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1
FLUORIDE-SENSITIVE ELECTRODE

BACKGROUND OF THE INVENTION

The invention relates to a fluoride-sensitive electrode and
the use of said electrode in measuring the fluoride content of
water, in particular in fluoridated drinking water.

In many countries of the world, fluoride is added to
drinking water in an amount of about 0.5 to 2 ppm to protect
against caries. The fluoride content of drinking water is
monitored using fluoride-sensitive electrodes by a potentio-
metric measurement, as disclosed in 1969 in U.S. Pat. No.
3,431,182. Such electrodes employ lanthanum fluoride as
the ion-sensitive element and operate with an internal fluo-
ride-containing electrolyte. The fluoride-sensitive electrode
constitutes an electrochemical half-cell which is combined
with a conventional reference electrode to determine a
potential. If the reference electrode is integrated into the
housing of the fluoride-sensitive electrode, it is termed a
combination electrode.

Despite their excellent selectivity for fluoride ions, known
fluoride-sensitive electrodes exhibit a disturbing cross-sen-
sitivity to hydroxyl ions (OH ions) which increases towards
lower fluoride contents. The pH of drinking water or sample
water, the fluoride concentration of which is to be deter-
mined with the electrode of the invention, will henceforth be
termed the “external pH” or “pH,”. Since the pH, of
drinking water can lie in the range 6.5 to 9.5 and it is often
raised by the supplier to slightly alkaline values in order to
make the water less corrosive, for example, this cross-
sensitivity to hydroxyl ions disturbs the accuracy of the
fluoride-sensitive measuring electrode beyond a pH, of
about 8.5. To overcome this and other cross-sensitivities,
TISAB (total ionic strength adjustment buffer) has been used
since 1968. The sample water is mixed with TISAB solution
to reduce the pH,, of the solution to be measured to about 5.5,
inter alia, and thus avoid hydroxyl ion cross-sensitivity. This
conditioning of the sample water with TISAB constitutes an
additional test costing and in particular, continuous mea-
surement is rendered uneconomical because of the consid-
erable cost of TISAB. Commercially available automated
fluoride ion analyzers take samples at selected intervals, mix
them with TISAB and then determine the fluoride ion
content. Automation using such devices, though, does not
avoid the high cost of TISAB.

Thus, the aim of the present invention is to provide a
fluoride-sensitive electrode with a lower cross-sensitivity to
hydroxyl ions than known electrodes and which also enables
accurate measurements of the fluoride content of water with
higher pH,, values, in particular at low fluoride concentra-
tions, to be carried out without requiring the use of TISAB.

BRIEF DESCRIPTIONS OF THE INVENTION

The invention provides a fluoride-sensitive electrode of
the type defined above with a tubular electrode shaft, a
lanthanum fluoride crystal, which closes the end of the
electrode shaft, an internal electrolyte sealed between the
lanthanum fluoride crystal and a closure in the electrode
shaft, and a contact wire which dips into the internal
electrolyte, wherein the internal electrolyte has a pH of 29.0
and a fluoride concentration of 0.1 M. The pH of the
internal electrolyte will henceforth be termed the “internal
pH” or “pH,”. The invention also includes the method of
using the electrode to determine fluoride ion concentration.

It has surprisingly been discovered that when using the
internal electrolyte of the invention, the hydroxyl ion cross-
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2

sensitivity can be reduced to such an extent that the accuracy
of the electrode compared with known fluoride-sensitive
electrodes is substantially improved even at high values of
i,

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagrammatic cross section of a fluoride-
sensitive electrode of the invention.

FIGS. 2a, 25 and 3 show the results of series of measure-
ments carried out using the electrode of the invention.

DETAILED DESCRIPTION OF THE
INVENTION

A particularly suitable internal electrolyte of the invention
contains fluoride ions in the form of sodium fluoride (NaF)
in a concentration of 20.1 M. Particularly advantageously,
the internal electrolyte contains =1 M NaCl, preferably =2
M NaCl, more preferably 23 M NaCl. The pH, value of said
internal electrolyte with added distilled water is preferably
adjusted if necessary by adding hydrochloric acid (HCI) or
sodium hydroxide solution (NaOH). The use of an internal
electrolyte with a pH, of 9.0 in combination with a fluoride
concentration of 20.1 M in an electrode of the invention is
surprisingly far more accurate than known fluoride-sensitive
electrodes, and in particular has a lower cross-sensitivity to
hydroxyl ions at high pH.

One yardstick indicating the suitability of a fluoride-
sensitive electrode is the slope of the curve obtained by
plotting the potential (measured in millivolts (mV)) against
the concentration of fluoride ions (¢, measured in ppm of
fluoride, plotted as log c). The closer the slope of the curve
to the theoretical slope of 59.16 mV/decade at 25° C., the
more accurately can the fluoride ion concentration be mea-
sured. A further yardstick indicating the suitability of a
fluoride-sensitive electrode is the linearity of the curve
obtained in the fluoride ion concentration region of interest.

A general problem with electrochemical sensors with a
solid electrode, which cannot be ignored and which is also
relevant to the fluoride-sensitive electrode of the invention,
consists in the fact that the electrochemically effective parts
of the electrodes, namely their surfaces, exhibit a certain
memory effect. When using an electrode, changes occur at
those electrochemically effective surfaces which are them-
selves electrochemically active and can change the proper-
ties of the electrode. This can affect the measured potential
and the curve at different fluoride concentrations even when
that same electrode is subjected to the same external and
internal conditions for different measurements. These sur-
face changes, however, have less effect on the linearity of the
potential curve in the fluoride concentration region of inter-
est, but rather on the slope of the curve in this region. Like
any other solid electrode, then, with the fluoride-sensitive
electrode of the invention it may be advantageous to cali-
brate the electrode using at least two different fluoride ion
concentrations in the concentration region of interest prior to
the start of a measurement or a series of measurements. In
this respect, it has been shown that changes in the measure-
ment characteristics due to said phenomenon are less sig-
nificant compared with known fluoride-sensitive electrodes
due to the construction of the electrode of the invention and
are within acceptable tolerances. Naturally, these tolerances
differ from measurement to measurement.

The invention also concerns the use of the fluoride-
sensitive electrode of the invention for measuring the fluo-
ride content of water, in particular drinking water supple-
mented with fluoride.
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Particularly advantageously, the electrode of the invention
can be used when the pH, of the drinking water to be
measured is 28.0 or the pH, of the drinking water is
adjusted to such a value prior to measurement. Compared
with known fluoride-sensitive electrodes, the advantages of
the electrode of the invention as regards the measurement
characteristics only come to light at higher pH_s, as the
electrode of the invention is considerably less sensitive to
hydroxyl ions than prior electrodes. Thus, the electrode of
the invention is advantageously employed at pH, values of
28.5 or 29.0 or even at 29.5. When the pH, of the water
to be measured is lower, i.e., the pH, is about 6.0, the
electrode of the invention operates as well as known fluo-
ride-sensitive electrodes.

Further advantages, features and embodiments of a par-
ticularly preferred implementation of the invention will now
be described with reference to the accompanying drawings
and examples.

Embodiment of a fluoride-sensitive electrode in accor-
dance with the invention

FIG. 1 shows a particularly preferred construction of an
electrode of the invention with a tubular electrode shaft 1, a
lanthanum fluoride crystal 2 adhered to the end of the
electrode shaft 1 and closing said end, an internal electrolyte
3, which is sealed between the lanthanum fluoride crystal 2
and a closure 5 formed from silicone. A polyurethane sealing
compound 6 is also provided above closure 5 to reinforce the
seal. The upper end of the electrode shaft 1 is also closed
with an airtight seal 7 in order to prevent carbon dioxide in
the air from entering the internal electrolyte and changing its
pH. A silver/silver chloride contact wire 4 dips into the
internal electrolyte and is fed through the silicone closure 5,
the polyurethane sealing compound 6 and the upper seal 7
out of the electrode shaft 1. The contact wire is connected to
the usual measuring instruments, not shown here. The inter-
nal electrolyte 3 has a pH, of 9.0 and a fluoride concen-
tration of 20.1 M. In an alternative embodiment, the lan-
thanum fluoride crystal 2 is not adhered in the electrode shaft
1, but is screwed into it and is thus easy to remove and
exchange if the measurement characteristics of the electrode
deteriorate due to surface changes in the lanthanum fluoride
crystal.

To product the internal electrolyte of the fluoride-sensitive
electrode, 3M NaCl and 0.1 M NaF are dissolved in distilled
water and the pH is adjusted to the desired value by adding
HCI or NaOH.

EXAMPLE 1

The internal electrolyte used in this example was a
solution with 3 M NaCl and 0.1 M NaF in distilled water.
The pH, of the internal electrolyte was adjusted to a pH, of
7.0, 8.0 or 9.0 by adding HCI or NaOH. Immediately after
preparation, the internal electrolyte was poured into the
electrode shaft and made airtight by inserting the silicone
closure and the polyurethane sealing compound in order to
prevent carbon dioxide in the air from changing the pH,. The
fluoride-sensitive electrodes formed with the internal elec-
trolyte with different pH, values was then used to measure
the fluoride content in tap water with different values of pH,
from 6.5 t0 9.5. Different concentrations of fluoride of 0.5 to
10 ppm of fluoride had been added to the tap water. The
results are shown in FIGS. 2a and 25 and in Tables 1 and 2.

The equations for the regression lines clearly showed that
an increase in pH, increased the slopes of the curves both at
apH, of 6.5 and a pH, of 9.5.
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4
For the measurements carried out on tap water with a pH,
of 6.5 (Table 1, FIG. 2a), the differences in the curves as
regards slope and linearity at low fluoride ion concentrations
of 0.5 to 2.0 ppm were only relatively small. With the
measurements carried out in tap water at a pH, of 9.5 (Table
2, FIG. 2b), the electrodes with the highest pH, for the
internal electrolyte (pH,=9) exhibited much better charac-
teristics as regards both the slope and the regression coef-
ficient R® (a measurement of linearity) than the electrodes
with the lower pH, values (pH,=8, pH,=7). This result was
surprising in that no obvious connection should exist

between the pH, and the pH,.

For the lower pH,, of the sample water of 6.5, the electrode
of the invention always provided curves with a much better
slope and better linearity at low fluoride ion concentrations
of 0.5 to 2.0 ppm compared with measurements carried out
at a higher pH, of the sample water of 9.5, like known
electrodes with pH, values for the internal electrolyte of
below 9.0 (see FIG. 2a). At the higher pH, of the sample
water of 9.5, however, the advantages of the electrode of the
invention with a pH, of the internal electrolyte that was 9.0
or higher were clear from the better slope and linearity in the
lower fluoride ion concentration as opposed to electrodes
with a pH; of the internal electrolyte of less than 9.0 (see
FIG. 2b). With all three pH, values for the internal electro-
Iyte, the curves in FIG. 256 for a pH, of 9.5 exhibit poorer
linearity and a reduction in the slope at low fluoride ion
concentrations compared with those of FIG. 2a with a pH,
of 6.5, but at a pH, of 9, this effect is much smaller than with
a lower internal pH, namely a pH, of 8 or a pH, of 7.

TABLE 1

Regression equations for sample water with a pH, of 6.5

pH; Regression equation Regression coefficient R?
pH, = y = =56.994x + 176.5 1
pH; =8 y =-57.287x + 176.33 1
pH, = y =-57.298x + 176.81 0.9999
TABLE 2
Regression equations for sample water with a pH, of 9.5

pH; Regression equation Regression coefficient R?

pH,=7  y=-50.439x + 172.81 0.9936

pH; = y =-50.789x + 172.46 0.9944

pH; =9 y = -52.280x + 173.64 0.9958

EXAMPLE 2

This example compared internal electrolytes with pH,
values of 9.0 each with 3 M NaCl but different fluoride
contents of 0.01 M NaF and 0.1 M NaF. Fluoride concen-
trations in tap water with a pH, of 9.5 were measured as in
Example 1. The results are shown in FIG. 3. the measure-
ments clearly show that the electrodes with the tenfold
fluoride content (0.1 M NaF) exhibit better linearity at the
lower, critical fluoride concentration region. Further, the
slope and regression coefficients R? were better, as shown in
Table 3. Corresponding measurements with a tenfold fluo-
ride content without a corresponding rise in the pH, value to
values of 9.0 or more, however, showed no such improve-
ment (not shown).
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The results clearly show that the surprising effect of an
improved slope and linearity in the curves at low fluoride
concentrations of the sample water is obtained with a
combination of using an internal electrolyte with a pH of
29.0 and a fluoride concentration of Z0.1 M.

TABLE 3

Regression equations for sample water with a pH, of 9.5

Fluoride

concentration Regression equation Regression coefficient R?

0.1 M NaF
0.01 M NaF

y = -52.28x + 173.64
y = -43.661x + 113.39

0.9958
0.9576

What is claimed is:

1. A fluoride-sensitive electrode with a tubular electrode
shaft (1), a lanthanum fluoride crystal (2) which closes the
end of the electrode shaft (1), an internal electrolyte (3)
sealed between the lanthanum fluoride crystal (2) and a
closure (5) in the electrode shaft (1), and a contact wire (4)
which dips into the internal electrolyte (3), wherein the
internal electrolyte (3) has a pH of =9.0 and a fluoride
concentration of 20.1 M.

2. A fluoride-sensitive electrode according to claim 1
wherein the internal electrolyte contains 20.1 M NaF.

3. The fluoride-sensitive electrode of claim 2 wherein the
internal electrolyte contains from about 1 to about 3 M
NaCl.

4. A method for measuring fluoride ion concentrations in
sample water which comprises contacting the sample water
with the lanthanum fluoride crystal of the electrode of claim
3, measuring potential differences between the water and the
internal electrolyte and correlating the measured potential
difference with fluoride ion concentration.

5. A method for measuring fluoride ion concentrations in
sample water which comprises contacting the sample water
with the lanthanum fluoride crystal of the electrode of claim
2, measuring potential differences between the water and the
internal electrolyte and correlating the measured potential
difference with fluoride ion concentration.

6. A fluoride-sensitive electrode according to claim 1
wherein the internal electrolyte contains at least 1 M NaCl.

7. A method for measuring fluoride ion concentrations in
sample water which comprises contacting the sample water
with the lanthanum fluoride crystal of the electrode of claim
6, measuring potential differences between the water and the
internal electrolyte and correlating the measured potential
difference with fluoride ion concentration.

8. The fluoride-sensitive electrode of claim 1 wherein the
internal electrolyte contains from about 1 to about 3 M
NaCl.

9. A method for measuring fluoride ion concentrations in
sample water which comprises contacting the sample water
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with the lanthanum fluoride crystal of the electrode of claim
8, measuring potential differences between the water and the
internal electrolyte and correlating the measured potential
difference with fluoride ion concentration.

10. A fluoride-sensitive electrode according to claim 1
wherein the contact wire is a silver/silver chloride contact
wire.

11. A method for measuring fluoride ion concentrations in
sample water which comprises contacting the sample water
with the lanthanum fluoride crystal of the electrode of claim
10, measuring potential differences between the water and
the internal electrolyte and correlating the measured poten-
tial difference with fluoride ion concentration.

12. A fluoride-sensitive electrode according to claim 1
wherein the closure (5) is formed from an elastomer, pref-
erably a silicone.

13. A method for measuring fluoride ion concentrations in
sample water which comprises contacting the sample water
with the lanthanum fluoride crystal of the electrode of claim
12, measuring potential differences between the water and
the internal electrolyte and correlating the measured poten-
tial difference with fluoride ion concentration.

14. A fluoride-sensitive electrode according to claim 1
wherein a sealing compound, preferably a polyurethane
sealing compound, is provided above the closure (5) in the
electrode shaft (1).

15. A method for measuring fluoride ion concentrations in
sample water which comprises contacting the sample water
with the lanthanum fluoride crystal of the electrode of claim
14, measuring potential differences between the water and
the internal electrolyte and correlating the measured poten-
tial difference with fluoride ion concentration.

16. A method for measuring fluoride ion concentrations in
sample water which comprises contacting the sample water
with the lanthanum fluoride crystal of the electrode of claim
1, measuring potential differences between the water and the
internal electrolyte and correlating the measured potential
difference with fluoride ion concentration.

17. The method of claim 16 where if the pH of the water
is originally less than 8.0 it is upwardly adjusted to a pH of
28.0 prior to measurement.

18. The method according to claim 17 wherein the pH of
the sample water is at least 9.0.

19. Use according to claim 18, wherein the pH of the
sample water is adjusted with HCl or NaOH prior to
measurement.

20. Use according to claim 17, wherein the pH of the
sample water is adjusted with HCl or NaOH prior to
measurement.



