the liquid and
liquid + solid phase (L/L + S). It is more convenient to select sev-
eral concentrations to explain the phase changes that occur with
increasing temperature. For the 20% (weight percentage) NaCl-
H,O system, starting from the lowest temperature shown in the
diagram (Fig. 11), the system maintains a single phase (an unsatu-
rated NaCl solution) until it crosses the critical curve, where it
becomes a 2-phase system: a vapor phase (supercritical fluid) and
a liquid phase (NaCl saturated solution). After that, as the tempera-
ture is increased further, the system moves along the critical curve,
with the NaCl concentration in the liquid progressively increasing,
until the critical temperature of the saturated liquid is reached. At
this point (450°C and ~ 48 wt% NaCl), a eutectic-like reaction
occurs in the system with the formation of a dry salt and super-
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critical water containing a very low concentration of NaCl. For the
40 wt% NacCl case, the system starts as a saturated solution with
precipitated solid salt and, as the temperature increases, the NaCl
solubility in the liquid solution also increases until the saturation
line is met at about 300°C. At higher temperatures, the liquid phase
is unsaturated and no solid salt exists in the system. However, at a
still higher temperature, the system intersects the critical line re-
sulting in two phases; a supercritical water (vapor) phase and a salt
solution, as described above. The concentration of the salt solution
increases with further increases in temperature until the critical
curve intersects the 3-phase line at 450°C, at which point solid
NaCl precipitates. Starting at 80 wt% NaCl, the behavior of the
system is basically the same as the previous case, except that the
solution at subcritical temperatures never becomes unsaturated and
a solid NaCl phase always exists in the system. At the temperature
of 720°C, another eutectic reaction occurs whence the system pro-
duces a supercritical water phase containing a finite concentration
of NaCl and a liquid comprising molten salt containing a certain
amount of H,O. Note that water depresses the melting temperature
of NaCl. For the Na,SO4-H,O system (Fig. 12), one obvious dis-
tinction is the lack of low-temperature intersection of the L+S
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o
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-
400 .
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Figure 12. Temperature-composition phase diagram for Na,SO4-
H,O at 250 bar. Reprinted from Ref. 8, Copyright (2004) with
permission from Elsevier.
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saturation line with the S-L-V curve in the phase diagram; instead
the saturated fluid displays a continuous transition from liquid-like
to gas-like behavior as the temperature increases. Note also the
two turning points on the saturation line at the lower part of the
diagram; the solubility of Na,SO,4 begins a slow decrease at the
first point (T = 40°C) and decreases dramatically above the second
point (approximately 200°C) until T = 374.5°C, where the system
is separated into 2 phases: supercritical fluid and solid salt.

It is clear from the above discussion that the phase behavior of
supercritical aqueous solutions in a complicated matter, brought on
primarily by the decrease in the dielectric constant of water. Un-
fortunately, as is evident from an examination of the literature, the
phase behavior of supercritical aqueous solutions is poorly under-
stood, but an appreciation of that behavior is vital for interpreting
corrosion and electrochemical phenomena in supercritical aqueous
media.

2. Standardization of pH Scale

As noted previously, the two most important chemical/electro-
chemical properties of any aqueous system are the pH and the
electrochemical (redox or corrosion) potential. The pH is defined
as

pH =—logio(a,.) 2

where ay. is the thermodynamic activity of hydrogen ion, which,

in turn, is defined as

[ =}’[mlo{+ ] (3)

In this latter definition, g om? s and y are the molal concentra-
H+

tion* of H', the standard state molal concentration of the same
species [ ,,0 = 1 mol/kg(H,0)], and the activity coefficient for
H+

hydrogen ion, respectively. Knowledge of the pH of the solution is
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of particular importance for the SCWO process, because the corro-
sion of structural materials can be attributed to acid attack (H" and
possibly molecular HCI). While the importance of pH as been long
recognized, practical methods of measuring this parameter at tem-
peratures above the critical temperature were lacking until about a
decade, or so, ago. At that time, Kriksunov and Macdonald®!® sig-
nificantly extended the temperature and pressure ranges of utiliza-
tion of the YSZ (Yttria-Stabilized Zirconia) ceramic membrane
based pH sensors and External Pressure Balanced Reference Elec-
trodes (EPBRE) to include aqueous systems at high subcritical and
at supercritical temperatures (7 > 500°C). The authors proposed
the use of these electrodes for defining the practical pH scale for
supercritical aqueous systems, as discussed below. A brief outline
of that proposal follows.

A viable pH scale for supercritical aqueous systems must be
practical, in the sense that it must be accessible via experiment,
yet fulfill the theoretical need for an accurate measure of the ac-
tivity of hydrogen ion in the system. As in the case of systems at
ambient temperature and pressure, standardization of the pH scale
for supercritical systems is based upon somewhat arbitrary model
assumptions and standard solutions. The pH of standard solutions
at relatively low temperatures (7' < 100°C) is usually assigned by
assuming values for the dissociation constants of the electrolytes,
by employing model calculations of activity coefficients, and in
some cases, by estimating liquid junction potentials (E.;) of the
reference electrodes employed. The pH of any other solution is
then determined by measuring the potential (£) of the cell com-
prising a pH-sensitive electrode, which has been calibrated in the
standard solution, and a pH-independent reference electrode. Be-
cause of the paucity of data on possible standard (buffer) solutions
at temperatures above ca. 300°C, the options that are available for
calibrating pH electrodes in high subcritical/supercritical solutions
are severely limited, compared with the ambient temperature case.

It is also important to note that pH at ambient temperature is
defined thermodynamically as the negative logarithm of the activi-
ty of hydrogen ion (”W ), as noted above. The activity at ambient

temperatures is usually based on the molar (mol/L) concentration
scale. This volume-based scale is highly inconvenient for super-
critical systems, where the volume (density) depends upon temper-
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ature and pressure (see above). Accordingly, Kriksunov and Mac-
donald'®!" suggested the use of the molal scale (mol/kg H,O) in
pH standardization at high subcritical and supercritical tempera-
tures, in which the concentration is independent of T and P.

The unambiguous choice of standard solutions for supercriti-
cal aqueous systems is more complicated, in comparison with
those for subcritical solutions, because of the poor dissociation of
even strong electrolytes in the former, and because of the relatively
low activity coefficients. Experimental data for determining those
parameters are scarce, and data for estimating the isothermal liquid
junction potential for the reference electrode (£;;) are practically
absent (although calculations of E;; for supercritical aqueous solu-
tions have been reported recently.)*'""'> Additional problems arise
from the fact that many fundamental properties of high subcritical
and supercritical aqueous solutions are strongly pressure-
dependent. In this regard, aqueous solutions at the same (super-
critical) temperature, but at significantly different pressures,
should be considered as being different systems, thereby greatly
complicating the specification of pH standards. Large changes in
the density, dielectric constant, and the dissociation constant of
water (K,,) with pressure, and the pressure-dependence of electro-
lyte dissociation constants, obviously complicate the specification
of pH standards. The complication is even further compounded by
the pressure dependence of the potential of the reference electrode,
due to pressure dependencies of the thermal liquid junction poten-
tial (TLJP) potential (regardless of whether the reference electrode
is an internal or an external pressure balanced type) and the iso-
thermal liquid junction potential (ITLJP)."

To overcome these difficulties, a practical pH scale for super-
critical systems was defined somewhat arbitrarily,'*'" based upon
available estimates of dissociation constants (K,) and activity coef-
ficients (y) for solutions of some common 1-1 electrolytes, such as
HCI and NaOH, in much the same way as has been done for aque-
ous systems at low subcritical systems. The concentration was
chosen to be reasonably low, to allow for complete solubility and
to yield reliable model estimates for K, and vy, but at the same time
the concentration of the buffering system should be much higher
than the concentrations of potential impurities and corrosion prod-
ucts. As a compromise of all of these factors, 0.01 m solutions of
HCI and NaOH were proposed as the primary pH standards.'*"!
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In the proposed standardization procedure, we assume that the
contribution from the isothermal liquid junction potential (ITLJP)
of the reference electrode to the cell potential, due to interfacing
the internal reference electrode solution with the external solution,
is negligible or has been calculated with sufficient accuracy.”'*"
The concentration of hydrogen ion in the HCI solution (m.), for
example, may be estimated by considering the HCI dissociation
reaction,’

HCl = H' +CI’ 4)
along with water dissociation

H,0 = H +OH" (5)
For reactions (2) and (3), we establish the following system of four

equations, which include the mass action constants together with
the mass balance and charge balance constraints:

K, - My Moy 7% (6)
Myc17HCl

Ky =myome ;/i (7

m(})ICl = M- T MmyCl (&)

Mye =M= F Mo = 0 )

Here 7. is the mean molal activity coefficient, and myc is the total
(stoichiometric) molal concentration of HCI in solution."*
Combining Egs. (6)—(9), and assuming yyc; = 1, we obtain,

o
m{&u}wo 10

m . +m’. > >
Y+ Y+

<
Sl

+
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For sufficiently dilute solutions, the activity coefficients can be
estimated using Debye-Hiickel theory in extended form,"* provided
that the ionic strength, /, is not too high (/ < 0.1M), which is near-
ly always the case, because of the very small dissociation constants
for electrolytes. Thus, to a good approximation, the activity coeffi-
cient is given by'*

2
log 7+ __mA (11)
B 1+aBT

where the ionic strength, 7, is defined as 7/ = 0.52Cz?; a is the dis-
tance of closest approach of the ions; and A (the Debye-Hiickel
limiting slope) and B are constants that depend on density (pres-
sure) and the dielectric constant of the medium; the molal dissocia-
tion constant of HC1, K, can be obtained from the data of Frantz
and Marshall'* or by using the Supcrt 92 computer program, de-
veloped by Johnson et al."” Data for the density of water, and for
Kyras a function of temperature and pressure (density) were taken
from Ref. 16. The Debye-Huckel limiting slopes for the tempera-
ture range of interest were estimated by employing the dielectric
constant and density of water as given in Ref. 3 and 17. Solution of
the system of Eqgs. (6) to (11) yields the molal concentration and
activity coefficient of hydrogen ion. A similar model was devel-
oped for the proposed 0.01m NaOH standard.’

With data on the activity of hydrogen ion in the standard solu-
tion available from model estimations, relationships between the
pH and cell potential, and hence a practical pH scale, for super-
critical systems was developed.'®'" The potential of the cell com-
prising a pH sensor (yttria stabilized zirconia membrane) and a
reference electrode (silver/silver chloride external pressure bal-
anced electrode) (E,,...) can be written in the following form: '

2.303RT[p 2303RT, afts!

H—pHsasol.]Jf—FlOg

12
2 a0 ( )

Emeas =Egsp.—

where Epgp represents the effective standard potential, in other
words, the potential of the cell measured in the standard solution,

Ersp = mrsnteilosl ‘PHgts0r. 18 the value of the pH in the standard solu-
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tion and a0 is the activity of water. From Eq. (12), the pH for the
solution of interest is obtained as

1 afﬁ%)l
Emeas]+pHst.sol. +_1Og_ (13)
2 apo

T
H=e—|E. ., -
P 303RT L ES P

Clearly, an accurate derivation of pH requires knowledge of the
activity of water in the test solution as well as in the standard solu-
tion.

In summary, the proposed pH standard is based on the concept
of a standard solution and effective standard potential of the cell,
just as the practical pH scale is defined under ambient conditions.
This standard requires only one reference measurement in the
standard solution at the temperature and pressure of interest, in
exactly the same way as in subcritical systems. However, as is
shown below, the fact that temperature and pressure are independ-
ent variables over the entire state space in supercritical systems
considerably complicates the practical definition of the system for
which the pH is measured or calculated.

3. Contribution of the Activity of Water

In order to accurately interpret the results of EMF measurements at
supercritical temperatures, it is necessary to estimate the activity of
water in the fluid, as noted above, because the activity of water
appears in the equation for the electrode potential of the YSZ
membrane as:'*'!

2303RT .. 2.303RT. 4
E=E%%, - pH - log 129 (14)
YSz F F o
94,0

For subcritical systems, the activity of water is simply defined
as the ratio of the vapor pressure of water over the solution of in-
terest to the vapor pressure of pure water under identical condi-
tions. However, for supercritical systems this definition is no long-
er useful or practical, because of the absence of a liquid phase.
Instead, for supercritical water systems, which are essentially
dense gases, it is more convenient (and descriptive) to use the con-
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cept of fugacity instead of activity. Fugacity is essentially pseudo
pressure or corrected pressure, which permits the use of ideal gas
equations for real gases. The relationship between fugacity (f) and
activity of water is given as

a
ot a)
Ao S

where superscript "o" indicates a reference or standard state (cor-
responding to pure water for subcritical systems). There exist sev-
eral means of estimating the fugacity of a gas. Kriksunov and
Macdonald'®!" used the technique based on determining the differ-
ence between the isothermal expansion work functions for ideal
and real gases. Thus, the work of isothermal expansion of an ideal
gas from pressure P, to P; can be written as 4,,=RTIn(P,/P;). For a
real gas, the same work should be written using fugacities (f):
A,.=RT In(fy/f;). The difference between A4,; and 4,, is the excess
expansion work:

AA :RTln&—RTan:RTln&—f1 (16)
B N AL

We must choose as P; a suitably low pressure, such that the
real gas behaves practically as an ideal gas. In that case, P; = f;
and A4 becomes:

Ad=RTIn 2 (17)
2

From the last equation, one obtains the fugacity as
AA
=P, exp(——— 18
Ja=Pexp-20) (18)

and the fugacity coefficient as:
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AA
Vo = - =exp(-—2) (19)

The value of A4 is then easily estimated as

M= 4y — A, IVddP j JdP = I(Vd V,.)dP  (20)

Py

Taking into account that, for one mole of ideal gas, PV = RT, we
obtain:

P
RT
= [(S-=Vyerdp 1)

The values of A4 were estimated for water at supercritical
temperatures and at several P, over the range 1-1000 bars from
Eq. (21) using specific volumes obtained from the ASME Steam
Tables.'® Water vapor at a pressure of 1 bar and at the temperature
of interest was chosen as the standard state, but it is emphasized
that other standard states are readily defined.

Calculated values for v, are presented in the Fig. 13 as a func-
tion of pressure for temperatures of 400 and 500°C. It is clear that
the fugacity coefficient drops precipitously at pressures higher
than about 100 bars, especially so at low supercritical tempera-
tures. This is due to the increasing impact of molecular interactions
in the fluid that tend to make the system less compliant with the
ideal gas equation and hence less ideal. An increase in tempera-
ture, as one would expect, makes the fluid more ideal, so that at
higher temperatures the fugacity coefficient decreases more slowly
with pressure than it does at lower temperatures.

It is emphasized that the activities (fugacity) of water calculat-
ed above are for pure water only. In order to obtain activities of
water in solutions, it is necessary to employ PVT data for corre-
sponding systems. However, for relatively dilute solutions, the
effect of the solute upon the properties of the solvent can be ne-
glected and, hence, fugacity data calculated from the properties of
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Figure 13. Fugacity coefficient of water as a function of pressure for two
supercritical temperatures. Reprinted from Ref. 11, Copyright (1998)
with permission from NACE International.
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AE log fu,0 (22)

pure water may be used to a first approximation for the pre-
sent application.
lOTlhe effect of fugacity on cell potential can now be estimated
as:

Values for AE are plotted against pressure in Fig. 14 for tem-
peratures of 400 and 500°C. Note that the effects of pressure are
significant. Thus, for a change in pressure from 500 to 1000 bar at
500°C, the effect of the change in fugacity on cell potential would
be (0.192 — 0.204) V =-0.012 V. This value may be compared
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Figure 14. Contribution of water fugacity to the potential of the
YSZ pH sensor as a function of pressure for two supercritical tem-
peratures. Reprinted from Ref. 5, Copyright (1997) with permis-
sion from Elsevier.

with that of 2.303RT/F =0.153 V at 500°C. Accordingly, the fu-
gacity correction is significant (= 0.08 pH unit) for highly accu-
rate work, but is probably of little consequence for many techno-
logical applications.

III. SENSORS

A principal goal of early work by the author and his colleagues on
supercritical aqueous systems was to develop simple, rugged sen-
sors that were capable of measuring pH and redox potential at
temperatures up to about 550°C. As discussed earlier in this re-
view, these two parameters are of prime interest, because the hy-
drothermolysis of organic material produces acid (which may be
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neutralized by the addition of sodium hydroxide) and because a
typical SCWO reactor utilizes a high partial pressure of oxygen or
even additions of hydrogen peroxide. These conditions are neces-
sary, in order to destroy the most resilient wastes. However, they
are also the conditions that lead to exceptionally high corrosion
rates that render even the most corrosion resistant, nickel-based
alloys generally unsuitable for use in SCWO reactors unless pro-
tected by a suitable liner. Indeed, even the noble metals, such as
platinum, are found to corrode at tens of mils per year in some
supercritical aqueous environments.

The key to measuring electrochemical potentials in any envi-
ronments is the availability of a viable reference electrode and a
viable indicator electrode. The generally accepted attributes of a
viable reference electrode are as follows:

e The potential should be stable and reproducible over ex-
tended periods of time.

e The potential should be independent of compositional
changes in the system or, at least, the change in the potential
should be predictable from the compositional changes.

e The reference potential should be established by an electro-
active couple at equilibrium, so that the reference potential
may be placed on an accepted thermodynamic scale.

In many cases, only the first two conditions can be fulfilled,
with the result that the measured potential of an indicator electrode
cannot be placed upon a viable thermodynamic scale (e.g., the
Standard Hydrogen Scale, SHE, see below). In this case, the refer-
ence electrode is referred to as a pseudo reference electrode or
PREs, which might be capable of internal calibration against some
potential-determining process that occurs at the indicator elec-
trode. PREs have been used extensively in corrosion studies in
high subcritical and supercritical aqueous systems, as described
below, and are generally serviceable provided that limited accura-
cy is acceptable.
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1. Internal Reference Electrodes

(i) Hydrogen Electrodes

From the theoretical point of view, the hydrogen electrode is
perhaps the most ideal reference electrode for high temperature
work. Thus, the Standard Hydrogen Electrode (SHE) has been
selected in thermodynamics as the zero of the potential scale and it
is the electrode against which the standard potentials of all other
half cells are expressed. However, it is important to note that the
SHE is a hypothetical construct, in which the activity of H' (ay.)
and the fugacity of H, (fy;) are both equal to one at the specified
temperature and pressure. Although it is possible to devise a prac-
tical hydrogen electrode that conforms closely to the SHE, by
choosing the appropriate concentration of H and pressure of H,,
such that the activity and fugacity, respectively, are unity, this is
seldom, if ever done, because of the ease of relating the potential
of a practical hydrogen electrode to the SHE scale (see below) and
because of the difficulty in interfacing a gas (hydrogen of precisely
controlled pressure) with a high temperature/high pressure aqueous
solution. Even so, with appropriate care, the hydrogen electrode
has proven to be rugged and reversible, but it can only be used in
systems that are stable against reduction by hydrogen. For exam-
ple, it cannot be used in potentiometric studies of Fe** hydrolysis,
because of the occurrence of the reaction

Fe’ +%H, = Fe’" +H' (23)

According to the 1960 Stockholm Convention, the half-cell
reaction for the hydrogen electrode is expressed as:

2H +2e¢ S H, (24)
with the potential being given by the Nernst equation

2.303RT 2.303RT
HH, :_Tlog(fHZ)_TpH (25)

E
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in which pH = —log(au.). The fugacity of hydrogen is related to the
molal (mol/kg H,O) concentration of dissolved hydrogen by Hen-
ry’s Law as:

Ju, =Ky, -YH, My, 26)

where Ky, and yy, are the Henry’s constant and activity coefficient
for dissolved hydrogen, respectively.

For the hydrogen electrode to be used as a reference electrode,
the pH of the medium and the fugacity of the hydrogen must be
accurately known. The first condition is readily achieved by em-
ploying a well characterized buffer solution, as described above.
Suitable buffers are available for temperatures up to ca. 300°C,
primarily through the work of the Oak Ridge National Laboratory
group, but few are available for use at temperatures up to or above
the critical temperature. The few studies that have been performed
in supercritical systems have employed HCl and NaOH solutions
as pH standards, with the pH values being calculated from dissoci-
ation constant data in the literature that were obtained from con-
ductance studies. Note that both electrolytes are poorly dissociated
at supercritical temperatures and hence are classified as being a
weak acid and a weak base, respectively.’ Furthermore, the corre-
sponding, fully dissociated salts, which would be required for an
effective buffer to be formulated, do not exist. However, in most
applications of the hydrogen electrode being used as a reference
electrode, the major experimental problem is the accurate meas-
urement of the hydrogen fugacity, as noted above. For instance, a
temperature fluctuation of £1°C at 300°C can easily cause an error
in the estimated hydrogen partial pressure of greater than +1 atm,
which will be reflected in an uncertainty in the reference electrode
potential of nearly 60 mV (if only the total pressure is known).'®
Although values for the hydrogen fugacity coefficients are well
known, it is generally necessary to employ extra-thermodynamic
assumptions to estimate the fugacity coefficients in the presence of
a high solvent (water) vapor pressure. For example, it is often as-
sumed that partial pressures of the solvent (water) and hydrogen
are additive, an assumption that has not been rigorously tested, to
the author’s knowledge.
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The problem of the uncertainty in the hydrogen fugacity was
overcome by the development in the early 1970s of the hydrogen
concentration cell by Mesmer and Baes'’* for high temperature
potentiometric studies. Various versions of the high temperature
aqueous hydrogen concentration cell were subsequently developed
by Mesmer and coworkers,'”* Palmer and/or Wesolowski and
coworkers™™' and Macdonald et al.”** Results using similar cells
have also been reported by Shoesmith and Woon,” Giasson and
Tewari,*® Matsushima and coworkers®’ and Bilal and Mueller.*®
One classical example of the hydrogen concentration cell is shown
in Fig. 15.% The cell is formally represented as

Pt, Hy/H" (a;), KCI | H' (ay), KCI/H,, Pt (with liquid junction) (27)

in which the vertical bar depicts the liquid junction, the slash rep-
resents a phase boundary, and the comma separates two compo-
nents in the same phase. The central compartment contains a buff-
ered solution of accurately known pH-temperature characteristics
and serves as the reference electrode, while the outer compartment
contains the solution under study. The inner and outer compart-
ments are connected via a porous Teflon plug, so that the cell con-
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Figure 15. Schematic of a high temperature aqueous hydrogen concentration cell.
Reprinted from Ref. 32, Copyright (1973) with permission from Canadian Journal
of Chemistry.
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tains a liquid junction, as indicated above, with the liquid junction
potential being suppressed by using a high background concentra-
tion of KCI. Both compartments contain platinized platinum hy-
drogen electrodes and, during operation, the system is pressurized
with hydrogen gas. Since the inner (reference) and outer (test)
compartments are connected via a small hole above the liquid sur-
face, the fugacity of hydrogen in both compartments is the same,
but does not need to be known accurately, because the terms con-
taining the hydrogen fugacity in the Nernst equation cancel in the
expression for the cell potential. Accordingly, the cell potential
varies only with the change of the pH of the test solution.

One important variation of the hydrogen concentration cell,
the flowing emf cell,” was developed by Sweeton et al. for studies
of volatile reactants. The cell, shown in Fig. 16,3 comprises of two
electrode chambers and a liquid junction chamber. The lateral
holes in the bottom of each piece allow solution to come in from
each electrode chamber and then flow upwards into grooves cut in

— Hydrogen Electrode ~

Teflon Sleeve —=j 1 Solution

: i
Electrode Adapter —= Outlet |

Refernce Solution Inlet _I —— Test Solution Inlet

Teflon Sleeve” 1 W — ‘

Cylindrical
Plug
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Cylindrical
Liquid - Junction
Plug

Reference
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Test
Compartment

Porous Teflon
Separator

Figure 16. Schematic cross section of flowing hydrogen concentration cell. Re-
printed from Ref. 22, Copyright (1973) with permission from J. Physics.
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the connecting inside surfaces. The converging solutions are sepa-
rated mechanically by a Teflon separator inserted between the two
half-cylinders (the cylindrical liquid-junction plug). The two flow-
ing streams join before leaving this split plug, then pass along a
small groove cut along the outside surface of the upper plug to the
outlet. The porous Teflon separator is intended to form and main-
tain a stable interface and to reduce convection that might result
from slight differences in densities of the two solutions and from
heat released at the interface by the mixing of the solutions. This
emf cell with a flowing liquid junction is capable of operating at
pressures to 100 atm and at temperatures up to 300°C.

One application of the cell is the determination of the disso-
ciation quotient for water (Qy). The cell used for this purpose can
be represented as

Pt,Hz(ml)/HCl(mz),KCI(m3)|KCl(m3),KOH(m2)/H2(m1),Pt (28)

The accuracy of the measured results was = 0.02 in log[Qy] at
temperatures ranging from 0 to 50°C. When the cell was tested as
an HCI concentration cell (using different concentrations, ¢, and
¢, of HCl, instead of HCl and KOH, on both sides, see Eq. 27)
with the potential between the electrodes being given as:

 2.303RT

AE = log(02 /C1)+ELJ (29)

the measured potential could be used to calculate the concentration
ratio of HCI on the two sides. The measured ratios were found to
be in good agreement with the true values over the full temperature
range of 0 to 300°C.>

The hydrogen concentration cell has been used to investigate
the dissociation of water in KCl solution, to characterize buffer
systems, including boric acid (50-290°C),*' phosphoric acid (up to
300 °C),”* and ammonia (50-295°C),* to investigate the hydroly-
sis of A" (up to 200°C),” to explore the precipitation of boehmite
(y-AIOOH) (200°C),** and to measure transport numbers for H
and ClI" in aqueous HCI solutions at temperatures as high as
200°C,** among other systems, where the upper temperatures are
given in parentheses. One instrumental restriction on the applica-
ble temperature of the cell comes from the use of PTFE, which is
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unstable at temperatures above 300°C. Hydrogen concentration
cells have proven to be capable of precise in situ pH measurement
(with uncertainties of no greater than £0.01 pH unit), even over
long periods of time (up to one month or more).”® Indeed, it is fair
to say that essentially all of the high-precision pH measurements at
moderate, subcritical temperatures (100-300°C) reported to date
has been performed using hydrogen concentration cells of the type
first introduced by Mesmer, Sweeton, and Baes more than thirty
years ago.

Although the hydrogen concentration cell can provide precise
pH measurement at temperatures up to 300°C, and could possibly
be used up to 7., when employing a flowing cell,” it has several
inherent disadvantages:

(a) It cannot be used in systems that are unstable in the pres-
ence of hydrogen;

(b) it requires the use of a buffer solution whose pH-
temperature characteristics are accurately known, which is
difficult to fulfill under high subcritical temperatures and at
supercritical temperatures, as noted above; and

(c) a suitably high back ground concentration of an indifferent
electrolyte, such as KCI, must be employed to suppress the
isothermal liquid junction potential (ILJP) between the ref-
erence and test compartments.

Of these three issues, the first two are the most serious, with the
first severely limiting the systems that can be studied to those that
are stable in the presence of hydrogen, and the second limiting the
upper temperature. The third constraint is not a major issue in high
subcritical systems, because the transference numbers of the ions
of most, if not all, binary electrolytes tend toward 0.5 with increas-
ing temperature; however, at temperatures above the critical tem-
perature the solubility of a salt is severely restricted and it may not
be possible to attain a sufficiently high concentration to suppress
the liquid junction potential. Note that the isothermal liquid junc-
tion is most effectively suppressed if the transference numbers of
the cation and the anion of the background electrolyte are equal, a
condition that is fulfilled by KCl at ambient temperature (and
hence the reason for the choice of KCI in ambient temperature
studies).
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The hydrogen (reference) electrode has also been used exten-
sively to explore the thermodynamics of the yttria-stabilized zirco-
nia membrane electrode (YSZME) in high subcritical and in su-
percritical aqueous systems. The use of the YSZME in subcritical
systems was first described in 1980 by Niedrach® and soon there-
after by Tsuruta and Macdonald,”’ Danielson et al.*"** and Bour-
cier et al.” The YSZME with a Cu/CuO internal element was ini-
tially used as a reference electrode by Niedrach*****” for measur-
ing corrosion potentials of stainless steel components in nuclear
reactor coolant circuits. The work of Macdonald et al.*"**** and
later by Lvov and others™ concentrated on exploring the thermo-
dynamics of the YSZME, as noted above, because of its utility as a
primary pH sensor (i.e., one that does not need to be calibrated).
Since these initial studies, the YSZME with a Ag/O, internal ele-
ment has been used to sense acidity in aqueous solutions at tem-
peratures as high as 528°C using an External Pressure Balanced
Reference Electrode (EPBRE) based upon the Ag/AgCl, KCl (sat),
electroactive element.”*>> This work is described further below.
Regardless of whether the YSZME is employed as a reference
electrode (in a medium of known pH versus temperature character-
istics, as in the initial application by Niedrach)*****” or as a pH
sensor, it is necessary to establish the theoretical response of the
electrode in order that the potential can be related to the SHE
scale.

For the YSZME electrode employing a Hg/HgO internal ele-
ment, the half-cell reaction is written as:

HgO+2H +2e¢ S Hg+H,0 (30)
with the corresponding Nernst equation being:

2.303RT 2.303RT

0
Eysz = Efig/go ~ oF log(aHZO)_TPH (3D

where EOHg/HgO is the standard potential of the Hg/HgO couple and
amo 1s the activity of water. By combining Egs. (25), (26), and
(31), we obtain the potential of the cell H,/H', YSZME as:
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0 2303RT, Ku-vu, . 2303RT
AE _[EHg/HgO + F log( o )]+ F
2

log(my, )
(32)

The first term of Eq. (32) is a constant for a given tempera-
ture, pressure, and ionic strength, so that the cell voltage is linearly
related to the logarithm of the dissolved hydrogen concentration.
In other words, using the hydrogen electrode as an indicator elec-
trode and the YSZME as the reference electrode, the cell

Pt,H,/H'(aq.)/ZrO,(Y,0;)/HgO/Hg (33)
may be employed as a hydrogen sensor to obtain the concentration
of hydrogen at given temperature and pressure by measuring the
potential difference between the two electrodes.”””* To test this
concept, Ding and Seyfried Jr.” used the same electrochemical
cell depicted above to measure the fugacity and Henry’s constant
for hydrogen at supercritical temperatures. At a temperature of
400°C and at a pressure of 400 bar, the measured potential of the
cell displays a good Nernstian response to dissolved hydrogen
concentration that agrees with the theoretical value. The experi-
ments also demonstrated the excellent stability of the sensor during
month-long operation.”’

Eklund et al.*° also employed the hydrogen electrode and YSZ
electrode to measure Henry’s constant for hydrogen in NaOH solu-
tions at temperatures ranging from 25°C to 450°C and at a pres-
sure of 275 bar. The system that they used can be written in the
form:

Hg/HgO/ZrO, (Y,0;)/NaOH (aq.)/H,, Pt (34)

The results agreed well with those of Fernandez-Prini and
Crovetto® for temperatures up to 350°C and with Kishima and
Sakai’s work® for temperatures up to 450°C.

According to Ding and Seyfried Jr.,”* two problems of the
platinum/hydrogen electrode are the poisoning by sulfide ion and
the solubility of hydrogen in the metal at elevated temperatures.
We regard the first of these concerns to be legitimate, but it is dif-
ficult to reconcile the second with thermodynamic principles. Ding
and Seyfried Jr.* evaluated gold hydrogen-sensing electrodes, as
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alternatives to platinum, for the in situ measurement of dissolved
hydrogen in supercritical aqueous fluid (temperature: 375-400°C,
pressure: 400 bar). With the same cell potential expressed by Eq.
(32), at 400°C and 400 bar, the experimental data reveals a slope
of 0.0668 + 0.0027 V (measured potential with respect to loga-
rithm of dissolved H, concentration), which is in excellent agree-
ment with the theoretical values of 0.0668 V (from Eq. 32) com-
pared with that for a platinum electrode under the same conditions
(0.054 V, see Ref. 57). The present authors consider the latter re-
sult to be too far different from the theoretical value that attribu-
tion of the difference to the different noble metals employed is not
reasonable. Instead, the difference is probably due to experimental
error, given the high level of difficulty in performing experiments
of this type.

A significant problem with potentiometric measurements in
high subcritical and in supercritical aqueous systems is corrosion
of the apparatus, which can result in large changes in the pH. This
problem was addressed by Lvov, Gao, Zhou, and Macdonald®*%
by devising flow through reference electrodes (Ag/AgCl and the
YSZME) and indicator electrodes (H,/H"), such that the incoming
solution was never in contact with corrodible metal surfaces. In
this way, contamination of the solution could be prevented or at
least minimized. Sue et al.®’” subsequently employed this concept
by using two identical high-temperature platinum/hydrogen elec-
trodes as the working and reference electrodes (Fig. 17). The cell
is depicted as:

Cu/Pt, Hy/Ref. Solution | Test Solution/H,, Pt/Cu (35)
T—|— T, - T

in which 7 is the higher working temperature and 77 is the ambi-
ent reference temperature. The corresponding cell potential is writ-
ten as

1 1 !
E =;{HH+ (D)= b, D)+ ki, R~y (R)} (36)

+AD; ; +ADgrp(L) + ADgrp(R)
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Figure 17. Schematic of flow-through electrochemical cell. Reprinted from Ref. 64,
Copyright (1997) with permission from Elsevier.

in which py. and py, are the chemical potentials of H" and H,,
respectively, A®;; and ADgr; are the isothermal liquid junction
potential and the steaming potentials, and L and R designate the
left and right side of the cell, respectively. In a manner similar to
that previously described by Lvov et al.,***® measurement of the
cell potential for Test Solutions 1 and 2 yields the expression:

AE. = Eln My resi(2) ) +otest(2)
ap F

+AD,,; 37)
mH+ Jtest(1) Y+ test(1)

in which my. and vy, are the hydrogen ion molality and the mean
ionic activity coefficient, respectively. The mean molal activity
coefficient, v., can be calculated using extended Debye-Huckel
theory and A®;; can be estimated by using the Henderson equa-
tion. They also described procedures to reduce the instability of the
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measured potential, including adjustment of the electrode coiled
tip lengths, etc., although the exact theoretical basis for the proce-
dures remains obscure. Sue et al.”” compared the calculated and
measured values for AE,, and concluded that an accuracy of £0.02
of a logarithmic (pH) unit was achieved at temperatures from 19.6
to 392.9°C and at pressures from 0.1 to 29.8 MPa. The cell was
also used to determine the first dissociation constant of sulfuric
acid at temperatures from 375.2 to 399.8°C and at pressures from
28.1 to 32.5 Mpa.”’

(ii) Silver/Silver Chloride Electrodes

Silver/silver chloride electrodes have been used extensively as
reference electrodes in high temperature electrochemical studies.
The first potentiometric measurement of pH at elevated tempera-
tures, at Oak Ridge National Laboratory by Lietzke,”® employed
Pt-H, electrodes coupled with Ag/Ag-salt reference electrodes to
investigate the thermodynamic properties of HCI and other strong
acids in electrolytes to 225°C. Ag/AgCl electrodes are considered
to be among the most serviceable electrodes under high tempera-
ture conditions, and have been found to perform satisfactorily at
temperatures up to 573K (300°C)."” Thus, the early work of Gree-
ley and Lietzke,””" subsequently reviewed by Macdonald,'® at-
tests to the utility of the Ag/AgCl electroactive element, in particu-
lar.

One of the major problems experienced with all Ag/AgX, X =
Cl, Br, I electrodes, when used in hydrogen-rich systems, are the
reduction of AgX by hydrogen to metallic silver:

AgX+%H, > Ag+H +X° (38)

This reaction results in a mixed potential (rather than equilibrium
potential) being generated at the electroactive element and in the
activity of X at the electroactive element varying with time. Fur-
ther, as noted above, the thermohydrolysis of AgX,

2AgX+H,0 - AgO+2H +2X (39)

readily occurs at elevated temperatures and the reaction product
will also result in a mixed potential. Furthermore, Ag,O decom-
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poses to Ag at temperatures greater than about 160°C,” so that the
ultimate product of thermohydrolysis is silver metal. Both phe-
nomena preclude true thermodynamic equilibrium, thus the results
obtained from Ag/AgCl electrodes under those conditions should
be regarded with caution.

Ding and Seyfried Jr.”* used the silver/silver chloride internal
reference electrode in the direct measurement of pH in NaCl-
bearing fluids at 400°C and 40 MPa. The electrochemical cell that
was employed can be described as:

Ag/AgCl/CI(aq.),H'(aq.)/ZrO(Y,05)/HgO/Hg (40)

with the cell potential being related to the pH of the solution by the
equation:

o 2303RT 1
2B, = 08" - 222 logac, - logay,o)
2.303RT
2Ry @)
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Figure 18. Measured cell potential AE (V)7,meqs Versus theoretically predicted cell
potential, AE(V)r,.cae, in the aqueous NaCl-HCI system (NaCl 0.57 m) (thermocell
Ag/AgCl/CI (aq.),H"(aq.)/ZrO(Y,05)/HgO/Hg, Eq. 40) at 400°C and 40 MPa.”
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Ding et al.”” measured the pH of concentrated NaCI-HCI fluids
(0.57 m NaCl) and compared the results with calculated cell poten-
tial data using various thermodynamic databases and codes.'®’*7¢
The comparisons are shown in Figs. 18 and 19. The good agree-
ment observed between AE(V) 1, meqs and AE(V) 1, caie Shown in Fig.
18 demonstrates that the cell response is consistent with available
thermodynamic data. Furthermore, Fig. 19 shows an excellent lin-
ear relationship between AE(V)r1, meqs and pHz, care Over the entire
range investigated. Importantly, the slope of the regression line is
0.140 £ 0.004 V, which is quite close to the value of 0.134 V pre-
dicted from the Nernst equation for a temperature of 400°C.

(iii) Other Internal Reference Electrodes

Other internal reference electrodes have been devised for use
in high subcritical and in supercritical aqueous solutions. For ex-
ample, Dobson et al.,*'* Macdonald and coworkers,** and Nagy et
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Figure 19. Measured cell potential AE (V)7,mes against theoretically predicted
pHrpcae [thermocell Ag/AgCl/CI (aq.),H (aq.)/ZrO,(Y»0;3)/HgO/Hg, Eq. 40] at
400°C and 40 MPa. The buffer solution is NaCl-HCl aqueous system (NaCl
0.57m), with the pH being varied by adding HCL.”"
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al.® explored the palladium/hydrogen system as a reference elec-
trode as well as a pH indicator electrode. The work by Dobson®'
and Macdonald® used palladium wire electrodes that had been
cathodically charged into the B region of the Pd-H phase diagram,
where solid palladium hydrides are formed. Hydrogen was then
allowed to desorb from the lattice and the system passed into the o
+ B region, where hydrogen in solid solution (the a phase) is in
equilibrium with the hydrides. Under these conditions, the activity
of H in the lattice is fixed by the Gibbs phase rule, so that the po-
tential due to the reaction

H+e S H (42)

depends only on the pH and temperature, provided that the compo-
sition remains in the o + f§ region of the phase diagram for the Pd-
H system. Once the composition moves into the a-region, where
the activity of H depends on composition, the potential varies with
time. Thus, as the potential decays from the cathodically-charged
state, it exhibits a plateau over which the activity of H in the lattice
is established internally. This removes one of the principal objec-
tions to the hydrogen electrode as a reference electrode: the need
to accurately control the hydrogen fugacity. However, the Pd-H
phase diagram exhibits an upper consolute temperature for the o +
B region of the phase diagram of about 275°C.**** At temperatures
above this value, the a + f region no longer exists, so that the es-
tablishment of a fixed activity of H does not occur.

A variant of the Pd-H, electrode was explored by Macdonald
and coworkers® and later by Nagy et al.* in the form of a Pd (or
Pd-Ag) thimble with a known H, pressure on the inside with the
external surface being exposed to the solution. Diffusion of hydro-
gen through the Pd wall establishes a fixed activity of H (or fu-
gacity of H,) at the outer surface where the potential determining
reaction occurs. The electrode potential is stable and the electrode
can serve as a viable reference electrode, provided that the pH is
known. Again, like the Pd-H, electrode, the Pd thimble electrode
removes the difficulty with the classical hydrogen electrode of
establishing a known hydrogen activity (fugacity) in the system.
However, unlike the Pd-H, electrode, the maximum temperature of
operation is not limited by the thermodynamics of the Pd-H sys-
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tem. Of course, these reference electrodes are viable only in sys-
tems that are stable in the presence of hydrogen.

Finally, attempts have been reported to develop various solid
state electrolyte internal reference electrodes for use in high sub-
critical and supercritical aqueous systems. Among these was an
attempt by Hettiarachchi and Macdonald® to develop a solid pol-
ymer electrolyte (epoxy + KCI solution, which sets as a rubber)
reference electrode containing an Ag/AgCl electroactive element
(Fig. 20)*” and a KCI (aq.)/epoxy electrolyte. The electrode dis-
played reversible behavior at temperatures as high as 280°C for
over 40 hours, but, because the activities of Cl” in water-containing
epoxy are not known, the electrode needs to be calibrated. A varia-
tion on this theme was reported by Jayaweera et al.*” who used a
ziconia + alumina + KCI + silica electrolyte, together with an
Ag/AgCl electroactive element, as a reference electrode for super-
critical systems. The electrode was found to exhibit a constant
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Figure 20. Assembly of an internal polymer electro-
lyte reference electrode. Reprinted from Ref. 83,
Copyright (1973), reproduced by permission of The
Electrochemical Society.
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potential, but it suffers from the same disadvantage as does the
polymer electrolyte reference electrode: the need to calibrate,
which requires a primary standard whose potential can be accu-
rately related to the SHE scale.

2. External Reference Electrodes

Because of the harsh working conditions in high subcritical and in
supercritical water systems, the stability of electroactive element
becomes a major practical and theoretical issue in reference elec-
trode technology. The most frequent problem is the thermal hy-
drolysis of one or more phases in the electroactive element, such
as AgCl in the Ag/AgCl internal reference electrode, as described
above. One solution to this problem is to locate the electroactive
element at ambient temperature, where thermal hydrolysis does not
occur, and connect the element to the high temperature region of
the system by a non-isothermal electrolyte bridge. Early variants
of this scheme used a non-isothermal bridge together with a com-
pressed porous plug to reduce the pressure to ambient at the elec-
troactive element (Jones and Mas‘terson,88 Macdonald and Owen,89
and Macdonald®!) with only limited success. In this case, two irre-
versible potentials are created by the junction. The first is the
steaming potential due to the non-isobaric junction, which is elim-
inated by the use of pressure-balanced electrolyte bridges. The
second is the thermal diffusion potential, which remains as the
main problem of all external pressure-balanced electrodes.

External pressure-balanced reference electrodes (EPBRE:s)
have been developed and evaluated extensively over the past three
decades. The first variant was described in 1978 by Macdonald et
al.”® and was patented in the same year, with the invention being
assigned to the Electric Power Research Institute. The electrode
won the EPRI Invention-of-the-Year Award in 1979. The EPBRE
that was first evaluated is described thermodynamically as the
thermocell:

(25°C) Ag/AgCI/KCl (M)/AgCl/Ag (T°C) (43)
in which T was varied from 25 to 275°C and the concentration of

KCl was varied from 0.0050 to 0.505 M.*® An important feature of
the original, Macdonald et al.”" electrode was the reliance of pres-
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Figure 21. Assembly of an external pressure-
balanced reference electrode (EPBRE). Reprinted
from Ref. 50, Copyright (1992) with permission
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sure pulsations transmitted into the flexible (PTFE) inner com-
partment from the flow-activating pump, to inhibit the tendency of
thermal diffusion to occur and hence to maintain the solution com-
position uniform and hence to maintain the non-isothermal electro-
lyte bridge in the Soret initial state (Fig. 21). This was an im-
portant, but often ignored, caveat of the operation of an EPBRE. If
thermal diffusion occurs, the potential will drift as the electrolyte
diffuses toward the cold end of the junction (the tendency predict-
ed by thermal diffusion theory). The theory of thermal diffusion of
the electrolyte applies strictly to subcritical systems, where the
properties of the system can be described in terms of classical elec-
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trolyte theory. No comparable theory has been developed for su-
percritical aqueous systems, to the author’s knowledge. In spite of
the theoretical shortcomings, EPBREs have been used extensively
in supercritical aqueous systems to demonstrate the thermodynam-
ic viability of YSZMEs"*** and to measure pH in high subcriti-
cal and in supercritical aqueous solutions (using YSZMEs as pH
electrodes).”***% In the early 1990s, using an YSZME with a
Ag/O, internal element and an EPBRE, Kriksunov and Macdonald
significantly extended the temperature of direct acidity measure-
ment up to 528°C.7*>* To the author’s knowledge, this still rep-
resents the highest temperature at which acidity measurements
have been made.

The original flow-through technique for reference electrodes was
first developed by Danielson in 1983%* with the purpose of elimi-
nating thermal diffusion by continually refreshing the inner com-
partment. In this way, the electrolyte in the inner compartment
could be maintained in the Soret initial state (i.e., by maintaining a
uniform concentration along the non-isothermal bridge). The flow
rate was adjusted to be sufficiently high to maintain a uniform
concentration, but to be sufficiently low to maintain the tempera-
ture gradient along the non-isothermal electrolyte bridge. The orig-
inal Danielson cell, which was restricted to moderate, subcritical
temperatures (T < 300°C), proved to be quite successful, in that the
potential remained stable at the expected value over extended peri-
ods of time. Later, this same concept was adopted by Lvov et al.
(Fig. 22)% for high subcritical and low supercritical temperatures
(374.15°C < T < 400°C), with the result that highly accurate poten-
tiometric measurements could be made.®>*“*? This required careful
calibration of the reference electrode against a hydrogen electrode
in a flow-through system and against theoretical calculation,
knowing the pH and the fugacity of hydrogen. In any event, while
this type of electrode represents the current state-of-the-art, it is
judged to be too difficult to apply in the field and is perhaps too
difficult to apply even in the research laboratory (the same prob-
lem with the EPBRE). The reference potential was also found to
depend on flow rate of the electrolyte through the inner compart-
ment, presumably arising from the streaming potential and possi-
bly also from the modified temperature gradient down the thermal
liquid junction. The fact that the potential is flow rate dependent is
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Figure 22. Schematic of the flow-through external pressure-balanced
reference electrode (FTEPBRE). Reprinted from Ref. 62, Copyright
(1984) with permission from Elsevier.

a significantly complicating factor, because of the need to calibrate
the electrode in each system studied.

As noted above, an external pressure-balanced electrode suf-
fers from two irreversible thermodynamic potentials: the isother-
mal liquid junction potential and the thermal liquid junction poten-
tial (thermal diffusion potential). The external pressure balanced
reference electrode (EPBRE) is amenable to formal thermodynam-
ic analysis in terms of Thermocell I:**

|« T, —>‘<— T —>|<— T1—>|
Cu/Ag/AgCl/KCl (aq.) | HCI (aq.)/H,, Pt/Cu (44)

The initial voltage (corresponding to the Soret initial state) of the
cell is given by (i.e., no concentration gradient):
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T2
1 - 1
E:_FJ.Se,Pth+ETLJ +ED(T2)+F[HH+ (T7)
T; (45)

+ue- (1) - HH2 (1) - HAgCl(Tl)""P-Ag(Tl):|

in which py.(T,) and pp,(T,) are the chemical potentials of the
hydrogen ion and the hydrogen molecule in the high temperature
(T) region, respectively. The quantities pag(T1), tagci(T1), and per
(T)) are the chemical potential of Ag, AgCl, and CI in the low
temperature (77) zone. The term Ee, p; 1s the transported entropy of

an electron in the platinum wire. Ep(7,) and Ery; are, respectively,
the isothermal liquid junction potential and thermal liquid junction
potential, which are discussed below.

(i) Isothermal Liquid Junction Potential

Both internal and external reference electrodes possess an in-
terface between the internal solution and the external environment.
This interface is commonly established within a porous junction
and is designed to permit electrolytic communication while pre-
venting flow. In any event, the junction gives rise to the isothermal
liquid junction potential (ILJP), Ep(T3), which develops, because
some ions diffuse faster than others, thereby generating an electric
field that opposes the process. Integration of the electric field
across the junction yields the isothermal liquid junction potential.
Bard and Faulkner provide a detailed discussion of the thermody-
namics of the isothermal liquid junction.”” For dilute solutions, the
potential can be calculated from Henderson’s equation. In the case
of Thermocell 1, the isothermal liquid junction potential is ex-

pressed by:

Z|Z |u HCl iKCl) Z'Z |u ]

RT

Z|Z Iu (mHCl iKCl) F Z|Z |u m

Ep(Ty)= (46)
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where u; and z; are the mobility of and charge on species i, respec-
tively. The quantities m,*“ and m;"' are the molal concentration of
the i™ species of the right (HCI) and left (KCI) sides of the junc-
tion. The isothermal liquid junction potentials for various
B(OH)3/LiOH aqueous systems at a number of temperatures have
been calculated by Macdonald® and have been used to correct the
measured results in Ref. 94.

The Henderson’s equation assumes ideal solution behavior,
which renders it suitable only for dilute solutions. For more con-
centrated solutions, Harper has provided an alternative expres-
sion.”” The equation is reckoned to achieve an accuracy of 0.1 mV
for a simple junction between two identical electrolytes of differ-
ent concentrations, and 1-2 mV uncertainty for more complex
junctions.

As noted above, the ILJP can be suppressed by employing a
high concentration of a binary electrolyte whose ions have similar
transference numbers. Traditionally, in ambient temperature stud-
ies, KCl has been used for this purpose, because of the near equali-
ty of the transference numbers: . = 0491 and ¢ = 0.509 at
25°C. As shown by Macdonald and Owen™ the transference num-
bers for H" and CI” approach equality as the temperature increases
toward 200°C, and ionic conductance data indicate that this is a
general trend, suggesting that the ILJP issue is of less importance
at higher temperatures. However, the trend toward equality of the
transference numbers is countered by the larger value of RT/F, so
that the effect of temperature on the ILJP is not easily gleaned by
inspecting Eq. (46) alone. In the case of supercritical aqueous solu-
tions (SCASs), ion association occurs to such a large extent that,
even for solutions of high stoichiometric concentrations, the con-
centrations of free ions is always quite small, even at high pressure
(density). Accordingly, the SCAS case is always dilute and the
isothermal liquid junction potential may be adequately estimated
using the ideal expression, Eq. (46).

(ii) Thermal Liquid Junction Potentials

The quantity E7;; in Eq. (45) is the thermal liquid junction po-
tential, or the thermal diffusion potential, which arises from the
coupling between heat flow and mass flow (diffusion) in accord-
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ance with Curie’s Principle in irreversible thermodynamics. In the
electrolyte solution, a small, but definite, increase in concentration
occurs at the cold end of a non-isothermal electrolyte bridge as the
system evolves towards a Soret steady-state. This transport phe-
nomenon is denoted as thermal diffusion and is due to coupling
between the heat flux from the hot end to the cold end and the ion
flux, as noted above. Thermal diffusion in liquid systems was first
discovered by Ludwig in 1856, but was examined more closely in
1879-1881 by Soret, and so is now named the Soret effect.”® The
state when no obvious thermal diffusion has occurred is designated
the Soret initial state.”’ Concentration gradients due to the Soret
effect lead to the establishment of a diffusion potential and an in-
ternal electric field due to the migration of ions. The sum of these
two potentials is designated the thermal diffusion potential. Ther-
mal diffusion continues until backward, chemical diffusion (from
the more concentrated cold end to the hot end of the junction)
causes the system to attain a steady state. This state is referred to
as the Soret final state. Attainment of the Soret steady (final) state
may take many days or weeks, depending upon the electrolyte,
temperature gradient, and the length of the junction. Clearly, it is
impractical to operate an EPBRE in the Soret steady state, so that
emphasis was originally placed on devising methods for maintain-
ing the system in the Soret initial state (e.g., by transmitting pres-
sure pulses into the inner compartment of an EPBRE, as discussed
above). The importance of thermal diffusion in electrochemical
cells has been discussed at length by Engelhardt, Lvov, and Mac-
donald.""

In 1979, Macdonald et al.'” successfully measured the initial
thermal liquid junction potential of the thermal cell

(298.15K)Ag/AgCI/KCl(aq.)/AgCl/Ag(T) (47)

in which the temperature of the hot end of the cell (7) was varied
from 298.15 K (25°C) to 548.15 K (275°C) and the KCI concentra-
tion was varied from 0.005 to 0.505 m. Macdonald et al. calculated
the Nernstian thermal cell potential by employing Gibbs energies
of formation for the cell components based upon an absolute,
298.15 K, standard state. The difference between the Nernstian
potential and the observed potential (Fig. 23) is the initial state
thermal liquid junction potential (Fig. 24). The thermal liquid junc-



52 Digby D. Macdonald

tion potential was found to increase in a parabolic manner with the
temperature difference between 7" and 298.15 K (in Ref. 100), E7;,
is represented as a cubic equation in AT, the temperature differ-
ence between the hot and cold ends of the cell). Another important
feature of the measured thermal liquid junction potential is that it
is only weakly dependent on concentration. Other studies on
measuring or calculating thermal liquid junction potentials are
described in Refs. 81 and 100.

Lvov and Macdonald'® attempted to calculate the TLJP of
Thermal Cell I from fundamental theory using the general expres-
sion for the potential as given by:

1 Brst
E.,, =—— Ldr (48)
TLJ
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Figure 23. Voltages for the thermocell (298.15 K)Ag/AgCl/ KCl(aq.)/AgCl/
Ag(T) (Eq. 47) as a function of AT (= T — 298.15) and KCl concentration (m).
The numbers shown on the right side of the figure are the KCI concentrations in
the unit of mol kg"'. Reproduced with permission from Ref. 99, Copyright
(1969), The Electrochemical Society.
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Figure 24. Thermal liquid junction potentials for the thermocell (298.15
K)Ag/AgClVKCl(aq.)/AgClV/Ag(T) (Eq. 47) as a function of AT (= T'— 298.15 in
K) for various KCI concentration. The numbers shown on the left side of the fig-
ure are the KCI concentrations in the unit of mol kg™'. Reproduced with permis-
sion from Ref. 99, Copyright (1969), The Electrochemical Society.

in which #, S;" and z; are the transport number, the entropy of
transport, and the charge of the i ion , respectively, in the thermal
bridge solution. To calculate the thermal diffusion potential, the
following information is required:

(a) The ionic composition of the thermal liquid junction, in
terms of the total composition of the solution at a given
temperature and pressure.

(b) The transference numbers, #;, of all ions in the aqueous solu-
tion at a given temperature and pressure.

(c) Eastman entropies of transport, S;, of all ions in the solu-
tion.

First, Lvov and Macdonald used a free-energy minimization
code,'™ which employs standard Gibbs energies of formation of
the species (as calculated using the SUPCR92 software package.)'®
The activity coefficients for all charged species were calculated
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using extended Debye-Huckel theory, and activity coefficients for
all neutral species, including water, were set equal to unity. Sec-
ondly, the ionic transference numbers are calculated using the
equation:

0
- |Zi|7wci

[T Nd NS
l Z|Zi|)‘(t?ci
i

(49)

where A" is the limiting equivalent ionic conductivity of the i ion.
Lvov and Macdonald used the ionic limiting equivalent conductiv-
ities of K'(aq.), Na'(aq.), Cl(aq.), H'(aq.) and OH (aq.) given by
Quist and Marshall.'”® The parameter ¢; is the molar concentration
of the i™ species, which was calculated as described above. Equa-
tion (49) was proved to be a very good approximation for dilute
solutions.

To derive the entropies of transport for ionic species, Lvov
and Macdonald'” extrapolated the standard entropies of transport
of electrolytes, S;°, from lower temperatures to higher tempera-
tures by applying Agar’s hydrodynamic theory. The low-
temperature experimental data were taken from Refs. 103 and 104.
Lvov and Macdonald'” employed previously measured differ-
ences between Er; values for different electrolytes, MCl,(aq.), so
as to test the viability of the extrapolation. The results are shown in
Fig. 25. As can be seen, good agreement exists between the calcu-
lated and observed data. Lvov and Macdonald'®” also calculated
thermal liquid junction potentials for different electrolytes over a
wide range of temperature (Figs. 25 and 26). From the calculated
data, it can be seen that £7;; depends strongly on both the tempera-
ture and the type of the electrolyte, and the difference could be
more than £150 mV. To our knowledge, these data represent the
only reported attempt to estimate the thermal liquid junction poten-
tial for external pressure balanced reference electrodes.

All of the calculations described above correspond to Soret’s
initial state, i.e., to a state where the concentration of electrolyte
along the bridge is constant. As noted above, maintaining the
thermal junction in the initial state has been a vital problem in the
operation of external pressure balanced reference electrodes. As
also noted above, in the original design of the EPBRE™ (Fig. 21),
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the thermal junction consisted of a PTFE tube and a porous ZrO,
plug at the end. The PTFE tube was also used to transmit the pres-
sure pulses from the flow-inducing, positive displacement pump to
the internal reference solution. Thus any thermal diffusion tenden-
cy was counteracted by the pressure pulses. When the EPBRE was
used under supercritical conditions,*>"** a ceramic bridge was
used in the high temperature (T > 300°C) part of the junction, and
it was connected via a PTFE tube to the lower temperature region
(since the highest temperature PTFE can sustain is about 573 K).
The uncertainty of the electrode potential was measured to be 15—
25 mV at temperatures below 573 K, and up to 100 mV at super-
critical temperatures, and the measured potential was found to be
extremely sensitive to pressure changes.

60
404 @ Calculated(Infinitely dilute soution)
B Bogaerts and Bettendorf,1988(0.05m)
20 A Rakchmilevich et al., 1987 (Infinitely dilute)
> [ _—a
S nh
= 20+ A
) (]
g 40 N o
3 [ ]
u..I' -60 g *
o -80-
E L]
3 -100 - o
w
= 120 +
-140 4
L]
-160 T T T T T T T
0 50 100 150 200 250 300 350 400

Temperature / °C

Figure 25. Comparison of the calculated and observed Er ,(HCl)— Er,(KCI) values
(Thermocell I, Eq. 44) as a function of temperature. The citations are given in Ref.
97. Reprinted from Ref. 97, Copyright (1997) with permission from Elsevier.
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Figure 26. Temperature dependence of E7; (Thermocell I) for standard, infinitely
dilute NaCl, KCl and HCI aqueous solutions. Reprinted from Ref. 97, Copyright
(1997) with permission from Elsevier.

Concentration dependence of Ez;; (Thermocell I) for very di-
lute aqueous KCl and HCI solutions was studied by Lvov and
Macdonald, and it is shown in Fig. 27.

A variation of the external reference electrode concept was re-
ported by Tsuruta and Macdonald to measure the pH of a high
temperature solution (Fig. 28). The ceramic membrane pH-
measuring system is represented by

|[«— T7(25°C) —|«— T —|«— T;(25°C) —|

Ag/AgCl/InternalSolution/TestSolution/ZrO,(Y,0s)/InternalSolution/Ag/AgC
(50)

By using an YSZME containing a buffered internal solution
(0.1 m KCI + 0.01 m B(OH); + 0.01 m KOH) and a matched
EPBRE containing the identical solution (with a liquid junction of
porous Zr0,), and by equipping both with Ag/AgCl electroactive
elements at ambient temperature (Fig. 20), it was postulated that
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the thermal liquid junction potentials could be matched and hence
eliminated from the measured cell potential. The measured cell
potential is then given by

AE = Ep + AD,, (51)

where Ep and A®,, are the isothermal liquid junction potential of
the external reference electrode and the membrane potential, re-
spectively. Ep can be obtained via Henderson’s equation and the
estimates were used to correct the measured cell potentials. A the-
oretical analysis shows that the membrane potential should exhibit
a Nernstian pH response except for a small deviation due to the
difference in the activity of water in the internal and test solutions.
To test the concept, a platinized platinum hydrogen electrode was
added to the test cell containing different buffers as indicated in
the caption to Fig. 29, in order to compare the results with the ce-
ramic membrane electrode. Various test solutions were em-
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. . . . . .
04
220
-40
:E= ®— KCl(aq)
m— HCl(aq)
3 e0d *
w
-80 <
L]
-100 +
L} - ™ -
-120 T T T T T
0.000 0.002 0.004 0.006 0.008 0.010 0.012
m1.-2!m0|1.-:’kg-1.-:

Figure 27. Concentration dependence of E7, (Thermocell I) for very dilute
aqueous KCl1 and HCI solutions at 300°C. Reprinted from Ref. 97, Copyright
(1997) with permission from Elsevier.
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Figure 28. Schematic of the ceramic membrane pH-measuring system (Eq. 50).
Reprinted from Ref. 94, Copyright (1983) with permission from The Electrochemi-
cal Society.
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Figure 29. Potential vs. pHr response for the ceramic membrane electrode (Eq. 50)
in various B(OH);/KOH and H,SO/Na,SO4 systems at 275°C. The various test
solutions are: (A) 0.0lm KOH+0.01m B(OH);, (B) 10°m KOH+0.01m B(OH);,
(C)10*m KOH+0.0lm B(OH);, (D) 0.0lm B(OH);, (E) 0.00005m H,SO,, (F)
0.0005m H,SO4, (G) 0.005m H,SO,, (H) 0.005m H,SO4+0.005m Na,SOs, (I)
0.005m H,SO,4+0.045m Na,SO,4. Reprinted from Ref. 94, Copyright (1983) with
permission from The Electrochemical Society.

ployed to calibrate the pH response of the ceramic membrane. The
measured membrane potentials were plotted against the hydrogen
electrode potentials at temperatures from 100°C to 275°C, with
Fig. 26 showing data at 275°C. It is indicated that the ZrO, (17%
Y,0;) membrane does not exhibit a strictly Nernstian pH response,
especially at the lower temperatures and in weakly acidic systems.
Tsuruta and Macdonald®”” have analyzed the possible reason, con-
cluding that the rest of error might be attributed to the effect of
ionic strengths on the buffer properties of the internal solution and
to errors in the estimates of Ep. Retrospectively, it is now believed
that the use of a silica sintering aid by the manufacturer of the
YSZ ceramic tubes, resulting in abnormally high membrane im-
pedance, is the principal cause of the deviations from theory at the
lower temperatures. While this approach is clearly a most promis-
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ing way of eliminating the TLJP in high temperature pH measure-
ment, it has yet to be fully explored.

Macdonald and Kriksunov employed an YSZME (with an in-
ternal element of Ag/O,) against the EPBRE to explore changes in
acidity of dilute HCI and NaOH solutions for temperature ranging
from 400° C to 528° C as the solution cycled from 0.01 m HCI to
0.01 m NaOH, as shown in Fig. 30.” The utility of the sensor for
detecting pH changes in response to changes in solution com-
position at temperatures well above the critical point is clearly
indicated from the figure. By using the calculated pH values and
the measured cell potentials, Macdonald and Kriksunov calibrated
the reference electrode and obtained the pH of CCl, solution (Fig.
30) assuming complete hydrolysis of CCl, (Fig. 31).” This topic is
discussed further below under Measurement of pH.

The pH of the CCl, solution was found to be a little higher
than that calculated, assuming complete thermal hydrolysis of car-
bon tetrachloride. However, the level of agreement is still accepta-
ble, considering the unknown actual extent of CCl, thermal hy-
drolysis and the uncertainty in the calibrating cell voltages. While
the level of uncertainty perhaps does not satisfy the need for accu-
rate thermodynamic work, it is satisfactory for monitoring SCWO
systems.’

In the flow-through external pressure-balanced reference elec-
trodes®>® (Fig. 22), fluid flow was employed instead of pressure
pulses to suppress thermal diffusion. This was done by pumping
the internal reference solution through the inner compartment at a
delicately set rate. The flow rate must be high enough to yield a
constant electrolyte concentration along the non-isothermal bridge,
but also not too high so as to maintain the temperature gradient
along the electrolyte bridge. Since the concentration is kept con-
stant along the bridge, the Soret initial state can be maintained and
the thermal diffusion potential is constant for a given temperature
difference across the junction. Thus, the uncertainty of the thermal
liquid junction potential is assumed to be eliminated at any given
temperature and pressure.

To test this assumption, Lvov, Gao, and Macdonald® em-
ployed two hydrochloride solutions of different concentrations
(0.01mol kg™ and 0.001mol kg HCI) as the test solutions, and
measured the potential difference of the thermocell:
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Figure 30. Measured potential vs. time for dilute HCl and NaOH solutions and for
carbon tetrachloride in supercritical aqueous systems at temperature (a) 528°C and
(b) 525°C. Reprinted from Ref. 5, Copyright (1997) with permission by Elsevier.
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Figure 31. Plot of calculated pH against stoichiometric HCI concentration for 7" =
525°C and P = 5000 psi (closed circles). The measured pH for the hydrolyzed CCly
solution is given by the closed triangle.® Reprinted from Ref. 5 , Copyright (1997)
with permission by Elsevier.

|« T) =« T =|«T;
Cuw/Ag/AgCl/0.1mol kg 'NaCl(aq.)|0. Imol-kg'NaCl(aq.) + HCl(aq.)/H,,Pt/Cu
(52)

with the potential difference being:

AE =E (10 2mol-kg 'HCl)— E (10> mol kg 'HCI)

Sy
R M OV O C1(1yNaQ) - Ep[HCI2)Naq]

Fomy (7. 2)

(33)

The potential difference for the two different solutions was
shown to be independent of the thermal diffusion potential and can
be calculated theoretically. The calculated and measured poten-
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tials, listed in Table 2, show good agreement and demonstrate the
effectiveness of the flow-through technique in maintaining the
Soret initial state. At the higher temperatures (350-360°C), the
difference between the measured and calculated potentials was of
the order of 10mV, corresponding to an uncertainty in a measured
pH value (if it was used for that purpose) of about 0.08 (£ 0.04).

Lvov, Zhou, and Macdonald® used a flow-through electro-
chemical cell (comprising a flow-through external Ag/AgCl pres-
sure-balanced reference electrode and a modified flow-through
platinum hydrogen electrode) to measure pH at temperatures up to
400°C and pressures up to 25.3 MPa. The measured accuracy was
demonstrated to be better than +0.03 logarithmic (pH) units, in
good agreement with the estimate calculated above.

A similar FTEPBRE has been employed by Lvov et al.'” in a
four-way, once-through electrochemical cell (composed of one
flow-through reference electrode, one flow-through Pt-H, elec-
trode, one flow-through YSZ electrode, and a thermocouple). Be-
cause the same dependence on the temperature, pressure, flow rate,
and solution component of the platinum electrode and YSZ elec-
trode exist, the cell was run at 320°C and 350°C (pressure 23.0 and
24 .8MPa) to test the precision and response time of the YSZ elec-
trode as a pH-sensing electrode.

Table 2
Experimental and Theoretical Differences in Potentials E£
(10*m™ HCI) — E (10° m™ HCI) of the Thermocell (Eq. 52) as a
Function of Temperature and Pressure.”’

£ (0.01 m HCI) - £ (0.001 m HCI)

Temperature (K) Pressure (bar) Experimental Theoretically
observed (mV) calculated (mV)

298 275 64.5 59.1

298 338 61.4 59

373 275 81 74

473 275 97.8 93.7

573 275 100.3 109.8

623 275 93.4 102.2

623 338 97.4 106.2

633 338 91.7 102.4
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Using a similar concept, Sue et al.'” designed another flow-
through external pressure balanced reference electrode using a
platinum/hydrogen electrode instead of Ag/AgCl electrode. The
cell they developed can be depicted by:

Cu/Pt,H,/Test solution | Reference solution/H,,Pt/Cu (54)
T, »«T,>«T —

in which 75 is the higher temperature and 77 is the lower (ambient)
temperature. The platinum/hydrogen electrode on the right side is
the flow-through external pressure balanced reference electrode,
while that on the left side is the indicator electrode. This electro-
chemical cell has been used to measure pH at temperatures from
23.9°C to 400.2°C and pressures from 25.0 to 35.1MPa. The dif-
ference between the measured pH and the calculated pH proved to
be less than 0.03 logarithmic (pH) units. Sue et al. also used the
cell to measure the dissociation constant of phenol (PhOH).'"°

The development of FLEPBRE represents a significant ad-
vance in the quest to make possible accurate pH measurements in
supercritical aqueous systems. However, there are also a number
of issues that need to be resolved. One is the delicate setting of
flow rate to simultaneously maintain the system in the Soret initial
state and maintain the temperature gradient down the non-
isothermal bridge, which greatly complicates the system and
makes the FTEPBRE unlikely to be used in many practical field
situations (e.g. SCWO system). The second is the calibration of the
reference electrode. Since the reference potential (measured
against a hydrogen electrode) strongly depends on the flow rate of
reference solution, it needs to be calibrated against a known stand-
ard over wide ranges of temperature, pressure, and solution type
and composition, at accurately known flow rates. This feature,
alone, indicates that the flow through concept, which was initially
introduced by Danielson® more than twenty years ago, is not the
panacea in reference electrode technology.

3. Measurement of pH

A variety of sensors have been developed to measure the activity
of H' in high temperature aqueous solutions, including Pd/H elec-
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trodes, Pt/H, electrodes, metal/metal oxide electrodes, glass elec-
trodes, and most importantly yttria-stabilized zirconia [ZrO,
(Y,05)] electrodes.'"! The latter [ZrO, (Y,0;)] sensors have now
been used for monitoring pH in supercritical systems at tempera-
tures to 528°C, which is more than 150 °C higher than the critical
temperature.™'”"" For this reason, the present discussion of pH
sensors will be restricted to the yttria-stabilized zirconia membrane
system, with particular reference to the (Ag),0,/ZrO2(Y,0;)/H",
H,O electrode. Physically, this sensor comprises a closed end ZrO,
(Y,0;) tube containing porous silver as an internal element and
platinum wire as an ohmic contact with the silver. The porous Ag
internal element is readily formed by the thermal decomposition of
Ag,0 at temperatures above ca 200°C. Although back filled with
alumina cement, the inside of the tube is assumed to be in contact
with ambient air with pg, = 0.21 atm. It is important to note that
this pH sensor is essentially identical to that described many years
ago by Danielson,''? which he used to measure pH in subcritical
systems (7' < 300°C, in this case).

Thermodynamic analysis of this sensor has been carried out
by noting that the equilibrium processes that occur on the outside
(solution side) and the inside (dry side) of the membrane are writ-
ten as

Voo +H,0 > 00+ 2H" (55)

and
%0, +Vo+2¢ 2 Og (56)
Where Vo'*, O, and e are the oxygen vacancy, oxide ion in a

normal anion site in the YSZ lattice, and an electron in the metal
(Ag). Thus, the half-cell reaction for the sensor becomes

1% 0,+2H +2¢ > H,0 (57)

provided that the activity of Vo** is uniform across the membrane
wall. Note that if this latter condition holds, the thermodynamics
of the system is independent of the properties of the ceramic,
which ccl)lr;stitutes a great advantage of YSZ ceramic membrane pH
Sensors.
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Application of equilibrium thermodynamics to this system
yields the equilibrium potential as

2.303RT

Fe_po_ ]_ 2.303RT

/
1ogm[aH20/f5f pH  (58)

where ayy,0 and fp, are the activity of water on the solution side

and the fugacity of oxygen on the dry (internal) side of the mem-
brane, respectively, and pH = —log(ay.). E° is the standard poten-
tial, as given by

EC =-AGY /2F (59)

where AG" is the change in standard Gibbs energy for the cell reac-
tion

H, + % 0, > H,0 (60)

Typical potential vs. time plots for a O,(Ag)/ZrO,(Y,03)
/H"H,O sensor measured against an Ag/AgCIl/KCl(sat) external
pressure balanced reference electrode (EPBRE) for temperatures
ranging from 400°C to 528°C as the solution is cycled from 0.01m
HCI to 0.01m NaOH are shown in Fig. 10."*"" It is evident that the
cell potential responds to change in pH in a reproducible manner.
In one case, a 0.Im NHj solution was pumped through the cell
resulting in a potential that is more positive than that for 0.01 m
NaOH, as expected from the relative basicity. While a full analysis
of these data has yet to be made, the utility of the sensor for detect-
ing changes in pH in response to changes in solution composition
at temperatures well above the critical temperature is clearly indi-
cated.

It is also important to note that the YSZ electrode is a primary
pH sensor'® and hence (in principle) does not require calibrating.
However, this is not the case with the EPBRE, which forms the
other half of the cell. At the present time, no method exists for
calculating the reference electrode potential, a priori, so that cali-
bration is the only course for devising a practical pH sensor. Cali-
bration requires knowledge of the activity of H" and the fugacity
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of water in the calibrating solution (see Eq. 60), both of which can
be calculated from the thermodynamics of the system, provided
that equilibrium constants, etc. are known (see above).

The utility of the pH sensor described above for following the
course of a reaction is illustrated by the data shown in Fig. 32(d).
In this particular experiment, an aerated 0.005 m CCly solution (a
resilient waste) was injected into the high temperature zone at a
temperature of 525°C and at a pressure of 5000 psi (340.2 atm).
The voltage of the sensor increased in the positive direction, indi-
cating acidification of the solution. Assuming that the carbon tet-
rachloride is completely hydrolyzed,

CCl, +2 H,0 > CO, + 4 HCl (61)

the HCI concentration should be 0.02 m. The observed potential is
in good agreement with that measured for 0.01 m HCI, being
slightly more positive than that for the latter. Because both the
thermal hydrolysis and the oxidation of organic materials produces
acid, monitoring of the pH using sensors of the type described in
this work appears to be an effective means of monitoring the pro-
gress of a reaction. By using the calculated pH values and the
measured cell potentials, it is possible to calibrate the external
pressure balanced reference electrode (EPBRE). From this calibra-
tion it is possible to then obtain the pH of the CCly solution, as
shown in Fig. 31. Also plotted in this figure are the calibrating
data. The pH of the CCl, solution is judged to be slightly high (by
about 0.15 pH units). However, the level of agreement is satisfac-
tory considering that the extent of CCly thermal hydrolysis is un-
known and that the uncertainties in the calibrating cell voltages are
such that the derived pH is unlikely to be more accurate than £0.15
units. While this level of uncertainty is not satisfactory for accurate
thermodynamic work, it is satisfactory for monitoring SCWO sys-
tems. In this regard, we note that attempts are now underway to
develop techniques (including reference electrodes) for measuring
pH to better than +0.05 at supercritical temperatures and at the
time of preparation of this article measurements of this precision
have been made at temperatures to 400°C.""
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Figure 32. Measured potential vs. time for dilute HCl and NaOH solu-
tions and for carbon tetrachloride in supercritical aqueous systems at
temperatures ranging from 400°C to 528°C. Reprinted from Ref. 5,
Copyright (1997) with permission by Elsevier.
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Figure 32. Continuation.

The pH measurements reported in this review are summarized
in Fig. 33, in which are plotted the calculated pH values for the
0.01 m HCI calibrating solutions and the measured pH for the CCl,
solution, as a function of temperature and pressure. Note that, at a
temperature of 528°C and a pressure of 300 bar, the neutral pH is
pK,/2 = 10.4, so that a pH of 8.4 under these conditions corre-
sponds to an acidic system. Also note that the density of the sys-
tems at the highest temperatures (525°C and 528°C) are of the or-
der of 0.15 g/em®, which renders the systems more gas-like than
“liquid-like”, as previously noted. The fact that pH measurements
can be made under these conditions is remarkable and demon-
strates an additional, peculiar property of SCW. Finally, while the
data plotted in Fig. 33 clearly correspond to dilute HCI solutions
and to hydrolyzed CCl,, they are believed to be representative of
SCWO systems in general that do not employ neutralization.

It is evident from the material presented above and earlier in
this paper that the pH of a high subcritical aqueous solution or of a
supercritical aqueous fluid is dominated by incomplete dissociation
of even the strongest acids and bases. The importance of acid dis-
sociation in determining the pH is best illustrated by using HCI as
a calculational probe. Thus, in Fig. 34, is plotted the calculated
degree of dissociation of a dilute HCI solution (0.01 m) as a func-
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tion of temperature (25°C to 600°C) at pressures ranging from 400
bar to 1000 bar. At temperatures below 325°C, HCl is almost com-
pletely dissociated and hence behaves as a strong acid. At higher
temperatures, however, the degree of dissociation drops precipi-
tously and becomes highly pressure dependent. The pressure de-
pendence at supercritical temperatures is such that the degree of
dissociation increases with increasing density and dielectric con-
stant, corresponding to progressively more effective stabilization
of the ions. At the highest temperature (600°C) and lowest pressure
(400 bar), the degree of dissociation corresponds to little more than
one part per million, illustrating that overwhelmingly chloride ex-
ists in the form of undissociated HCI.

200 bar

pH

500 bar

600 bar

380 400 420 440 460 480 500 520 540 560

T/ Oc cale_tinn

Figure 33. Plot of calculated pH against temperature for a stoichiometric
HCI concentration of 0.01 m (closed circles). The measured pH for the
hydrolyzed CCl, solution is given by the closed triangle. Reprinted from
Ref. 5, Copyright (1997) with permission by Elsevier.
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Figure 34. Calculated degree of dissociation of 0.01 m HCl as a
function of temperature and pressure. Reprinted from Ref. 5,
Copyright (1997) with permission by Elsevier.

That the degree of dissociation dominates the pH is shown by
a comparison between Figs. 34 and 35. The pH of the system at the
lowest pressure (density) displays the greatest deviation from
~log(m°ycr) = 2, rising to about 9 at 600°C. We emphasize, howev-
er, that while HCI is strongly associated under these conditions,
the solutions are still acidic, even though the pH is as high as 9.
This is evident by comparing the data shown in Fig. 35 with those
displayed in Fig. 36, in which is plotted the pH (on both scales) of
pure water as a function of temperature for a pressure of 400 bar.
Note that at the lowest pressure (also the lowest density and dielec-
tric constant) the pH of the 0.01 m HCI solution is calculated to be
only slightly less positive (by 1-2 pH units), attesting to the strong
influence of association in buffering the pH.
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Figure 35. Calculated molar scale pH for 0.01 m HCI as a function of tem-

perature and pressure. Reprinted from Ref. 5, Copyright (1997) with permis-

sion by Elsevier.
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Figure 36. Calculated pH on the molar and molal scales for pure water
as a function of temperature for a pressure of 400 bar. Reprinted from
Ref. 5, Copyright (1997) with permission by Elsevier.
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4. Redox and Combination Sensors

The chemical and electrochemical properties of SCWO systems
and other supercritical aqueous solutions are determined in large
part, by the concentration of oxygen, hydrogen, and other redox
species. The presence of oxygen often causes extensive general
and/or localized corrosion attack, including pitting corrosion and
stress corrosion cracking. In many industrial environments, such as
those found in nuclear power industry, various forms of corrosion
can be prevented or significantly diminished by maintaining the
potential of structural metals and alloys exposed to the aqueous
environment within certain ranges. This is usually achieved by
modifying the water chemistry, e.g. as in hydrogen water chemis-
try, which is now used in Boiling Water Reactors to mitigate and
control stress corrosion cracking of sensitized stainless steels.'™
However, in applying these techniques, it is important to monitor
the amount of oxidant (or redox potential) in the system on line
and in situ, in order to avoid excessive corrosion damage. Our abil-
ity to do so depends critically upon having available an in situ re-
dox sensor that is both effective and practical under the conditions
of interest. One such sensor that was developed in the author’s
laboratory is shown in Fig. 37.'"°

This sensor was developed for monitoring oxygen, hydrogen,
and redox potential in aqueous solutions at temperatures extend-
ing above the critical temperature of water. The sensor is based
on a combination of two electrodes that are structurally combined
into a single unit: a redox insensitive yttria stabilized zirconia
(YSZ) membrane pH electrode, of the type described in the pre-
vious section, and a Pt electrode. The potential of this latter elec-
trode is, of course, sensitive to oxygen and hydrogen concentra-
tion and to pH. The potential of the YSZ membrane can be repre-
sented as

2.303RT 2.303RT
E = Eys; - 7 pH - F

logay,o (62)

where a0 is the activity of water and E°yg; is the standard poten-
tial for the internal couple (O,/H,0) used in the YSZ membrane.
The potential of the platinum electrode in a hydrogenated envi-
ronment can be written as
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Figure 37. Oxygen, hydrogen and redox potential combination sen-
sor. Reprinted from Ref. 5, Copyright (1997) with permission by
Elsevier.

2.303RT 2.303RT
— pH —
F 2F

E =

log fy, (63)

Where f;>1s the fugacity of hydrogen. Similarly, the potential of
the reversible oxygen electrode can be written as follows:

2.303RT 2.303RT . 2.303RT
E=Epy - o PH-— e fo, ————

logay,0

(64)

where E,y’ is the standard potential for the O,/H,0 couple and fp,
is the fugacity of oxygen.
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Importantly, Egs. (62)—(64) contain the same dependence of
the electrode potential on pH. Hence, the potential difference
between the YSZ electrode and Pt electrode in both hydrogenated
and oxygenated environments will be pH independent, under ide-
al conditions, provided that the electrodes are at equilibrium. For
hydrogenated environments, we obtain by subtracting Eq. (63)
from (62):

2.303RT 2.303RT

AE =Ej, +———1o - log a 65
Ysz F g fu, SFlogam,o (65)

From this last equation, it is apparent that we can estimate the
hydrogen fugacity in the solution, independently of the solution
pH, as:

log fp, =2F(AE — Eys7)/2.303RT +logay,o (66)

Likewise, subtracting Eq. (64) from Eq. (62) we obtain for
oxygenated environments:

2.303RT
AE = (Eysz = Egyx) 4 F g /o, (67)

and hence

log fo, = 4F(AE - Eysy + Egy )/2.303RT (68)

Because all of the quantities on the right hand sides of Egs.
(66) and (68) are known or can be measured, the sensors are pri-
mary sensors and, in principle, do not need calibrating. Note that
the sensor is the same in both cases. We should emphasize that
Equation (66) for hydrogenated environments contains the activity
of water, which can be estimated for dilute solutions from the PVT
properties of water, as previously described. Another important
issue is that both Egs. (66) and (68) contain thermodynamic fugac-
ity (activity) of dissolved gases. Fugacity coefficients under
SCWO operating conditions might be significantly different from
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unity and, because of this, the practical determination of the con-
centration of dissolved gas may require calibration of the sensor in
solutions of known gas concentrations.

Experiments were performed at temperatures in excess of
500°C and at pressure of 3500-4000 psi.''® Several different de-
signs of the sensor were explored. The sensor was found to re-
spond to changes in oxygen and hydrogen concentration in the
solution, as determined by saturating the feed solution with the
corresponding gas (Figs. 38—41). The response time of the sensor
is mostly determined by the hydrodynamics of the high-
temperature / high-pressure loop and cell. In particular, for the
system employed, the time required for the solution of a new con-
centration to reach the measurement zone dominates the sensor
response time.

From the data summarized in Figs. 38 to 40, is apparent that
the sensor responds rapidly to changes in the concentrations of
oxygen and hydrogen and, correspondingly, to the redox potential
in the solution.''® For example, Fig. 38 presents potential data
from the sensor measured in a stainless steel cell at a low pH that
was established by the addition of 0.01 m HCI to the system and at
a temperature of 400°C. As the hydrogen partial pressure in the
ambient temperature reservoir is changed systematically from 0.01
atm to 1.0 atm, the potential is observed to change systematically
in like fashion. In this mode, the sensor acts as a hydrogen sensor.
The addition of oxygen to the reservoir gives rise to a large shift in
the potential (by about 720 mV) in the negative direction. In this
case, a systematic variation in the oxygen partial pressure in the
reservoir results in a corresponding variation in the potential. Thus,
in this case, the sensor acts as an oxygen sensor. When both hy-
drogen and oxygen are simultaneously present in the system, the
sensor measures the redox potential, corresponding to values be-
tween the pure hydrogen and pure oxygen limits discussed above.

Similar, but more extensive data for oxygenated supercritical
solutions are shown in Fig. 36."'° These data were measured in a
0.002 m NaOH solution at a temperature of 430°C and at a pres-
sure of 4000 psi. Again, the sensor is found to respond systemati-
cally to changes in the oxygen partial pressure in the reservoir.
Comparison of these data with those given in Fig. 38, albeit at dif-
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Figure 38. Potential of the combination redox sensor in 0.01
m HCI at a temperature of 400°C and at a pressure of 3000psi
(204 atm) upon cycling the concentrations of hydrogen and
oxygen in the feed. Reprinted from Ref. 5, Copyright (1997)
with permission by Elsevier.
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Figure 39. Potential of the combination redox sensor in 0.002
m NaOH at a temperature of 430°C and at a pressure of
4000psi (272.2 atm) upon changing the oxygen concentration
in the feed. Reprinted from Ref. 11, Copyright (1998) with
permission from NACE International.
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ferent temperatures, shows that the sensor response is insensitive
to the change in pH, which, of course, was one of the primary
goals in developing the combination sensor. Finally, Fig. 40 shows
the response of the combination redox sensor to changes in H, and
O, concentration in pure water at 465°C and at a pressure of 4000
psi, demonstrating the utility of the sensor in a more resistive envi-
ronment. Again, comparison of the data for oxygenated solutions
in Fig. 40 with those in Figs. 38 and 39 confirms the insensitivity
of the sensor towards changes in pH.

We also tested a modification of the combination redox sensor
described above, in which the yttria stabilized zirconia tube was
replaced by a tungsten/tungsten oxide electrode. Elsewhere, we
have shown that this electrode is pH sensitive and is practically
insensitive to oxygen and hydrogen,''® at least at low subcritical
temperatures (T < 300°C). In Fig. 41, we present typical data on
the response of this sensor to the changes in the gas concentration
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Figure 40. Potential of the combination redox sensor in water at a
temperature of 465°C and a pressure of 4000psi (272.2 atm) upon

cycling the concentrations of H, and O, in the feed. Reprinted from
Ref. 5, Copyright (1997) with permission by Elsevier.
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Figure 41. Response of the W/WOs-Pt combination sensor to changes in ox-
ygen and hydrogen concentrations in pure water at 300 °C. Reprinted from
Ref. 5, Copyright (1997) with permission by Elsevier.

in the solution reservoir. This tungsten/tungsten oxide/platinum
redox sensor, which is exceptionally rugged (consisting of an
oxidized tungsten wire and a platinum wire), clearly responds to
changes in the redox conditions in the solution in a manner that
parallels the response of the sensor containing the YSZ ceramic
tube.

The major advantages of the combination sensors described
above include:

(a) absence of a traditional reference electrode (such as a
Ag/AgCl external pressure balanced reference electrode);

(b) the possibility of employing the sensor up to very high tem-
peratures (YSZ membranes are routinely used in fuel cells
and oxygen sensor applications at temperatures in excess of
700°C in gas phase);

(c) the fact that this is a universal oxygen, hydrogen, and redox
combination sensor, auto corrected for the pH of the solu-
tion, and;



80 Digby D. Macdonald

(d) the sensor is very resistant to corrosion (YSZ, and Pt are
probably the most corrosion resistant materials known for
use in high subcritical and supercritical aqueous solutions).
The corrosion properties of tungsten in SCWO environ-
ments are presently unknown.

Applications of the sensor include monitoring oxygen and hy-
drogen concentration, and redox potential in SCWO systems, as
well as for monitoring the chemistry of the heat transport fluid
(water) in supercritical thermal power plants. Because the sensor
contains an independent pH-sensitive electrode, it can be used, in
conjunction with a suitable reference electrode for simultaneous
pH monitoring. If the value of pH in the system is kept constant,
the YSZ membrane electrode of the sensor could also be utilized
as a reference electrode, in order to monitor corrosion potentials of
structural components.

IV. CORROSION STUDIES

Because of the technological importance of supercritical aqueous
solutions, as evidenced by their use as reaction media in the de-
struction of toxic waste and as a heat transport medium, it is not
surprising that the corrosion of structural materials has been stud-
ied in some depth. This is especially true recognizing the well-
known aggressiveness of supercritical aqueous solutions, which
raises great challenges in materials selection. Indeed, it is likely
that SCWO and SCTPPs will continue to drive the development of
the science and engineering base of the corrosion of metals and
alloys in supercritical aqueous solutions over the foreseeable fu-
ture.

1. General Corrosion

From a strictly engineering viewpoint, corrosion studies need to:

e identify the type of attack occurring on a surface, and;
e characterize the rate.
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Figure 42. The experimental configuration employed for assessing wire
samples over an extensive temperature range. A similar design, excluding
the wire sample and fitting, was also used for assessing tube samples.

Reprinted from Ref. 1, Copyright (2008), with permission of NACE Inter-
national.
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It is for this reason and because of the difficulty in performing
electrochemical experiments in supercritical aqueous environments
that much of the work reported to date has been of the expose-and-
examine type in which examination is carried out post-test.

An experimental configuration employed by Mitton et al.' for
assessing wire samples over an extensive temperature range is
shown in Fig. 42.

The form of attack was found to be dealloying and the depth,
as determined by post-test metallographic examination, is plotted
as a function of temperature in Fig. 43. It is seen that the extent of
attack passes through a maximum at a temperature of about 350°C.
As discussed later in this review, the increase in the extent of at-
tack upon increasing the temperature from 290°C to 350°C is due
to the increase in the rate constant as described by the Arrhenius
equation. Over this temperature range, HCI is essentially fully dis-
sociated (see Fig. 34). However, upon increasing the temperature
above 350°C, HC1 becomes increasingly associated, because of the
decrease in the dielectric constant (Fig. 7), and the concentration of
free H' falls rapidly. Furthermore, the sharp decrease in the density
of the medium that occurs with increasing temperature above the
critical temperature (Fig. 6), results in a correspondingly sharp
decrease in the volumetrically-based molar concentration. These
two latter effects outweigh the increase in the rate constant with
temperature at temperatures above 350°C, thereby resulting in a
decrease in the extent of attack. The maximum in the rate is pre-
dicted by the model of Kriksunov and Macdonald® as discussed
later in this review.
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Figure 43. The depth of dealloying as a function of temperature for various
high nickel alloys exposed to an acidic chlorinated feed stream. Reprinted
from Ref. 1, Copyright (2008) with permission from NACE International.

Was et.al.'"” studied the corrosion of a series of austenitic al-
loys, including Type 304 (UNS S30400) and Type 316L (UNS
S31603) stainless steels and the nickel-base alloys Alloy 625
(UNS N06625) and Alloy 690 (UNS N06690), in deacrated water
at temperatures ranging from 400°C to 550°C at a pressure of 25
MPa (250 bar). Under these conditions, the density varies from
about 0.1 g/em’ (550°C) to about 0.2 g/cm’® (400°C). The weight
gain was found to follow parabolic kinetics

w? =koe @/ Ty (69)

where W is the weight gain, &, is a rate constant, Q is the activation
energy, and ¢ is the time of exposure.

The Arrhenius plots displayed in Fig. 44 demonstrate that the
corrosion rate (as reflected in the weight gain) demonstrate that the
rate increases with increasing temperature at supercritical tempera-
tures in contrast to the findings of Mitton, et al.' shown in Fig. 43.
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In the case of Was et al.''” the reaction medium was pure water
containing no acidic electrolyte, so that the issue of dissociation is
moot. Even though K,, decreases sharply over the 400°C to 550°C
temperature range, the lack of a corrosive species (e.g., H) at sig-
nificant concentration also negates the impact of density upon vol-
umetric concentration and the rate becomes dominated by the acti-
vation process as reflected through the rate constant, thereby
yielding linear Arrhenius plots with positive values for the activa-
tion energy (Fig. 44).

Extensive analyses of the oxide films formed on the alloys us-
ing electron back scattering diffraction (EBSD), orientation imag-
ing microscopy (OIM), glancing X-ray Diffraction (GXRD), and
X-ray photo-electron spectroscopy (XPS), together with scanning
electron microscopy (SEM) / energy dispersive spectroscopy
(EDS). The oxide scales formed on the stainless steels were found
to be multilayer in morphology, with a chromium-rich spinel inner
layer adjacent to the metal and a magnetite (Fe;0,) outer layer. In
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Figure 44. Arrhenius plots for oxide growth on austenitic stainless
steels and nickel-base alloys in deaerated water at temperatures from
400°C to 550°C. Reprinted from Ref. 114, Copyright (1999) with
permission from NACE International.
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Figure 45. Model proposed by Was et.al.''” to explain the oxidation of austenitic

stainless steels and nickel-base alloys in supercritical, deaerated water. Reprinted
from Ref. 114, Copyright (1999) with permission from NACE International.

the case of Alloy 690, the inner layer comprised chromia (Cr,03),
nickel oxide (NiO), and the spinel Ni(Cr, Fe),0,4. The oxide film
on Alloy 625 was found to be too thin to be effectively analyzed.
For the most part, the form of attack was general (uniform) corro-
sion; however, Alloy 625 also exhibited pitting attack with the pits
ranging up to about 5 um.

The model postulated by the authors to explain their results is
depicted in Fig. 45. In this model, the inner layer is envisioned to
grow directly into the metal, in agreement with the Point Defect
Model'"® and other modern theories for the growth of barrier oxide
layers, via the inward movement of oxygen ions via the counter-
flow of oxygen vacancies that are generated at the metal/inner lay-
er interface and are annihilated at the inner layer/outer layer inter-
face via the injection of oxygen ions from water. On the other
hand, the magnetite outer layer on steels exposed to high tempera-
ture aqueous solutions form as crystalline phases as indicated in
Fig. 46a. Each crystallite forms via an electrocrystallization pro-
cess from the Fe* ions that are transmitted as interstitials through
the inner layer and injected into the solution at the base of the po-
rous outer layer®’ (Fig. 46b).
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(b)

Figure 46. Morphology of the outer layer formed on
iron in 1 M LiOH solution at 200°C for 24 hours at a
potential of -1250 mV [Hg/Hg,SO4, K,SO4 (sat) at 22
°C], corresponding to open circuit. (a) Overview
(900X). (b) Growth step on crystallite face (18000X).
Reprinted from Ref. 86, Copyright (1973) with per-
mission from The Electrochemical Society.
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3Fe* +4H,0 > Fe;04,+8H +2 ¢ (70)

The authors note that the inner layer/outer layer interface re-
mains at the location of the original metal/solution interface; a
finding that was apparently first reported by Potter and Mann.'"

Because the rates of growth of the inner and outer layers are
proportional to the fluxes of oxygen vacancies and iron intersti-
tials, respectively, with the volumes of the respective phase formed
being corrected for the effective density, the constant volume na-
ture of the barrier layer growth implies a relationship between the
transport numbers for oxygen vacancies and cation interstitial in
the inner layer. While a satisfactory atomic scale explanation of
this phenomenon has yet to be given, it is likely that the relation-
ship between the fluxes is such that the stress within the barrier
layer and hence its Gibbs energy is minimized. Citing the work of
Crouch and Robertson,'? the authors conclude that diffusion of
oxide ions through the inner layer occurs via short circuit paths
along the grain boundaries. In this regard it is known that the inner
(barrier) oxide layer that forms on iron comprises nano-
crystallites,'” such that a significant fraction of the surface is cov-
ered by highly disordered grain boundary phase through which
rapid diffusion is envisioned to occur.

Similar studies have been reported by Ampornrat and Was'*
on ferritic-martensitic alloys (T91, HCM12A, HT-9), Chen et al.'?
on oxide dispersion strengthened 9Cr ferritic steel (9Cr ODS),'**
and by Motta et al.,'** also on 9Cr ODS steel. The findings of these
studies are all broadly similar; where measured, the oxidation fol-
lows a parabolic rate law and the oxide layer exhibits a bilayer (or,
sometimes, a multilayer) structure comprising a chromium-rich
spinel inner (barrier) layer and a porous, outer layer of magnetite.
The proposed oxidation mechanisms are essentially the same as
that articulated by Was et al.'””

Because of the use of zirconium alloys for fuel cladding in
nuclear power reactors and because of the intense interest in su-
percritical water reactors under the Generation IV reactor devel-
opment program, it is not surprising that the corrosion of zirconi-
um alloys in supercritical water have been extensively studied by
Yilmazbayhan,'* Peng,'*® Jeong,'** and Motta.'"™® Weight gain
versus time data from the work of Jeong et.al.'”’ for various zirco-
nium alloys along with low alloy steels and austenitic iron- and
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nickel-base alloys in supercritical pure water are plotted in Fig. 47.
The reader will note that at short times the rate law is parabolic,
but at longer times the increase in weight due to the formation of
the oxide layer changes linearly with time. This behavior is a char-
acteristic of the oxidation of zirconium alloys and the transition
from parabolic kinetics to linear growth kinetics is attributed to the
fracture of the oxide film due to the growth generated stresses
within the film. The data show that while Zr sponge, crystal bar
zirconium, and Zircaloy-4 showed accelerated corrosion rates in
SCW, some of the experimental alloys exhibited good corrosion
resistance that is comparable to those of the low alloy steels and
austenitic alloys. The authors concluded that, as far as general cor-
rosion is concerned, zirconium alloys should be considered for
service in supercritical water nuclear reactors.
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Figure 47. Weight gain versus time for various zirconium alloys, low alloy
steels (T-91, HCM12A, HT-9), and austenitic alloys (304SS, 316SS, Inconel
625, Inconel 690) in steam and supercritical water at 500°C. Reprinted from
Ref. 124, Copyright (2005) with permission from TMS.
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2. Some Theoretical Aspects of General Corrosion
Mechanisms

Prior to discussing the work that has been reported on the use of
electrochemical noise analysis (ENA) or electrochemical emission
spectroscopy (EES) as it is sometimes termed, it is worth discuss-
ing possible mechanisms for the corrosion of metals and alloys in
high subcritical and supercritical aqueous media. The treatment
that follows closely that reported by Kriksunov and Macdonald®
and later by Guan and Macdonald.'”

As noted elsewhere in this review, the density (p) and dielec-
tric constant (€) of high temperature water depend on the tempera-
ture and pressure of the system. For instance, p = 0.6255 g cm™
and € = 14.85 for T = 350°C, P = 250 bar (typical high subcritical
conditions) and p = 0.1090 g cm™ and € = 1.78 for T=450°C, P =
250 bar (typical supercritical conditions). The change of the die-
lectric constant of high temperature water corresponds to the
change of the system density in a way that the dielectric constant
decreases with increasing temperature and decreasing density. So-
lutes such as HCI and H,SO, are fully dissociated under ambient
conditions, in which the dielectric constant of water is relatively
high at 78. On the other hand, strong electrolytes that are fully
dissociated under ambient conditions may be very poorly ionized
in low-density, supercritical aqueous systems, because of the low
dielectric constant of the medium. Consequently, the corrosion of
metals in high temperature aqueous systems is significantly influ-
enced by the temperature and pressure of the systems, because of
the impact that T and P have on the solvent stabilization of ions
and ionic corrosion properties.

Due to the unique properties of high temperature water, the
corrosion of metals and alloys in high subcritical and supercritical
aqueous systems (SCAS) shows characteristics that can be attribut-
ed to either electrochemical oxidation (EO) or chemical oxidation
(CO) mechanisms, depending upon the density and dielectric con-
stant of the media, as suggested by the earlier work of Liu, et al.'*
A corrosion reaction involving partial interfacial charge transfer
process, as envisioned by the Wagner-Traud hypothesis in relative-
ly high-density subcritical and supercritical solutions is called
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an electrochemical oxidation (EO) process, because the overall
reaction can be decomposed into partial anodic and partial cathod-
ic charge transfer reactions: M = M"" + ne™ (partial anodic reac-
tion) and O, + 4 H" + 4¢~ = 2 H,0 (partial cathodic reaction) oc-
curring on the surface.'”® The overall reaction is: M + n/4 O, + n
H" 2 M"™ + n/2 H,0. Because charge species are stabilized in
systems with higher dielectric constant, and because ions are more
effectively hydrated at higher densities, the EO mechanism is fa-
vored in relatively high density solutions.

In general, low-density SCAS (supercritical aqueous solu-
tions, which are often analogous to low pressure gas phases) have
characteristics that include low dielectric constants; low degrees of
dissociation for acids, bases, and salts; and low salt solubility. In
addition, the hydrogen bonds that exist in low temperature solu-
tions are extensively broken in low-density SCAS with the conse-
quence that the fluid takes on less water-like properties as the tem-
perature increases and the fluid density decreases. Furthermore,
the dissociation constant of water (K,,) decreases sharply with in-
creasing temperature and decreasing density as the temperature
increases above the critical temperature. Likewise, base dissocia-
tion and acid dissociation constants decrease with increasing tem-
perature and decreasing density with the result that both bases and
acids become less strong with increasing temperature and decreas-
ing density. Thus, the attenuated dielectric screening of solvents
enhances the tendency of ions pairing in low-density SCAS."*
Consequently, corrosion processes occurring in low-density SCAS
are dominated by direct molecular processes and are termed as
chemical oxidation processes. Unlike the EO mechanism, in which
corrosion typically involves two or more coupled partial redox
reactions at different sites on the corroding metal surfaces, the CO
mechanism is envisioned to be a direct result of the reaction of the
metal with the corrodent (e.g., O, or HCI) at a single site, as indi-
cated by the reactions M + O, > MO, 1t is postulated that ei-
ther a chemical or an electrochemical mechanism is the dominant
corrosion mechanism under any given set of temperature/pressure
conditions. In condensed aqueous systems (defined arbitrarily here
as having p > 0.1 gm/cm’) the EO mechanism is postulated to pre-
vail, such that the electrochemical activity is detected in the form
of electrochemical noise in the coupling current between two iden-
tical specimens. The CO mechanism is the dominant corrosion



90 Digby D. Macdonald

process in gaseous systems, where the density is very low (< 0.1
gm/cm’). A distinctive characteristic of the CO mechanism is that
there are no electrons transferring from anodic sites to cathodic
sites in corroding metals and no ions move through the aqueous
phase between the same sites. In general, the chemical oxidation
mechanism becomes important when:

(a) aggressive, nonionic components are present;
(b) the reaction medium has a low dielectric constant, and
(c) the medium has low density.

As expected, those conditions inhibit the EO corrosion processes.

The electrochemical oxidation (EO) corrosion reaction in a
deaerated acidic solution can be expressed by a chemical reaction
form such as M + 2 H" > M* + H,, which is indistinguishable
from a chemical oxidation (CO) corrosion reaction such as
M + 2 HCI & MCl, + H,. The activity (concentration) of H' has
been widely used to indicate the corrosion susceptibility in con-
densed liquid solutions (pH is the independent variable in Pourbaix
diagrams). On the other hand, undissociated, aggressive species
such as HCI and H,S become important in low-density supercriti-
cal aqueous systems, corresponding to the CO dominant corrosion
processes. Consequently, the reaction rate of an electrochemi-
cal/chemical corrosion process in a deaerated, acidic, high subcrit-
ical and supercritical solution can be expressed by the chemical
reaction rate law,

R=Hc,.} (71)

where k is the heterogeneous rate constant. Based on the transi-
tion state theory, the rate constant can be expressed as k = k” exp(—
AGO’i/RgT), in which superscript “0” designates the reference con-
ditions, AG*” is the change in standard Gibbs energy of activation
and is defined as the difference in Gibb’s energy between the reac-
tants and the transition state, and R, is the universal gas constant.
Cy+ in Eq. (71) is the volumetric concentrations of hydrogen ion
and a is the corresponding reaction order. The dominant form of
corrosion in high temperature, acidic solutions is acid attack.
Therefore, the Y™ ion is not treated as an aggressive ion and the Y~
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ion-induced corrosion phenomena, such as pitting, is not included
in Eq. (71).

The volumetric concentration (mol/l of the solution) of Cy. in
Eq. (71) is density dependent and can be expressed in terms of the
molal (mol/kg of solvent) concentration by,

1000mp

= (72)
1000 + mM g

where M, is the molecular weight of the dissolved species (g/mol),

m is the molal concentration (mol/kg), and p is the density of the

solution (g/cm’). For dilute solutions, we can approximate C = mp,

because mM << 1000. Therefore, Cy. = mgy.p. A relative corro-

sion rate in deaerated, acidic solutions can be written as follows'**

a
m

R el (-a6 aAG*
— = {—} exp + (73)
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Equation (73) can be expressed in logarithmic form such as,

m.. _ 0,# 0,#
(%) = gin| 2|4 aln{i} +[ AGT L AG J (74)
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The first term in the right hand side of Eq. (74) is the tempera-
ture dependent degree of dissociation of H'; the second term repre-
sents the effect of temperature on the volumetric concentration of
the attacking species; and the last term corresponds to the tempera-
ture dependence of the reaction rate constant. The quantity AG*” is
the change in standard Gibbs energy of activation for the reaction.
The model shows that the temperature dependence of the corrosion
rate can be attributed to two competing effects:

e the increase in the corrosion rate with increasing tempera-
ture due to the exponential (Arrhenius) dependence of the
rate constant on temperature, and;
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e the decrease in the corrosion rate with increasing tempera-
ture corresponding to the decrease in the dissociation of an
associated species (e.g., an acid, such as HCI) that produces
the attacking species (e.g., H') and the decreasing density of
the medium.

One of the two corrosion mechanisms (chemical oxidation and
electrochemical oxidation) should prevail under any given set of
working conditions. Electrochemical noise (spontaneous potential
and current emissions) should be observed only in the case of the
electrochemical oxidation (EO) mechanism and not in the case of
the chemical oxidation (CO) mechanism. This is postulated, be-
cause only in the EO case is the partial anodic and partial cathodic
reactions spatially and temporally separated, resulting in current
transients being induced in the wire coupling the identical, but
spatially separated specimens. Thus, the noise in the coupling cur-
rent between a pair of identical working electrodes in high pres-
sure, high temperature aqueous environments has been measured
as a function of pressure (up to 300 bar) and temperature (up to
500°C). Each test was measured for 30 minutes and standard devi-
ation of current noise was calculated for every test. It is assumed
that the current noise (standard deviation of current noise) is pro-
portional to the electrochemical corrosion rate, when the electro-
chemical mechanism is operative.'*"'*

3. ENA Studies of General Corrosion

Electrochemical noise analysis (ENA), which is also known as
electrochemical emission spectroscopy (EES), was first introduced
by Iverson for corrosion studies around 40 years ago and it has
become one of very promising corrosion monitoring methods, due
to its unique advantages, such as non-perturbative, in-situ applica-
tion, and simplicity."**"*” Electrochemical noise (EN) is a series of
naturally-occurring transient events and is measured as fluctua-
tions of coupling current noise between the two identical working
electrodes, as measured using a zero resistance ammeter (ZRA)
and as fluctuations in the potential of one of the specimens meas-
ured against a low noise reference electrode. Since the electro-
chemical noise is produced by the fluctuation in corrosion rates
across the electrode surfaces, it has been proposed that the shape
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and amplitude of the noise transients, among other characteristics
of the EN data, are directly related to the electrochemical corrosion
rates in the system.'*®

Mansfeld et al."”® applied electrochemical noise analysis
(ENA) to the study of corrosion process on iron in NaCl solution
and they observed that the root mean square (RMS) of current
noise is largest for iron in aerated NaCl solution in which signifi-
cant corrosion occurs. By applying ENA to monitor corrosion pro-
cesses of carbon steel and stainless steel in high temperature (in-
cluding supercritical) aqueous systems, Macdonald et al."**'* sug-
gested that the RMS of the electrochemical noise is related to the
corrosion rate, with a high current noise being associated with a
high corrosion rate. They also concluded that corrosion was the
dominant source of electrochemical noise based on the correlation
between the measured noise and the extent of corrosion. Recently,
ENA has been successfully applied in monitoring and differentiat-
ing corrosion mechanisms in high subcritical and supercritical
aqueous systems.”’” Consequently, ENA is a effective and conven-
ient method for studying corrosion activity and rate in elevated
temperature systems.

4. Effect of Temperature

Electrochemical noise analysis, ENA (sometimes termed electro-
chemical emission spectroscopy, ECS) has proven to be an effec-
tive method of following the kinetics of corrosion reactions in high
subcritical and supercritical aqueous media, because the method
can be applied in situ to obtain rate data without interrupting the
experiment. The first application of ENA (ECS) to the study of
metal corrosion in supercritical aqueous systems appears to be that
of Liu et al."** on 1013 carbon steel in oxygenated water as a func-
tion of temperature and oxygen concentration. The study was
based upon earlier, unpublished data by Macdonald and Chen,'*’
who found that, under ambient conditions, the root mean square of
the electrochemical noise generated between two identical steel
electrodes and measured by a wide bandwidth zero resistance am-
meter (ZRA) was proportional to the instantaneous corrosion rate.
The apparatus used to record the coupling current noise is shown
in Fig. 48. The apparatus included a band-pass filter, so that only
noise having components within a specified frequency range were



94 Digby D. Macdonald

analyzed. The cell and electrodes were conventional with the cell
being located in a flow loop that was capable of operating at su-
percritical temperatures. Control of the oxygen concentration was
affected by sparging the reservoir with O,/N, mixtures of the ap-
propriate compositions.

Upon increasing the temperature into the supercritical region,
the RMS of the noise is found to pass through a maximum at about
440°C, as shown in Fig. 49, which is significantly higher that that
observed for corrosion in acidic (HCI) environments. However, in
this case, the dissociation of an acid (e.g., HC) is not an issue, be-
cause the medium is pure water. Thus, with increasing temperature,
only the change in density and hence the change in volumetric con-
centration is the issue and the latter reflects the change in density. In
order to illustrate the impact of density, the density versus tempera-
ture is also plotted in Fig. 49. It is seen that the density decreases
precipitously as the temperature increases above the critical tempera-
ture. While the maximum in the corrosion rate might have been ex-
pected to occur at a lower temperature, if the dominant effect had
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Figure 48. Electrochemical noise recording system. Reprinted from Ref. 127,
Copyright (2005) with permission of NACE International.
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Figure 49. Dependence of the RMS of the noise in the coupling current between
identical 1013 carbon steel specimens in oxygenated water at a pressure of 3500 psi
(238 bar) on temperature. Also plotted is the density of the medium versus tempera-
ture. Reprinted from Ref. 127, Copyright (2005) with permission of NACE Interna-
tional.

been the change in volumetric concentratioon of oxygen, the corrosion
rate data are not inconsistent with the density data when it is recog-
nized that the impact of temperature on the rate constant of the reac-
tion dominatess the rate of reaction over a range of temperature ex-
tending from 374°C to about 440°C even as the volumetric concen-
tration falls. In any event, it is evident that the model that postulates
that the rate of reaction is governed by a competition between the
effect of temperature on the rate constant and on the dissociation of
an electrolyte and the volumetric concentration of the reactant (O,
and/or H") accounts for the observed behavior as proposed by Krik-
sunov and Macdonald.?

Figure 50 displays the RMS of the coupling current noise gen-
erated between two identical 1013 carbon steel specimens at 481°C
as a function of pressure and density. It is evident that the corro-
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sion rate depends on density and hence the volumetric concentra-
tion of oxygen, but the important lesson from this plot is that the
rate of reaction, as measured by the RMS of the coupling current
noise, does not extrapolate to zero at zero density. These data sug-
gest that at densities below about 0.06 g/cm’ a corrosion process
exists that do not generate noise in the coupling current or even in
a coupling current itself. It is argued later in this review that two
corrosion processes do, indeed, exist; a chemical oxidation process
that resembles dry oxidation, in which no separate partial anodic
and cathodic processes exist on the surface, and the
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Figure 50. Dependence of the RMS of the noise in the coupling current between
identical 1013 carbon steel specimens in oxygenated water at a pressure of 3500 psi
(238 bar) as a function of pressure. Reprinted from Ref. 127, Copyright (2005) with
permission of NACE International.
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Figure 51. Dependence of the RMS of the noise in the coupling current between
identical 1013 carbon steel specimens in oxygenated water at 250°C and at a pres-
sure of 1400 psi (9.65 MPa) as a function of oxygen concentration. Reprinted from
Ref. 127, Copyright (2005) with permission of NACE International.

electrochemical oxidation process that does result in the spatial
separation of partial anodic and cathodic processes on the surface,
whose momentary imbalance results in the coupling current and
noise in that quantity. This issue will be explored further when the
corrosion of stainless steels and titanium in HCl and NaOH solu-
tions is considered later in this chapter.

The dependence of the RMS of the noise in the coupling cur-
rent was also measured on 1013 carbon steel in subcritical water at
250°C and P = 9.65 MPa (Fig. 51) and in supercritical water at a
pressure of 23.8 MPa and at a temperature of 410°C, and the data
are plotted in Fig. 52. At both temperatures, the rate of the reaction
is found to be half order in oxygen, provided that the oxygen con-
centration exceeds 0.2 ppm for the higher concentration. At lower
oxygen concentration, the RMS of the noise and hence the reaction
rate is independent of [O,] (i.e., the order of the reaction with re-
spect to O, is zero). This observation is most readily accounted for
by postulating two parallel reactions; one in which the corrodents
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is O, and the other in which the corrodents is water; that is,
Metal + O, = Corrosion Products (75)
and
Metal + H,O - Corrosion Products (76)

At 410°C, the rates of these two reactions are equal at an oxygen
concentration of 0.2 ppm.
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Figure 52. Dependence of the RMS of the noise in the coupling current
between identical 1013 carbon steel specimens in supercritical oxygen-
ated water at 410°C and at a pressure of 3500 psi (23.8 MPa) as a func-
tion of oxygen concentration. Reprinted from Ref. 127, Copyright
(2005) with permission of NACE International.
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In some instances, at 405°C and at P = 14.8 MPa (2150 psi),
large excursions were observed in the RMS versus time traces, as
shown in Fig. 53(a). These excursions were identified with the
pitting attack shown in Fig. 53(b). However, if the pressure was
increased to 18.9 MPa (2750 psi), the excursions were no longer
observed and pitting attack did not occur. The origin of this form
of localized attack is currently unknown.

In a later study, Zhou et.al."* studied the corrosion of Type
304 SS in 0.1m NaCl+0.01lm HCI and 0.1m NaCIl+0.001m HCI
saturated with H, gas at ambient temperature ([H,] = 7.84 x 10
m) at temperatures ranging from 150°C to 400°C, using the test
system shown in Fig. 54.

The ENA sensor comprised two identical Type 304 SS wire elec-
trodes and one platinum wire electrode that served as a low noise
reference electrode (note that the potential of the Pt electrode is
determined by the Hy/H" electrode reaction, with both the fugacity
of H, and the activity of H" being fixed by the solution compo-
sition). The coupling current between the two steel electrodes was
monitored using the ZRA while the potential of one of the SS elec-
trodes was monitored using the Pt electrode. Every effort was
made to mitigate contamination of the solution by corrosion prod-
ucts from the stainless steel apparatus; thus, the solution was de-
livered to the cell via PEEK tubing and, prior to coming in contact
with the sensors, the solution was in contact with only zirconia or
PTFE. The potential of the Pt wire versus the Ag/AgCl, CI exter-
nal reference electrode measured on the two solutions was con-
sistent with the calculated pH difference, thereby demonstrating
the viability of both reference electrodes.'*’

Typical potential and coupling current noise data are shown in
Fig. 55(a) and (b), respectively.

Posttest examinations included determination of weight loss
and SEM/EDS examination of the steel surface. A typical SEM
micrograph of the corroded surface is displayed in Fig. 55. The
form of attack was observed to be scaling with sections where it
was apparent that exfoliation had occurred (Fig. 55b), as observed
in other studies."' The exfoliated material is almost certainly the
outer layer, which from passivity theory forms via the hydrolysis
of cations (Fe*") that are transmitted as cation interstitials across
the barrier oxide layer from the metal/barrier layer interface to the
barrier layer/outer layer (solution in the pores of the outer layer) to
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Figure 54. Test cell used for studying the general corrosion of Type 304 SS in
HCI + NaCl solutions at temperatures ranging from 150°C to 400°C. (a) ENA
sensor and data acquisition system. (b) Schematic of hydrothermal test cell.
Reprinted from Ref. 140, Copyright (2009) with permission from Elsevier.

form porous magnetite via an electrocrystallization process
(Fig. 46b). Previous studies on the oxide films that form on
stainless steels in supercritical aqueous solutions'” demon-
strate that the barrier layer is a spinel, which the author postu-
lates is a defective phase of the general stoichiometry
[Fe(Cr,Ni)]3:xO4.y, indicating that the principal defects in the
barrier layer are cation interstitials and oxygen vacancies. The
former are formed by direct injection of cations into the film at
the metal film interface, while the latter are generated at the
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Figure 55. Potential and coupling current traces for Type 304 SS in hydrogenated
0.1 m NaCl + 0.01 m HCI solution at 350°C and 25 MPa after correction for
drift. Reprinted from Ref. 140, Copyright (2009) with permission from Elsevier.

same location by growth of the barrier layer into the metal.''® The
metal interstitials (M{*") and the oxygen vacancies (V") are anni-
hilated at the barrier layer/outer layer (solution) interface via ejec-
tion from the layer and by injection of oxide ions from water, re-
spectively. The latter process results in the growth of the barrier
layer into the metal, while the former results in the growth of the
outer layer. Thus the outer layer forms as a precipitated, somewhat
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fragile layer that is subject to exfoliation, as observed (Fig. 56a).
The measured weight loss was used to estimate a corrosion current
density, assuming that the corrosion rate was constant over the
exposure time, and the results are plotted in Fig. 55. The data indi-
cate that the corrosion rate passes through a maximum at about
350°C, in keeping with the findings of other studies. Again, the
maximum in the corrosion rate is attributed to a competition be-
tween the effect of temperature upon the rate constant of

Figure 56. SEM micrographs of the surface of Type 304 SS after ex-
posure to 0.1 m NaCl + 0.01 m HCI solution at: (a) 150 °C and (b)
390 °C at 25 MPa for 168 hours and 1 hour, respectively. Reprinted
from Ref. 140, Copyright (2009) with permission from Elsevier.



104 Digby D. Macdonald

the reaction, as described by the Arrhenius equation, and the effect
of temperature on the dissociation of the electrolyte (e.g., HCI) and
the volumetric concentration, as articulated by the model of Krik-
sunov and Macdonald.?

The corrosion rate calculated from the mass loss of Type 304
SS as a function of temperature and flow rate through the test cell
is plotted in Fig. 57. The corrosion rate is found to increase slight-
ly with increasing flow rate at all temperature, possibly because of
enhanced mass transfer rates to the metal surface, although the
effect is not strong. The important observation from these data is
that the corrosion rate is observed to pass through a maximum at
about 350°C, as observed by Mitton et al.' (Fig. 43) and Guan and
Macdonald (Fig. 61) (see below).

The potential and coupling current versus time traces shown
in Fig. 55 were used to calculate the noise resistance as the ratio of
the standard deviation in the potential divided by the standard de-
viation in the current. The resulting noise resistance data are plot-
ted along with the mass loss corrosion rate data versus temperature
in Fig. 58. The two sets of data closely parallel one another
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Figure 57. Corrosion current density calculated from mass loss versus temper-
ature for Type 304 SS in 0.1 m NaCl + 0.01 m HCI solution at a pressure of
25 MPa. Reprinted from Ref. 140, Copyright (2009) with permission from
Elsevier.
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Figure 58. Comparison between the corrosion rate (expressed as an average current
density as calculated from the weight loss using Faraday’s law) and the reciprocal
of the “noise resistance” as a function of temperature. Reprinted from Ref. 140,
Copyright (2009) with permission from Elsevier.

and, again demonstrate that the corrosion rate passes through a
maximum at about 350°C, although the noise resistance data are
not as convincing in this aspect as are the mass loss data.

A comparison between the corrosion rate (expressed as an av-
erage current density as calculated from the weight loss using Far-
aday’s law) and the reciprocal of the noise resistance, which is
proportional to the corrosion rate via the Stern-Geary relationship,
as a function of temperature. The Stern-Geary relationship for the
corrosion current density, i, is expressed as:

L babe
R, 2.303(b, +b,)

Leorr =

(77)

where R, is the polarization resistance, which may be equated to
the noise resistance, if the latter is measured over s sufficiently
long time that the impedance corresponds to the steady-state, and
b, and b.. ate the inverse Tafel constants for the anodic and cathod-
ic processes, respectively.
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Figure 59. Relationship between the noise resistance as calculated from ENA
data and the corrosion rate calculated from weight loss data. Reprinted from
Ref. 140, Copyright (2009) with permission from Elsevier.

Finally, the data plotted in Fig. 59 demonstrate the relation-
ship between the inverse of the noise resistance and the corrosion
rate, expressed as corrosion current density as a function of tem-
perature, as calculated from the Stern-Geary relationship and the
noise resistance estimated from the ENA data. Generally good
agreement is obtained, although there is clearly a discrepancy be-
tween the data sets for 150°C and for those for higher temperature.
The origin of this discrepancy has not been identified.

In summary, the study by Zhou et al.'"*’ confirmed the findings
of the prior work by Liu et al.,"** that electrochemical noise analy-
sis is an effective method for monitoring the corrosion rate of met-
als and alloys in high subcritical and supercritical aqueous solu-
tions. The method is readily calibrated and, when used to estimate
the noise resistance, and yields a quantity (the polarization re-
sistance) that is directly related to the corrosion current density and
hence the corrosion rate through the Stern-Geary relationship. This
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relationship requires knowledge of the anodic and cathodic inverse
Tafel constants in the form of the quantity, b,b./(b,+ b.), which
may be determined by calibration of the inverse noise (polariza-
tion) resistance data on mass loss data or by measuring b, and b,
directly in polarization experiments. The former method was em-
ployed in the work of Zhou et al."*! for temperatures up to 300°C,
but the second method is also viable.

In a more recent study of the electrochemistry and corrosion
behavior of Type 304 SS and titanium in high subcritical and su-
percritical aqueous solutions, Guan and Macdonald'®’ monitored
the noise in the coupling current

Following the work of Liu, et al."*® and Zhou and cowork-
ers,”* Guan and Macdonald'® carried out extensive studies of the
corrosion of Type 304 SS and titanium in HCI solution at high
subcritical and supercritical temperatures as a function of tempera-
ture and pressure. These studies again employed electrochemical
noise analysis (ENA) as the principal tool for monitoring the cor-
rosion rate in situ. The experiments were carried out in a high
pressure/high temperature flow loop (Fig. 60) using an ENA sen-
sor of the type shown in Fig. 54. Figure 61 shows the relationship
between the standard deviation of the current noise (proportional
to electrochemical corrosion rate) and temperature for Type 304
stainless steel in deaerated 0.01 m HCI. The working pressure was
250 bar and the HCI solution was deaerated by nitrogen gas sparg-
ing. The current noise is observed to increase to a maximum as the
temperature rises to approximately 350°C, as also found by others.
Then, the current noise decreases sharply after the temperature
passes the critical point (374.15°C). This can be explained by the
chemical/electrochemical corrosion mechanisms theory, as out-
lined earlier in this review. Below the critical temperature, the in-
creased corrosion activity, due to increasing temperature (expo-
nential dependence of the rate constant on temperature, as de-
scribed by the Arrhenius equation), dominates over the effects of
falling density and dielectric constant, resulting in the electro-
chemical corrosion rate increasing as the temperature increases.
Beyond the temperature of the maximum in corrosion rate, the test
solution changes from being a condensed, liquid aqueous phase to
a gas-like phase and the density decreases sharply. Consequently,
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Figure 60. Schematic of the high temperature, high pressure circulating loop
system. Reprinted from Ref. 142, Copyright (2009) with the permission from
NACE International.
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the molal concentration of H' decreases sharply with increasing
temperature at high subcritical and supercritical temperatures and
it decreases further with increasing temperature, because HCI be-
comes increasingly poorly dissociated, as noted above. Under
those conditions, the electrochemical oxidation (EO) corrosion
mechanism is less prevalent and the corrosion current noise de-
creases sharply due to the dominant effects of increasing tempera-
ture on the concentration of the aggressive species and on the dis-
sociation of HCI. This result corresponds to experimental observa-
tions that severe corrosion damage occurs in those regions of a
reactor that operate at temperatures just below the critical tempera-
ture, whereas less damage is observed at higher or lower tempera-
ture.

Figure 62 shows the effect of oxygen on the electrochemical
corrosion rate of Type 304 SS in 0.01 m HCI as a function of tem-
perature from ambient to 500°C. The solid points in the figure rep-
resent the electrochemical current noise of Type 304 SS in deaer-
ated 0.01 m HCI (N, sparged) and the open points represent the
electrochemical current noise of the steel in 0.01 M HCI purged
with oxygen gas in the solution reservoir at ambient temperature
and pressure. Thus, the oxygen concentration in the latter case was
about 40 ppm (2.5x10~* m). The working pressures for both exper-
iments were 250 bar. Similar to that observed for the corrosion of
Type 304 SS in deaerated, 0.01 m HCI (Fig. 61), the current noise
(which is proportional to electrochemical corrosion rate) of Type
304 SS in oxygenated 0.01 m HCI increases with increasing tem-
perature and passes through a maximum prior to the temperature
reaching the critical value of 374°C. Thereafter, the current noise
amplitude decreases as the temperature passes the critical tempera-
ture of the medium. The electrochemical corrosion rate at the max-
imum at 7= 350°C in the oxygenated environment is only margin-
ally greater than that in the deaerated environment (Fig. 62). These
data indicate that, by itself, oxygen is not a particularly aggressive
solute, at least in this particular case, as indicated by the relative
corrosion rates observed in the deaerated vs. the oxygenated envi-
ronments. The graph shows that the presence of oxygen increases
the corrosion rate within the temperature range of 150°C to 400°C,
but only by 0-25%. Thus, at the peak, the increase is ~25 %. It is
important to note that the drop-off of the current noise becomes
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Figure 62. Comparison of electrochemical corrosion rates (standard deviations of
current noise) of Type 304 SS in deaerated 0.01 m HCI and in 0.01 m HCI purged
with oxygen gas as a function of temperature at 250 bar. Reprinted from Ref. 140,
Copyright (2009) with the permission from NACE International.

less steep as temperature ascends above 400°C in both experi-
ments. This indicates that, un-der constant pressure conditions, in
a supercritical environment, the effect of temperature on the re-
action rate is independent of the concentration of oxygen, suggest-
ing that the dominant factor is the dissociation of HCI.

Figure 63 compares electrochemical amplitude of the current
noise (proportional to the electrochemical corrosion rate) of Type
304 SS and of titanium in deaerated 0.01 m HCI as a function of
temperature at a pressure of 250 bar. The solid squares are the cur-
rent noise for Type 304 SS and open squares are the current noise
of titanium, respectively. As shown by the figure, the current noise
for titanium increases with increasing temperature before the tem-
perature reaches the critical area, then the current noise decreases
with increasing temperature with a maximum, again, occurring at
about 350°C. As before, the observed maximum can be explained
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Figure 63. Comparison of electrochemical corrosion rates (standard deviations of
current noise) of Type 304 SS and Ti in deaerated 0.01 m HCI as a function of
temperature at 250 bar. Reprinted from Ref. 140, Copyright (2009) with the per-
mission from NACE International.

by the electrochemical/chemical corrosion mechanisms discussed
previously in this review. The electrochem-ical corrosion rate
increases with increasing temperature before it reaches a maxi-
mum value at 350°C, because the corrosion process is dominated
by the increase in the rate constant with increasing temperature,
noting also that HCI is essentially completely dissociated at tem-
peratures below 350°C. Then, the electrochemical corrosion rate
decreases sharply in the high subcritical and supercritical region,
because of the low degree of dissociation of aggressive electrolyte
(HCI), the low dielectric constant of the system, and the decrease
in the density. The graph shows that the titanium is more corrosion
resistant than is Type 304 SS in 0.01 m HCI as the current noise of
Type 304 SS is around 10-15% higher than the current noise for
titanium. Botella et al."*' reported that titanium and its alloys have
relatively high corrosion resistance when they were exposed to
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high subcritical and supercritical HCI solutions, which can be at-
tributed to the formation of the protective passive film on the tita-
nium surface. They also reported that the titanium corrosion rate
increases with increasing temperature in subcritical temperature
range and decreases with increasing temperature in the supercriti-
cal temperature range. These finding are consistent with the results
presented in Fig. 63.

Figures 63 and 64 shows the current noise of Type 304 SS as
a function of temperature in 0.01 m HCl and in 0.01 m H,SO,. The
working pressure for both experiments was 250 bar. Both HCI and
H,SO, solutions in the figure were purged by oxygen. Similar to
the 0.01 m HCI case, the electrochemical corrosion rate of Type
304 SS in 0.01 m H,SO, increases with increasing temperature
before reaching a maximum value at approximately 350°C. Then,
the electrochemical current noise decreases sharply in the super-
critical temperature region (T > 374.15°C), because of the decreas-
ing dielectric constant and density of the supercritical medium as
the temperature is raised. As demonstrated by the data in the fig-
ure, a relatively larger current noise was obtained in 0.01 m HCI
than in 0.01 m H,SO,, which may be due to the presence of pitting
corrosion in the chloride-containing solution or due to chloride-
catalyzed dissolution of the passive film.

Figure 65 shows the response of the standard deviation of the
noise in the coupling current of Type 304 SS in deaerated 0.01 m
NaOH as a function of temperature. Again, the working pressure
was 250 bar. The current noise is observed to increase to a maxi-
mum value as the temperature rises to 300°C, which is significant-
ly lower than the 350°C observed in the case of HCI. Then, the
current noise decreases sharply. This can be explained, again, by
the chemical/electrochemical corrosion mechanisms theory, as
outlined previously in this review. AS before, at low temperatures
(T <300°C), the corrosion process is dominated by the exponential
(Arrhenius) dependence of the rate constant on increasing tem-
perature. At temperatures higher than that at which the maximum
corrosion rate occurs, the standard deviation of the current noise
decreases sharply with increasing temperature, following the same
behavior observed in other systems for the same reasons.
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Figure 64. Comparison of electrochemical corrosion rates (standard
deviations of the current noise) of Type 304 SS in 0.01 m H,SO4
purged by oxygen and in 0.01 m HCI purged by oxygen as a function
of temperature at 250 bar. Reprinted from Ref. 140, Copyright (2009)
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current noise) of Type 304 SS as a function of temperature at 250 bar
in 0.01 m NaOH purged with nitrogen. Reprinted from Ref. 140,
Copyright (2009) with the permission from NACE International.
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Figure 66 compares electrochemical corrosion rates (standard
deviation of current noise) of Type 304 SS in water, 0.01 m
NaOH, and in 0.01 m HCI. The media in all three experiments
were purged by N, and the working pressures were identical at 250
bar. The standard deviation in the noise of the coupling current for
Type 304 SS in 0.01 m NaOH is around 5 times higher than that in
water at 350°C. The current noise of Type 304 SS in 0.01 m HCl is
much higher than those in 0.01 m NaOH and water as demonstrat-
ed by the figure. In fact, the standard deviation of the current noise
from Type 304 SS in 0.01 m HCI is more than 20 times higher
than that from the same alloy in 0.01 m NaOH at 350°C.

The corrosion rate of metals in deaerated acidic solutions can
be expressed by,

a b _a+b
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Figure 66. Comparison of electrochemical corrosion rates (standard
deviations of the current noise) of Type 304 SS in deaerated water, in
deaerated 0.01 m NaOH and in deaerated 0.01 m HCI at 250 bar as a
function of temperature. Reprinted from Ref. 140, Copyright (2009)
with the permission from NACE International.
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where a and b are the reaction order with respect to H' and O,,
respectively. The standard Gibbs energy of activation (AG"?),
which may be determined by mass transfer or charge transfer pro-
cesses, can be estimated by using Eq. (6). As there are no data
available for the reaction order, o, of the electrochemical corrosion
reactions of Type 304 SS in high temperature acidic solutions, we
assume that the reaction orders with respect to both H" and O, are
one half. Accordingly, a = b =" is used in this study. A value of
b = ' was previously found experimentally for the corrosion of
carbon steel in supercritical aqueous solutions, as shown in Fig.
52."%® The molal concentration of hydrogen ion (m.) was obtained
by solving the speciation problem based on mass balance, charge
balance, and mass action equations for the appropriate reaction
set."*! The density was taken as that for pure water from the NIST
steam data, as the working solutions are dilute [NIST Steam Algo-
rithm]. The relative corrosion rate R/R’ was obtained experimental-
ly by electrochemical noise analysis (ENA).

Figure 67 shows the energy of activation for electrochemical
corrosion processes for Type 304 SS and titanium in deaerated
0.01 m HCI at the temperature range of 50-250°C. The solid
squares in the figure are the energy of activation of Type 304 SS
and the open squares are the energy of activation of titanium. As
shown by the figure, the energy of activation for corrosion of Type
304 SS is lower than that for titanium. Although the corrosion re-
sistance of stainless steel is lower than that of titanium in those
environments, the rate of change of corrosion with increasing tem-
perature is greater for titanium than for stainless steel. This obser-
vation is consistent with the results obtained previously, as pre-
sented by Fig. 63, in which the standard deviation of the coupling
current noise for titanium is lower than that for Type 304 SS. As
noted previously, the high corrosion resistance of titanium can be
attributed to the formation of a protective passive film of TiO, on
its surface. It is important to note that the above calculation of the
activation energy is based on the assumptions that the electro-
chemical corrosion rate is proportional to the standard deviation in
the coupling current noise, as measured by monitoring spontane-
ous current fluctuations between identical electrodes using a zero
resistance ammeter (ZRA), and the corrosion reaction rate is a half
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Figure 67. Comparison of energy of activation of electrochemical corro-
sion processes of Type 304 SS and Ti in deaerated 0.01 m HCI solution
at 250 bar as a function of temperature. Reprinted from Ref. 140, Copy-
right (2009) with the permission from NACE International.

order with respect to both H" and O,. At the current time, there is
no theoretical and experimental support for the latter two assump-
tions, except for the observed half order of the corrosion rate of
carb%rgl steel in supercritical aqueous solutions with respect to oxy-
gen.

5. Effect of Pressure on Metal Corrosion Rate

Due to the unique properties of high subcritical and supercritical
aqueous systems (SCAS), two corrosion mechanisms, i.e., electro-
chemical oxidation (EQO) and chemical oxidation (CO), have been
postulated to describe the corrosion of metals and alloys in high
temperature media,'** as outlined above. EO usually involves two
or more coupled partial redox reactions at different sites on the
corroding metal surfaces in relatively high-density SCAS. On the
other hand, CO is postulated to occur through direct reaction of
aggressive species with the metal in one act (but possibly in sever-
al elemental steps) on one site in low-density supercritical aqueous
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solutions, without direct charge transfer between sites, due to the
low degree of dissociation and low dielectric constants. Since the
overall reaction form of a EO process (such as M + 2 H,O 2> MO,
+4H +4¢ and 0, +4H +4¢ 2> 2H,0 to give the overall
reaction M + O, > MO,) is indistinguishable from that of a CO
process (M + O, > MQO,), the reaction rate of an electrochemi-
cal/chemical corrosion process in a deaerated, acidic, high subcrit-
ical and supercritical solution can be expressed by the following
rate law,

R=kc,.F (79)

where k is the heterogeneous rate constant with k& = k(kzT/h)exp
(—AGO’¢/RT), kg is Boltzmann’s constant, 4 is Planck’s constant, T
is the Kelvin temperature, AG*” is the change in standard Gibbs
energy of activation, Cy. is the volumetric concentration of hydro-
gen ion, and a is the corresponding reaction orders with respect to
H'. It is postulated that either a chemical or an electrochemical
mechanism is the dominant corrosion mechanism under any given
set of temperature/pressure conditions. The activity of H' has been
widely used to indicate the corrosion susceptibility in condensed
liquid solutions (as indicated in a Pourbaix diagram). The domi-
nant form of corrosion in high temperature acidic solution is acid
attack. Consequently, corrosion in those solutions is an electro-
chemical oxidation (EO) dominated process in which the cathodic
partial reaction is hydrogen evolution. Other species, such as CI,
may be aggressive and induce particular forms of corrosion, such
as pitting, or may enhance the general corrosion rate by catalyzing
the dissolution of the barrier oxide layer of the passive film, as
noted previously. These species are not included in Eq. (71). The
treatment of this topic presented below is essentially identical to
than recently published by Guan and Macdonald.'*’

By taking the natural logarithm of Eq. (71) and differentiating
with respect to pressure, the pressure dependence of the corrosion
reaction rate in high temperature aqueous systems can be ex-
pressed as,



118 Digby D. Macdonald
olnC,,.
(alnRj :[8lnkj +a[ o ] (80)
op )p \oP ), op ),

As illustrated by Eq. (80), the pressure effects on corrosion re-
action rate can be attributed to the impact of pressure on the acti-
vation process and on volume concentration of the aggressive spe-
cies.'"* The volumetric concentrations (mol/l of the solution) of the
aggressive species, Cy+, in Eq. (80) is density-dependent and can
be expressed in terms of the molal (mol/kg of solvent) concentra-
tion by

1000mp

v —— (81)
1000 + mM

where m is the molal concentration (mol/kg), M, the molecular

weight of dissolved species (g/mol), and p is the density of the

solution (g/cm’). For dilute solutions, we can approximate that C =

mp as mM; << 1000. The pressure dependence of the molar con-

centration then becomes

|:aln(C):| :{aln(m)} +l:aln(p):| :|:aln(m):| s (82)
op L op L Lop o Lop |7

where [0 In(p)/OP] is defined as the isothermal compressibility (ic7)
of the system with k7 = 0 In(p)/OP = —(0V/0P)r/V. Since solutes,
such as acids and bases, are only partially dissociated in low-
density, high temperature water, the degree of dissociation of a =
m/m’ is introduced to demonstrate the effect of pressure on the
dissociation of aggressive species, where m is the molal concen-
tration of the dissociated species such as Cl” from HCI and m° is
the stoichiometric concentration of the solute. Equation (82) be-
comes,

oln(C) | | Oln(a)
{ n L{ nie LH(T (83)
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The pressure dependence of the corrosion reaction rate (Eq. 80)
can be further modified by applying the above equations, such that

Ona,
(amRJ :((ﬂnkj H{ i J + atier) 34)
op ), \ oP ), P )

As illustrated in Eq. (80), the effect of pressure on the rate of cor-
rosion of metals in high temperature aqueous systems can be at-
tributed to the activation process, to changes in the degree of dis-
sociation of aggressive species, and to the system isothermal com-
pressibility.

The effect of pressure on reaction rate constant k can be ex-
plained by the activated complex theory. The theory postulates that
the elementary chemical reactions occur via a transition state, such
as A + B @ M” 2 products, in which the reactants and transition
state are assumed to be in equilibrium. The transition state (acti-
vated complex), M”, is defined as the state of the maximum energy
along the reaction path (reaction coordinate). The rate constant
carhl;‘)e expressed as follows, based on the activated complex theo-

B

) (85)

Where « is the transmission coefficient, AG*” is the difference in
standard Gibb’s free energy between the reactants and the transi-
tion state, R, is the universal gas constant. Based on activated
complex theory, the standard volume of activation (AV*?) of a
reaction is related to the pressure dependence of the reaction rate
constant as expressed by,

AV*? = —RT(@Ink/oP)y =V ~Vyq =), (86)

where k is the rate constant, 7% is the standard partial molar

volume of the transition state, and ;) and 17}(;+ are the standard
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partial molar volumes of the reactants; metal M and H". It is rec-
ognized that the volume of activation includes volume changes due
to solvent-solute electrostatic interaction as the reaction proceeds
along the reaction coordinate toward the transition state.'*® The
volume of activation for chemical reactions in liquid aqueous solu-
tions is generally & 50 cm®*/mol. On the other hand, a much larger
volume of activation has been observed for chemical reactions in
the highly compressible supercritical fluids.'**'*® For instance, the
volume of activation for the uni-molecular decomposition of chlo-
robenzyl methyl ether in supercritical 1,1-difluoroethane is —6,000
cm’/mol at 130°C and 50 bar and volume of activation for the un-
catalyzed reaction of butyronitrile in high temperature water is
around —362 cm’/mol at 330°C and 128.5 bar.'**'** This large vol-
ume of activation undoubtedly reflects the large magnitudes of the
partial molar volumes of some species in highly compressible,
supercritical fluids. Beside the electrostatic and compressibility
effects, Wu et al'*® suggested that the phase-behavior and diffu-
sional limitations effects also can affect the volumes of activation.

Based on the partial charge method, Macdonald'*® suggested
that the reaction coordinate of corrosion processes of metals in
deaerated acidic solutions can be expressed as follows:

M+2H" - [85 2" +(1-8)M+5H, +2(1-8)H]* »>M>" +H,
(87

where M is the metal, the entity in square brackets is the transition
state, and J is the extent of charge development at the knoll in the
reaction coordinate between the initial state and the final state (i.e.,
at the transition state). The value of the quantity 9 is restricted to a
range between 0 and 1. The volume of activation of this corrosion
processes can be expressed as:

AVO* =por _pf —21713+ (88)

where 0% , W 18 and 1713+ are the standard partial molar volumes

of the transition state, the metal, and hydrogen ion, respectively. If
the volume of activation and the partial molar volumes of the reac-
tants are known, the standard partial molar volume of the transition
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state % can be determined and the extent of the charge devel-

opment in the transition state may be estimated by comparison
with the partial molar volumes of model compounds, as has been
done with solvolysis reactions at ambient or near ambient tempera-
tures.'*’ It is important to note that the corrosion reaction is being
treated as elementary process in Eq. (78), even though the corro-
sion processes are typical complex, multi-step processes. Howev-
er, this simplification does not compromise the present application
of the partial charge method, since it is equally valid for multi-step
reactions.'*’

As described before, corrosion reaction rates can be expressed
in terms of the chemical reaction rate law for both chemical and
electrochemical corrosion processes and the volume of activation
can be expressed by Eq. (80). Applying Eq. (80) to Eq. (78) and
integrating, Eq. (78) becomes,

P 1 \¢P . P P
L,o InRdP=| ~—— jpo AV*dP + a Ipo Infa,,. (P)ldP + aIPO k7 (P)dP

(89)

Where P° is the reference pressure. It is important to note that the
isothermal compressibility of high temperature aqueous systems is
pressure dependent. The relative corrosion reaction rate at pressure
P and P’ is expressed as,

Rp (2 L ap Ay (P) r 90
IH[R 0][ RTJ.[POAV dP”l“[aw(Po) +aJP0KT(P)dP (©0)

P

Where Rp/Rpy is the relative corrosion reaction rate. The first term
in the right hand side of Eq. (84) is related to the activation pro-
cess; the second term is the contribution from the dissociation of
aggressive species; and the third term corresponds to the pressure
dependence of the volumetric concentration of the aggressive spe-
cies.

The experimental setup used in the study of Guan and Mac-
donald'* comprised a closed, circulating loop system as illustrated
in Fig. 60, within which the test solution was heated to the desired
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temperatures (up to 500°C) while being pumped into the reaction
cell using a high pressure, positive displacement liquid chromatog-
raphy pump. The internal pressure (up to 400 bar) was regulated
by a check valve with a precision of £15 bar. Heating of the cell
was provided for by an OMEGA heating-band and the temperature
was controlled by a temperature controller with a precision of
+1°C.

The electrochemical noise sensors (ENS) used in this study
comprised three identical 0.5 mm diameter Type 304 SS wires
(annealed 99.98% nickel wires later). Two of the electrodes were
used as identical working electrodes and the third was employed
as the pseudo reference electrode. The three 0.5 mm diameter,
identical wire electrodes were inserted into separate 1.0 mm diam-
eter quartz tubes. The remaining space in the quartz tubes was
filled with Zirconia (ZrO,) cement to electrically insulate the elec-
trodes from each other. The three quartz tubes were then inserted
into a ceramic tube before inserting the ceramic tube into a stain-
less steel outer tube, which served as the pressure boundary. The
ceramic and stainless steel outer tubes were sealed by Zirconia
cement. The length of each wire was trimmed to 15 mm at one
end, which was exposed to the high temperature test solution. The
electrodes were separated from each other by a distance of 3-4
mm. The exposed wire was lightly polished and washed with ace-
tone and de-ionized water before use. The other ends of the wires
were inserted into a three-hole ceramic tube. A CONAX gland
with Lava sealant was used to seal the EN sensor.

The corrosion current noise between the two identical working
electrodes and the potential noise between the coupled working
electrodes and the pseudo reference electrode were measured sim-
ultaneously using a Gamry PC 400 electrochemical system operat-
ing as a zero resistance ammeter. The data were collected at an
acquisition rate of 2Hz and a high-frequency filter was used in this
study to prevent aliasing. A ZRA maintains the two identical
working electrodes at virtually the same potential via negative
feedback, with the measured instantaneous coupling current being
that put out by the control amplifier to maintain this condition.
Furthermore, an electrometer was used to measure the potential
noise, with both measurements being made simultaneously. The
working solution was 0.01 M HCI.
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The purpose of this study was to understand the effect of pres-
sure on the rate of corrosion of a metal in high subcritical and su-
percritical aqueous systems (SCAS), with emphasis on the contri-
butions from activation, system compressibility, and degree of
dissociation of aggressive species. Since the amplitude of the elec-
trochemical noise is postulated to be proportional to the electro-
chemical corrosion rate, the electrochemical corrosion rate can be
estimated using electrochemical noise analysis (ENA). Note that,
because the CO mechanism does not involve partial charge trans-
fer processes, it is postulated not to produce electrochemical noise.
Accordingly, measurement of the current noise and the weight loss
over a period of time, and knowledge of the relationship between
the current noise amplitude and the instantaneous corrosion rate,
provides a means of delineating the EO and CO mechanisms. This
was partially achieved by Liu et al.,"” who measured the RMS of
the noise in the coupling current between identical carbon steel
electrodes in water at 450°C as a function of density and found that
the noise disappeared at densities below 0.06 g/cm’. Accordingly,
we may conclude that at lower densities the dominant corrosion
process is CO and at higher densities EO prevails.

As described above, the corrosion reaction rate in deaerated
acidic solutions can be expressed by Eq. (72), in which the corro-
sion mechanism is electrochemical oxidation (EO) with H' being
the principal corrodent. As there are no data available for the reac-
tion order of the electrochemical corrosion of stainless steel in
high temperature acidic solutions, we assume that the reaction is
half order with respect to [O,], as noted above, and hence that a =
Y. The relative corrosion reaction rate at pressure P with respect to
that at pressure P is then expressed as:

P a,, (P P
I —LJ' avtap s Lin| L) +1J' k7 (P)dP
RT )P0 2 P

Rpo o, (P ) 2

(€

where P’ is the reference pressure, and Rp/Rp, is the relative cor-
rosion reaction rate. The first term on the right hand side of Eq.
(91) is due to activation; the second term corresponds to the
change in the degree of dissociation of the aggressive species; and
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the third term describes the pressure dependence of the volumetric
concentration of aggressive species. The degree of dissociation of
aggressive species (o) in SCAS is pressure-dependent and it can
be determined by modeling species dissociation equilibria based
on mass balance, charge balance, and the law of mass action."”' In
this study, the compressibility of working solutions was estimated
from steam data obtained from the NIST steam algorithm recog-
nizing that 0.01 M HCl is a dilute solution."*® The relative reaction
rate of Rp/Rpy was measured by ENA. Consequently, the volume
of activation was estimated as outlined above. Macdonald suggest-
ed that the volume of activation is only weakly dependent on pres-
sure in liquid phases over relatively narrow pressure ranges.'’’
However, the volume of activation is expected to change dramati-
cally as the system transitions the critical temperature and is ex-
pected to display strong pressure dependence in super critical sys-
tems for the reasons discussed above. Thus, Johnson et al.”® re-
ported that the volume of activation of uni-molecular decomposi-
tion of chlorobenzyl methyl ether in supercritical 1,1-
difluoroethane ranges from a negative few thousand cm’/mol in
the highly compressible, near-critical region to a negative few
dozen cm’/mol in the liquid state. As the compressibility of SCAS
is high and hence the density of SCAS is highly pressure depend-
ent, the volume of activation of corrosion processes in SCAS may
also be highly pressure-dependent. In order to solve Eq. (90), the
authors assumed that the volume of activation of a corrosion pro-
cess in SCAS is constant between the two neighboring measured
pressures as there are no data available for the differential relation-
ship between the volume of activation of an electrochemical corro-
sion processes and pressure.

Figure 68 shows the standard deviation of the coupling current
noise (postulated to be proportional to the electrochemical corro-
sion rate) of Type 304 stainless steel in deaerated 0.01 M HCl as a
function of pressure at a high subcritical temperature (7 = 350°C).
As demonstrated by the data, the electrochemical corrosion rate
increases with increasing pressure, corresponding to negative val-
ue for the volume of activation. The figure illustrates that the cur-
rent noise increases from 50.5 pA/cm’® at 224 bar to 74.7 pA/cm?
at 272 bar, and then to 85.8 uA/cm” at 317 bar. The increasing
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Figure 68. Electrochemical corrosion rate (standard deviation of the current
noise) of Type 304 SS as a function of pressure at 350°C in deaerated 0.01 M.
Reprinted from Ref. 142, Copyright (2009) with the permission from NACE
International.

corrosion rates may be attributed to the effect of pressure on
the solvent-solute interactions and on the degree of dissociation of
the aggressive species.

Figure 69 presents the volume of activation of the electro-
chemical corrosion of Type 304 SS in 0.01 M HCI at 350°C as a
function of pressure. In this study, the relative electrochemical
corrosion rate is estimated as the ratio of the two neighboring
measured standard deviations in the current noise, such as the cur-
rent noise of 67.6 wA/cm® at 252 bar divided by the current noise
of 50.5 pA/cm’” at 224 bar. In addition, it was also assumed that
the volume of activation is constant between the two neighboring
measured pressures, such that the volume of activation is taken to
be —210.8 cm’/mol over the pressure range of 224 to 252 bar, —
183.3 cm’/mol over the pressure range of 252 to 272 bar, and —
120.3 cm*/mol over the pressure range of 272 to 306 bar, as ex-
plained above. As demonstrated by the data in the figure, a large,
negative volume of activation (—210.8 cm’/mol) is observed at the
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Figure 69. Volume of activation of corrosion reactions of Type 304 SS in deaer-
ated 0.01 M HCI as a function of pressure at 350°C. Reprinted from Ref. 142,
Copyright (2009) with the permission from NACE International.

lowest pressure range of 224-252 bar and a relatively smaller,
but still negative volume of activation (63 cm’/mol) is obtained
at the highest pressure range of 306-317 bar. The negative value
of the volume of activation can be attributed to electrostriction
of the solvent as charge is developed and/or redistributed in the
transition state. Because electrostriction is expected to result in a
smaller negative volume change as the density increases, the vol-
ume of activation should become smaller as the pressure is in-
creased, as observed.

The larger volume of activation at lower pressures may be due
to the large effect of pressure on the compressibility of solvent and
on the degree of dissociation of the aggressive species. So far,
there are no other studies of the volume of activation of corrosion
processes that could confirm or deny above position. Theoretically
speaking, the postulate is reasonable, as the corrosion process pre-
sumably passes through a transition state of the type indicated in
reaction (77). In forming the transition state, the charge is dis-
persed over a larger sphere than in the initial state, with the result
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Figure 70. Contribution of activation, density, and HCI dissociation to corro-
sion rate of Type 304 SS as a function of pressure at 350°C in deaerated 0.01
M HCI solution. Reprinted from Ref. 142, Copyright (2009) with the permis-
sion from NACE International.

that solvent electrostriction is greater and hence the activation vol-
ume should be negative as the water is drawn into the transition
state by ion-dipole interaction. Clearly, this issue needs to be ex-
plored in future work, possibly by molecular dynamics simulation.

The relative importance of the activation, compressibility, and
degree of dissociation of HCI to the relative corrosion rate of Type
304 SS in deaerated 0.01 M HCI at of 350°C is illustrated in Fig.
70. As indicated by the figure, the contribution from the compress-
ibility is much less important, compared with the contributions
from the activation and HCI dissociation at high subcritical tem-
peratures (350°C). This can be explained by the relatively small
compressibility of the condensed liguid system. The figure also
shows that the contribution from the volume of activation to the
relative reaction rate is more important than the contribution from
the degree of dissociation at high subcritical temperatures.

Figure 71 compares the electrochemical current noise of Type
304 SS in deaerated water and in deaerated 0.01 M HCI at 350°C
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Figure 71. Comparison of electrochemical corrosion rates of Type 304 SS as a
function of pressure in deaerated water in deaerated 0. 01 M HCI. Reprinted
from Ref. 140, Copyright (2009) with the permission from NACE Internation-
al.

as a function of pressure. The open squares in the graph represent
the corrosion rate of the steel in the 0.01 HCI solution as a function
of pressure, and the solid squares represent the corrosion rate in
water under the identical conditions of temperature and pressure.
Both solutions were deaerated by nitrogen gas. As shown by the
figure, pressure has a more significant influence on the corrosion
rate of Type 304 SS in 0.01 M HCI solution than it does in water.
This may be attributed to the impact of pressure on the degree of
dissociation of HCI, compared with that of H,O, resulting in a
much higher concentration of H' from HCI than from water.

Figure 72 displays the electrochemical current noise of Type
304 SS in deaerated 0.01 M HCI as a function of pressure at a su-
percritical temperature of 450°C. Similar to the pressure depend-
ence of corrosion processes at subcritical temperatures (Fig. 50),
the corrosion rate increases with increasing pressure yielding an
apparently negative value for the activation volume. The current
noise rises from 8.7 pA/cm” at 197 bar to 114.1 pA/cm?” at 255 bar
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Figure 72. Electrochemical corrosion rate (standard deviation of the current
noise) of Type 304 SS as a function of pressure at 450°C in deaerated 0.01 M
HCI. Reprinted from Ref. 142, Copyright (2009) with the permission from
NACE International.

and to 20.1 ],LA/cm2 at 327 bar. However, in this case, the system is
characterized by a very high compressibility, so that the effects of
pressure on the activation process must be delineated from the
other contributions before a rational discussion of the data can be
undertaken.

Solutes, such as acids and bases, are not fully ionized under
supercritical conditions, due to the low density and low dielectric
constant of the solvent, as noted elsewhere in this review. For ex-
ample, the density and dielectric constant of water at 450°C and
327 bar are 0.1757 g/em® and 2.5, respectively, compared with that
of 1 g/cm® and nearly 80 under ambient conditions. Additionally, a
modest change in pressure of a supercritical aqueous system can
strongly affect the degree of dissociation, due to the high com-
pressibility of the systems. For instance, the degree of dissociation
of 0.01 M HCl is calculated to be 1.62x107 at T = 450°C, P = 197
bar, but is 5.29x10” at T = 450°C, P = 327 bar.
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Figure 73. Volume of activation of corrosion reactions of Type 304 SS in de-
aerated 0.01 M HCI as a function of pressure at 450°C. Reprinted from Ref.
142, Copyright (2009) with the permission from NACE International.

Figure 73 shows the volume of activation of Type 304 SS in
0.01 M HCI at 450°C as a function of pressure after correction for
the change in the volumetric concentration and the dissociation of
HCIL. In this case, the volume of activation is positive, rather than
being negative as indicated by the raw data (Fig. 71). Similar to
the corrosion processes at 350°C (Fig. 71), the magnitude of the
volume of activation (but of opposite sign) decreases with in-
crease- ing pressure (density), corresponding with the decreasing
compressibility of the solvent. Fig. 74 demonstrates the contribu-
tions of activation, the degree of dissociation, and density (iso-
thermal compressibility) to the relative corrosion rate of Type 304
SS in deaerated 0.01 M HCI at temperature 450°C. The figure
shows that the contribution from the degree of dissociation domi-
nates the pressure dependence of the relative reaction rate as the
result of the significant pressure effect on the density and the de-
gree of dissociation of systems. The contribution from compressi-
bility is more significant at supercritical temperatures (450°C) than
it is for subcritical temperatures (350°C), which is expected as the
compressibility of the supercritical systems (a gas phase) is much



High Subcritical and Supercritical Aqueous Solutions Phenomena 131

1.2

T =350°C - Activation
1l > Compressibility
71 In(R/RY)
= 08" () HCI dissociation
8 & Q
~ O U
i o6t O Q A
3 0
S 0.4
[ =
=
2 ozt 1
§. x X X %
£
—02 _. + 1 '
~200 220 240 260 280 300 320

Pressure (bar)

Figure 74. Contributions of activation, degree of dissociation, and compressi-
bility to corrosion rate of Type 304 SS as a function of pressure at 450°C in
deaerated 0.01 M HCIL. Reprinted from Ref. 142, Copyright (2009) with the
permission from NACE International.

larger than the compressibility of a subcritical systems (a con-
densed liquid phase).

Figure 75 illustrates the electrochemical current noise of Type
304 SS in deaerated 0.01 M HCI as a function of pressure at a su-
percritical temperature of 500°C. Similar to the pressure depend-
ence of corrosion processes at 450°C (Fig.72), the corrosion rate
increases with increasing pressure due to the increasing of degree
of dissociation of HCI with increasing pressure. Figure 76 displays
the volume of activation of Type 304 SS in 0.01 M HCI at 500°C
as a function of pressure after correction for the change in the vol-
umetric concentration and the dissociation of HCI. Similar to the
pressure dependence of corrosion processes in 450°C the volume
of activation is positive and the magnitude of the volume of activa-
tion decreases with increasing pressure (density), corresponding
with the decreasing compressibility of the solvent.

Figure 77 demonstrates the contributions of activation, the de-
gree of dissociation, and density (isothermal compressibility) to
the relative corrosion rate of Type 304 SS in deaerated 0.01 M HCI
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at a temperature 500°C. The figure shows that the contribution
from the degree of dissociation and activation volume term domi-
nates the pressure dependence of the relative reaction rate as the
result of the significant pressure effect on the density and the de-
gree of dissociation of systems, which is expected as the activation
volume is higher in low-density supercritical aqueous systems than
in subcritical systems.

Nickel is a very important component for many corrosion re-
sistance alloys used in high temperature aqueous systems. There-
fore, the effect of pressure on corrosion processes of nickel in high
temperature acidic solutions has been analyzed. Similar to the
Type 304 SS noise sensor, the nickel noise sensor comprises three
identical nickel electrodes (0.5 mm annealed 99.98% nickel wire)
and electrochemical noise was measured between two of the
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Figure 75. Electrochemical corrosion rate (standard deviation of the current
noise) of Type 304 SS as a function of pressure at 500°C in deaerated 0.01 M
HCI. Reprinted from Ref. 142, Copyright (2009) with the permission from
NACE International.
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Figure 76. Volume of activation of corrosion reactions of Type 304 SS in de-
aerated 0.01 M HCI as a function of pressure at 500°C. Reprinted from Ref.
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Figure 77. Contribution of activation term, degree of dissociation, and com-
pressibility to corrosion rate of Type 304 SS as a function of pressure at 500°C
in deaerated 0.01 M HCI solution. Reprinted from Ref. 142, Copyright (2009)
with the permission from NACE International.
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electrodes using a low noise zero resistance ammeter, while the
third was employed as a pseudo reference electrode. It is important
to note that the corrosion reaction rate law (Eq. 71) is a generic
reaction for corrosion of metals in high temperature acidic solu-
tions, therefore the reaction rate law and the following relative
reaction rate equations should be valid for nickel (and other metals
or alloys) corrosion processes in high temperature aqueous sys-
tems.

Figure 78 shows the electrochemical current noise (propor-
tional to the electrochemical corrosion rate) of nickel in deaerated
0.01 M HCI as a function of pressure at 350°C. As illustrated by
the figure, the corrosion rate increases with increasing pressure,
corresponding to the increasing density and dielectric constant of
the solvent.
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Figure 78. Electrochemical corrosion rate (standard deviation of the current

noise) of Ni as a function of pressure at 350°C in deaerated 0.01 M HCI. Re-

printed from Ref. 142, Copyright (2009) with the permission from NACE In-

ternational.
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Figure 79. Volume of activation of corrosion reactions of Ni in deaerated
0.01 M HCI as a function of pressure at 350°C. Reprinted from Ref. 142,
Copyright (2009) with the permission from NACE International.

Figure 79 displays the volume of activation of corrosion of
nickel at 0.01 M HCI as a function of pressure at 350°C. Similar to
the volume of activation of SS 304 in 0.01 M HCI at 350°C as a
function of pressure, the magnitude of the volume of activation
decreases with increasing pressure due to the pressure effect on the
electrostriction of the solvent and on the solvent-solute interac-
tions.

Figure 80 shows the contribution of the activation, system
compressibility, and HCI dissociation to the relative corrosion rate
of nickel in deaerated 0.01 M HCI at temperature of 350°C. As
demonstrated by the figure, the contribution from activation term
plays a dominant role on the relative corrosion rate, compared with
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Figure 80. Contribution of activation, density, and HCI dissociation to corro-
sion rate of Ni as a function of pressure at 350°C in deaerated 0.01 M HCL
Reprinted from Ref. 142, Copyright (2009) with the permission from NACE
International.

the contributions from the system compressibility and from HCI
dissociation in high subcritical temperatures (350°C). At the same
time, the contribution from the system compressibility is less im-
portance than the contribution from the degree of dissociation as
the solution is a condensed liquid phase and the compressibility of
the system is small. The figure also shows that the contribution
from the volume of activation to the relative reaction rate is more
important than the contribution from the degree of dissociation at
high subcritical temperatures.

6. Stress Corrosion Cracking

The extensive IGSCC (intergranular stress corrosion cracking) of
sensitized Type 304 SS observed in Boiling Water Reactor (BWR)
primary coolant circuits over the past three decades has prompted
examination of the stress corrosion cracking of possible structural
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alloys for Generation IV, Supercritical Water Nuclear Power Reac-
tors (SCWNPRs). Just as much materials selection was simply
transferred from subcritical fossil-fueled thermal power plants in
designing BWRs, with disastrous results, concern has been ex-
pressed that a similar mistake may be being made in transferring
materials technology from supercritical thermal (fossil fueled)
power plants to supercritical nuclear systems by inadequately de-
fining the properties of the environment or the response of an alloy
when in contact with that environment. In the BWR case, when
materials selection was affected, little was known of the electro-
chemical nature of IGSCC in sensitized Type 304 SS and in Type
316 SS. For example, in the 1960s it was not known that a critical
potential for IGSCC (Ejgscc) existed or that the critical potential
was a sensitive function of temperature, crack length, degree of
sensitization, or conductivity of the medium.'”” Also, it was not
generally appreciated that the radiolysis of water in the reactor
core produced oxidizing (e.g., O,, H,O,, OH) and reducing (H,, H,
0,") species that are electroactive (i.e., the species participate in
redox reactions on the alloy surface) and that these species estab-
lish the redox potential of the environment and the corrosion po-
tential of the steel. Over the past four decades a great deal has been
learned of the electrochemical nature of IGSCC in austenitic stain-
less steels in subcritical systems, including the exponential de-
pendence of crack growth rate on the electrochemical corrosion
potential (ECP), as shown in Fig. 81."! Indeed, the evidence
demonstrates that IGSCC in sensitized austenitic stainless steels is
primarily an electrochemical phenomenon and not a mechanical
process, although the bulk of the models that have been devised to
account for the CGR are mechanical in nature (for example, see
the model of Shoji, et.al.'”* The importance of electrochemistry in
determining CGR underlies the current technology for mitigating
IGSCC in operating BWRS (Hydrogen Water Chemistry, HWC)
through the addition of hydrogen to the primary coolant in order to
displace the potential in the negative direction thereby reducing the
crack growth rate (Fig. 81) or in eliminating IGSCC altogether if
the ECP is more negative than —0.23 Vgyg. This value is recog-
nized by the Nuclear Regulatory Commission (NRC) as the
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critical potential for IGSCC in sensitized Type 304 SS in BWR
environment (pure water at 289°C), Egscc, such that if the ECP is
more negative the reactor operator may take credit for controlling
IGSCC. This topic is revisited later in this section.

Because stress corrosion cracking is a localized corrosion pro-
cess, involving the spatial separation of the local anode (in the
crack) and the local cathode (on the external surfaces), the phe-
nomenon of IGSCC is expected to fall under the theoretical um-
brella of the Differential Aeration Hypothesis (DAH), as depicted
in Fig. 82. The DAH, which was first postulated by Evans in the
1920s and which has since been recognized as the theoretical basis
for essentially all localized corrosion phenomena requires that, in
order to maintain the spatial separation between the local anode
and local cathode, a positive ionic coupling current flows through
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the solution from the crack to the external surface where it is anni-
hilated by oxygen reduction on the crack external surfaces and by
the equivalent electron current flowing through the metal, as de-
picted in Fig. 82. The magnitude and the distributions in the cur-
rent and the potential from the crack tip to a point on the external
surface that is remote from the crack mouth are such that charge is
conserved in the system. Indeed, this condition determines the
potential at the crack mouth, which is always more positive (i.e.,
the electrostatic potential in the solution) than that on the external
surface remote from the crack mouth (negative of the corrosion
potential).

The coupling current depicted in Fig. 82 is readily measured
by mounting side cathodes on a compact toughness specimen
whose surfaces (except for the crack) have been insulated from the
solution and then measuring the electron current that flows from
the specimen to the cathodes using a ZRA, as described by Mana-
han, et.al.'” (Fig. 83). Under optimal conditions, and by using a
suitably high data acquisition rate, the coupling current is found to
comprise packages of 6 to 13 periodic oscillations that are separat-
ed by brief periods of intense current activity (Fig. 84). These os-
cillations arise from brittle microfracture events that occur at the
crack tip and by determining their frequency (approx 2 s—1) and
knowing the crack growth rate it is possible to estimate the size of
the microfracture event at about 3 um.'>* The size of the event
does not appear to be consistent with the slip/dissolution model,
where the dimension should be of the order of a few Burger’s vec-
tors (i.e., a few nanometers) corresponding to the dimension of a
slip band. In this case the frequency of the events might be ex-
pected to be in the kHz range, in order to account for the known
crack growth rate. Instead, the frequency and dimension of the
microfracture event is more consistent with a hydrogen-induced
cracking mechanism, even though the external environment is oxi-
dizing. HIC is attributed to differential aeration displacing the po-
tential of the metal at the crack tip below the hydrogen evolution
line, thereby injecting hydrogen into the matrix ahead of the
crack tip where it embrittles the grain boundary matrix, which
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Figure 82. Depiction of the Differential Aeration Hypothesis (DAH) for local-
ized corrosion showing the coupling currents (electronic through the metal,
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may contain significant hydrogen-and strain-induced martensite,
resulting in brittle, intergranular fracture.

The reader will note that the measured coupling current pro-
vides for the direct interrogation of events that occur at the crack
tip as a function of various independent variables, such as the ap-
plied stress intensity factor (Fig. 83). The author knows of no other
measurement that can be made that yields comparable information
on the events that occur at the crack tip and it remains as a mys-
tery, at least to the author, as to why this measurement, which is
easy to make, is not used more extensively in the study of stress
corrosion cracking. For example, it has been shown'* that the
crack growth rate is proportional to the average coupling current,
which is expected from Faraday’s law. Because current can be
measured much more conveniently and to far greater accuracy than
can crack growth rate, measurement of the coupling current might
be an effective means of measuring CGR, particularly at very low
rates. Additionally, there is no other method for the in situ deter-
mination of the dimension of the microfracture events, although
the frequency can be ascertained using acoustic emission, but that
technique has yet to be applied at high subcritical temperatures.

The role of radiolysis in establishing the ECP of stainless
steels in determining IGSCC crack growth rate (CGR) is now well
understood in terms of radiolysis models that predict the concen-
trations of electroactive radiolysis products around the coolant
circuit of a BWR,"* the mixed potential model for calculating the
ECP," and the Coupled Environment Fracture Model'*>'**"*" for
estimating the IGSCC CGR. These models have been assembled
into codes (DAMAGE-PREDICTOR, ALERT, REMAIN, and
FOCUS) for predicting the accumulation of damage due to IGSCC
in BWR primary coolant circuits as a function of the operating
history of the reactor. Figure 85, for example, shows the predicted
ECP around the primary coolant circuit of the Leibstadt BWR in
Swizerland operating under normal water chemistry protocol, in
which no hydrogen is added to the reactor feed water. The ECP is
predicted to vary from about 0 Vgyg in the recirculation piping
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Figure 85. Predicted ECP around the primary coolant circuit of a BWR under (a)
normal water chemistry (NWC) conditions (no hydrogen added to the feedwater)
and (b) hydrogen water chemistry (1.2 ppm of H, added to the reactor feedwater.
Reprinted from Ref. 9, Copyright (1995) with permission from Elsevier.
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to about 0.3 Vgyg in the core channels, where radiolysis and the
generation rate of H,O, is most intense. On the other hand, H,O,
decomposes thermally in the recirculation piping, such that its
concentration at the exit of the recirculation pipe is greatly reduced
compared with that in the reaction core. Because the ECP is very
dependent upon the concentration of hydrogen peroxide, because
this is the most powerful oxidizing agent that is produced in a sig-
nificant concentration by water radiolysis, the ECP reflects, to a
large extent, the concentration of H,O and, to a lesser extent, the
concentration of oxygen.

Shown in Fig. 85, it is not surprising to find that the CGR
around the coolant circuit, as shown in Fig. 86, closely resembles
that for the ECP (Fig. 72). Thus the crack growth rate for a 0.5 cm
long crack loaded to a stress intensity factor of 27 MPa.m"? varies
from about 10™ cm/s at the exit of the recirculation piping system
to about 5 x10” cm/s in the core channels. A crack growth rate of
10” cm/s corresponds to the lengthening of a crack by 0.3 mm
over one year. This magnitude of CGR is tolerable during opera-
tion and according to the data plotted in Fig. 71 for low conduc-
tivity the corresponding potential is about —0.05 Vgyg. This is sig-
nificantly more positive than the NRC-mandated critical value of -
0.23 Vgyug, suggesting that the latter may be too conservative, as
previously noted."”> Also presented in Figs. 85 and 87 are plots of
ECP and crack growth rate, respectively, for the reactor operating
under hydrogen water chemistry (HWC) with the addition of 1.2
ppm of hydrogen to the reactor feedwater. These plots show that
hydrogen significantly shifts the ECP in the negative direction and
lowers the crack growth rate in many, but not all, regions of the
primary coolant circuit. Thus, using the —0.05 Vgyg/ 10° cm/s as
the protection criteria, it is evident that HWC may protect much of
the lower down comer and lower plenum [beneath the reactor core
at the bottom of the reactor pressure vessel (RPV) containing the
control rod drives (CRDs), and most of the recirculation piping
system], but the core channels (containing the fuel), the core by-
pass (between the core and the inside of the core shroud), the up-
per plenum, the mixing plenum (both above the core and in contact
with water exiting the core channels and the bypass and hence
containing  radiolytically- generated H,0,), and the jet pumps.
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Figure 86. Predicted IGSCC CGR for a 0.5 cm long crack around the primary
coolant circuit of a BWR under (a) normal water chemistry (NWC) conditions
(no hydrogen added to the feedwater) and (b) hydrogen water chemistry (1.2
ppm of H, added to the reactor feedwater. Reprinted from Ref. 9, Copyright
(1995), with permission from Elsevier.
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The efficacy of HWC is significantly improved by depositing no-
ble metal on the steel surfaces in a protocol termed noble metal
chemical addition (NMCA), as offered to reactor operators by the
vendor, General Electric Company.'*®

As noted above codes have been developed to predict the ac-
cumulation of damage by IGSCC in the primary coolant circuits of
operating reactors as a function of the reactor operating history
(start-ups, shut-downs, variation in power level, hydrogen addi-
tions, etc), which defines the corrosion evolutionary path. The
predicted damage (length of a crack on the upper inner surface the
core shroud adjacent to the H-3 weld) for three operating scenarios
is shown in Fig. 87. Under NWC operating conditions (no added
hydrogen), the crack is predicted to grow by about 2 cm over the
ten year operating period, corresponding to an average crack
growth rate of 1.3x10™® cm/s, but if HWC had been initiated im-
mediately upon start-up the crack is predicted to have advanced by
a little more than 0.5 cm. On the other hand, had HWC been insti-
tuted after five years, the crack is predicted to have lengthened by
about 1.7 cm, considerably more than half of the advance under
NWC operating conditions. This law of decreasing returns, in this
case, is a consequence of the parabolic form of the CGR versus
time curve, which, in turn, reflects the fact that the CGR decreases
as the crack length increases, due to the increase in the IR potential
drop down the crack. In closing, the author notes that the predic-
tions of the code (these calculations were performed using
ALERT) are in excellent agreement with the observed damage due
to IGSCC in the shroud, where comparisons between prediction
and measurement can be made.

It is important to note that no comparable models have been
developed for supercritical aqueous systems, so that similar calcu-
lations are not yet possible for supercritical water nuclear power
plants (SCWNPPs). In the opinion of the author, the development
of such a code would prove to be invaluable for selecting materials
and for devising water chemistry and operating protocols for
SCWNPPs. That radiolysis occurs in supercritical water to produce
a variety of electroactive species is well established experimental-
ly, particularly through the work of Bartels and coworkers'*® and
of that by Katsumura.'” The current situation with regard to
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Figure 87. Predicted accumulated damage for IGSCC (crack length) in a Boiling
Water Reactor as a function of the reactor operating history over ten years and as a
function of the water chemistry protocols employed. Reprinted from Ref. 9, Copy-
right (1995) with permission from Elsevier.

predicting corrosion damage in SCWNPPs is entirely compara-
ble to the situation that existed with regard to BWRs in the early
1960s; the phenomena (cracking) were known to occur, but only
rudimentary knowledge was available with regard to mechanisms.
Thus, our shortcomings include:

e No generally accepted model exists for the radiolysis of wa-
ter and no consistent sets of radiolytic yield (g values) or
rate constants are currently available. The availability of
these data is a prerequisite for calculating the concentrations
of electroactive radiolytic species in a reactor coolant cir-
cuit.

e We currently have no experimental data for the exchange
current densities or Tafel constants for redox couples in-
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volving those radiolytic species (e.g., HyH', O,/H,O,
H,0,/H,0) or for the species diffusivities, which are needed
for estimating limiting currents. These data are a prerequi-
site for being able to calculate the ECP using the Mixed Po-
tential Model."*®

e No crack growth rate data under well controlled fracture
mechanics and electrochemical conditions are currently
available for any alloy in supercritical aqueous solutions.
Indeed, it may well be that under conditions where the
Chemical Oxidation (CO) mechanism dominates (low den-
sity) the electrochemistry may not be important, but that
deeds to be demonstrated. At high density (p > 0.06 g/cm®)
general corrosion occurs via an Electrochemical Oxidation
(EO) mechanism and it is likely that SCC also will be an
electrochemical phenomenon.

o The experimental techniques required to measure the data
have yet to be fully developed.

As noted above, various groups are working on determining
G-values for the radiolysis products of water and some data are
now becoming available. Most experiments employ pulse radioly-
sis with scavenging by an additive to the solution that produces a
product that exhibits an absorption spectrum within the visible
region of the electromagnetic spectrum. The concentration of the
species of interest (e.g., hydrated electrons) is then readily deter-
mined from Beer’s law and the measured absorbance.

An example of the type of study that is being carried out in
this area is that reported by Ghandi and Percival'® (Fig. 88). These
workers, using radiolysis data in the literature explored various
models for predicting rate constants for the reactions OH + OH >
H,0, (triangles, Fig. 88), OH + OOH - O, + H,0 (squares, Fig.
88) in water and (b) OH + nitrobenzene in water at temperatures
ranging from ambient to 450°C. The two principal models em-
ployed were those based upon the Noyes equation

1 1 1
= +
kobs kdi}f kact

(92)
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Figure 88. Temperature dependencies of the rate constants for: (a) the reaction OH
+ OH - H,0; (triangles), OH + OOH - O, + H,0 (squares) in water and (b) OH +
nitrobenzene in water at temperatures ranging from ambient to 450°C. N1, N2 in (a)
are fits to and extrapolation of Elliot’s data,'® M1 and M2 are predictions of a
multiple collision model, while the line in (b) is the prediction also by a multiple
collision model. The experimental data indicated by squares in (b) are data from
Notre Dame while the diamonds are data from the Argonne National Laboratory.

Reprinted from Ref. 161, Copyright (2003), with permission of The American
Chemical Society.



High Subcritical and Supercritical Aqueous Solutions Phenomena 151

where kg is the diffusion-limited rate constant and &, is the rate
constant for the activated process. The diffusion limited rate con-
stant, kyy, is given by the Schmoluchowski equation

ki = 40007z6(Dy + D, )ReﬁN o, (93)

where f is the spin statistical factor for reactions between radicals,
D, and D, are the diffusivities of the two reacting species, R, is
the mutual reaction diameter, and Ny, is Avogadro’s number. The
reader will note that, as predicted by Eq. (92) the smaller of the
two rate constants, kg and k., controls the observed rate constant
for a given reaction. Thus, in the radiolysis models that have been
developed for subcritical temperatures.'>> The activation rate con-
stant, k., is given by the Arrhenius equation as

k., = Ae Ea! RT (94)

act —
where kz is Boltzmann’s constant, /# is Planck’s constant, and
AG"* is the change in Gibbs energy of activation of the reaction.

The second model employed by Ghandi and Percival'® makes use
of a modified form of Eq. (94) as

kyeact = e 5 KT (95)
where the efficiency factor, fz, is given by

Jr = Pra/(1+ prq) (96)
which takes account of reactive orientation (described by py) and
the number of collisions between the reactants over the duration of

an encounter (g). The parameter g can be expressed as the ratio of
the encounter lifetime (t¢,.) and the time between collisions (Top)

4 = Tenc! Teoll 7

Methods are available for estimating both t.,. and T, (see
Ghandi and Percival).'® Importantly, ¢ is found to change from
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about 1000 for liquid water to about one (every collision being
effective) for low density, supercritical water conditions, with the
reaction efficiency falling from 100% per encounter to a lower
value as the density decreases from that for subcritical liquid wa-
ter.

It should be noted that, in the reaction mechanisms that are
currently used for modeling the radiolysis of water in subcritical
systems,'*? most of the bimolecular reactions are at the diffusion
limit. Because the temperature dependence of an activation con-
trolled reaction is normally greater than that of a diffusion con-
trolled reaction, any reaction that is diffusion controlled at subcrit-
ical temperatures is almost certainly diffusion controlled at super-
critical temperatures and many that are activation controlled at
subcritical temperatures will become diffusion controlled at super-
critical temperatures. Accordingly, the rate constants for many
reactions between radiolytic species in any mechanism adopted for
the radiolysis of water in supercritical water might be reasonably
estimated. The challenge exists with the unimolecular reactions
and those bimolecular reactions whose rates are below the diffu-
sion limit. Nevertheless, the author’s opinion is that a good chance
exists that an acceptable set of rate constants for a reaction mecha-
nism could be developed for use at supercritical temperatures.

As a second example, the rate constant for the scavenging of
hydrated electrons by nitrobenzene in water at 380°C as a function
of density, as reported by Marin, et al.,'®” is plotted in Fig. 89. For
lower densities (p < 0.4 g/cm3), the rate constant decreases with
increasing density, but at higher density the opposite trend is ob-
served. There is no obvious property versus temperature correla-
tion that can account for the density dependence of the rate con-
stant.

The need to actual measure kinetic data, rather than extrapo-
lating data from lower temperatures, is that the theoretical models
are insufficiently sophisticated to accurately describe the transition
from subcritical conditions to supercritical conditions, as is evident
from the data plotted in Fig. 88. Thus, a simple Arrhenius extrapo-
lation of Elliot’s'®" subcritical data or by using a multiple collision
model does not produce the data at all well in the
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Figure 89. Effect of density on the rate constant for the scavenging of hydrated
electrons by nitrobenzene at 3800C. Reprinted from Ref. 163, Copyright (2004)
with permission from The American Chemical Society.

supercritical temperature region, demonstrating that there is some-
thing seriously amiss with reaction rate theory for these conditions.
A similar discontinuity is in the radiolytic yield of the electron
(G(e"), number of electrons produced/100 eV of energy absorbed)
(Fig. 90).

The first study of the radiolysis of water at supercritical tem-
peratures was apparently that of Burns and Marsh published in
1981.'* These measurements were made at 400°C and the tech-
niques employed were generally adopted by later workers in re-
peating and expanding upon this initial, pioneering work. (Fig. 91)
The Burns and Marsh study produced a radiolysis mechanism and
associated rate constants and activation energies that need to be
verified or modified, as the case may be.

The other key parameter in any radiolysis study is the radio-
lytic yield for the various radiolytic products. Several studies have
been reported in measuring this quantity for various reactions and
some of the results are summarized below. Much of the work
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Figure 90. Plot of the radiolytic yield of electrons, G(¢"), as a function of tempera-
ture from ambient to supercritical temperatures at a constant pressure of 25 MPa
(250 bar). Reprinted from Ref. 164, Copyright (1981) with permission from The
American Chemical Society.

reported to date has explored the radiolytic yield of hydrated elec-
trons, with some of the data being summarized in Fig. 92. The
radiolytic yields of other electroactive species need to be deter-
mines, in order that effective radiolysis models may be developed.
Returning now to stress corrosion cracking, it is evident that it
is premature to expect calculation of the ECP in the coolant circuit.
Of a SCWNPP, but it is possible to perform experiments under
electrochemical control using the electrochemical techniques (ref-
erence electrodes, etc.) discussed above. However, none of the
work reported to date has employed a reference electrode to moni-
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Figure 91. Three dimensional plot of G(¢") as a function of density and temperature
in supercritical water. (0) 0.20 g/cm®; (1) 0.25 g/cm?; (A) 0.35 g/em®; (V) 0.50
g/cm’. Reprinted from Ref. 164, Copyright (1981) with permission from The Amer-
ican Chemical Society.

tor the potential and no attempts have been reported on controlling
the potential of the specimen at a preselected value, although some
data are available as a function of oxygen concentration. Teysseyre
and Was'® studied the stress corrosion cracking of four austenitic
alloys (Type 304 SS, Type 316L SS, Alloy 690, and Alloy 625) in
deaerated, supercritical water using constant extension rate tests
(CERTS) and their stress-strain curves recorded at a constant ex-
tension rate of 3 x 107 s are displayed in Fig. 93. These data
show that the two stainless steels (Type 304 SS and Type 316L
SS) generally fail at the lower strains indicating that they are most
susceptible to SCC. However, none of the alloys displayed inter-
granular fracture at 400°C and Alloy 690 displayed only ductile
fracture at 450°C. Upon increasing the temperature to 500°C, how-
ever, mixed mode, intergranular/ductile fracture was observed un-
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Figure 92. (a) Three dimensional plot of G(e-) as a function of density and pressure,
Source of data is indicated in the paper of Lin, et al.'® Reprinted from Ref. 164,
Copyright (1981) with permission from The American Chemical Society.

der all conditions. Although the appearance of intergranular facets
on the fracture surface strongly suggest the occurrence of ISCC, in
the case of Type 304 SS, the strains to failure in deaerated and
non-deaerated supercritical water were greater than that in argon
gas; the quintessential non-SCC environment. However, intergran-
ular cracks were observed on the fracture surfaces and on the side
surfaces of the round tensile specimen and the statistics describing
these cracks are summarized in Fig. 94. These data show that
cracks are generally deeper for specimens exposed at higher tem-
perature, particularly for those specimens exposed at 550°C, indi-
cating that the cracks are thermally activated and hence follow an
Arrhenius relationship.
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Cross-sectional micrographs of Alloy 690 specimens after ex-
posure to deaerated supercritical water at (a) 400°C; (b) 450°C; (c)
500°C; and (d) 550°C and at a pressure of 25.5 MPa are displayed
in Fig. 95. The cracks are clearly evident and it is also evident that
many initiate at emergent grain boundaries, but others initiate in-
tergranularly and penetrate transgranularly (Fig. 95¢). In sensitized
Type 304 SS, at BWR operating temperatures (288°C), cracks are
often found to initiate at a surface discontinuity (e.g., a pit, which
acts as a stress raiser) and then grow transgranularly across the
first grain (Figs. 96 and 97) until intersecting a sensitized grain
boundary, as found for Type 304 SS in chloride-containing solu-
tions at 288°C.'® Thereafter, the crack grows intergranularly. It
appears, then, that there is little difference between crack initiation
in subcritical and supercritical aqueous systems.

That crack growth in the four alloys is a thermally activated
process is clearly shown by plotting the crack growth rate (Fig.
98a) in Arrhenius form (Fig. 98b). The activation energy is found
to be of the order of 84-105 kJ/mol, which is a commonly ob-
served range for a thermally activated process of this type. The
crack growth rates were determined by dividing the depth of the
deepest crack on the fracture surface of the failed CERT specimen
by the time of straining from the yield point. This method has been
extensively used in subcritical temperatures, but there are signifi-
cant objections to its use, including:

(a) The mechanical state at the tip of a crack is poorly defined;

(b) data analysis is considerably complicated by the existence
of multiple cracks propagating simultaneously on the failure
surface and on the specimen side surfaces;

(c) the time at which the cracks nucleate, and hence the time
over which the cracks grow, is uncertain; and

(d) the specimen is forced to fail regardless of the crack veloci-
ty, which does not reflect in service dynamics. Furthermore,
where comparisons have been made, crack growth rates de-
termined by CERTs are significantly higher than those
measured using well-defined fracture mechanics specimens.
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()
Figure 95. Cross sectional micrographs of Type 304 SS after exposure for about
300 hours in deaerated supercritical water at: (a) 400°C; (b) 500°C; and (c) 550°C
and at a pressure of 25.5 MPa. Note the intergranular nature of the cracks. Re-
printed from Ref. 166, Copyright (1993) with permission from NACE Internation-
al.



High Subcritical and Supercritical Aqueous Solutions Phenomena 163

Figure 96. Cross sectional micrographs of Alloy 690 after exposure for about 300
hours in deaerated supercritical water at: (a) 400°C; (b) 450°C; (c) 500°C; and (d)
550°C and at a pressure of 25.5 MPa. Note the intergranular nature of the cracks
and that the cracks appear to initiate at emergent grain boundaries. Reprinted from
Ref. 166, Copyright (1993) with permission from NACE International.
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Figure 97. Transgranular crack in the surface of Alloy 690 exposed to deaer-
ated supercritical water at 500°C and at a pressure of 25.5 MPa. The arrows
indicate the tracks of EDS analyses. Reprinted from Ref. 166, Copyright
(1993) with permission from NACE International.



High Subcritical and Supercritical Aqueous Solutions Phenomena 165

3.5x107 . :

3x107 |-

500°C
B 550°C I
2.5x107

Q
£ L -
E
@
™ 2x107 | 4
o
S
g 1.5¢107 | .
O]
S
@ Ix107 |
(&)
5x10-#
ol Lz |_ceed -
316L 690 625
Alioy
10 T T T T T
—&— Type 304 Q=105 kdimol
° - Type 316L Q =85 kJ/mol
<p= Alloy 625 Q =84 kJ/mol |
W ~=f== Alloy 680 Q =87 kJ/mc |
E 107 Y .
2 |
@
‘g * N Yy qu \
L= S e, S~ p.
o e ™ "‘-.4_ e
% 10°F T, W W, TN
o \.:"-._ o
O ST Ny
\\ .‘-.
~ &
10.. 1 L 1 I 1
12 125 13 1.35 14 1.45 15
1T (102 K)

Figure 98. (a) Crack growth rate as a function of temperature for
Types 304 SS, Type 316L SS, Alloy 690, and Alloy 625 (in deaer-
ated water at 500°C) and at a pressure of 25.5 MPa. (b) Arrhenius
plots for crack growth rate. Reprinted from Ref. 166, Copyright
(1993) with permission from NACE International.



166 Digby D. Macdonald

If we accept that the crack growth rate in these alloys in de-
aerated supercritical water is of the order of 107 mm/s at 550°C
(roughly the proposed operating temperature of a SCWNPP) and
noting that there are about 3x10 seconds in a year, crack extension
is calculated to be of the order of 3 mm per year. This is judged to
be a little high in practical engineering terms, because it corre-
sponds to the growth of a greater than one-inch deep crack in ten
years. However, recognizing that crack growth rates measured
using CERT experiments are likely to be high, by as much as an
order of magnitude, a crack growth rate of 0.3 mm/year would be
acceptable, corresponding to that observed under BWR coolant
conditions. Clearly, the crack growth rate needs to be measured
using well-defined (mechanically) fracture mechanics specimens.

Attention is now turned to examining the possible role of elec-
trochemistry in SCC in supercritical aqueous systems. Thus, be-
cause oxygen is known to impact the corrosion potential (see
above) and recognizing that the effect of oxygen on the fracture
behavior of the austenitic alloys in supercritical water has yet to be
studied systematically, some data suggest that high oxygen may
exacerbate IGSCC. Thus, the data shown in Fig. 99 show that the
extent of IGSCC on the fracture surfaces failed in CERT tests in
high subcritical and at supercritical temperatures, which is associ-
ated with stress corrosion cracking, show that the extent of IGSCC
decreases dramatically with increasing temperature in the super-
critical region, possibly reflecting increasing dominance of the CO
mechanism over the EO mechanism.

Finally, it is of interest to examine, briefly, the temperature
dependence of IGSCC in sensitized Type 304 SS in pure water at
subcritical temperatures. A plot of the available data from An-
dresen,'% together with predictions from the Coupled Environment
Fracture Model,'™® are shown in Fig. 100. The crack growth rate
(CGR) is found to pass through a maximum at about 170°C. At
higher temperatures, the crack growth rate is found to decrease
dramatically with increasing temperature, such that at 300°C the
CGR is about two orders in magnitude higher than the creep crack
growth rate. Unfortunately, no CGR data appear to be available for
the temperature range of 300°C to the critical temperature for this
(or any other) steel, so that it is not possible
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Figure 99. Percent intergranular cracking on the fracture surface of sen-
sitized Type 304 SS as a function of temperature in high subcritical and
supercritical water containing 8 ppm of oxygen. Reprinted from Ref.
114, Copyright (1999) with permission from Elsevier.

to ascertain how or whether the lower temperature data mesh with
those measured at supercritical temperatures.

VII. POLARIZATION STUDIES

1. Effect of Temperature

The selection of materials for use in many industrial environ-
ments, including supercritical thermal power plants (SCTPPs)
and Supercritical Water Oxidation (SCWO) systems requires a
broad study of the forms and the rates of corrosion of various
metals and alloys in supercritical (T > 374°C) aqueous environ-
ments. Nickel is an important component of many corrosion re-
sistant alloys and is a classic model for corrosion studies. Exten-
sive electrochemical polarization studies of this metal in
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subcritical systems have been reported, but few studies of this
type apparently have been previously performed at supercritical
temperatures.

A number of groups have developed experimental techniques
for performing electrochemical polarization studies at high subcrit-
ical and at supercritical temperatures. The measurements are per-
formed in a stainless steel, high temperature/high pressure test cell.
In the studies performed by the author and his colleagues the
working electrode (Ni) and counter electrode (Pt) were incorpo-
rated into an alumina holder with a cooled PTFE support and this
assembly was then inserted into the test cell through which the
electrolyte was slowly pumped (at a rate of 4-5 ml/minute) (e.g.,
Fig. 54). A silver/silver chloride external pressure balanced elec-
trode was employed as the reference electrode. This system was
used to measure polarization curves at temperatures over the range
20-430°C and at a pressure of 340 bar (5000 psi) in deaerated 0.01
m NaOH.

In Fig. 101 we present polarization curves obtained for nickel in
0.01 m NaOH over the temperature range from 20 to 400°C. The
classic behavior of a passive metal is observed at temperatures up
to 400°C, with the active dissolution hump being more pro-
nounced when compared with the ambient temperature behavior.
At 430°C and at higher temperatures (not shown), the conductivi-
ty of the solution is very low and polarization measurements have
proven to be difficult to perform and interpret. However, the re-
producibility of the measurements illustrated in Fig. 101 was
good, including those at the highest temperatures.

With increasing of the temperature, the range of passivity
shrinks considerably, as illustrated by Fig. 102. A strong depend-
ence of the length of the passive region on temperature is ob-
served, possibly because the overpotential for oxygen evolution
and hydrogen evolution, which defines the practical stability
range of water, become smaller as the temperature is increased.
Furthermore, increasing temperature most likely shifts the poten-
tial at which transpassive dissolution occurs, which marks the
upper boundary of the passive range to lower values. In any
event, shrinkage of the passive range implies increased suscepti-
bility to corrosion, particularly at highly positive and negative
corrosion potentials.
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Figure 101. Polarization curves for nickel in 0.01 m NaOH at temperatures
ranging from 20°C to 400°C. P = 340 bar. Reprinted from Ref. 5, Copyright
(1997) with permission from Elsevier.

The value of the current in passive region is very important
parameter for the prediction and modeling of the metallic corro-
sion. In Fig. 103 the current in the passive region is plotted as a
function of temperature. It is noted that the passive current passes
through a maximum at a temperature of around 300°C. The pas-
sive current is expected to increase with temperature, because it is
partly determined by the transport of ions through the oxide film,
a process that is temperature activated. However, the passive cur-
rent is also determined by the rate of dissolution of the passive
oxide film, which is sensitive to the chemical and physical prop-
erties of the environment. The Point Defect Model'® for the
growth and breakdown of passive films on metal surfaces gives
the steady state current on nickel in terms of
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Figure 102. Length of the passive range for nickel in 0.01 m NaOH as a
function of temperature at a pressure of 340 bar. Reprinted from Ref. 5,
Copyright (1997) with permission from Elsevier.
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where a and b are constants, k,° and k° are the standard rate con-
stants for the injection of cations into cation vacancies at the met-
al/film interface and for the dissolution of the film, respectively,
Ly, is the steady state film thickness, cy+ and cy.° are the molar
concentrations of H' in the solution and in the standard state, and
n is the reaction order for the film dissolution reaction with re-
spect to H'. The steady state barrier layer thickness is given in
explicit form as
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Figure 103. Dependence of the passive current density for nickel in 0.01
m NaOH on temperature at a pressure of 340 bar. Reprinted from Ref. 5,
Copyright (1997) with permission from Elsevier.

where a is the polarizability of the film/solution interface, f is the
dependence of the potential drop across the film/solution inter-
face on pH, y = F/RT, and a, and k" are the standard rate constant
and transfer coefficient for the generation of oxygen vacancies at
the metal/film interface and hence for generation of the film, ¢ is
the electric field strength, and kL is the standard rate constant for
film dissolution. Equations (71) and (72) have been derived for
the case where no change occurs in the oxidation state of the cati-
on upon ejection from the film into the environment. We have
previously argued'® that the rate of corrosion of a metal, which
reflects the rate of dissolution of the passive film, because that
controls the barrier layer thickness, passes through a maximum at
a high subcritical temperature by virtue of competing effects of
temperature on the rate constant and on the properties of the
aqueous medium (density and hence molar concentration, acid
dissociation, and dielectric constant), as shown in Fig. 104, which
is taken from the work of Kriksunov and Macdonald." Plotted in
this figure is the relative rate of corrosion for two different stoi-
chiometric HCI concentrations and for three different activation
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energies. The existence of the maximum in the corrosion rate has
been found experimentally using a variety of techniques,'™ in-
cluding electrochemical emission spectroscopic (electrochemical
noise) methods,'”™'"! and it appears that the same factors extend
to determining the passive current density (Fig. 103).

Returning now to Eq. (72), we see that, if the rate of dissolu-
tion of the passive film passes through a maximum (due to the
competing effects of the second and third terms), then the steady
state film thickness (L) should pass through a minimum with
increasing temperature. That being the case, then both terms on
the right side of Eq. (71) will pass through coincident maxima
(both terms are sensitive to the same dissolution phenomenon),
thereby accounting for the observed maximum in the passive cur-
rent.

12
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log(R/R°)
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Figure 104. Relative rate of a corrosion reaction versus temperature
plotted as a function of activation energy and stoichiometric HCI con-
centration. Reprinted from Ref. 5, Copyright (1997) with permission
from Elsevier.
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VIII. SUMMARY AND CONCLUSIONS

It has been argued in this review and elsewhere that a rational ba-
sis exists for defining pH in supercritical aqueous systems and
sensors have been developed for measuring this parameter at tem-
peratures well in excess of the critical temperature (374.15°C). The
principal impediment to realizing the goal of making research
grade pH measurements that are accurate to better than + 0.05 is
the lack of a viable reference electrode that can operate at tempera-
tures above 500°C and which can provide a reference potential of
that is accurate to ca £5mV. This goal has not yet been realized for
T > 500°C, although it has been achieved at low supercritical tem-
peratures up to 400°C.'"" The development of a reference electrode
that provides an accurate reference potential remains a pressing
need in this field. However, for the specific purpose of monitoring
pH in SCWO systems, the external pressure balanced reference
electrode (EPBRE), which has now been used to measure poten-
tials to better than £5 mV in low subcritical systems (T < 300°C)
and to about +20 mV at high supercritical systems (T > 500°C),
will probably remain the workhorse for routine potential meas-
urements in high temperature aqueous solutions. Indeed, we be-
lieve that considerable room exists for improving the precision of
the EPBRE, particularly for measurements in supercritical media.
One such strategy, which is currently being exploited'”” is to
slowly pump the internal solution from an external reservoir
through the electrode at a slow enough rate so as to maintain the
temperature gradient along the non-isothermal bridge but at a high
enough rate that the tendency for thermal diffusion to occur is ef-
fectively suppressed. This idea is not new, having been described
by Danielson'’? about twenty years ago. Nevertheless, this elec-
trode, when combined with a hydrogen electrode in a solution of
accurately known hydrogen fugacity, has enabled the measurement
of pH to £0.05 at temperatures to 400°C. However, this reference
electrode suffers from two problems that may or may not adverse-
ly impact its acceptability as a general tool for studying supercriti-
cal aqueous solutions. The first is that the pump that is required to
slowly and precisely meter the internal solution into the electrode
considerably complicates the system, to the point that, while such
complexity may be acceptable in the research laboratory, it is un-
likely to find acceptance in the field. The second issue is that the
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reference potential, as measured against a hydrogen electrode,
strongly depends on the flow rate of the solution through the inter-
nal reference electrode compartment, thereby requiring accurate
control of the flow rate and calibration against a known standard.
The extent to which calibration can be done accurately and con-
veniently over wide ranges of temperature, pressure, and solution
type and composition remains to be determined.

We have also shown that it is possible to measure redox po-
tential at high supercritical temperatures with a sensor that auto-
matically compensates for changes in pH. The sensors that have
been developed are rugged and respond rapidly to changes in the
redox potential. In particular, the sensor that employs a W/WO;
pH-sensitive element, is particularly promising, because of its all
solid-state structure and exceptional ruggedness. These sensors,
when combined with a suitable reference electrode, provide the
means for measuring the two most important parameters defining
the corrosion conditions that exist in SCWO reactors, namely po-
tential and pH.

Finally, we have demonstrated that it is now possible to per-
form electrochemical polarization studies in high subcritical and
supercritical aqueous systems, which suggests that the whole range
of powerful electrochemical techniques, including transient meth-
ods and electrochemical impedance spectroscopy (EIS) can be
brought to bear on the behavior of metals at the interface between
wet and dry corrosive environments.
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Passive Oxide Films on Iron by In-Situ
Detection of Optical Techniques
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I. INTRODUCTION

Passivity of metals was initially stated by Faraday' and
Scheenbein® over 150 years ago. The origin of the passivity was
argued and at the present the passivity is thought to be the for-
mation of three dimensional oxide films. It is stably formed in
aqueous solution. The passive oxides are extremely thin (usually a
few nm), so it is very difficult to detect them analytical techniques.
For the quantitative description, electrochemistry is a key tech-
nology, because the oxidation state of the metal surface can be
precisely controlled by electrochemical apparatus. Since the elec-
trochemical control is restricted into solution phase, the passivated
surface should be characterized in the same phase. To overcome
the difficulty for characterization, several optical techniques have
been applied.

The presence of the thin oxide film on iron was confirmed by
Freundlich® and Tronstadt’ by using an optical technique of ellip-
sometry. The ellipsometry is one of the most sensitive techniques
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Figure. 1. Potential-current density (cd) relation of
iron electrode in borate and phosphate solutions at
various pH values. The cd is taken after 1 h at
each potential. Reprinted from N. Sato, T. Noda,
and K. Kudo, “Thickness and Structure of Passive
Films on Iron in Acidic and Basic Solutions”,
Electrochim. Acta, 19 (1974) 471, Copyright
©1974 with permission from Elsevier Science.

to detect a thin layer on metals and has been applied to the study of
surface oxide film by many authors. The advantage of ellipsometry
is that it can be used in an aqueous environment. Electronic spec-
troscopy such as XPS, AES etc., electron diffraction, mass spec-
troscopy such as SIMS have been conducted to determine the
structure and composition of the passive oxide. For the ex-situ
techniques under vacuum, since the electrodes are removed from
electrolyte, the film may be altered through crystallization and/or
dehydration. To avoid the alteration, the following in-situ tech-
niques by which the oxide film is measured in the environment
where it was formed have been used; Mossbauer spectroscopy,
Raman spectroscopy including surface enhanced Raman spectros-
copy, and X-ray adsorption techniques such as XANES and
EXAFS.
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First, a typical potential-current relation is shown in Fig. 1
where the potential was plotted against saturated calomel electrode
(SCE).” The iron electrode exhibits four potential regions: the ac-
tive dissolution, active-passive transition, the passive and the oxy-
gen evolution. In the passive potential region, the steady current
density (cd) is not dependent on the potential, but changes with
solution pH values. The cds plotted in Fig. 1 were taken after 1 h
polarization under the constant potential control. They reach a
steady cd in the solution at pH lower than four in 1 h. The ¢d in
neutral and slightly alkaline solutions does not, however, reach the
steady-state value and continues to decay even after 1 h polariza-
tion. The steady cd means that the passive oxide is under the sta-
tionary state in which the passive oxide remains unchanged as time
goes on. In this chapter, the discussion is mainly focused on the
passive oxide under the stationary state.

In this chapter we first introduce optical techniques combined
with electrochemistry for study of the passive oxide and then we
focus on the growth mechanism, composition, and nature of the
passive oxide on iron and steels, which were detected by the opti-
cal techniques of ellipsometry, Raman spectroscopy, potential
modulation reflectance, and photo-electrochemistry combined with
electrochemistry.

II. OPTICAL TECHNIQUES

1. Ellipsometry

Ellipsometry is an optical technique in which the change in ellip-
soidal shape of the polarized light is measured between the inci-
dent and reflected polarized lights. Since the change is related to
the complex refractive indices of the solid surface and the surface
film, and the thickness of the film, the ellipsometry characterizes
the surface film in thickness at sub-nanometer scale. Since the
ellipsometry operates with visible light with a constant wavelength
and the corrosion environment (i.e., air and electrolyte) is trans-
parent in that light region, in-situ application to the study of cor-
roded metal surfaces could be easily achieved. The basics and ap-
plication of ellipsometry are described in detail in the book pub-
lished by Azzum and Bashara.®
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Figure 2. Loci combined by two vectors at vibrated on x
plane and on y plane. (a) In the case that the phase shift be-
tween the two vectors is zero, and (b) the phase shift is (1/2)
radian.

(i) Polarized Light

The polarized light can be divided into plane-polarized and el-
lipsoidal-polarized lights. The polarized light is described by two
basic plane-polarized lights, the electric vector of which meets at
right angle with each other. When the propagation direction is z,
and vibration directions of the vectors of the two basic polarized
lights are x and y, the vibration of electric vectors are described as
follows:

E,=E, exp [j(wt — kz + 0,)] (1)
E,=E, exp [j(at — kz + 0y)] 2)

where j = (-1)"? and E, and E, are complex number. When the
phase shifts, € and 6, are same as each other (6 = 6), the loci of
the summation of two vectors reveals a vector propagating on the
plane slanting against the x axis with the angle of arctan (E,/Ey)
(Fig. 2a). When the phase shift between the two vectors is (n/2)
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radian, the shape of the loci in the x-y plane becomes an ellipsoid
(Fig. 2b), depending on the amplitude ratio of (E,/E,). The shapes
of the ellipsoid shown in Fig. 1 are the special cases and in general
it is seen that the shape changes with the amplitude ratio of (E,/Ey)
and the phase shift of (6 — 6).

(ii) Reflection of Polarized Light at Solid Surface

Let’s consider light reflection on a solid surface at an inci-
dence angle of ¢, where the incidence angle is defined at an angle
between the incidence light beam and the normal direction on the
surface (Fig. 3). For the light reflection, the two basic
plane-polarized lights are selected as follows; one is a
plane-polarized light which vibrates on a plane including incident
and reflected light beams (the incidence plane) and the other vi-
brates on the plane normal to the incidence plane. The former is
designated as parallel (p-) polarized light and the latter as parpen-
dicular (s-) polarized light. The shape of the ellipsoidal polarized
light propagating is a function of the amplitude ratio of E,/E, and
the phase shift of O, — 6s.

// Incidence plane

Reflection surface

Angle of refraction

Figure 3. Incidence of polarized light at angle of incidence ¢, re-
fraction at angle of refraction ¢s, and reflection. Ep is electric vec-
tor which vibrates on the incidence place and Es on the place nor-
mal to the incidence plane.
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When a plane-polarized light reflects on a solid surface, phase
retardation occurs as well as amplitude reduction. The ratio of the
reflected light to the incident light can be described as the follow-
ing reflection coefficients for the p- and s- polarized light.

= E°(r) / E°(i) = 1* exp [j(A"(r — i))] )
¥ =Er)/ E{) =1 exp [(A(r —i))] (4)

where p and s represent the reflection of p- and s-polarized light,
respectively, and (r) and (i) reflected and incident lights, respec-
tively. AP(r — 1) and As(r — 1) is phase retardation at the reflection
for the individual lights.

The change in ellipsoidal shape between the incident and re-
flected lights is determined by a ratio of #° to #* described in Egs.
(3) and (4). The change is described by the following relative re-
flection ratio:

r=r"/rF=tan¥expA ®)

where
tan W =rp /s (6)
A= Av(r — i) — A'(r —i) (7)

and tan ¥ represents a relative amplitude ratio and A a relative
phase retardation. For the ellipsometric experiment, ¥ and A be-
come measurable parameters and compared with the values theo-
retically calculated from the reflection equations.

(iii) Reflection Coefficient

The reflection coefficient shown in Egs. (4)-(6), i.e., the
change of the reflected light against the incident light is theoreti-
cally derived from the usual reflection equations. In this calcula-
tion, refractive indices are expressed as complex numbers (com-
plex refractive index),

N=n-jk ®)
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Figure 4. Reflection of the light at two-phase interface and the
three-phase interface. In the three-phase interface, thin film is
formed between the initial two phases.

where # is an usual refractive index and k an extinction coefficient
which indicates the degree of decay in magnitude of propagating
light in a medium.

The refection coefficients for the p- and s- polarized lights at
the interface between the solution or gas (phase 1) and the sub-
strate (phase 3), as shown in Fig. 4, are described as the following
Fresnel’s equations,

13 = (IN3c0s ¢y — Nycos ¢3) / (Vscosd; + Nicosds) )
P13 = (N1cos ¢; — V508 ¢3) / (N 1cosd; + N3cosds) (10)

where the ¢; is an angel of refraction derived from the Snell’s law,
Nssind; = N;sind, (11)

Since the /V; is a complex number, sing; is becomes a complex
number.
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When the surface film (phase 2) is formed between the phase
1 and phase 3, the reflection coefficient for the three phases is
changed according to the following Drude’s equation with consid-
eration of the multiple reflection in the film:

123 = (P12 + Py3exp(-jD)/ [1 + P 11" 3exp(—jD)] (12)
P13 = (it Piexp(iD)/ [1 + o' zexp(—iD)] (13)

where |, and r’, are the Fresnel’s reflection coefficients at the
interface between the phase 1 and phase 2 (metal/film interface),
and rPy; and r°y; are those between the phase 2 and phase 2
(film/solution or gas)interface. D is a function of thickness (d) of
the film and wavelength of light (1), indicating the phase retarda-
tion by the multi-reflection in the film,

D = 4ntn,(cosdy)d/A (14)

Experimentally ¥ and A are measurable with ellipsometry and
theoretically one can evaluate those values from the reflection co-
efficients described in Egs. (9)-(13),

p=r"/r;=tan¥, exp jA (15)

where i = 13 indicates a system without the film and i =123 a sys-
tem with the film.

(iv) Apparatus

Various types of ellipsometers have been developed. Classi-
cally nulling method has been adopted, and recently the photomet-
ric ellipsometers have been used.

Figure 5 shows a typical arrangement of ellipsomteter which
consists of a light source, polarizer (P), phase compensator (C),
reflection surface (S), analyzer (A), and photo-detector. In the nul-
ling method, azimuths of the three optical elements (polarizer,
compensator, and analyzer) are adjusted for the light intensity of
the photo-detector to be zero or minimum. For example, when one
fixes the azimuths of the compensator at C = (n/4) or —(n/4) and its
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Figure 5. Basic arrangement of optical elements for ellipsometry.

A

Analyzer

phase shift at 5. = (n/2), the parameters of ¥ and A are determined
by the azimuths of polarizer (P) and analyzer (4) at the zero inten-
sity,

Y=4, A=2P+(12)n (16)

or
WY=-d, A=-2P+(1/2)r (17)

where the azimuths are measured in reference to the plane of inci-
dence. Since the polarization state is the same in case that each of
P and 4 is rotated by & radian, eight sets of P and 4 are possible at
the zero intensity.

A typical photometric ellipsometer is a rotating analyzer ap-
paratus. When the analyzer rotates, the light intensity is modulated,

I1=1y[1+ acos(24) + Bsin(24)] (18)

For the arrangement of P-C-S-A, ¥ and A are calculated from
the following equation:
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tanC + p. tan(P - C
tan'\¥ exp jA = lta - anC + pe tan{ )
ﬁij(l—a2 _ﬂz)l 1-p. tanCtan(P—C)
(19)
where p. is the complex transmittance of the compensator,
Pe= Pe €XP jdc (20)

Usually, for the quarter wave compensator, pe = exp j(n/2) =j. For
the rotating ellipsometer, during continuous rotation of the analyz-
er, the Fourier coefficients, a and b, are monitored and converted
to the ellipsometric parameters, ¥ and A.

(v) 3-Parameter Ellipsometry

For the thin surface oxide film which absorbs light, the esti-
mation of three unknown parameters are required which are a real
part (refractive index, n,) of complex refractive index, IV, = ny— jko,
an imaginary part (extinction coefficient, k,), and thickness of the
film (d). From the usual ellipsometry, one obtains two parameters,
¥ and A. The three unknown parameters will thus be not solved
mathematically from the two measurable values. For the calcula-
tion, simply, one parameter is first assumed, and the other two pa-
rameters are solved with a computer program for the reflection
equations (Egs. 9-15).

To overcome this difficulty, several methods are proposed for
obtaining the three unknowns without assumptions. First, one has
to measure reflectance, R, in addition to ¥ and A.”!! During the
oxide film formation, the reflectance change, AR, is measured with
the changes of ¥ and A. Since /) in Eq. (18) corresponds to the
reflection intensity from the sample surface, the photometric el-
lipsometer can easily be modified to the simultaneous measure-
ment of reflectance. For the nulling ellipsometer, however, it is
difficult to simultaneously measure the reflectance with ¥ and A.
From the three parameters of ¥, A, and R, one can calculate the
three unknowns, n,, k,, and d with help of computer program.
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For the other technique for the estimation, multiple-incidence
angles method has been applied.'”* The ¥ and A are measured by
several angles of incidence (¢1) and the optimal values of n,. k,
and d were calculated by the sets of Wi and Ai at each angle, ¢1,i.

2. Raman Spectroscopy

Raman scattering originates from an interaction between molecular
vibration and electromagnetic light wave."® In infra-red spectros-
copy, absorption is measured by which the frequency or energy of
the incident radiation of light matches that of a molecular vibration
so that the molecules is promoted to a vibrational excited state. In
Raman spectroscopy, scattering light from the molecules is de-
tected. The incident photon interacts with the molecule and distorts
(polarizes) the cloud of electrons around the nuclei to form a
short-lived state. This state is not stable and the photon is quickly
re-radiated. When the nuclear motion is induced during the scat-
tering process, energy is transferred from the incident photon to
the molecule or from the molecule to the scattered photon. The
energy of the scattered photon is thus different from that of the
incident light. The scattering light is very weak so that incident
light with high energy density from laser and highly sensitive de-
tection may be required.

Figure 6 shows the basic process which occurs for the scatter-
ing from a molecule. In addition of the Rayleigh scattering which
is elastic radiation, two scattering processes occur, one of which is
Stokes scattering where the photon with the energy less than the
incident photon by the vibration energy of the molecule is scat-
tered,

Av=vy—V (21)

and the other anti-Stokes scattering with energy higher than the
incident photon,

AV = v — v (22)

where v is wave-number of Raman scattering light, vy wave num-
ber of incident light, and Av and Av’ are Raman shifts. The Stokes
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Figure 6. Interaction between electromagnetic wave and molecular vibration.
The three scattering lights are radiated from the interaction.
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Raman scattering light is usually measured, because intensity of
the anti-Stoles Raman scattering is relatively very weak.

For the measurement of Raman scattering, laser as excitation
source and spectrometer equipped with high efficient detector are
required. In the earlier stage, double- or triple-monochromator was
used to effectively reject the Rayleigh scattering light, intensity of
which will be much stronger than the Raman scattering. However,
filter technology has been improved and at present effective notch
and edge filters can reject the Rayleigh scattering so that a combi-
nation of notch or edge filter, single monochromator, and mul-
ti-channel detector of CCD are adopted for recent measurement.

For the measurement of the passive film on metals under the
in-situ condition, the scattering light from the aqueous phase sur-
rounding the surface oxide blocks the measurement of the passive
film, because of the much larger scattering from the aqueous phase.
To reject the scattering light from the aqueous phase, confocal op-
tical path for the collection of scattering light will be effective. A
small pinhole is located at the confocal point to pass the scattering
light from the electrode surface and to remove the scattering light
from the electrolyte surrounding the electrode. However, since the
scattering light from the aqueous phase will be still one hundred
times more than that from the passive oxide a few nm thick, the
accumulation of the signal on CCD over a thousand seconds may
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Figure 7. Optical confocal system for collection of scattering light from electrode
surface.

be necessary. In Fig. 7, an example for the apparatus with the con-
focal optical path is shown, in which a pinhole with 50 mm diam-
eter was inserted at the confocal point between the sample elec-
trode and the entrance slit of the spectrometer. The scattering light
from the electrolyte around the electrode surface can be considera-
bly omitted.'®

3. AC Technique

AC impedance technique is also effective to study the passive ox-
ide. The passive oxide may have semiconductive property, so that
the AC potential application will induce the charge modulation in
the oxide film. '*'” For example, when we consider n-type semi-
conductive oxide film under positive bias, i.e., under reverse bias
condition, as shown in Fig. 8, a depression layer is formed in the
oxide film. In the depression layer, space charge is extended.

The AC potential applied to the electrode covered by the oxide
modulates the width of the space charge which may be estimated
by the differential capacitance. Since the width of space charge
layer is greatly dependent on the DC potential applied to the ox-
ide-covered electrode, one can characterize the type of the semi-
conductive oxide from the relation between the space charge ca-
pacitance, Cy, and the potential applied. The relation is described
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Figure 8. Modulation of space charge by AC potential
applied to electrode covered by n-type semiconductive
passive oxide under positive bias relative to the flat
band potential.

by the following Mott-Schottky approximation for the n-type
oxide under the positive bias relative to the flat-band potential,
EFB>

(1/Cy.)* = (2/FegoNp)(E—Eps — RT/F) (23)

and for the p-type oxide under the negative bias relative to the
flat-Band potential,

(1/C)* = (2/FeeoNa)[~ (E - Egg) — RT/F] 24

where F is Faraday constant, ¢ dielectric constant of the oxide, &

vacuum permittivity, Np donor density and N, acceptor density.
From the AC impedance, the capacitance was estimated which

include the capacitance of the ,electric double layer, ,Cpy, ,in addi-
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Figure 9. Modulation of reflectance induced by space charge. The
space charge is modulated by AC potential applied to electrode covered
by n-type semiconductive passive oxide under positive bias relative to
the flat band potential.

tion to the capacitance of the space charge. For usual semiconduc-
tive electrodes, since the capacitance of the electric double layer is
much larger than that of the space charge, it may be neglected, i.e.,
(1/Cpp) << (1/Cy). Since the oxide film with a few nm thickness
includes a large number of Np or N, C,c may be comparable to
CpL, so that some approximations may be necessary for the esti-
mation of C,, from the AC impedance.

The space charge layer can also be detected the potential
modulation reflectance by which the modulation of the reflectance
from the oxide-covered electrode is induced by AC potential. The
model is shown in Figure 9, where the reflectance is assumed to be
a function of charge accumulated in the space charge of the oxide
film and R = R(Qx).

When the AC potential is applied to the electrode, the space
charge layer and the amount of charge are harmonically changed
with the potential and thus the reflectance is also changed,
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space charge.

E=FEy+ AE exp jot (25)
R=Ry+ AR exp (jot + 0) (26)

The model is shown in Fig. 10.
Where E, is DC potential superimposed by AC potential with

the amplitude AE, and R, is DC reflectance on which a modulation
signal induced by AC potential is superimposed with the magni-
tude, AR and the phase shift, 6. The modulated reflectance is usu-
ally normalized by Ry, so that,

(dR/AE)(1/Ro) = (1/Ro)(dR/AE) exp(—0) @27

Figure 11 is an example of the apparatus of the potential mod-
ulation reflectance.!” The modulation of the reflectance, AR, in-
duced by AC potential is taken by a two-phase lock-in amplifier or
a frequency response analyzer referred to the AC potential and DC
reflectance is taken through a low-pass filter.

If the linear combination between dQ,/dE (= Cy) and dR/dE
is assumed, dR/dE is proportional to C,. and thus the formation of
the space charge can be discussed from the modulation reflectance.
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Figure 12. Photo-excitation process of n-type semiconductive passive oxide
under positive bias condition. Electrons in the valence band are excited by
photon irradiated higher than the band gap energy to leave positive holes in
the conduction band. The electron-hole pair thus formed is separated by the
potential bias in the depression layer or is recombined with each other to
radiate luminescence light.
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4. Photo-Excitation

For study of the semiconductive electrode, the photo-excitation
with incidence energy higher than the Band gap energy, egg, of the
semiconductor has been utilized. Figure 12 shows a model in
which the light is incident into an electrode covered by an n-type
semiconductive oxide and biased by positive potential relative to
the flat band potential. The incidence light with the energy Av >
€pg, excites electrons from the valence band to the conduction
band and therefore makes pairs of free electron in the valence band
and positive hole in the conduction band. Due to potential gradient
in the space charge, the electron and hole are moved to the sepa-
rated direction, electron moving to the metal side and the hole to
the solution side. The separation of electron and hole is measured
by the outer circuit as photo-excited current. The photo-excited
current is a function of the potential applied (£) and the incident
photon energy (4v) of light. From the dependence of E and Av, the
semiconductive properties of the oxide film can be discussed.

The pair of electron and hole undergoes another process in
which the electrons in the conduction band are recombined with
the positive holes in the valence band to radiate the energy. A part
of the energy is emitted as a luminescence light. Since the recom-
bination process preferentially occurs under the reverse bias, the
potential is applied of the negative or zero bias for the n-type sem-
iconductor and of the positive or zero-bias condition for the p-type.
Since spectra of the photo-excited luminescence include the in-
formation on the band gap energy and mid gap levels, the energy
levels of the oxide film can be discussed.”

I11. PASSIVE OXIDE FILM ON IRON

1. Thickness of Passive Films on Iron at the Stationary State

The thickness of passive oxide on various metals has been reported.
In the first, the results are limited only under the stationary state or
nearly stationary state. Figure 13 shows oxide thickness as a func-
tion of potential in the pH 8.4 borate solution and the pH 3.1
phosphate solution.”’ The film thickness was obtained after 1-h
oxidation at constant potential and assumed to be under nearly
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Figure 13. Thickness of the passive oxide and current density (cd) as a function of
potential in pH 8.4 borate solution and pH 3.1 phosphate solution. The c¢d was taken
after 1 h oxidation at each potential. Reprinted from K. Azumi, T. Ohtsuka, and N.
Sato, “pH dependence of Thickness of Passive Films on Iron; Measurement by
three Parameter Reflectrometry”, Denki Kagaku, 53 (1985) 700, Copyright ©1985
with permission from The Electrochemical Soc. of Japan.

stationary state. The linear relation between the thickness and po-
tential applied was reported by several authors.”?® In Fig. 13 the
current density (cd) was also plotted, which was taken after 1 h
oxidation. It is seen that the passive oxide grows with anodic
potentials and the cd remains constant in the passive potential re-
gion, regardless of the potential value, and, however, it is depend-
ent on the solution pH. The pH dependence of the stationary state
cd was reported in the pH lower than five to be ***

dlogi/dpH=-0.84 (28)
Such a linear increase of the thickness was reported in other pH

solutions by various authors,”*® except for an alkaline solution in
which the much thicker film was reported.”
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Figure 14. Ionic compound model of the passive oxide. The iron ions formed at
the metal/oxide interface migrates in the passive oxide and then dissolves into
the electrolyte solution. 0% in the oxide matrix is related to H,O in the electro-
lyte with the reaction of O (o) + 2H" 2y = H2O(ag)-

The linear increase of the film with potential was assumed to
follow the mechanism suggested by Vetter’™”' and Sato®’ with a
model of the high-field assisted ionic migration®**. According to
the model, the ionic compound is assumed for the passive oxide
consisting of Fe’" and O”" (see Fig. 14). Fe’" in the oxide reacts

with Fe atoms in the metal substrate and with Fe*" in the electro-

lyte,
Fe (met) = Fe**(0x) + 3e(met) (29)
Fe*'(ox) = Fe*'(sol) (30)

O” in the oxide reacts with H,O in the electrolyte under deaerated
condition,

0% (0x) + 2H"(sol) = H,O(sol) (31)
Since the interfacial reactions are accompanied by charge transfer,

their rates depend on the interfacial potential difference. For re-
action (31), the rate described in current density, ioexsol), 1S €X-
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pressed as a function of the potential difference at the ox-
ide/solution interface, ¢ox/sol)s

. .0 0
LO(ox/sol) = I O(ox/sol) {exp[BnF/RT(d)(ox/sol)_ (I) (ox/sol))]

- exp[(l - B)nF/RT(d)O(Ox/sol)) - ¢(0x/sol))]} (32)
where B and n are the transfer coefficient and the valence of trans-
ferred ion respectively. Since the amount of O* is constant under
the stationary state, 0% is assumed to be in equilibrium with H,O
in the electrolyte in reaction (31),

io(oxssoy = 0 (33)

Under the stationary state, the interfacial potential difference at the
oxide/solution interface is determined by the equilibrium of reac-
tion (31), 50 Gox/son) = ¢°(Ox/sol) and thus it will be a function of pH of
the solution,

¢(ox/sol) = ¢0(ox/sol) = ¢0(0x/sol)(pH=0) - (RT/ F)(2.303pH) (34)

where d)o(ox/sol)(pH:o) is the potential difference at pH = 0. The ionic
transfer of Fe ions is determined by the reactions (29) and (30),
and the ionic migration rate in the oxide film. For the reaction (29),
the rate, imeyox), 1S €xpressed as a function of the potential drop at
the metal/oxide interface, {umetiox),

. -0 0
IFe (met/ox) — 1 Fe(met/ox) {exp [(0(1 }’IF/RT) (¢(merx)_ ¢ (met/ox))

- exp[(l - 0"1)nF/RT((I)O(met/ox) - ¢(met/ox))]} (35)

where (I)O(met/(,x) indicates the interfacial potential difference in equi-
librium. For the reaction (30), the rate is

iFe(ox/sol) = ioFe(ox/son) eXp[(OU'ZF/RT)¢(0X/sol) ] (36)

where «a; and o are transfer coefficients for the individual reac-
tions.

Under the stationary state, ¢ox/son = (I)O(ox/sol)a thus the dissolu-
tion rate of Fe*" becomes a function of solution pH,
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Figure 15. Steady current density in the passive potential region as a function of
solution pH. The cd reached the stationary value in the solution at pH lower than
5in 1 h oxidation at each potential, however, it does not reach at pH higher than
5 in which the ¢d was plotted after 1h oxidation. Reprint from N. Sato and T.
Noda, “Ion Migration in Anodic Barrier Oxide Films on Iron in Acidic Phosphate
Solutions”, Electrochim. Acta, 22 (1977) 839, Copyright ©1977 with permission
from Elsevier Science.

iFe(ox/sol) = ioFe(ox/son) eXp[((XnF/RT)(I)(ox/sol)(p}-IZO) - O“’1(2303)pH] (37)

The anodic current measured by the outer circuit (i,) corresponds
to the reaction rate  described in current density of reaction (29)

and under the stationary state, the ionic transfer of Fe ion at the
interfaces and in the oxide film are kept same as each another,

ia = iFe(met/ox) = iFe(ox) = iFe(ox/scol) (38)



Passive Oxide Films on Iron 205

The stationary state cd represented by a logarithmic scale, there-
fore, is a linear function of pH according to Eq. (28) and the pH
dependence can be described as follows:

dlogi/dpH=-on (39

From the result by Sato and Noda,”” and Vetter,** the station-
ary cd was found to depend on the solution pH as shown in Fig. 15
with d log i / d pH = —0.84 in solutions at pH lower than five.
From an = 0.84, the transfer ions has been thought to be a com-
plex ions of Fe*" coordinated by OH™ anion or others.*

The ionic migration of Fe ions, ire(ox), through the oxide film is
assumed to follow by the high-field assisted migration mechanism,

1N Zgeox) = 1N i °Feox) + (ZaF/RT)(dox/dx) (40)

where ir(ox) 1s migration cd of Fe(IlI) ions through the oxide film,
d@oxydx electric field intensity in the film, iOFe(OX) an exchange cd at
d@oxydx = 0, z the valence of the migration ion, and a the half
jump distance or activation distance. If one assumes for ddx)dx
the average electric field, Ad/d, where d is the film thickness and
A¢ the potential drop in the oxide film, the ionic cd can be related
to the film thickness,

ln iFe(ox) = 111 iOFe(ox) + (ZaF/RT)(Ad)(ox)/d) (4 1)

Since the ionic migration cd is equal to the ionic transfer cd at the
metal/oxide interface and at the oxide/solution interface under the
stationary state (Eq. 38), the thickness measured can be combined
with the solution pH and the potential difference,

d= A(I)(ox)(zaF/RT) { 1n(iOFe(ox/sol)/iOFe(ox))
—2.303pH + oF dowsonprioy /RT} " (42)
Equation (42) indicates that

1) the film thickness increases linearly with the potential drop
in the oxide film, Ady), at constant pH, and
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2) the inverse of the thickness, d ! decreases with the increase
of solution pH at constant Ady. The prediction is in
agreement with the results shown in Figures 13 and 15.

In the solution at pH higher than five, the stationary state cd
does not easily reach in the experimental time period because it is
extremely low cd and very long time period is required to reach
the stationary state. Figure 16 shows an example in borate solution

Fe/ pH 8.4 borate soln
atE=1.34 Vvs. RHE

4h
4+ 1h -

10 min
3k 1 min 4

d/ nm

A
AT

n
no
~
T
1

TANT

Oxidation time, log ( t/s)

Figure 16. Change of film thickness of passive oxide formed
in pH 8.4 borate solution as a function of time. The refractive
index (n,) and extinctio index (k;) of the film which was
simultaneously estimated from the 3-parameter ellipsometry
was also plotted. Reprinted from K. Azumi, T. Ohtsuka, and
N. Sato, “pH dependence of Thickness of Passive Films on
Iron; Measurement by three Parameter Reflectrometry”,
Denki Kagaku, 53 (1985) 700, Copyright ©1985 with per-
mission from The Electrochemical Soc. of Japan.
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at pH 8.4, in which the film thickness continues to increase after
the constant oxidation for 10* 5. During the slow increase of the
thickness, the cd in the order of 10® A cm™  gradually decreases
with time. In the solution at pH higher than five, the stationary
state cd will be lower than the cd plotted in Figure 15 which was
taken after 1 h. In the solution, since there is a difference between
the solubility of ferric and ferrous ions, the anodic deposition from
the ferrous ions in the electrolyte onto the passive oxide occurs, as
discussed later.

2. Non-Stationary Growth of the Passive Oxide on Iron

In the non-stationary state, the thickness changes with time. For
the film growth, since the amount of O> and Fe'" in the film in-
creases with time, igoxson in Eq. (32) is,

io(oxssony > 0 43)

and since the accumulation rate of Fe(Ill) in the film is given by
the difference between ire(merox) I EQ. (35) and ireox/son) 11 Eq. (36),

iFe(met/ox)f iFe(ox/sol) >0 (44)

and for keeping neutrality,
iO(ox/sol) = iFe(met/ox)_ iFe(ox/sol) (45)
Since iy = fre(metiox),
Ia = I0(ox/sol) T IFe(ox/sol) (46)

Vetter and Gorn evaluated the partial currents of ig(xson and
ire(oxsso) during the oxide film growth by constant c¢d in 0.5 M sul-
furic acid solution.”” They estimated the dissolution cd of Fe,
ire(oxssol), from the quantitative analysis of F ¢’ as a function of time
and, and calculated the cd of oxide 10nS, io(oxssol)y aS fo(oxisol) = ia —
ire(oxssol)- The result is given in Figure 17, where the log(iooxsol) 15
plotted against log(igeoxsony)- In Figure 17, the interfacial potential
difference, ¢xson, Was calculated from Eq. (28) with an = 0.84
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and plotted in the upper scale. The similar result was reported by
Heusler by using the rotating ring-disc electrode,”® where the
ire(oxssol) Was estimated from the ring current instead of the analysis
of Fe’* dissolved.

Ohtsuka and Ohta measured the non-stationary oxide growth
of the passive oxide on iron during anodic potential sweep in pH
8.4 borate solution.’” Figure 18 shows the result, in which changes
of ¥, A, and R was measured during the potential sweep from 0.0
V vs. Ag/ AgCl/ Sat. KCl to 0.90 V at a sweep rate of 2.0x107 Vs
following the potentiostatic oxidation at 0.0 V for 10* s. The re-
flectance was converted to  AR/Ry = [R(d) — Ro)/Ry, where R(d) is
reflectance of the electrode covered by the passive oxide and R, a
reflectance of the reduced electrode which is free from the oxide.

Overvoltage of Potential difference at the
oxide/solution interface, ¢ sy / 102V

—~ 4 6
o2 0 2™ 4
Oxide .
4| _dissolution Oxide growth
2

Anionic charge transfer cd,
IO(OxIsoI)/ 106 A cm-2
=
=

o
(3]

4 6 8 10 20 40

Cationic charge transfer cd, feg(yso / 10 A cm2

(AN}

Figure 17. Relation between the two partial cds of cationic and anionic charge
transfer. The overvotage of interfacial potential difference was estimated from
ire(oxtsol/I Fe(owson) i EQ. (36) O iogowselyZoowsot) in Eq. (32). Reprint from K. J.
Vetter and F. Gorn, “Kinetics of Layer Formation and Corrosion Processes of
passive Iron in Acid Solutins”, Electrochim. Acta, 18 (1973) 321, Copyright
©1973 with permission from Elsevier Science.
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ial £ and current density #, (B) ellipso-

metric parameters, ¥ and 4, and reflectance, AR/Ry = (R(f)-Ro)/Ro, dur-
ing the potential sweep from 0.00 V vs. Ag/AgCl/Sat. KCl to 0.90 V at
sweep rate 2x10° V 5™, The passive oxide was formed at 0.00 V for 10°
s before the potential sweep. Reprinted from T. Ohstuka and A. Ohta,

“Growth of a passive film on
Three-parameter Ellipsometry”,

iron in a Neutral Borate Solution by
Materials Sci. and Eng. A,198 (1995)

169, Copyright ©1974 with permission from Elsevier Science.
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The initial film at 0.0 V before the sweep was 2.4 nm thick. The
changes of those parameters during the sweep do not starts imme-
diately after onset of the potential sweep, and the beginning of the
changes requires some delay. The change of c¢d exhibits a similar
behavior. The changes of the three parameters were converted to
the thickness and complex refractive index of the growing oxide
film. One example of the growing oxide film is given in Fig. 19,
where the film thickness growth was plotted against time as well
as cd during the potential sweep at a rate 5.0x10° Vs™. In Fig. 19,
the film growth process during the potential sweep can be divided
into two processes, in which at the initial stage no film growth
takes place in spite of the potential increase and at the second stage
the steady growth of the oxide with the increase of potential.

In Fig. 20, a model of potential distribution during the linear
increase of potential is given. In Fig. 20(a), the film electrode is
under the stationary sate by potentiostatic control. When the addi-
tional potential is applied, it first appears as the increase of the
interfacial potential difference denoted by ¢xson Without any
growth of the oxide (Fig. 20b). With the increase of the interfacial
potential difference, the potential gradient i.e., electric field, in the
oxide gradually increases. The interfacial ionic transfers and the
ionic migration in the oxide at the process can increase with the
potential increase. From the condition free from the growth of the
oxide, the following relations can be derived:

iFe(met/ox)_ iFe(ox/sol) =0 (47)
io(ox/soy = 0 (48)

In Fig. 20(c), after reaching the enough large electric field in
the oxide, the ionic migration equal to the interfacial ionic transfer
at the metal/ oxide interface is larger than the cationic transfer at
the oxide/solution interface,

iFe(met/ox)_ iFe(ox/sol) >0 (49)

and since iFe(met/ox)_ iFe(ox/son) = iO(ox/sol) from the neutrality condi-
tion,

io(oxssony > 0 (50)
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Figure 19. Non-stationary growth of the passive oxide in pH 8.4 borate solution
during anodic sweep of potential at rate of 2x10~ Vs following the potenti-
ostatic oxidation at 0.0 V vs. Ag/AgCl/Sat. KCI for 10° s. Reprinted from T.
Ohstuka and A. Ohta, “Growth of a passive film on iron in a Neutral Borate So-
lution by Three-parameter Ellipsometry”, Materials Sci. and Eng. A,198 (1995)
169, Copyright ©1974 with permission from Elsevier Science.

Since the interfacial anionic transfer is assumed to be constant

from the steady growth,

iFe(met/ox) - iFe(ox/son) = iO(ox/sol) = constant

€3]

the interfacial potential difference (¢xson) at the oxide/solution
will be constant and the potential drop in the oxide film increases
with keeping the electric field constant in the film. Under the situ-
ation, the anionic transfer in reaction (31) and the cationic transfer
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Figure 20. Schematic representation of potential distribution
under nonstationary growth of the passive oxide during anodic
potential sweep. Reprinted from T. Ohstuka and A. Ohta,
“Growth of a passive film on iron in a Neutral Borate Solution
by Three-parameter Ellipsometry”, Materials Sci. and Eng.
A,198 (1995) 169, Copyright ©1974 with permission from
Elsevier Science.
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in reaction (30) at the oxide/solution interface simultaneously pro-
ceed. This indicates that the oxide film grows, accompanying the
iron dissolution.

3. Outer Hydrous Layer on the Passive Oxide Film

In neutral solution, Fe*" dissolved in the electrolyte can be anodi-
cally deposited on the electrode to form a hydrous layer ***.
When iron electrode is passivated after the passage of active dis-
solution, the ferrous ions dissolved in the active potential region
are deposited in the passive potential region to form the relatively
thick hydrous layer. ***°

Ohtsuka et al. measured the oxide film growth during potenti-
ostatic oxidation in neutral borate solution at pH 8.4 containing the
Fe*" ions by ellipsometry with 632.8 nm wavelength light and 60.0
deg for incidence angle.*® Figure 21 shows current decay at a po-
tential of 0.8 V vs. Ag/ AgCl/ Sat. KCl in the borate solution con-
taining Fe?" ions at concentrations of 0.0, 0.25, and 0.50 mM.

Monotonous decay of anodic cd is observed in the solution without
Fe*" and, however, the higher anodic cd is seen after the initial 10 s
in the solution containing Fe*". The larger film growth was ob-
served for the higher cd. Figure 22 shows the loci of ¥ vs. A dur-
ing the film growth. The loci move to the directions of the
smaller values of W and A at the initial period and almost stop in
the solution without Fe?". The loci, however, change in the direc-
tion to the higher value of ¥ at the latter stage of the oxidation in
the solution containing Fe**. The change of the direction of the loci
indicates that the film growing in the initial stage is different in
optical property from that growing in the latter stage. From this
loci, the complex refractive index was evaluated to be
N, =2.3 —j(0.38 — 0.50) for the inner layer initially growing and
N, =1.8—-j(0.045 — 0.096) for the outer layer growing at the latter
stage. The smaller refractive index for the outer layer may corre-
spond to an optically lower density and to more hydrated oxide
film. From the loci during the oxidation, the thickness of the oxide
film was calculated, which is given in Fig. 23. Without Fe** the
film growth mainly occurs at the initial 50 s and the thickness is
kept almost constant at 5 nm for the latter period. In the solution
containing Fe?', the thickness increases almost linearly with the
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Figure 21. Decay of carrent density during potetiostatic oxidation at 0.80 V vs.
Ag/AgCl/Sat. KCI in pH 8.4 borate solution containing Fe** at 0.0, 0.25, and
0.50 mM. Reprint from T. Ohtsuka and H. Yamada, “Effect of Ferrous Ion in
Solution on the Formation of Anodic Oxide Film on Iron”, Corrosion Sci., 40
(1998) 1131, Copyright ©1998 with permission from Elsevier Science.
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Figure 22. Comparison between Y-A relations (A) experimentally obtained
and (B) theoretically calculated from bi-layerd model for the film at 0.80 V in
pH 8.4 borate solution containing 0.0, 0.25, and 0.50 mM Fe?* ions. Reprint
from T. Ohtsuka and H. Yamada, “Effect of Ferrous Ion in Solution on the
Formation of Anodic Oxide Film on Iron”, Corrosion Sci., 40 (1998) 1131,

Copyright ©1998 with permission from Elsevier Science.
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Figure 23. Thickness vs. time during the passive oxide growth for 900 s at 0.80 V vs.
Ag/AgCk/ Sat. KCl in pH 8.4 borate solution containing Fe?* ions at concentration
of 0.0, 0.25 and 0.50 mM. Reprint from T. Ohtsuka and H. Yamada, “Effect of
Ferrous Ion in Solution on the Formation of Anodic Oxide Film on Iron”, Corrosion
Sci., 40 (1998) 1131, Copyright ©1998 with permission from Elsevier Science.

oxidation time. The thickness increase is proportional to the con-
centration of Fe*" in the solution and independent of the oxidation
potential. The growth rate may be limited by diffusion of Fe** in
the electrolyte. The similar ellipsometric measurement for the an-
odic deposition of ferrous ions was reported by Ord and DeSmet.*’

This effect of Fe*" concentration indicates that when iron is
passivated by an anodic potential sweep from the active potential
region, the thick hydrous oxide layer would be formed by the an-
odic deposition of Fe*" dissolved from the iron in the active poten-
tials. Much thicker oxide films on iron have been reported by var-
ious authors in neutral solutions. The origin of the thick films may
be Fe’" accumulated in the solutions.

Since the anodic deposition from Fe** does not take place in
acidic solution, the thickness is independent of the concentration
of Fe** ions in solution at pH lower than four.
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The composition of the anodic deposition layer was studied by
using ex-situ reflection electron diffraction by Cohen et al.*' They
found y-FeOOH for the deposited film formed on platinum from
perchlorate solution containing Fe". Ohtsuka et al. estimated the
composition from Raman spectroscopy as well as in-situ EQCM
and ellipsometry to be amorphous FeOOH-H,O (i.e., Fe(OH);).*

4. Spectroscopic Property of the Passive Oxide

The multi-wavelength ellipsometry (i.e., spectroscopic ellipsome-
try) can characterize spectroscopic property of the passive oxide.
Figure 24 indicates spectra of the complex refractive index, N, = n,
— jka, of the passive oxide formed on iron at 1.43 V vs. reversible
hydrogen electrode at the same solution (RHE) in pH 8.4 borate
solution and in pH 3.1 phosphate solution for 1 h.***' In Fig. 24,
the thickness of the passive oxide was estimated at each wave-
length of incident light. The measurement and estimation were
made by the 3-parameter method. Similar results were also re-
ported by Cahan et al.****

The extinction coefficient, k,, in Fig. 24 is seen to increase
with decrease of wavelength. The k, value can be converted to the
light absorption coefficient, o, of the passive oxide by the follow-
ing equation,

o = 2mky/ (52)

The light absorption at the neighbor of the absorption edge (i.e.,
the Band gap energy) is approximately described as the following
equation,

o = (A/hv)(hv — g5p)" (53)
where hv is photon energy of incident light and g5 absorption
edge energy. When one assumes that the incidence photon energy

is close to the absorption edge, Eq. (53) can be approximated as
follows:

a = A’(h\/ - SAE)n (54)
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Figure 24. Spectra of complex refractive index, N, = n, - jk, for the passive
oxide formed at 1.43 V vs. RHE in pH 8.4 borate and pH 3.1 phosphate solu-
tion for 1 h. The N, was calculated from multi-wavelength ellipsometry with
the film thickness. Reprint from T. Ohtsuka, K. Azumi, and N. Sato®, A spec-
troscopic Property of the Passive Film on Iron by 3-parameter Reflectometry”,
Denki Kagaku, 51 (1983) 155, Copyright ©1983 with permission from The
Electrochemical Soc. of Japan.
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where n = (1/2) for the direct transition of excitation process of
electrons from the valence to the conduction band and n = 2 for the
indirect transition. When one assumes the direct transition for
electron excitation process, one can plotted o vs. &v. The intercept
of the plot may correspond to the absorption edge energy and thus
to the band-gap energy, &,, of the passive oxide. The plot is shown
in Fig. 25 for the passive oxide formed in pH 8.4 borate solution at
0.50 V, 1.00 V, and 1.60 V vs. RHE.
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Figure 25. o’ vs. photon energy, hv, for the passive oxide formed at 0.50, 1.00, and
1.60 V for 1 h in pH 8.4 borate solution.
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From the intercept the g, is estimated to be 2.6 eV. Searson et
al. replotted the absorption coefficient estimated from the data in
Fig. 24 in (ahv)®® = A*® (hv —e,p) to evaluate the band gap energy
of 1.75 eV for the indirect transition.”> Such band gap energy has
been evaluated from the photo-excited c¢d measured as a function
of photon energy under an assumption that the cd was proportional
to the absorption coefficient.”> The absorption edge was estimated
from the photo-excited ¢d to be a range from 2 to 3 eV.>**® The
photo-excited current will be discussed in the following section.

5. Composition from Raman Spectroscopy

Raman