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Summary

We report an accurate but simple method for oxygen detection in
photochemical experiments based on the Clark sensor. The sensitivity is
higher than 0.01 Torr oxygen partial pressure. We discuss problems which
arise in the calibration of flow systems and show how these problems can be
solved. Measurements of the pH dependence of photoinduced oxygen
evolution in a silver zeolite A are reported as an interesting application.

1. Introduction

Clark sensors, which can be obtained from several manufacturers, are
widely used for oxygen detection in aqueous solutions [1]. They are usually
equipped with a Teflon membrane and are of similar shape to the hydrogen
sensor described in ref. 2. They can be used for accurate oxygen detection in
solution as well as in the gaseous phase provided that the electrode is either
kept at constant temperature or equipped with an automatic temperature-
compensation device. Mills et al. [3] have recently described an interesting
combined system for oxygen and hydrogen detection in photochemical
experiments.

For several years we have been interested in the photochemical behav-
iour of metal-cation-exchanged zeolites [4 - 6] . In order to obtain quantita-
tive information about the photochemical characteristics of these systems we
have developed a very sensitive but simple method for the accurate detection
of photochemical oxygen generation. We describe the method in detail
because it has proved to be highly useful for this type of research. Although
there is some controversy about the detection of oxygen with the aid of a
Clark sensor [ 7], our experience has shown that the errors are not due to the
principle of the sensor but to an inadequate experimental arrangement.

2. Method, calibration and resuits

Since Clark sensors have been described in detail in the literature [1],
the discussion can be restricted to the points we have found to be important
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for photochemical applications. In these experiments it is often necessary to
remove the photochemically generated oxygen in order to prevent back
reaction. This can be done using a flow system (Fig. 1). Another advantage
of a flow system with respect to a stationary system is the higher sensitivity
of oxygen detection because residual current drifts become less important.
For the detection of small amounts of oxygen or for very accurate measure-
ments the electrode has to be held at constant temperature. Temperature
fluctuations should be less than 0.1 °C and hence the oxygen sensor is kept
in a thermostatted glass container. Instrumentation capable of measuring
currents of at least 10 pA should be used in order to profit from the high
sensitivity of the sensor. We have used a potentiostat combined with an
electrometer (Metrohm 641 VA detector) which has a maximum sensitivity
of 0.1 nA for 1 V output.

Figure 1 shows the experimental arrangement. The photoreactor which
is kept at constant temperature is illuminated homogeneously from below.
The light flux is measured with a photometer. The nitrogen flow is controlled
by means of a double-needle valve. The oxygen sensor is a thermostatted
Clark electrode with shielded connections to the electrometer.

One of the most important points in such an arrangement is the calibra-
tion of the sensor. Oxygen detection in a flow system depends on a time
factor regardless of whether a Clark sensor or a gas chromatographic method
is chosen. This is also the case if the signal and the oxygen partial pressure
are directly proportional. The time factor is due to a non-equilibrium
situation for fast oxygen injection or production. This problem can be
understood in a more quantitative way by the following reasoning. From
experience we know that for an experimental arrangement such as that
shown in Fig. 1 the transfer function h(t) of a perturbation f(¢) caused by
oxygen injection or production can be described in the simplest case as the
sum of a fast and a slow exponential decay:

h(t) =a, exp(— -:—1) +a, exp(— f—) _ 1)

T2

Fig. 1. Detection of photochemically produced oxygen in a flow system: L, light source
(200 W high pressure mercury lamp); S, shutter; M, monochromator or interference
filter; B, beam splitter; P, photometer; Mi, mirror; V, valve; O, B, oxygen burette for
calibration; pH, pH electrode; O3 S, oxygen sensor in a thermostatted housing,
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The response g(t) of the system is equal to the convolution integral:

g(t) = [ h(t—v)f(v) dv (2)

The behaviour of this integral is shown in Fig. 2. Two rectangular injections
of the same total amount of oxygen in different time intervals At, = 40 and
Aty = 80 are compared by assuming 7, = 10, 7, = 100 and a, /Ja, = 10 (the
units of time and partial pressure are arbitrary; only the relative values are
important). The integrals of the two response functions g,(¢) and g,(t) are
the same provided that the signal-to-noise ratio is infinitely large. However,
in the case of a signal-to-noise ratio of, for example, 20:1 relative to the
maximum of the first peak, part of the area f g(t) dt lies within a region
where the signal is masked by the noise. In case a this region is 4.7% of the
area and in case b it is 4.6% of the area. This portion of the signal cannot be
integrated.

Very often it is not practical to wait for several hours for the signal
decay to complete. Thus we need to know whether it is possible to calibrate
the detector in such a way that integration can be stopped shortly after the
oxygen production or injection is complete, regardless of the time interval
during which the perturbation has been applied. Model calculations based on
the transfer function (eqgn. (1)) suggest that this should be possible. The
error induced by truncating the integration can be kept significantly smaller
than the errors due to the signal-to-noise ratio. However, it is clear that this
result has to be checked experimentally. Therefore it is important to have an
appropriate calibration method.

OXYGEN -
PARTIAL B

PRESSURE -

\&

128  18@ 240 200
30 20 150 218 270

TIME

Fig. 2. Model calculation of the response function after a rectangular perturbation. The
transfer function is a sum of a fast and a slow exponential decay (egn. (1)).
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The calibration problem for a flow system such as that described in this
paper can be solved very well by using a burette for accurate oxygen dosage,
e.g. the programmable microprocessor-controlled Microlab P burette
(Hamilton). This burette can be used to introduce small oxygen samples of
accurately known volume into the reactor in well-defined time intervals,
e.g. 100 ulin 4 s, 300 5, 1000 s etc, up to about 2 h, depending on the
external control of the microprocessor. Figure 3 shows measurements
obtained when 100 ul of air corresponding to 20.9 ul of oxygen was injected
into the photoreactor in time intervals of 4 s, 298 s, 707 s, 1390 s and
3526 s. The nitrogen flow through the reactor which had a total volume of
about 150 ml was kept constant at 30 m! min~! by means of a double-needle
valve.

The results of such experiments are reported in Table 1. In all cases we
stopped the integration 50 min after the oxygen injection was complete.
The standard deviation of the integrals of five measurements where 100 ul
of air were injected in identical time intervals is 1.5%. Within the limits of
experimental error no time dependence was observed when the injection
time was changed. From this result we conclude that there is no significant
time dependence in our arrangement. The calibration of the sensor is there-
fore valid, regardless of the time interval during which the oxygen is
produced.

A calibration curve for very small oxygen partial pressures is shown in
Fig. 4. It was obtained by injecting 14.2 - 95.1 ul of air in 5 min. In order to
check the precision three of the data points shown were obtained in
independent experiments.

To demonstrate the utility of this type of measurement we briefly
describe a photochemical experiment on silver zeolites [4]. Sodium
zeolite A [8] was exchanged to 97% by Ag* and evacuated at room tempera-
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Fig. 3. Experimental response to oxygen injections within different time intervals.
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TABLE 1

Integral of experimental response to oxygen
injections in different time intervals

Injection time (8) Peak integral
4 656.5
293 65.7
707 59.4
1112 59.2
1390 63.6
2438 67.8
2938 66.6
3626 66.5
4346 64.3
5486 64.8
Mean 64.3+x29
293 65.0
293 66.6
293 65.7
293 66.5
293 644
Mean 65.6+1.0
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Fig. 4. Calibration curve of the Clark sensor in the flow system in Fig. 1.

ture and about 102 Torr overnight. 0.2 g of the zeolite were introduced
into the photoreactor, avoiding any contact with air. The photoreactor
contained 100 ml of oxygen-free water. Different pH values were established
by adding 0.1 M H,SO, or 0.1 M NaOH by means of a microburette. The
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pH DEPENDENCE OF OXYGEN EVOLUTION
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Fig. 5. pH dependence of photoinduced oxygen evolution in a water suspension of a silver
zeolite A.

suspension was irradiated from below for 5 min for each point through a
broad-band interference filter with a transmission maximum at 360 nm
(Fig. 1). The light flux was measured to be about 100 uW cm™? and the
irradiated surface area was 35 cm?2, The light was completely absorbed by
the zeolite suspension. As shown in Fig. 5 we observed a very interesting pH
dependence on the photoinduced oxygen evolution. The experiment was
started at pH 9.6. By titrating with 0.1 M H;SO, measurements were
continued point by point from this pH down to pH 4.5. We checked that
oxygen evolution at pH 6.8 did not diminish during the whole experiment.
Different pH dependences of photo-oxygen evolution were observed for
different types of zeolite. By using a monochromator instead of an inter-
ference filter we were able to observe self-sensitization of oxygen production
in a silver zeolite A [4]. This experiment was only possible because of the
high sensitivity of oxygen detection. It is obvious that in experiments in
which other oxidizing gases, e.g. chlorine or bromine, are produced [4, 6]
they have to be separated from the oxygen. In most cases this can easily be
done.
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