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MULTIPLE-ELECTRODE IONIC PROBE

Background of the Invention

1. Field of the Invention

The invention is related to the field of ionic probes.
2. Statement of the Problem

A measure of the ionic concentration of a fluid is desirable in many situations,
including testing of fluids in manufacturing settings, for pharmaceutical production,
food processing and/or food quality, water quality testing, etc. Measurement of an ionic
concentration or activity can indicate completion of a reaction, indicate fractions of
components, etc.

One measure can comprise a measure of a pH concentration, which comprises a
measure of acidity of the fluid being tested. The pH measurement can indicate the
acidic or basic condition or concentration of the fluid.

A pH measurement comprises a measurement of hydrogen ions in a solution,
expressed as a logarithmic number between about zero and fourteen (sometimes
extending into negative numbers for exceedingly acidic solutions). On the pH scale, a
very acidic solution has a low pH value, such as zero or one, corresponding to a large
concentration of hydrogen ions (H"). In contrast, a very basic solution has a high pH
value, corresponding to a very small number of hydrogen ions (or to a correspondingly
large number of OH ™ ions). A neutral solution, such as substantially pure water, has a
pH value of about seven.

FIG. 1 shows a portion of a prior art pH meter probe including an active
electrode and a reference electrode. The active electrode consists of a glass tube with an
ion sensitive glass bulb at one end. The tube contains an electrolyte and an electrode.
The glass on the exterior of the ion sensitive bulb exchanges ions with the fluid to be
tested. This produces a charge in a hydrated layer on the outside of the bulb. The
internal electrolyte interacts with the ion sensitive glass and reflects the potential
developed by the ions at the outside of the glass.

The reference electrode is often included in a separate chamber and solution, and
is also in ionic communication with the fluid being tested. A voltage potential between

the two electrodes is thereby formed, similar to a battery. The voltage potential that is
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developed between the electrodes is directly related to the ion concentration of the
solution. The reference electrode provides a stable potential against which the
measuring electrode can be compared. The voltage potential can be processed
according to a table, formula, or other algorithm to arrive at an ionic concentration
measurement, such as a pH value, for example.

An ionic circuit is formed between the active electrode and a ground electrode,
creating a measurable voltage potential. The reference potential is a known,
substantially constant amount against which the process voltage (i.e., a voltage
measurement) can be compared and interpreted by the prior art pH meter. The voltage
potential between the active electrode and the reference electrode can be processed to
determine an ionic concentration in the external test fluid.

The accuracy of ionic and/or pH measurements can be affected by various
factors, including temperature and/or contaminated electrolyte solutions, for example.
A common source of inaccuracy can be an improper or inaccurate reference signal
generated from a reference electrode. If the reference signal is inaccurate, the resulting
pH or ion measurement will be affected. Consequently, it is of great importance that a
proper and accurate reference value be obtained.

The reference electrode is contained within a tube or chamber that includes an
ionic bridge, such as a salt bridge, that enables ionic communication between the
reference electrode and the external test fluid. However, the ionic bridge may allow
some fluid exchange, enabling contamination of the internal buffer solution and possible
poisoning of the internal reference electrode, and enabling contamination of the fluid to
be measured.

A major problem with pH probes is in the junction between the internal fill
solution of the reference electrode assembly and the external test fluid. Clogging or
failure of the junction usually leads to very slow or erroneous readings. The junction
can also allow the contamination of the fill solution with the measurement medium.
This can degrade the reference electrode which then renders the pH probe inaccurate
and it usually has to be replaced. One prior art solution has been the employment of
multiple junctions and chambers between the reference electrode and the exterior
medium. Another prior art solution has used flowing junctions in which a continuous

supply of fill solution is fed to the reference electrode compartment and exits via a small
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hole or conduit. This has the advantage of preventing the contamination of the fill
solution and the reference electrode but has the disadvantage of cumbersome plumbing
to the electrode and the necessity to send the measurement medium to waste as it is
contaminated with fill solution.

A newer approach has been to enclose both the active electrode and the reference
electrode within an impermeable chamber, such as a glass chamber, for example. This
1s shown in U.S. Patent No. 4,650,562 to Harman. The reference electrode 12 in
Harman interfaces with the external test fluid through a pH sensitive glass bulb, similar
to the structure of the active electrode 11. The external test fluid therefore cannot
mingle with and contaminate the internal fill solution of the reference electrode.
Summary of the Invention

A multiple-electrode ionic meter is provided. The multiple-electrode ionic meter
comprises meter electronics configured to receive a plurality of ionic concentration
voltage measurements and generate an ionic concentration measurement from the
plurality of ionic concentration voltage measurements and three or more individual
electrode units in communication with the meter electronics. The three or more
electrode units generate the plurality of ionic concentration voltage measurements to the
meter electronics.

A multiple-electrode ionic probe is provided. The multiple-electrode ionic probe
comprises at least four electrode chambers, with the at least four electrode chambers
being substantially sealed, and at least four corresponding ion sensitive regions formed
in the at least four electrode chambers. The at least four ion sensitive regions enable ion
interaction between the at least four electrode chambers and an exterior of the multiple-
electrode ionic probe. The multiple-electrode 1onic probe further comprises at least four
corresponding electrodes positioned in the four electrode chambers.

A multiple-electrode ionic probe is provided. The multiple-electrode ionic probe
comprises at least four electrode chambers, with the at least four electrode chambers
being substantially sealed. A first pair of electrode chambers includes a first electrolyte
solution and a second pair of electrode chambers includes a second electrolyte solution
that is different from the first electrolyte solution. The multiple-electrode ionic probe
further comprises at least four corresponding ion sensitive regions formed in the at least

four electrode chambers. The at least four ion sensitive regions enable ion interaction
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between the at least four electrode chambers and an exterior of the multiple-electrode
ionic probe. The multiple-electrode ionic probe further comprises at least four
corresponding electrodes positioned in the four electrode chambers.

A multiple-electrode ionic probe is provided. The multiple-electrode ionic probe
comprises at least four electrode chambers, with the at least four electrode chambers
being substantially sealed, and at least four corresponding ion sensitive regions formed
in the at least four electrode chambers. The at least four ion sensitive regions enable ion
interaction between the at least four electrode chambers and an exterior of the multiple-
electrode ionic probe. A first pair of electrode chambers includes a first pair of ion
sensitive regions and a second pair of electrode chambers includes a second pair of ion
sensitive regions that are different from the first pair of ion sensitive regions. The
multiple-electrode ionic probe further comprises at least four corresponding electrodes
positioned in the four electrode chambers.

ASPECTS

One aspect of the invention includes, a multiple-electrode ion meter, comprising:

meter electronics configured to receive a plurality of ionic concentration voltage
measurements and generate an ionic concentration measurement from the plurality of
ionic concentration voltage measurements; and

three or more individual electrode units in communication with the meter
electronics, with the three or more electrode units generating the plurality of ionic
concentration voltage measurements to the meter electronics.

Preferably, the multiple-electrode ion meter further comprises a ground
electrode.

Preferably, the multiple-electrode ion meter further comprises a housing
including the three or more individual electrode units.

Preferably, the multiple-electrode ion meter with the three or more individual
electrode units comprising:

three or more electrode chambers, with the three or more electrode chambers
being substantially sealed;

three or more corresponding ion sensitive regions formed in the three or more

electrode chambers, with the three or more ion sensitive regions enabling ion interaction
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between the three or more electrode chambers and an exterior of the multiple-electrode
ionic probe; and

three or more corresponding electrodes positioned in the three or more electrode
chambers, with the three or more electrodes generating the plurality of ionic
concentration voltage measurements to the meter electronics.

Preferably, the multiple-electrode ion meter with the three or more individual
electrode units comprising:

four electrode chambers, with the four electrode chambers being substantially
sealed;

four corresponding ion sensitive regions formed in the four electrode chambers,
with the four ion sensitive regions enabling ion interaction between the four electrode
chambers and an exterior of the multiple-electrode ionic probe; and

four corresponding electrodes positioned in the four electrode chambers, with the
four electrodes generating the plurality of ionic concentration voltage measurements to
the meter electronics.

Preferably, the multiple-electrode ion meter with a first pair of electrode
chambers includes a first electrolyte solution and with a second pair of electrode
chambers including a second electrolyte solution, wherein the second electrolyte
solution is different from the first electrolyte solution.

Preferably, the multiple-electrode ion meter with a first pair of electrode
chambers includes a first electrolyte solution and with a second pair of electrode
chambers including a second electrolyte solution, wherein the second electrolyte
solution possesses a different ionic type or concentration than the first electrolyte
solution.

Preferably, the multiple-electrode ion meter with a first pair of electrode
chambers includes a first electrolyte solution and with a second pair of electrode
chambers including a second electrolyte solution, wherein the second electrolyte
solution possesses a different pH level than the first electrolyte solution.

Preferably, the multiple-electrode ion meter with a first pair of electrode
chambers includes a first pair of ion sensitive regions and with a second pair of
electrode chambers including a second pair of ion sensitive regions that are different

from the first pair of ion sensitive regions.
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Preferably, the multiple-electrode ion meter with a first pair of electrode

chambers includes a first pair of ion sensitive regions and with a second pair of

electrode chambers including a second pair of ion sensitive regions that include a second

ionic sensitivity characteristic that is different from a first ionic sensitivity characteristic

of the first pair of ion sensitive regions.

Another aspect of the invention comprises a multiple-electrode ionic probe,
comprising:

at least four electrode chambers, with the at least four electrode chambers being
substantially sealed;

at least four corresponding ion sensitive regions formed in the at least four
electrode chambers, with the at least four ion sensitive regions enabling ion interaction
between the at least four electrode chambers and an exterior of the multiple-electrode
ionic probe; and

at least four corresponding electrodes positioned in the four electrode chambers.

Preferably, the multiple-electrode ionic probe further comprises a ground
electrode.

Preferably, the multiple-electrode ionic probe further comprises a housing
including the at least four electrode chambers.

Preferably, the multiple-electrode ionic probe with a first pair of electrode
chambers including a first electrolyte solution and with a second pair of electrode
chambers including a second electrolyte solution and wherein the second electrolyte
solution is different from the first electrolyte solution.

Preferably, the multiple-electrode ionic probe with a first pair of electrode
chambers including a first electrolyte solution and with a second pair of electrode
chambers including a second electrolyte solution, wherein the second electrolyte
solution possesses a different ionic type or concentration than the first electrolyte
solution.

Preferably, the multiple-electrode ionic probe with a first pair of electrode
chambers including a first electrolyte solution and with a second pair of electrode
chambers including a second electrolyte solution, wherein the second electrolyte

solution possesses a different pH level than the first electrolyte solution.
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Preferably, the multiple-electrode ionic probe with a first pair of electrode
chambers including a first pair of ion sensitive regions and with a second pair of
electrode chambers includes a second pair of ion sensitive regions that are different from
the first pair of ion sensitive regions.

Preferably, the multiple-electrode ionic probe with a first pair of electrode
chambers including a first pair of ion sensitive regions and with a second pair of
electrode chambers including a second pair of ion sensitive regions that include a second
ionic sensitivity characteristic that is different from a first ionic sensitivity characteristic
of the first pair of ion sensitive regions.

Another aspect of the invention comprises a multiple-electrode ionic probe,
comprising:

at least four chambers, with the at least four chambers being substantially sealed,
with a first pair of chambers including a first electrolyte solution and with a second pair
of chambers including a second electrolyte solution that is different from the first
electrolyte solution;

at least four corresponding ion sensitive regions formed in the at least four
chambers, with the at least four ion sensitive regions enabling ion interaction between
the at least four chambers and an exterior of the multiple-electrode ionic probe; and

at least four corresponding electrodes positioned in the four chambers.

Preferably, the multiple-electrode ionic probe further comprising a ground
electrode.

Preferably, the multiple-electrode ionic probe further comprises a housing
including the at least four electrode chambers.

Preferably, the second electrolyte solution possesses a different ionic type or
concentration than the first electrolyte solution.

Preferably, the second electrolyte solution possesses a different pH level than the
first electrolyte solution.

Preferably, the multiple-electrode ionic probe with a first pair of chambers
including a first pair of ion sensitive regions and with a second pair of chambers
including a second pair of ion sensitive regions that are different from the first pair of

ion sensitive regions.
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Preferably, the multiple-electrode ionic probe with a first pair of chambers
including a first pair of ion sensitive regions and with a second pair of chambers
including a second pair of ion sensitive regions that include a second ionic sensitivity
characteristic that is different from a first ionic sensitivity characteristic of the first pair
of ion sensitive regions.

Another aspect of the invention comprises a multiple-electrode ionic probe,
comprising:

at least four chambers, with the at least four chambers being substantially sealed;

at least four corresponding ion sensitive regions formed in the at least four
chambers, with the at least four ion sensitive regions enabling ion interaction between
the at least four chambers and an exterior of the multiple-electrode ionic probe, with a
first pair of chambers including a first pair of ion sensitive regions and with a second
pair of chambers including a second pair of ion sensitive regions that are different from
the first pair of ion sensitive regions; and

at least four corresponding electrodes positioned in the four chambers.

Preferably, the multiple-electrode ionic probe further comprises a ground
electrode.

Preferably, the multiple-electrode ionic probe further comprises a housing
including the at least four electrode chambers.

Preferably, the multiple-electrode ionic probe with a first pair of electrode
chambers including a first electrolyte solution and with a second pair of chambers
including a second electrolyte solution and wherein the second electrolyte solution is
different from the first electrolyte solution.

Preferably, the multiple-electrode ionic probe with a first pair of chambers
including a first electrolyte solution and with a second pair of chambers including a
second electrolyte solution, wherein the second electrolyte solution possesses a different
ionic concentration than the first electrolyte solution.

Preferably, the multiple-electrode ionic probe with a first pair of chambers
including a first electrolyte solution and with a second pair of chambers including a
second electrolyte solution, wherein the second electrolyte solution possesses a different

pH level than the first electrolyte solution.
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Preferably, the multiple-electrode ionic probe wherein the second pair of ion
sensitive regions include a second ionic sensitivity characteristic that is different from a
first ionic sensitivity characteristic of the first pair of ion sensitive regions.

Description of the Drawings

The same reference number represents the same element on all drawings. It
should be understood that the drawings are not necessarily to scale.

FIG. 1 shows a portion of a prior art pH meter probe including an active
electrode and a reference electrode.

FIG. 2 shows an ion meter according to an embodiment of the invention.

FIG. 3 shows a portion of the multiple-electrode ionic probe according to an
embodiment of the invention.

FIG. 4 shows the four electrode units according to an embodiment of the
invention.

FIG. 5 1s a graph of electrode unit characteristics according to an embodiment of
the invention.

FIG. 6 shows a multiple-electrode ionic probe output example where a single
voltage measurement is erroneous.

FIG. 7 shows a multiple-electrode ionic probe output example where two voltage
measurements are erroneous.

FIG. 8 shows another multiple-electrode ionic probe output example where two
voltage measurements are erroneous.

FIG. 9 shows an embodiment of the multiple-electrode ionic probe according to
an embodiment of the invention.

FIG. 10 shows an embodiment of the multiple-electrode ionic probe according to
an embodiment of the invention.

FIG. 11 shows an embodiment of the multiple-electrode ionic probe according to
an embodiment of the invention.

FIG. 12 shows an embodiment of the multiple-electrode ionic probe according to
an embodiment of the invention.

FIGS. 13A-13B show an embodiment of the multiple-electrode ionic probe

according to an embodiment of the invention.
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Detailed Description of the Invention

FIGS. 1-13 and the following description depict specific examples to teach those
skilled in the art how to make and use the best mode of the invention. For the purpose
of teaching inventive principles, some conventional aspects have been simplified or
omitted. Those skilled in the art will appreciate variations from these examples that fall
within the scope of the invention. Those skilled in the art will appreciate that the
features described below can be combined in various ways to form multiple variations
of the invention. As a result, the invention is not limited to the specific examples
described below, but only by the claims and their equivalents.

FIG. 2 shows an ion meter 100 according to an embodiment of the invention.
The ion meter 100 includes a multiple-electrode ionic probe 106, meter electronics 102,
and a cable 104 connecting the multiple-electrode ionic probe 106 to the meter
electronics 102. Alternatively, the ion meter 100 can be a wireless system and the
multiple-electrode ionic probe 106 can communicate wirelessly with the meter
electronics 102. The multiple-electrode ionic probe 106 can include a test end 107.

In use, the multiple-electrode ionic probe 106 is placed in an external test fluid.
The test end 107 is contacted to or immersed in the external test fluid, although the
entire multiple-electrode ionic probe 106 can be immersed. The external test fluid can
comprise water, for example, although it should be understood that various other fluids
can be tested. To that end, the multiple-electrode ionic probe 106 is immersed in and
interacts with the sample fluid and generates a plurality of ionic voltage
signals/measurements that are transferred to the meter electronics 102 by the cable 104.
The plurality of ionic concentration voltage measurements generated by the multiple-
electrode ionic probe 106 is related to an ion concentration within the external test fluid,
such as a pH level, for example.

The meter electronics 102 receives the plurality of ionic concentration voltage
measurements from the multiple-electrode ionic probe 106 and processes the signal in
order to obtain an ionic concentration measurement, such as a pH value, for example.
However, it should be understood that the ion meter 100 can detect and/or measure other
ions and ion concentrations. The processing can include comparing the measurement
voltage signal to a reference signal, wherein the ionic concentration measurement can be

determined from a variation between a measurement voltage level of the active voltage
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signal and a voltage level of the reference signal from a reference electrode. Therefore,
it is important that the reference signal be substantially steady at a given temperature in
order to serve as a basis for all ionic concentration measurements. If the reference
signal is not steady and constant, the resulting ionic concentration measurement will be
inaccurate.

According to the invention, the ionic probe 106 can include two or more active
electrodes (see FIG. 3 and the accompanying discussion). In addition, the multiple-
electrode ionic probe 106 can include two or more reference electrodes.

The 1onic probe 106 can include additional components. For example, the ionic
probe 106 can optionally include a preamp and/or other signal conditioning circuitry.
The 1onic probe 106 can include protective projections that extend from the test end 107,
such as guard pins, bumps, ridges, etc. The ionic probe 106 can include a housing 120
(see FIG. 9) and any associated seals, potting material, desiccants, fillers, etc. The ionic
probe 106 can include a ground electrode or element. The ionic probe 106 can include a
temperature element. The 1onic probe 106 can include mounting components or
features. The ionic probe 106 can include electromagnetic interference shielding. Other
components are contemplated for the ionic probe 106, and the above discussion is not an
exhaustive listing.

FIG. 3 shows a portion of the multiple-electrode ionic probe 106 according to an
embodiment of the invention. Components in common share reference numbers. The
multiple-electrode ionic probe 106 in this embodiment includes at least four electrode
units 108 A-108D. The at least four electrode units 108A-108D can be used to generate
ion concentration measurements, such as pH measurements, for example. Although the
text focuses on four electrode units for the purpose of clarity, it should be understood
that three or more electrode units can be employed.

Although only two electrode units and a ground are needed for obtaining an ionic
concentration measurement, the at least four electrode units 108 A-108D offer additional
advantages. Multiple electrodes offer improved measurement accuracy through
correlation of multiple measurement signals. Multiple electrodes offer improved
measurement accuracy through the ability to compare measurement signals and reject

outliers. Multiple electrodes offer the ability to detect problems in one or more of the
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electrode units. Multiple electrodes may be less sensitive to differences in temperature
and other ambient characteristics.

The ionic voltage measurements generated by the three or more electrode units
108 can be processed in order to generate an ionic concentration measurement. The
plurality of ionic concentration voltage measurements offer some redundancy and cross-
correlation opportunities. The three or more electrode units 108 do not necessarily need
to be labeled as being reference electrodes and active/measurement electrodes.

Each electrode unit 108 comprises an electrode chamber 110 including an ion
sensitive region 116, an electrolyte solution 112 in the electrode chamber 110, and an
electrode 114. The electrode chamber 110 can comprise any shape, including a
substantially cylindrical shape, as shown. However, it should be understood that the
electrode chambers 110 can comprise any desired shape, including oval, rectangular, or
even irregular in cross-section, for example.

The electrode chambers 110 can be formed of any suitable material. The
material must be substantially non-porous and must not permit fluid exchange between
the interior and the exterior. In addition, the ion sensitive regions 116 must be able to be
affixed to the material. In one embodiment, the electrode chambers 110 are formed of
glass. However, other materials are contemplated and are within the scope of the
description and claims. Advantageously, the electrodes 114 are sealed within the
electrode chambers 110 and cannot be poisoned or affected by the external test fluid.
Consequently, the electrode units 108 are substantially stable over time.

The 1on sensitive regions 116 enable ion interaction by allowing ion exchange at
the outer surface of the ion sensitive material, but do not permit a fluid exchange
between the inside and the outside of the electrode chambers 110. There is a
substantially constant charge on the inner surface of the ion sensitive material due to the
fixed internal electrolyte solutions 112. The ion exchange in an outer hydrated layer of
the ion sensitive material allows the development of a potential difference (i.e., a
voltage potential) between an external test fluid and the internal electrolyte solution 112.
The magnitude of this voltage potential is dependent on both the ionic value of the
internal electrolyte solution and the ionic value of the external test fluid. For example,
where the internal electrolyte solution has a pH value of seven and the external test fluid

has a value of seven, the voltage potential will be substantially zero. Where the external
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test fluid has a pH value of four, a corresponding voltage potential will be developed at
the electrode 114, typically about (-177) mV for a standard 59 mV/pH pH sensitive
glass, for example.

The 1on sensitive regions 116 comprise any manner of ion reactive material. For
example, the ion sensitive regions 116 can be formed of an ion sensitive glass or pH
sensitive glass. However, other ion sensitive materials are within the scope of the
description and claims. The ion sensitive regions 116 can be chosen according to the
external test fluid to be measured. The ion sensitive regions 116 in one embodiment
comprise a specially formulated pH sensitive lithium ion-conductive glass consisting of
the oxides of silica, lithium, calcium, and other elements. The structure of the pH glass
allows lithium ion electrons to be exchanged by hydrogen ions in aqueous solutions,
forming a hydrated layer on the outside surface of the ion sensitive regions 116.
However, other materials are contemplated and are within the scope of the description
and claims.

The ion sensitive regions 116 comprise portions of ion-sensitive material bonded
into the respective electrode chambers 110. The ion sensitive regions 116 can be of any
shape or size. The ion sensitive regions 116 can comprise projecting bulbs, as shown.
Alternatively, the ion sensitive regions 116 can comprise substantially planar portions
(see FIG. 9). It should be understood that other shapes and sizes are contemplated and
are within the scope of the description and claims.

The ion sensitive regions 116 can be located at any position on the electrode
chambers 110, such as at an end (shown). The ion sensitive regions 116 can be molded
or bonded into apertures in the electrode chambers 110, for example. Alternatively, the
ion sensitive regions 116 can be formed in the electrode chambers 110 during their
formation, such as by glass blowing, for example.

The various ion sensitive regions 116 can be substantially similar, such as
sharing common ionic interaction characteristics. One such ionic interaction
characteristic comprises an ionic sensitivity characteristic. For example, a typical pH
glass sensitivity in the prior art is about 59-60 millivolts per pH unit (mV/pH).
Alternatively, the various ion sensitive regions 116 can be different, depending on the
desired characteristics of the multiple-electrode ionic probe 106. The various ion

sensitive regions 116 do not have to be of the same size, shape, thickness, composition,
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etc. For example, the ion sensitive region 116A can comprise an ion sensitive material
possessing a lower ionic sensitivity than the ion sensitive region 116B.

The electrode chambers 110 are substantially filled with electrolyte solutions
112. An electrolyte solution 112 can comprise any solution that can communicate a
voltage potential (on an ion sensitive region 116) to a corresponding electrode 114. An
electrolyte solution 112 can comprise any desired ionic type or concentration. As
discussed below, the ionic type or concentration of the electrolyte solution 112 can be
selected in order to achieve the desired operation of the ion meter 100.

The electrodes 114 can be formed of any suitable material. In some
embodiments, the electrodes 114 can be formed of silver/silver chloride, as is known in
the art. However, other materials are contemplated and are within the scope of the
description and claims.

In some embodiments, the electrodes 114 are located substantially on a central
axis of the chambers 110, as shown. However, it should be understood that other
arrangements are contemplated and are within the scope of the description and claims.

It should be understood that the multiple electrodes do not have to be identical.
On the contrary, the electrode units 108 may differ in several ways. The electrode units
108 can include ion sensitive regions 116 possessing varying ionic response rates/ionic
sensitivities. The electrode units 108 can be filled with electrolyte solutions 112
possessing differing properties, such as differing pH values, for example. This is
discussed below in conjunction with FIG. 4.

FIG. 4 shows the four electrode units 108A-108D according to an embodiment of
the invention. In this embodiment, the four electrode units 108 A-108D are organized
into two pairs. In the first electrode pair, the electrode unit 108A has an ion sensitive
region 116A of about 59 mV/pH ionic sensitivity and an electrolyte solution about 4 pH
while the electrode unit 108B has an ion sensitive region 116B of about 59 mV/pH 1onic
sensitivity and an electrolyte solution of about 7 pH. The two electrolyte solutions of
this pair can differ in ionic type and/or ionic concentration in order to be able to measure
a pH of an external test fluid, for example. In the second electrode pair, the electrode
unit 108C has an ion sensitive region 116C of about 4 mV/pH ionic sensitivity and an
electrolyte solution of about 4 pH while the electrode unit 108D has an ion sensitive

region 116D of about 4 mV/pH ionic sensitivity and an electrolyte solution of about 7
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pH. The two electrolyte solutions of this pair can likewise differ in order to be able to
separately measure a pH of the external test fluid.

The electrode units 108A and 108B therefore have similar ionic response
characteristics and different electrolytes. Similarly, the electrode units 108C and 108D
have similar ionic response characteristics and different electrolytes.

The electrode units 108A and 108B can be compared to each other in order to
make a first ionic determination for an external test fluid and the electrode units 108C
and 108D can be compared to each other in order to make a second, independent ionic
determination.

The 59 mV/pH and 4 mV/pH values for the ion sensitive regions are merely
illustrative and are not limiting. Any manner of ionic characteristics can be chosen for
the ion sensitive regions. However, it is advantageous that the two pairs of electrode
units have ionic characteristics that are distinct in order that comparisons can be made
between the ionic voltage measurements. It should be understood that a significant
response distance between the two pairs of electrode units will increase a signal-to-noise
ratio and will improve the measuring capability of the ion meter 100.

Further, it is advantageous to provide a pair of electrode units with ionic
responses as near to zero as possible. To that end, it has been found that heating a 59
mV/pH ion sensitive glass can reduce its ionic response down to as low as single digit
ionic response values, such as the 4 mV/pH ionic glass shown in this embodiment.
Other 1onic response values are contemplated and are within the scope of the description
and claims.

Reactions of these two electrode pairs in normal operation is shown and
discussed in conjunction with FIG. 5. Reactions of these two electrode pairs in
abnormal operation is shown and discussed in conjunction with FIGS. 6-8. It should be
understood that the ion sensitive regions and electrolytes given in this example are
merely for illustration and are not limiting in any manner.

While it may be possible to measure the pH of the external test fluid with less
than four electrodes/values, the four electrode units provide cross-verification
capabilities. For a single external test fluid, even an unknown ionic concentration fluid,
the four voltage measurements should be in substantial agreement. A single outlier will

be easily detected and can be appropriately handled.

15



10

15

20

25

30

35

WO 2009/052022 PCT/US2008/079467

The four electrode units 108A-108D further offer the ability to cross-check each
other. Advantageously, the meter electronics 102 in some embodiments can
automatically compensate for the slope of an ionic response (see FIG. 5). Further, the
four electrode units 108 A-108D can offer a lifetime calibration. If three of the four
voltage measurements are in close agreement but one differs significantly, the ion meter
100 can determine that the differing measurement is not reliable and can choose to
ignore any such measurements. Further, it is possible that if two of the measurements
are significantly in error, the ion meter 100 can determine which two of the four can be
not used for an ionic concentration measurement.

Alternatively, the electrode units 108 A and 108D can be paired up for
comparison, as can the electrode units 108B and 108C. Moreover, the two pairs (e.g.,
the pairs (108A-108B and 108C-108D) or (108A-108D and 108B-108C) can be
compared in some embodiments.

It should be noted that the pair of electrode units 108 A and 108B in this figure
will not function for detecting an ionic concentration, as the ionic sensitivity is the same
for both electrode units (i.e., 59 mV/pH versus 59 mV/pH). However, the pair of
electrode units 108 A and 108B can be used for diagnostic purposes.

FIG. 5 1s a graph of electrode unit characteristics according to an embodiment of
the invention. The horizontal axis represents pH values and the vertical axis represents
a measured voltage in millivolts (mV). The four dashed lines of the graph represent the
ionic response characteristics of four electrode units 108 A-108D. At least one of the
four electrode units 108 A-108D is treated as a reference electrode unit. The reference
electrode must have a different ionic sensitivity in order to be used as a reference
voltage response (not required for a cross-checking operation). In this graph, two of the
electrode units hold a first electrolyte solution, electrolyte A of about 4 pH, and the
other two electrode units hold a second electrolyte solution of about 7 pH. The
electrolyte A could have a pH level of four (point A on the graph) and electrolyte B
could have a pH level of seven (point B). The two electrode units holding electrolyte A
in this example have a pH sensitive glass of about 59 mV/pH and about 4 mV/pH. This
is reflected in the slopes of the dashed lines for the two electrodes. The two electrode
units holding electrolyte B likewise could include pH sensitive glass of about 59 mV/pH

and about 4 mV/pH. As aresult, for a specific external test fluid, each electrode will

16



10

15

20

25

30

35

WO 2009/052022 PCT/US2008/079467

measure a different voltage potential. The four voltage potentials/voltage measurements
can be used to determine an ionic concentration of the external test fluid.

The vertical line through point C is an example of one ionic concentration
measurement. In this example, the external test fluid has a pH value of 6.

Consequently, if the multiple-electrode ionic probe 106 is working properly, then it will
generate voltage measurements of C1, C2, C3, and C4, as approximately shown. Due to
the electrolyte B having a pH level of 7, the voltage measurements C1 and C2 will be
negative voltage values (a pH of 6 being less than a pH of 7), while the C3 and C4
voltage measurements will be positive values (a pH of 6 being greater than a pH of 4).

The four voltage measurements can be cross-correlated to ensure that all four
have expected values. For example, given C1-C3 in this example, it can be determined
that the external test fluid has a pH level of 6. Consequently, the C4 value should be
about 118 mV, given that the corresponding electrode unit has 59 mV/pH glass and an
internal electrolyte of 4 pH, a difference of 2 pH (where 2 pH * 59 mV/pH = 118 mV).
If the C4 measurement isn’t about 118 mV, then the C4 measurement may be in error.

FIG. 6 shows a multiple-electrode ionic probe output example where a single
voltage measurement is erroneous. The point C again reflects an external test fluid
value of 6 pH. Here, the C1 measurement is a larger negative voltage than expected.

As can be seen from the graph, the C1 voltage level should reflect an intersection of the
7/59 line and a value of 6 on the pH axis (i.e., the vertical line through point C). In this
example, the C1 voltage measurement is significantly more negative than what it should
be. Consequently, the C1 measurement can be logged, reported, and/or disregarded in
subsequent ionic concentration measurements.

If a voltage measurement varies from an expected value by more than an error
threshold or range, then the erroneous voltage measurement can be excluded from an
ionic concentration measurement determination or can be compensated for or corrected
in some manner. Here, the erroneous C1 voltage measurement can be left out of an
ionic concentration measurement determination, if desired. Alternatively, the erroneous
voltage measurement can be given a low weight or can be changed to place the
measurement within an error threshold or range. Other compensations or corrections are

contemplated and are within the scope of the description and claims.
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FIG. 7 shows a multiple-electrode ionic probe output example where two voltage
measurements are erroneous. The point C again reflects an external test fluid value of 6
pH. Here, the C1 and C2 measurements both appear to be inaccurate. The C1 voltage
should correspond to an intersection of the 7/59 dashed line and the vertical line at C.
The C2 voltage should correspond to an intersection of the 7/5 dashed line and the
vertical line at C. Where the (C3, C4) pair indicates a pH of 6 for the external test fluid,
but C1 and C2 don’t uniformly disagree, it may be possible to determine that both C1
and C2 are generating erroneous readings. However, if the (C1, C2) electrode pair are
in approximate agreement, it may not be possible to tell which of the electrodes are in
error.

FIG. 8 shows another multiple-electrode ionic probe output example where two
voltage measurements are erroneous. The point C again reflects an external test fluid
value of 6 pH. Here, the C1 and C4 measurements both appear to be inaccurate. In this
scenario, the C2 and C3 measurements appear to be accurate. Again, if the C1 and C4
diverge from the C2 and C3 measurements, and differ from each other, it may be
determined that the C1 and C4 measurements are problematic.

FIG. 9 shows an embodiment of the multiple-electrode ionic probe 106 according
to an embodiment of the invention. In this embodiment, the multiple-electrode ionic
probe 106 includes the at least four electrode units 108A-108D (the ion sensitive regions
116A-116D are not labeled for the purpose of clarity). The cable 104 (see FIG. 2) can
be connected to each of the electrodes 114/electrode units 108. The electrode units
108A-108D are positioned within a housing 120 so that at least a portion of the ion
sensitive regions 116A-116D are exposed. The ion sensitive regions 116A-116D can
comprise domed or projection portions of an ion sensitive material or can comprise a
disc or plate of an ion sensitive material. The ion sensitive regions 116A-116D can be
bonded to or otherwise affixed to the housing 120.

The 1on sensitive regions 116A-116D can be formed as part of the electrode
chambers 110A-110D. Alternatively, the housing 120 can include internal partitions
123A-123D that divide the housing 120 into chambers, wherein the ion sensitive regions
108A-108D can be affixed or formed into appropriate regions of the housing 120.
Although four chambers and therefore four electrode units 108A-108D are shown, it
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should be understood that alternatively other numbers of electrode units 108 can be
included in the multiple-electrode ionic probe 106.

Additional components can be included, such as one or more projections (not
shown) that extend from the housing 120 and protect the electrode units 108. The
multiple-electrode ionic probe 106 can further include features such as a ground
electrode or ground region (not shown) and/or a shielding portion formed in the housing
120 or on an internal or external surface of the housing 120. For example, at least a
portion of the housing 120 can comprise a metal shielding.

FIG. 10 shows an embodiment of the multiple-electrode ionic probe 106
according to an embodiment of the invention. In this embodiment, the multiple-
electrode ionic probe 106 comprises individual multiple electrode units 108 held within
a housing 120. The cable 104 can be connected to each of the electrodes 114/electrode
units 108. The multiple-electrode ionic probe 106 can further include a ground
electrode 123. Each electrode unit 108 includes a corresponding ion sensitive region
116 and electrode 114 (not shown).

The housing 120 can comprise any manner of material and can be formed in any
appropriate shape. In some embodiments, the multiple electrode units 108 are bonded
or otherwise affixed in the housing 120. Alternatively, the multiple electrode units 108
can be held by a friction fit or can be trapped within the housing 120 in some manner.

FIG. 11 shows an embodiment of the multiple-electrode ionic probe 106
according to an embodiment of the invention. In this embodiment, the multiple-
electrode ionic probe 106 comprises two dual-electrode units 119A and 119B. Each
dual-electrode unit 119 includes two electrolyte solutions (112A, 112B) or (112C,
112D), two ion sensitive regions (116A, 116B) or (116C, 116D), and two electrodes
(114A, 114B) or (114C, 114D). Two of the dual-electrode units 119A and 119B
therefore provide four of the electrode units 108A-108D, as previously discussed.

FIG. 12 shows an embodiment of the multiple-electrode ionic probe 106
according to an embodiment of the invention. In this embodiment, the multiple-
electrode ionic probe 106 comprises two dual-electrode units 129A and 129B. Each
dual-electrode unit 129 includes housings 130A and 130B including two ion sensitive

regions (116A, 116B) or (116C, 116D) and further includes active electrodes 114A and
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114C and reference electrodes 114B and 114D (not shown, located inside the housings
130A or 130B adjacent to the ion sensitive regions 116B or 116D).

The two ion sensitive regions (116A, 116B) or (116C, 116D) can include a first
ion sensitive region 116A or 116C on an end of a respective housing 130A or 130B and
a second ion sensitive region 116B or 116D located on a side surface of the housing
130A or 130B. It can be seen from the figure that the ion sensitive regions are not
restricted to ends of the respective electrode units 129A and 129B in this embodiment.

FIGS. 13A-13B show an embodiment of the multiple-electrode ionic probe 106
according to an embodiment of the invention. In this embodiment, the housing 120
includes partitions 124A-124D that divide the interior of the housing 120 into four
chambers and therefore into the four electrode units 108A-108D. The ion sensitive
regions 116A-116D (not labeled for purposes of clarity) can comprise domed or
projection portions of an ion sensitive material, as previously discussed, and can form a
bulb end 128. The inner partitions 124-127 can extend all of the way to the bulb end
128 and can be fused to the bulb end 128 so that four independent electrode chambers
are formed within the housing 120. The cable 104 (see FIG. 2) can be connected to the
electrodes 114A-114D within each of the electrode units 108.

In the embodiment shown, two of the electrode units comprise a solution of pH =
4 and a glass type A and a glass type B, for example. The other two electrode units
comprise a solution of pH = 7 and a glass type A and a glass type B. It should be
understood that the glass types can have different ionic sensitivities. Other ionic types
and concentrations can be employed, and the above numbers are given merely for

illustration.
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We claim:
1. A multiple-electrode ion meter (100), comprising:
meter electronics (102) configured to receive a plurality of ionic concentration
voltage measurements and generate an ionic concentration measurement
from the plurality of ionic concentration voltage measurements; and
three or more individual electrode units (108) in communication with the meter
electronics (102), with the three or more electrode units (108) generating
the plurality of ionic concentration voltage measurements to the meter

electronics (102).

2. The multiple-electrode ion meter (100) of claim 1, further comprising a ground
electrode (123).
3. The multiple-electrode ion meter (100) of claim 1, further comprising a housing

(120) including the three or more individual electrode units (108).

4. The multiple-electrode ion meter (100) of claim 1, with the three or more
individual electrode units (108) comprising:
three or more electrode chambers (110), with the three or more electrode
chambers (110) being substantially sealed;
three or more corresponding ion sensitive regions (116) formed in the three or
more electrode chambers (110), with the three or more ion sensitive
regions (116) enabling ion interaction between the three or more electrode
chambers (110) and an exterior of the multiple-electrode ionic probe
(106); and
three or more corresponding electrodes (114) positioned in the three or more
electrode chambers (110), with the three or more electrodes (114)
generating the plurality of ionic concentration voltage measurements to

the meter electronics (102).
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5. The multiple-electrode ion meter (100) of claim 1, with the three or more
individual electrode units (108) comprising:
four electrode chambers (110), with the four electrode chambers (110) being
substantially sealed;
four corresponding ion sensitive regions (116) formed in the four electrode
chambers (110), with the four ion sensitive regions (116) enabling ion
interaction between the four electrode chambers (110) and an exterior of
the multiple-electrode ionic probe (106); and
four corresponding electrodes (114) positioned in the four electrode chambers
(110), with the four electrodes (114) generating the plurality of ionic

concentration voltage measurements to the meter electronics (102).

6. The multiple-electrode ion meter (100) of claim 5, with a first pair of electrode
chambers (110A, 110B) including a first electrolyte solution and with a second pair of
electrode chambers (110C, 110D) including a second electrolyte solution, wherein the

second electrolyte solution is different from the first electrolyte solution.

7. The multiple-electrode ion meter (100) of claim 5, with a first pair of electrode
chambers (110A, 110B) including a first electrolyte solution and with a second pair of
electrode chambers (110C, 110D) including a second electrolyte solution, wherein the
second electrolyte solution possesses a different ionic type or concentration than the first

electrolyte solution.

8. The multiple-electrode ion meter (100) of claim 5, with a first pair of electrode
chambers (110A, 110B) including a first electrolyte solution and with a second pair of
electrode chambers (110C, 110D) including a second electrolyte solution, wherein the
second electrolyte solution possesses a different pH level than the first electrolyte

solution.
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9. The multiple-electrode ion meter (100) of claim 5, with a first pair of electrode
chambers (110A, 110B) including a first pair of ion sensitive regions (116A, 116B) and
with a second pair of electrode chambers (110C, 110D) including a second pair of ion
sensitive regions (116C, 116D) that are different from the first pair of ion sensitive

regions (116A, 116B).

10.  The multiple-electrode ion meter (100) of claim 5, with a first pair of electrode
chambers (110A, 110B) including a first pair of ion sensitive regions (116A, 116B) and
with a second pair of electrode chambers (110C, 110D) including a second pair of ion
sensitive regions (116C, 116D) that include a second ionic sensitivity characteristic that
is different from a first ionic sensitivity characteristic of the first pair of ion sensitive

regions (116A, 116B).

11. A multiple-electrode ionic probe (106), comprising:

at least four electrode chambers (110A-110D), with the at least four electrode
chambers (110A-110D) being substantially sealed;

at least four corresponding ion sensitive regions (116A-116D) formed in the at
least four electrode chambers (110A-110D), with the at least four ion
sensitive regions (116A-116D) enabling ion interaction between the at
least four electrode chambers (110A-110D) and an exterior of the
multiple-electrode ionic probe (106); and

at least four corresponding electrodes (114A-114D) positioned in the four

electrode chambers (110A-110D).

12.  The multiple-electrode ionic probe (106) of claim 11, further comprising a

ground electrode (123).

13.  The multiple-electrode ionic probe (106) of claim 11, further comprising a
housing (120) including the at least four electrode chambers (110A-110D).
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14.  The multiple-electrode ionic probe (106) of claim 11, with a first pair of
electrode chambers (110A, 110B) including a first electrolyte solution and with a second
pair of electrode chambers (110C, 110D) including a second electrolyte solution and

wherein the second electrolyte solution is different from the first electrolyte solution.

15.  The multiple-electrode ionic probe (106) of claim 11, with a first pair of
electrode chambers (110A, 110B) including a first electrolyte solution and with a second
pair of electrode chambers (110C, 110D) including a second electrolyte solution,
wherein the second electrolyte solution possesses a different ionic type or concentration

than the first electrolyte solution.

16.  The multiple-electrode ionic probe (106) of claim 11, with a first pair of
electrode chambers (110A, 110B) including a first electrolyte solution and with a second
pair of electrode chambers (110C, 110D) including a second electrolyte solution,
wherein the second electrolyte solution possesses a different pH level than the first

electrolyte solution.

17.  The multiple-electrode ionic probe (106) of claim 11, with a first pair of
electrode chambers (110A, 110B) including a first pair of ion sensitive regions (116A,
116B) and with a second pair of electrode chambers (110C, 110D) including a second
pair of ion sensitive regions (116C, 116D) that are different from the first pair of ion

sensitive regions (116A, 116B).

18.  The multiple-electrode ionic probe (106) of claim 11, with a first pair of
electrode chambers (110A, 110B) including a first pair of ion sensitive regions (116A,
116B) and with a second pair of electrode chambers (110C, 110D) including a second
pair of ion sensitive regions (116C, 116D) that include a second ionic sensitivity
characteristic that is different from a first ionic sensitivity characteristic of the first pair

of ion sensitive regions (116A, 116B).
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5 19. A multiple-electrode ionic probe (106), comprising:
at least four chambers (110A-110D), with the at least four chambers (110A-
110D) being substantially sealed, with a first pair of chambers (110A,
110B) including a first electrolyte solution and with a second pair of
chambers (110C, 110D) including a second electrolyte solution that is
10 different from the first electrolyte solution;
at least four corresponding ion sensitive regions (116A-116D) formed in the at
least four chambers (110A-110D), with the at least four ion sensitive
regions (116A-116D) enabling ion interaction between the at least four
chambers (110A-110D) and an exterior of the multiple-electrode ionic
15 probe (106); and
at least four corresponding electrodes (114A-114D) positioned in the four
chambers (110A-110D).

20.  The multiple-electrode ionic probe (106) of claim 19, further comprising a
20  ground electrode (123).

21.  The multiple-electrode ionic probe (106) of claim 19, further comprising a
housing (120) including the at least four electrode chambers (110A-110D).

25 22.  The multiple-electrode ionic probe (106) of claim 19, wherein the second
electrolyte solution possesses a different ionic type or concentration than the first

electrolyte solution.

23.  The multiple-electrode ionic probe (106) of claim 19, wherein the second

30  electrolyte solution possesses a different pH level than the first electrolyte solution.

24.  The multiple-electrode ionic probe (106) of claim 19, with a first pair of
chambers (110A, 110B) including a first pair of ion sensitive regions (116A, 116B) and
with a second pair of chambers (110C, 110D) including a second pair of ion sensitive

35 regions (116C, 116D) that are different from the first pair of ion sensitive regions
(116A, 116B).
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25.  The multiple-electrode ionic probe (106) of claim 19, with a first pair of
chambers (110A, 110B) including a first pair of ion sensitive regions (116A, 116B) and
with a second pair of chambers (110C, 110D) including a second pair of ion sensitive
regions (116C, 116D) that include a second ionic sensitivity characteristic that is
different from a first ionic sensitivity characteristic of the first pair of ion sensitive

regions (116A, 116B).

26. A multiple-electrode ionic probe (106), comprising:

at least four chambers (110A-110D), with the at least four chambers (110A-
110D) being substantially sealed;

at least four corresponding ion sensitive regions (116A-116D) formed in the at
least four chambers (110A-110D), with the at least four ion sensitive
regions (116A-116D) enabling ion interaction between the at least four
chambers (110A-110D) and an exterior of the multiple-electrode ionic
probe (106), with a first pair of chambers (110A, 110B) including a first
pair of ion sensitive regions (116A, 116B) and with a second pair of
chambers (110C, 110D) including a second pair of ion sensitive regions
(116C, 116D) that are different from the first pair of ion sensitive regions
(116A, 116B); and

at least four corresponding electrodes (114A-114D) positioned in the four
chambers (110A-110D).

27.  The multiple-electrode ionic probe (106) of claim 26, further comprising a
ground electrode (123).

28.  The multiple-electrode ionic probe (106) of claim 26, further comprising a
housing (120) including the at least four electrode chambers (110A-110D).
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29.  The multiple-electrode ionic probe (106) of claim 26, with a first pair of
electrode chambers (110A, 110B) including a first electrolyte solution and with a second
pair of chambers (110C, 110D) including a second electrolyte solution and wherein the

second electrolyte solution is different from the first electrolyte solution.

30.  The multiple-electrode ionic probe (106) of claim 26, with a first pair of
chambers (110A, 110B) including a first electrolyte solution and with a second pair of
chambers (110C, 110D) including a second electrolyte solution, wherein the second
electrolyte solution possesses a different ionic concentration than the first electrolyte

solution.

31.  The multiple-electrode ionic probe (106) of claim 26, with a first pair of
chambers (110A, 110B) including a first electrolyte solution and with a second pair of
chambers (110C, 110D) including a second electrolyte solution, wherein the second

electrolyte solution possesses a different pH level than the first electrolyte solution.

32.  The multiple-electrode ionic probe (106) of claim 26, wherein the second pair of
ion sensitive regions (116C, 116D) include a second ionic sensitivity characteristic that
is different from a first ionic sensitivity characteristic of the first pair of ion sensitive

regions (116A, 116B).
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