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Oxygen Ion—Conducting Ceramics: A New Application

in High-Temperature-High-Pressure pH Sensors

Abstract. Membrane electrodes fabricated from yttria-stabilized zirconia, a repre-
sentative oxygen ion-conducting ceramic, show a linear voltage response to pH over
the range 3 to 8 at 285°C and a pressure of 1200 pounds per square inch (82 atmo-
spheres). Test units have been operated continuously at 285°C without failure for
periods as long as 9 days. Unlike sensors which are based on electron transfer
couples, such membrane electrodes are insensitive to changes in the oxidation-re-
duction environment and, in turn, exert no influence upon the environment. Such
ceramic membranes can therefore be used for the direct measurement of the pH of
geothermal brines, of water in nuclear reactors, and in high-temperature thermody-

namic studies on aqueous systems.

There has long been a recognized need
for a stable sensor for measuring the pH
of high-temperature solutions such as
geothermal brines, water in nuclear reac-
tors, and in high-temperature thermody-
namic studies on aqueous systems (/). In
response to this need, attempts have
been made to develop suitable sensors
based upon the palladium hydride elec-
trode (2), the glass electrode (3), and
metal-metal oxide couples (¢). Quite sur-
prisingly, no effort appears to have been
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Fig. 1. Schematic diagram of the sensor; TFE,
Teflon.
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directed toward the application of oxy-
gen ion-conducting ceramic membranes
for this purpose in spite of certain paral-
lels to well-known inorganic ion-specific
sensors such as the lanthanum fluoride
electrode for fluoride ion (5) and the ex-
tensive electrochemical studies of stabi-
lized zirconia ceramics in connection
with high-temperature fuel cells (6) and
oxygen sensors (7).

I have recently discovered that such
oxygen ion conductors, as exemplified
by yttria-doped zirconia, show excellent
response to pH when incorporated into
structures reminiscent of the conven-
tional glass electrode. In this form they
apparently function as typical mem-
branes with the oxygen ion serving as
both the current carrier and the poten-
tial-determining species in equilibrium
with the hydrogen ion in the aqueous
phase. In the work reported here, yttria-
stabilized zirconia tubes of the type used
in fuel cells and oxygen sensors were
prepared by conventional slip casting
and plasma spraying techniques (8). The
tubes [6 inches long and 0.25 inch in in-
side diameter with a wall thickness of
1/32 inch (1 inch = 2.54 cm)] were sta-
bilized with 8.0 and 16.9 percent yttria
(by weight).

The first indication that the ceramic
membranes could function as pH sensors
was obtained from experiments per-
formed at ambient temperature in which
zirconia tubes containing 0.1m NaCl buf-
fered to pH 7.0 as an internal electrolyte
were used. An insulated, chlorided silver
wire served as the internal electrode, and
measurements were made against the
reference arm of an Ingold combination
electrode as the system was equilibrated
with solutions of different pH including
0.1m HCIl, 0.1m NaOH, and phosphate
buffers. From comparisons of the re-
sponse to that of the Ingold glass elec-
trode, I found that the behavior of the
zirconia membrane as a pH sensor was
excellent. Because of its high impedance
(> 10! ohms at 25°C), however, the sig-
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nals at ambient temperature were
“‘noisy”’ and measurements had to be
made with a high-impedance electro-
meter (Keithley model 602) in a faraday
cage. Such noise was not a problem
in later measurements at elevated tem-
peratures because the membrane im-
pedance falls rapidly as the temperature
is raised.

For the measurements at 285°C (repre-
sentative of nuclear reactor water), the
structure shown in Fig. 1 was used. As at
the lower temperature, a buffered saline
inner electrolyte was used in conjunction
with the chlorided silver wire. In this
case, however, it was necessary to seal
the open end of the zirconia tube to
maintain the pressure. This was accom-
plished with a Teflon cap that was com-
pressed within a Conax pressure fitting
(Fig. 1). This unit was then mounted in
the lid of a 1-liter, 316 stainless steel or
titanium autoclave that also held an in-
sulated platinized-platinum wire and a
reference electrode. The reference elec-
trode consisted of a chlorided silver wire
immersed in a 0.01m KCI solution con-
tained within an insulating tube; commu-
nication with the water in the autoclave
was accomplished through a porous
junction (9).

With the test system, it was possible to
pump water, acid, or base into the
heated and pressurized autoclave. This
permitted slow changes in pH by *‘titra-
tion’” with dilute acid (0.0005m H,SOy)
or base (0.001m NaOH) or rapid changes
by the introduction of aliquots of more
concentrated reagent.

Since a well-established comparison
standard (like the commercial glass elec-
trode used in the measurements at am-
bient temperature) is not available for
285°C, the response of the membrane
was compared to that of an ‘‘oxygen
electrode’” formed by the platinized-
platinum wire in contact with the re-
agents that were all saturated with air at
ambient temperature before entering the
autoclave. Under these conditions of
constant oxygen concentration, the oxy-
gen electrode can serve as a pH sensor
because hydrogen ions participate in the
potential determining reaction

O, + 4 H" + 4 e~ = 2H,0

Although not rigorously established as a
pH sensor, the response of the oxygen
electrode to pH has been demonstrated
at ambient temperature (/0), and it
should behave more reversibly at the ele-
vated temperature.

The data in Fig. 2, obtained with a
membrane stabilized with 16.9 percent
(by weight) yttria, show excellent linear
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correlation between the membrane sen-
sor and the oxygen electrode over a
range of pH. Additional data illustrating
the parallel responses of the membrane
electrode and the oxygen electrode to
relatively rapid changes of pH at 285°C
are shown in the inset to Fig. 2. These
transitions were accomplished by in-
troducing aliquots of 0.1m NaOH and
0.05m H,SO, into the feed stream to the
autoclave. The rate of response in these
experiments therefore reflects the trans-
port rate of the added base or acid
through the lines rather than the re-
sponse time of the sensor itself.

The responses of membrane and oxy-
gen electrodes were also compared with
the theoretical value calculated for the
transition between 0.00057n H,SO, and
0.001m NaOH from available thermal
data. Were H,SO, a typical ‘‘strong”’
acid at both 25° and 285°C, the pH of a
0.0005m solution would be ~ 3.0 at both
temperatures. Actually, the second ioni-
zation constant falls from 1.2 X 1072 at
25°C to about 3.3 X 10=¢ at 285°C (/).
As a result, the second ionization is al-
most completely suppressed at elevated
temperatures, and the pH of a 0.0005m
solution at 285°C is about 3.3. In the case
of 0.001m NaOH, the pH at 285°C is

about 8.2 rather than 11 as at 25°C be-
cause of the increased dissociation con-
stant of water at the elevated temper-
ature. From these calculated pH values
and the theoretical RT/F slope (where R
is the gas constant, T is the absolute tem-
perature, and F is the faraday) of 110.8
mV per pH unit, a total response of 543
mV is expected for both the oxygen elec-
trode and the membrane at 285°C.

The comparisons were made for five
different sensors in tests extending over
some 6 months. The same equipment
was used throughout, but the platinized-
platinum and reference electrodes were
replaced occasionally. In the first test, in
which relatively new equipment was
used, the responses of the sensor and the
oxygen electrode were 66.3 and 69.3 per-
cent of theoretical, respectively. In suc-
cessive tests, agreement with theory im-
proved until it leveled off at ap-
proximately 94.0 and 98.6 percent of
theoretical for the sensor and oxygen
electrode response. Throughout the peri-
od, the response of the membrane sen-
sors was 95.3 percent of that of the oxy-
gen electrode (with a standard deviation
of 3.8 percent), and no trend with time
was evident.

I believe that the initial large dis-
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crepancies reflected a significant devia-
tion in the actual pH changes from theo-
ry because of consumption of acid by
corrosion of the walls of the relatively
new equipment. During the course of
several months of operation the equip-
ment passivated sufficiently that corro-
sion became minimal, and excellent
agreement between theory and experi-
ment was finally obtained. The small re-
sidual differences at the end of the test
period probably continue to reflect small
losses of acid through corrosion, some
shunting of the membrane path, and
some variation in the junction potential
of the reference electrode with the solu-
tion in the autoclave.

An additional aspect of the membrane
electrode that was examined was its sta-
bility in the presence of changes in the
oxidation-reduction potential of the envi-
ronment. This is one of the very real the-
oretical advantages of a membrane type
pH sensor over sensors whose response
is based on electron transfer reactions.
The effect is illustrated in Fig. 3. (Also
included in Fig. 3 is the potential of the
autoclave wall which was monitored
against the reference electrode.) It is
seen that, after changing from an air to a
nitrogen purge of the incoming 0.0005m
H,S0,, a slow downward drift in poten-
tial is evident for the platinum electrode
and the wall of the autoclave. This is as-
sociated with simple dilution of the oxy-
gen concentration in the water within the
autoclave. After several hours a more
rapid drop in both these potentials oc-
curred. This is attributed to loss of the
passive film on the autoclave with an as-
sociated increase in corrosion rate to lib-
erate hydrogen. The platinum electrode
then clearly shows its sensitivity to this
change in the oxidation-reduction envi-
ronment. The zirconia membrane elec-
trode, however, retained an essentially
constant potential throughout the tran-
sients; that is, it is insensitive to changes
in the oxidation-reduction potential of
the environment, as expected from the-
ory. The small transient in potential
at the time of the depassivation is be-
lieved to be a response to a real change
inpH.

This work demonstrates that it is pos-
sible to use an oxygen ion-conducting
ceramic in a membrane type pH sensor. I
believe that the structure can be devel-
oped into a device for reliable, practical
measurements of pH at high temper-
atures and pressures.

LEONARD W. NIEDRACH
General Electric Corporate Research
and Development,
Schenectady, New York 12301
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Phenolic Ethers in the Organic Polymer of the

Murchison Meteorite

Abstract. Seven phenolic acids and many nonphenolic organic acids, including
large amounts of meta-hydroxy (3-hydroxy) benzoic acid and 3-hydroxy-1,5-benzene-
dicarboxylic acid, were obtained from the organic polymer of the Murchison C2
chondrite upon oxidation with alkaline cupric oxide. The phenolic acids apparently
were derived from phenolic ethers in the polymer, which in turn probably were
formed from carbon monoxide and hydrogen by catalytic Fischer-Tropsch type reac-
tions in the solar nebula. In contrast, terrestrial polymers such as lignin, humic acid,
and coal yield mainly para-hydroxy (4-hydroxy) benzene derivatives by the same oxi-

dation procedure.

Most of the organic matter in carbo-
naceous meteorites (70 to 95 percent) is
present as an ill-defined, insoluble mac-
romolecular material, usually referred to
as organic polymer (/-4). In some re-
spects it resembles polymeric terrestrial
organic matter, such as soil humic acid
and coal, but its structural units have
been only partially characterized (2-4).
Recently, we have identified 15 aromat-
ic ring systems as the corresponding
carboxylic acids, upon oxidation of
the Murchison polymer by aqueous
Na;Cr.0; (¢). This oxidation preferen-
tially attacks aliphatic and alicyclic
methylene linkages with minimum degra-
dation of most aromatic ring systems ex-
cept phenols and some heterocyclics (5).
We now report a similar study in which
we used alkaline CuO. It is a mild oxi-
dant specific for cleaving ether linkages
without destruction of phenolic rings but
is not very effective for oxidizing methyl-
ene chains (6-8).

To remove soluble organic compounds
and possible terrestrial contaminants, 36
g of finely powdered Murchison meteor-
ite (9) was extracted successively with
SN HCI (refluxed for 24 hours), 0.5N
NaOH (room temperature for 24 hours),
and benezene-methanol (3:1, refluxed

0036-8075/80/0314-1202$00.50/0 Copyright © 1980 AAAS

for 24 hours) before oxidation. The re-
sulting residue (48.6 percent of the origi-
nal sample weight) contains 4.1 percent
carbon (10). An 11.5-g sample of the resi-
due was oxidized with alkaline CuO
(10.5 g of CuSO,- 5H,0, 8 g of NaOH,
and 40 ml of water) at 200°C for 8 hours
by the method described in (6). After
separation of the insoluble residue, the
alkaline solution was acidified with HCI,
concentrated, and extracted repeatedly
with benzene-ether (1:3) and finally with
methanol. An alkali-soluble, solvent-in-
soluble fraction was recovered from the
aqueous phase. The methanol extract
(196 mg) and the alkali-soluble fraction
(183 mg) were found by gel permeation
chromatography and solid-probe mass
spectrometry (/1) to consist essentially
of humic acid-like material (12). The ben-
zene-ether extract (organic acids, 82 mg)
was derivatized with ds-dimethyl sulfate
to yield ds-methyl-labeled derivatives,
which were analyzed by gas chromatog-
raphy-mass spectrometry (GC-MS), sol-
id-probe MS, and high-resolution MS
(13). The results are shown in Fig. 1 and
Table 1.

Of particular interest is the high abun-
dance of m-hydroxybenzoic acid (I) and
3-hydroxy-1,5-benzenedicarboxylic acid
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