a Uonseil Internationscl pour 1'Exploration T C.M, 1962

, de la Mer : Hydrographical Committee
TN No. 44

L 4

w%THUNEN

Anperometmc Recordlng‘ of the Vertical Distribution Digitalization sponsored
by Thinen-Institut

of Oxygen and hydroben Sulfide in Sea Water.

Fy
Klaus Grasshoff

Institut fur Meereskunde der Universitat Kiel

Surmarys The possibilities of the electrochemical oxygen determinction in sea water
are discussed in short. The principles of the polarographic (amperomctric) oxygen
reducticn at a plane platinum cathode which is covered with a cellophane and o plastic
foil are described, Precise construction detoils of a high pressure stable electrode
for recording oxygen tension dovm to 350 m are given. The diffusion current, the
temperature coefficient, the relaxaticn time of the electrode, the constency and the
reproducibility of the meosurements have teen studied by laboratory and field ex-
periments. The minimun lowering velocity is about 4m/h1n. The apparatus is also
highly sensible to hydrogen sulfide. The change from the oxygen to the hydrogen
sulfide diffusion currcent can be detected by the inversicen of the current. Some
exomples of the first use of the oxygen recorder in the Baltic are given.

The chemicnl oceanography has been forced to stand behind in the development of
the in situ measuring techniques beenuse the change of analytical data to treansmitt-
able signals is naturally more difficult than in physical oceanobraphy. To-day I
should like to submit first results concerning continuous recording in situ for
oxygen and hydrogen sulfide,

Basing on the amperometric method of CLARK (1953) for the determination of oxygen
in blood we tried to work out an instrument which allows to record the distribution
of dissolved oxygen in sea water even in greater depbhs. During the first tests of
our oxygen sonde in the Baltic it appeared that the instrument is also suiteble for
recording dissolved hydrogen sulfide,

The fundomental method for the determination of oxygen in sea water is even to-
dey the classic procedure of WINKLER (1888) with slight modifications. It is based
on the titrotion of iodine, which has been liberated proportionally to the content
of dissolved oxygen. The procedure is simple but réquires sampling and prepsration
of the somples., This, however, is time cowmsuming. To get reliable results specinl
coated Nansen bottles must be used for sumpling (CCOPER (1961)). 1In highly heterc-
genous and laminated wnter it is difficult to place the Nansen bottle so that it will
not close in a discontinuity. The precise observation of vertical profiles requires
sampling just ir the right but previously unlmown depths and this is in the most
cases impossible, eone01qlly in heavy weather.

It must be mentioned, that in consequence of the chonge in solubility of gas at
different pressures and tenperatures and cspecially at low oxygen contents systematic
errors may occur when pouring the vwater from the llansen btottle into the sample bottles,
which cannot be taken into account. Very small differences in the oxygen content
cannot be deternined by the Winkler method without difficultics.

It has long been tried to estimate the dissolved oxygen in water by electro-
chemical analysis. But none of the proposed metheds could be introduced in oceano-
graphy. The oxygen sonde of TODT (1933) and OHLE (1953) has proved to be useful in
limnologiecal rescarch but has some disadvantapge for use in oceanography. In sea water
the current of the inner electrolysis, which should be proportional to the tension of
the dissolved oxygen, is not stable. During measurement, trace metals, hydroxides,
and cabonates plate at the precious motal cathede and reduce the reactive surface. A
striking disadvantage of the oxygen sonde is the sensitivity to the movements of the
surrounding water or t@%@o ioring of the sonde. The diffusion controlled reduction
current is highly dependent on the diffusion layer at the elcetrode surface and therc-
forc on the turbulence of the water passing the sonde.
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The possibilities of the polarographic determination of dissolved oxygen with
the dropping mercury electrode have been known since long. Several methods for the
polarographic estimation of oxygen in sea wnter samples have been published, but they
are all limited to the laboratory as the dropping mercury electrede is very sensitive
to vibrations, To obtain reproducible results the drop frequency and the surfaces
of the drops must be absolutely constant. This cannot be attained on board a sea
going vessel.

FYN (1955) combined the advantage of the inner electrolysis with that of the
surface renewing mercury cathode! He propcsed a method for the in situ determination
of oxygen in sen weoter but in spite of the very simple construction of his apparatus
it could not be introduced in 211 kinds of oceanographic oxygen determinations. The
application of this amperometric method is limited to calm conditions at sea gg for
example in fjords.

The electrode arrangement of CLARK (1953) for the oxygen determination in blood
and sera differs markedly from the known oxygen electrodes, KANWISHER (1959) introduced
this electrode set up in the determinaticn of dissolved oxygen in water. The clectrode
compartment is separated from the sample by o thin plastic foil which covers a blank
platin cathode. A capillary layer of alksline electrolyte is enclosed between the
foil and the platinum surface to connect the silver anode with the cathode. Xanwisher
deseribes a simple electrode arrangenent, which is now commercially monufactured, ‘
suitable for laboratory cxperiments. The electrode has been used for the study of the
photosynthetic processes and respiration rates. The author even describes the applic-
ation in field experiments in shallow lake water,

For our oxygen sonde I aécepted the measuring principle of CLARK because I think
this to be the most promising one. In addition to CLARK and KANWINSHER four variations
hove been mnde:

1) The volume of electrolyte has been increased so that the changes of the alkaline
electrolyte composition, coused by carbon dioxide passing the foil, mny be neglected.

2) ZBvery part of the sonde is made of plastic to mnke it unbreakable even under rough
conditions. )

3) A thin cellophane foil is situated between the plastic foil nand the cathode surface
to mointanin a constant defined electrolyte leading layer at the cathode.

4) The pressure in the electrolyte comportuwent is completely bolonced to the woter
pressure at the respective depths. In addition, o thermistor is built into the scnde
to neasure the temperature together with the oxygen.

We had the opportunity to get an expensive polarograph for all our investigations.
It wns the model SELECTOR D of the ATLAS GmtH, Bremen., But I think that it is worth

oxygen is wonted,

Figure 1 shows a schematic section through an oxygen sonde. The pressure balance
is not plotted into this section. A record of the current voltage curve, ns shown in
figure 2, shows the function of the electrode best. Oxygen and all the other reducible
gases diffuse fron the surrounding medium through the thin plastic foil to the platinum
cathode, With no voltage applied, the oxygen tension ot the electrode surface is equal
to that in the outer compartment. If 2 small negative voltage, say 2 little more than
the decomposition voltage, is applied, the oxygen ot the cathode surface is reduced to
hydroxide ions according to equation:

0, +2H0+4 e = 4 OH (1)

As an intermcediate reduction product hydrogen peroxide occurs. The anodie process
is the solution of the anode metals )

4 Ag + & OH = 2 Ag,0 + 2 Hy0 + 4 e (2)
After FARADAY's law, the cathodic current is proportional to the quantity of re-
duced oxygen. With the beginning of the oxygen reduction, the oxygen tension immediate~
1y at the cathode surface decreases to a2 level which is balanced by the reduction and
diffusion rote of oxygen. With increasing voltage the current increases according to
the new balence tension of oxygen at the cathode surface. The lowest oxygen tension,
which is possible at the lectrode, is zero. Now 21l the oxygen molecules are reduced
at once when arriving at the cathode surface after diffusion through the foils. Thus
the current is only diffusion controlled. It attains a maximum value, the so-called
diffusion current. The current con only increase with increasing voltage, if the de-
composition voltage of a new reducible component present at the electrode is renched.



To exclude the influence of small cheonges in the polarizing voitage on the dif-
fusion current, the working voltage is adjusted in practical measurements to a volue
of about the half of the diffusion current plwteau. The diffusion current is now de-
seribed by the equationt

i
Iy (1) * n.F.s.D. dC/dx (3)

n: number of electrons per reduced molecule
F: Faraday constant

ss electrode surface

D: diffusion constant

dC/dx: concentration gradient

If the diffusion loyer is 11m1ted to the thin foils it is allowed to use an ap-
proximated equation:

I (1) = n.F.s.D. Co/d (4)

¢ concentraticn of oxygen in the bulk of the solution

0
¢ thickness of the foil.

c
d

This demond can easily be obtained by o minimum turbulence at the outside of the
foil., Field experiments showed that a water stream of about 2nyhinute is sufficient,
Higher velocity is of no influence on the diffusion current. At constant temperature
in the oxygen sonde all the other figures from equation (4) are constant - except the
concentration of the oxygen in the solution surrounding the electrods., Thus, the dif-
fusion current is directly proportionnl to the oxygen tension.

Diffusicn tokes time. Therefore it is quite clear, that due to o change of oxygen
tension in the soluticn, a certain delay appears in the "answer" of the diffusicn
current In our oxygen sonde we succeeded to cut dovm the deley to 4 seconds for o
90% response ond 14 seconds for o 99% response to the change of the oxygen tension in
the solution. This means 2 local delay of 23 em for a 90% correct answer due to an
abrupt change in the oxygen content with the slowest lowering velocity of the sonde.

I think this is sufficient for most purposes, especinlly having in mind thot very
abrupt changes do not appear in noture.

As yet it hos not been taken into consideration that every diffusion controlled
reaction also depends on the temperature, It is striking, that the temperature coef-
ficient is higher at a folil covercd electrode than it is in normal polarography of
oxygen., Therefore the temperature coefficient must be determined with high accuracy.
The temperature relation of the diffusion current at constant oxygen content of the
water is shown in figure 4. Ve made these measurements in o laboratory arrangement
which is shown in figure 3, We tried to construct a direet electrical correctien for
the temperature coefficient, bubt unfortunately there is no sufficient NTC - resistance
available., I hope that it will be possible to construct o built-in temperature
compensation in future. In the same apparatus we made also the cther laboratory invesh-
igntions, as calibraotion, proof of lincarity, drift of the electrode, determination of
the delay time etc., The necessary turbulence at the surface of the foil is obtaincd
by o small woater stream blowing agoinst the foil, The results of the laboratory
studies are ns follows: The reproducibility of the wvalues is better than C. 3%,
Sensitivity of the sonde to changes in the oxygen tension is much higher than it con
be obtained by the WINKLER proccdure. For & change of 0,1 ml Oz/ﬁ it is possible to
get the full seale deflection of 20 cm. We found no deviation from linearity of all
calibration curves, reduced to a standard temperature by the correction factor, ‘hlch
is given in table 1. The drift of the clectrode within five days is below O. 75% ns
can be seen from table 2.

Calibration of the slectrode con be made either by comparison with the oxygen
value determinated by the WINKLER procedure or, if the sufficient function of the
electrode has been established, by deternination of the diffusion current of air
saturated water. Only one accurate valuc is sufficient to get the slope of the
calibration curve which normally goes through the zero point., The oxygen content can
now be calculated from the equation:

Co = (Csat./ isat.) 1q (5)

As nmentioned above, the diffusion layer is a paremeter in the equatien for the
diffusicn current., Therefore it nust not be influenced by the pressure in the sur-

rounding sclution. This demands the construction of 2 pressure balanced oxygen sonde,
+hhAa A~ tArn AP vhiech S« chatvy 3 Fictire O . _




This pressure balonce werked well down to 350 m., Records of oxygen polarograms
at 200 n showed no difference to that obtained at the surface. In greater depths,
the inlet of the cable became untight. In an improved construction of the sonde we
shnll elininate this infirm detail by application of pressure prove underwsber plugs,
A normal 3-core lamp cable was token to connect the sonde with the recorder. The
sonde was lowered with the hydrographic winch,

All construction details, the description of preparation and calibration will be
published in the next number of volume 18 of the "Kieler liceresforschungen”.

Field experiments with the oxygen sonde in the Baltic showed that it is possible
to record hydrogen sulfide tension with very high sensitivity as well as oxygen.

‘ Hydrogen sulfide cannot be reduced but ornly oxidized. The hydrogen sulfide molecules

i which diffuse through the foil into the electrolyte dissociate into sulfide ions and

1 hydrogen ions, which react with the alkaline electrolyte to water, Sulfide ions will
| possibly be oxidized to sulfate icns. The current record will pass the galvanometer
zero line when the oxygen content in the woter changes to hydrogen sulfide. Therefore
o confusion between oxygen and hydrogen sulfide current is impossible.

The fact that it is possible now to determine and to record hydrogen sulfide in
situ is very valuable becouse the cstimation of small concentrations of hydrogen
sulfide, as appear in the deep layers of the Baltic, is difficult not only with the
sampling technique but even with the analytical procedure by the only possible
methylene blue method.

. That possibilities arce there for application of an in situ record of dissolved
oxygen in sea vater for proctical use in fishery resecarch ? The complicated hydro-
graphic situation in the Baltic leads to & large aperiodical change of the oxygen ccn-
tent of the deep water. Temporary hydrographic situaticns appear with nearly complete
oxygen consunpticn in certain layers. This is for example the case in the most parts
of the Baltic basins below 90-100 meters., At the moment we will find hydrogen sulfide
in these regions. The only refreshing of the water vhich is poor in oxygen comes
fron the Worth Sea over the Darss Rise and from there over the following rise frem the
Arconn Basin into the Bornholm and Gotland Basins. In most cases the influx of the
oxygen rich haline water is not sufficient to effect a sufficient rencwal of the old
decp vater layers. It cannot be predicted over o long period how cnoxic situations will
develop. If anoxic conditicns last over o long time this will hove devastating con-
sequences for all life in the vmter ard cn the bottom.

As shown by experience fish avoid water with an oxygen content of below 3 ml per
liter. Therefore fishing in such eress will not be successful. On the other hand
there are very good conditions for a growth cf life according to the large offer of
nutrients whon the oxygen level rises. The use of the oxygen sonde makes it possible
to locate oxygen poor vater rapidly, to find its frontiers, to follow the refreshing

‘ process and by this to determine a2 striking facter for the migration of fish,

We used the cxygen sonde in the Skagerrak, Kattegat and the Inner Baltic., Two
records, one frecm the Bornholm Basin (figurc 6) the other from the Gotlend Basin
(figure 7) maoy show scme of the results we got this swwmer. The small peaks on the
records belong to the depth marks from a contoct meter wheel, By this a resistonce
of 5 megohms is connected in series to the sonde every meter or, if wanted, cvery 5
or 10 meter. The Gotland record shows hydrogen sulfide below the 84 meter level,

In fubure we shall try to develop the first model of the oxygen scnde to get an
automatic compensation of the temperature effect, and for application in cceanic
depths,
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Table 1: Determination of the Temperature Correction Fnetor

T (°c). b 4/nl O, F, (20°C)
0 0.760 3.96
1 0.823 3.65
2 0.892 3,32
3 0.970 5.09
4 1,043 2.88
5 1.115 2.73
6 1.198 2.50
7 1.273 2.33
8 1,377 2.18
9 1.475 2.03

10 - 1.578 1.900

11 1.682 1.785

12 1.800 1.665

13 1,951 1.555

14 2,070 1,450

15 2.212 1.385

[ ) 16 £.350 1.276

17 2,498 1.200

18 . 2.658 1.127

19 2.825 1.061

20 5.000 1.000

21 3.185 0.943

22 5.393 0.885

23 5.620 0.829

24 5.850 0.779

25 4,805 0.734

26 4.320 0.694

27 4.565 0.658

28 4,810 0.623

Table 2: Determinntion of the Drift

T (n) g & (corr.) Drift in %
14.67 Z0.00
14.68 + 0,07
14.67 t 0.00
14.62 - 0.34
14,60 - 0.48
124.62 - 0.34
14.68 + 0.07
14.72 + 0.34
14.68 + 0.07
14.72 + 0.34
14.60 - 0.48

14.79 + 0,75
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Figure 4. Relation between diffusion current and temperature.
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Figure 6. Oxygen record in the Bornholm Deep.
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Figure 7: Oxygen Record in the Gotland Deep.



