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Predicting the signal of O, microsensors from physical dimensions, temperature,

salinity, and O, concentration

Abstract—The signal of Clark-type oxygen sensors is con-
trolled not only by the oxygen concentration but also by sensor
dimensions, temperature, and salinity. We have developed a
mathematical model that predicts the O, microsensor signal as
a function of these parameters. The only model variable, mem-
brane permeability, can be determined by a one-point calibra-
tion; hence, the model can be used for calibrating the signal
measured under any temperature and salinity. The model de-
scribes the oxygen concentration profile through the sensor
and thus allows optimization of sensor construction with re-
spect to stirring sensitivity, signal-to-noise ratio, and response
time. The model is demonstrated using oxygen waler column
profiles off the coast of central Chile.

Oxygen microsensors have been used under conditions
with fluctuating temperature (Revsbech and Ward 1984), in
temperature and salinity gradients (Gundersen et al. 1992),
and for hydrographic measurements because of their ex-
tremely short response time (Oldham 1994). Such applica-
tions call for a quantitative understanding of signal depen-
dence on changes in salinity and temperature and of a
corresponding calibration equation.

The required model is based on the geometry of a cylin-
drical microsensor tip (Fig. 1). Parameters and variables are
presented in Table 1. Oxygen diffuses from the tip of the
sensor through the membrane and the electrolyte to the cath-
ode, where it is reduced by consuming four electrons per
oxygen molecule. The oxygen concentration at the cathode
surface is assumed to be zero, which is a realistic asumption
since the cathode surface is capable of reducing much more
oxygen than actually enters the sensor under normal working
conditions. The oxygen concentrations at the sensor tip (C, )
and in the water far away from the sensor (C,) are assumed
to be identical (i.e., no concentration gradient in the external
medium, outside the sensor). The microsensor signal (/) is
defined as the sensor output minus the zero-current.

The oxygen flux through the membrane is given by the
membrane permeability (i.e., the transport coefficient of the
membrane) multiplied by the change in partial pressure over
the membrane, divided by its thickness (Crank 1983):
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As the oxygen partial pressure is equal to the oxygen con-
centration divided by the oxygen solubility,
C

=5 (2)
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and as the partial pressure is continuous across the mem-
brane-liquid interface, we can rewrite Eq. 1 as
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The oxygen flux through the electrolyte is given by the prod-
uct of the diffusion coefficient and the concentration change
in the electrolyte, divided by the diffusion distance in the
electrolyte (Crank 1983):

F, =D —*. (4)

Due to conservation of mass, the oxygen flux through mem-
brane and electrolyte must be equal, making it possible to
isolate C,, from Eqgs. 3 and 4. The oxygen signal, /. of the
sensor, defined as the output minus the zero-current, can be
expressed as the oxygen flux through the electrolyte. F,
multiplied by the area through which the flux is passing (7r)
and the current generated per mole oxygen reduced, ®:
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The current generated per mole of oxygen reduced, @, was
calculated as four electrons per oxygen molecule times the
elementary charge times Avogadro’s number; i.e.,

@ = (4electron molecule ')(1.602189 X 10 " Aselectron ')
% (6.023 X 10** molecule M ')
=386 X 10°AsM .

The physical dimensions: r, Z,, and Z,, were measured under
a microscope before the sensor was filled with electrolyte.
The solubility, S, under different salinities and temperatures
was calculated from Garcia and Gordon (1992). The partial
pressure, P, was calculated as the oxygen concentration out-
side the sensor (Winkler titration) divided by the solubility,
as in Eq. 2. The permeability, W, of the silicone used for the
sensor membranes (Silastic, Dow Corning) has been reported
tobe 41.6 X 10" M s ' cm ! bar (air pressure) ' (Brauti-
gam et al. 1985). Yasuda and Stone (1966) showed, however,
that this value varies by a factor 6, i.e., between 4.82 and
29.0 X 107" M s ' ecm ' bar (air pressure) ', depending on
the degree of hydration of the silicone. Therefore, we cal-
culated the membrane permeability, using Eq. 5, for a rela-
tively large oxygen sensor in order to minimize uncertainties
in measured dimensions, in particular, the internal diameters.
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Fig. 1. The idealized sensor tip for the cylindrical model. The

physical dimensions, the external conditions, the resulting oxygen
concentration gradient through the sensor tip, and the signal are all
indicated. (The reason for the sharp discontinuities in the oxygen
concentration profile passing over the membrane surface is the
much higher oxygen solubility in the silicone membrane.)

We used the resulting value, 11.19 X 107> M s~' em ' bar
(air pressure) ', in testing our model.

We have also determined the permeability of the silicone
independently in a diffusion chamber. Specially, a 0.5-mm
thick silicone membrane was molded and positioned above
a glass chamber that was continuously flushed with pure
oxygen. A layer of 1% agar (approximately 7 mm thick)
was poured over the membrane, and the system was allowed
to equilibrate for 10 h. The oxygen partial pressure through
agar and membrane was measured with a microsensor (Fig.
2). At steady state, the oxygen flux (permeability times gra-
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Fig. 2. Gradient in oxygen partial pressure through a silicone
membrane and overlying agar measured by a microsensor.

dient in partial pressure) through membrane and agar must
be equal, as required by mass conservation. As the differ-
ence in oxygen permeability of 1% agar and stagnant water
is insignificant (Revsbech 1989b), we calculated the per-
meability of the silicone membrane from the oxygen partial
pressure gradients in the agar and the silicone, respectively,
to be 78% of the permeability of water, or 4.88 X 10 * M
s " em ™' atm(air) '. This value is about 50% of the value
calculated from experimental data and Eq. 5. The discrep-
ancy is probably the result of differences in hydration (Ya-
suda and Stone 1966) and of an uneven hardening and de-
hydration of the 1,000-fold more voluminous silicone layer
(Fig. 2), as compared with a microsensor membrane. In ad-
dition, the permeability decreases over time, probably from
precipitation of salts within the membrane or from further
hardening of the membrane. These two effects are probably

Table 1. Parameters and variables used in the model.
Symbols Description Units Depending upon
C O, concentration Ml -
D 0, diffusion coefficient m' s ! Temperature, salinity
! Electrode signal A SDCVY,nZ
(&} Generated current per mole AsM! —
O, molecules reduced
2l Partial O, pressure atm €
r Radius of sensing tip m —_
8 Solubility of O, M1 "atm ' Temperature, salinity
A Membrane permeability Mm'atm's"' Temperature
z Length m o
Indices Description Indices Description
0 Location 0 e Related to the electrolyte
1 Location 1 m Related to the membrane
2 Location 2 w Related to ambient water
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Fig. 3. Relative signal dependence on (A) salinity, (B) temperature, and (C) relative membrane
thickness. (A) The salinity-induced signal increase is independent of the relative membrane thick-
ness. (B) The temperature-induced signal increase depends upon the relative membrane thickness.
The solid and the dashed lines indicate relative membrane thicknesses of 99.9 and 0.1%, respec-
tively. (C) The relative signal as a function of relative membrane thickness. The solid and the

dashed lines indicate signal dependencies at 50 and 0°C, respectively.

responsible for the scatter of data in Fig. 5B. The depen-
dence of temperature on membrane permeability, exp
(—1,096/T [absolute temperature]), was taken from Brauti-
gam (1985). The diffusion coefficient, D, at 20°C, 1 atm, in
freshwater, was taken from Broecker and Peng (1974) and
recalculated to different temperatures and to the salinity of
the electrolyte, as described by Li and Gregory (1974).

Equation 5 differs from conventional calibration equations
(e.g., Millard 1982) in three ways: (A) it takes diffusion
through the electrolyte into account; (B) it predicts the exact
signal without variables adjusted upon calibration; and (C)
it predicts the oxygen consumption of the electrode.

If Z, is 0, the signal calculated from Eq. 5 becomes di-
rectly proportional to the oxygen partial pressure multiplied
by the membrane permeability and divided by the membrane
length, in agreement with conventional calibration equations
(e.g., Millard 1982). However. in microsensors, Z, generally
contributes significantly to the diffusion distance within the
sensor (10-90%); thus, the ratio (Z, /D _S,) must be taken into
account. This can be exemplified by modeling the signal
response to changes in salinity and temperature. If the ox-
ygen concentration outside the sensor is maintained but the
salinity increases, the partial oxygen pressure, p, outside the
sensor increases too. As p is the only parameter affected, the
signal increases in direct proportion to the partial pressure,
independent of the relative membrane thickness, calculated
as follows: membrane length divided with the total diffusion
length equals (Z,/Z, + Z,) (Fig. 3A). If, in contrast, tem-
perature increases, p and the transport coefficients (W, D)
increase, but the oxygen solubility in the electrolyte, §,, de-
creases: thus, the larger the relative membrane thickness (Z,,/
Z. + Z,, the higher is the signal increase (since the last
term in the parentheses of Eq. 5 becomes unimportant; Fig.
3B).

The above effect applies to all Clark-type oxygen sensors,
because they have an electrolyte phase behind the mem-
brane, but conventional calibration equations do not take this
into account. Around 20°C, the signal increases by 4.3% per
temperature degree increase for a large relative membrane
thickness (99.9%), while for a small relative membrane

thickness (0.1%), the signal increase is 4.0% per temperature
degree increase. Around 0°C, the signal increases by 3.3%
per temperature degree increase for a large relative mem-
brane thickness (99.9%), while for a small relative mem-
brane thickness (0.1%), the signal increase is 2.9% per tem-
perature degree increase. These values are in good
agreement with the values of 4-5% per degree reported by
Revsbech (1983) for cathode-type electrodes but are some-
what higher than the values of 0.5-1% of the signal per
degree reported by Oldham (1994). A large relative mem-
brane thickness results in a higher signal, an effect which is
even more pronounced at high temperatures (Fig. 3C).

Most microsensor tips do not have a truly cylindrical
shape. Commonly they are conical, and to account for this,
an alternative model was derived that takes this into account
(Fig. 4). The derivation of this model is more complex, using
three-dimensional diffusion in a cone (Crank 1983) instead
of linear diffusion in a cylinder. The final signal equation is,
however, strikingly simple:

Z, zZ. A\
e (m ’ W) - ©

In the special case r, = r, = r, (i.e., the sensor lip is cylin-
drical), Eq. 6 is identical to Eq. 5.

The oxygen concentration gradients through a model sen-
sor with a cylindrical construction are depicted in Fig. 1, and
a model sensor with a conical construction is depicted in
Fig. 4. The oxygen concentration gradients for the two sen-
sors differ, so despite identical openings (r,), the conical sen-
sor of Fig. 4 has a signal that is more than three times as
high as that of the cylindrical sensor in Fig. 1. The effects
illustrated in Fig. 3 are, however, still qualitatively valid.

The signals in picoamperes of 23 oxygen microsensors
constructed as described by Revsbech (1989a) were recorded
and compared to the modeled signals calculated by Egs. 5
and 6, respectively (Fig. 5). The measured signals varied by
a factor of 25, as some of the sensors were constructed spe-
cifically to give very high signals (i.e., a short internal dif-
fusion distance combined with a large opening) for valida-
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Fig. 4. The electrode tip for the conical model, and Eq. 6. The
physical dimensions, the external conditions, the resulting oxygen
concentration gradient through the sensor tip, and the signal are
indicated.

tion of the model. In contrast to the cylindrical model, Eq.
5, the conical model, Eq. 6, correlates well with the exper-
imental data (Fig. 5). The discrepancy between the cylindri-
cal model and the measured signals is most pronounced for
sensors with small signals. The physical explanation is that
sensors with small signals generally have a small opening
(2r,). The smaller the opening of the sensor, the more the
sensor tends to have a conical shape, resulting in an under-
estimation of the signal by the cylindrical model (Eq. 5).
The scatter in data in Fig. 5B is probably the result of dif-
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ferences in membrane permeability and of uncertainty in the
measured distances, specifically the internal diameters of the
sensors, where a minor error (a fraction of a micrometer)
can result in a major error in the modeled signal.

In order to further evaluate the predictions of Eq. 6, we
compared the theoretical signal to the experimental signal of
a sensor at different temperatures. The signal was recorded
with a microsensor with diffusion distances through a mem-
brane (Z,) and an electrolyte (Z,) of 7 and 43 um, respec-
tively. The membrane permeability was determined by a
one-point calibration and Eq. 6. Water in a test tube was
saturated with atmospheric air at 40°C. The tube was then
sealed with a gastight rubber stopper with a penetrating sen-
sor. The temperature was lowered in steps to 0°C, and the
readout was recorded after 30 min at each temperature in
order to let the water in the test tube reach thermal equilib-
rium (Fig. 6). The signal predicted by Eq. 6 agrees well with
the experimental values.

The exact calibration of oxygen sensors includes the cal-
culation of the oxygen signal, /, as the sensor output minus
the zero-current (i.e., the current running in an anoxic en-
vironment). The simplest determination of the zero-current
is accomplished by adding a little bit of sodium dithionite
to a water sample, which results in the instantaneous removal
of all oxygen. Most microsensors with a guard cathode (Rev-
sbech 1989a) have zero-currents from 0-2% of the signal in
air at laboratory temperature, but some have higher values,
which apparently are caused by conductivity and by reduc-
ible constituents in the glass (Revsbech pers. comm.). At
higher temperatures, the zero-current can contribute signifi-
cantly to the sensor output (Fig. 6B) and, thus, should always
be determined over the temperature interval intended for that
sensor.

Additionally, only a one-point calibration for determina-
tion of the membrane permeability from Eq. 6 is needed.
The oxygen concentration, C, outside the sensor can then be
calculated directly by rewriting Eq. 6 using Eq. 2:

Z Zz,
C=1-5|—=+—_\(®nr)". (7)
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Modeled signals of 23 oxygen microsensors versus experimentally obtained data. The

solid line corresponds to equality of the model and the experimental signals. The dashed line is the
best linear fit. (A) Cylindrical model. (B) Conical model.
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Fig. 6. (A) Temperature dependence of the oxygen signal at

constant oxygen concentration (points). Predicted oxygen signal
(solid line) as calculated by Eq. 6. (B) The zero-current of an ox-
ygen microsensor versus temperature. Data points are plotted, and
the fitted zero-current (0.4545 e 0 r = (.996) is shown as a
line. The zero-current of most microsensors is lower but can be
approximated by an exponential equation.

In stagnant water, a diffusion sphere will be established out-
side the sensor tip, resulting in a difference between the ox-
ygen concentration at the sensor tip (C, ) and in the ambient
water (C, ). This diffusion sphere can be eroded by turbu-
lence, thus resulting in a signal that varies with stirring. The
stirring sensitivity can be minimized by constructing the mi-
crosensors with a small opening radius r, and with a long
diffusion path (Z,, + Z,) to the reducing cathode. A trade-
off exists between low stirring sensitivity and short response
time. because the response time of sensors increases with
the diffusional path. Microsensors can, however, be con-
structed in such a way that a stirring sensitivity of <1% can
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Fig. 7. Oxygen concentration profiles in the water column off
Chile, measured at 36°36'5S, 73°00°6W (filled) and 36°25'9S,
73°23'4W in March, 1994. The profiles were measured by lowering
an oxygen microsensor mounted on the microsensor instrument Pro-
filur (Gundersen and Jgrgensen 1990) in steps of 5 m and subse-
quently recording the sensor readouts from the instrument. (B) En-
largement of (A). Points indicate the average value of 10 recordings
(SD < 0.5%) at each depth after calibration with Eq. 6. The line
indicates the fitted oxygen concentration profile.

be combined with a 90% response time of <1 s (Revsbech
1989a). Therefore, in most cases, the effect of the stirring is
negligible. In addition, the ambient water is never stagnant
during hydrographic use, which further decreases the differ-
ence between (C,,) and (C,). As a resull, no impeller or
pump is needed for water column measurements.

One of the advantages of our calibration equation is the
higher accuracy obtained in hydrographic measurements.
Specifically, measurements are now possible at very low ox-
ygen levels. One example is shown in Fig. 7, where water
column oxygen profiles measured off Concepcién, Chile, are
presented. Because of seasonal upwelling, the primary pro-
duction is very high, and intense mineralization of organic
matter in the water column results in anoxia below 25 and
40 m, respectively, at the two stations. Generally, the terms
“low oxygen level” or “*below 5 uM™ have been used for
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deeper waters in this area, because it is difficult to determine
these low oxygen concentrations precisely (Fossing et al.
1995). Furthermore, an exact calibration equation such as
Eq. 6 is needed when measurements are carried out in en-
vironments with high temporal or spatial variations of salin-
ity and/or temperature. Hydrostatic pressure also affects the
microsensor signal (Reimers 1987). The combined effect of
increasing fugacity (an equivalent to partial pressure) and
decreasing membrane permeability (resulting from compres-
sion of the membrane) is a near linear decrease to 80% of
the signal at 500 bar for a typical microsensor constructed
as described here. In this study, the effect of hydrostatic
pressure (40 m) is thus about 0.1% of the signal and is con-
sidered insignificant. In studies at greater depth, however,
hydrostatic pressure must be taken into account.

A more rugged design of the microelectrode has been de-
veloped for oxygen measurements in the water phase of ben-
thic chambers (Glud et al. 1995). The sensor has an outside
tip diameter of ~1 mm and is thus a minielectrode, but the
opening (2r,) through which oxygen enters the electrode is
very small (3-20 pum). Therefore, the advantages of a mi-
croelectrode are combined with a rugged structure. The ox-
ygen consumption of an oxygen electrode can be of impor-
tance when used in small incubation chambers. The oxygen
consumption of microelectrodes can be calculated as the sig-
nal divided by ®. Thus, a standard oxygen microsensor with
a signal of 79 pA (Fig. 1) consumes 1.7 10°* mM oxygen
per day, equivalent to the consumption of all the oxygen in
| ml of air-saturated seawater (20°C) in 36 yr.
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