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A simple polarographic method for direct measurement of surface
active constituents of seawater was used to investigate the effect
of variable levels of dissolved surfactants on the detection of at-
tachment signals of surface active particles at the artificial inter-
face.

A mixture of dextran solutions and dispersion of insoluble squalene
droplets simulates electrochemical signals in natural samples and
allows prediction of the behaviour of natural organic particles.
For the same distribution of particles in the aqueous dispersion, at-
tachment signals frequency decreases exponentially with an in-
creasing bulk concentration of dissolved molecules. Attachment
rate of particles at the dropping mercury electrode (DME) depends
on the extent of surface coverage with adsorbed molecules (6). At
full coverage of the electrode, no particle attachment signals can
be detected.

The actual distribution of surface active particles can be deter-
mined by direct measurement of attachment signals when 6 < 0.5,
which is the case of the majority of seawater samples. For 6 > 0.5,
dilution with organic free electrolyte and/or sampling within the
initial part of the DME life-time should be used.

INTRODUCTION

In one of his seminal papers,’2 Branica with coworkers proposed a sim-
ple polarographic method for direct measurement of the surfactant activity
of seawater samples. The method is based on suppression of the polaro-
graphic maximum of dissolved oxygen®#* by adsorption of organic constitu-

* Dedicated to Marko Branica on the occasion of his 65™ birthday.
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ents of seawater at the DME/seawater interface. The surfactant activity of
seawater was expressed as the equivalent amount of nonionic synthetic sur-
factant, Triton-X-100 (M = 600). Dilution of seawater to ionic strength 0.1 M
amplifies the signal.5® The procedure has later been modified to include ad-
dition of Hg(I) to seawater samples prior to the measurement in order to
enhance the polarographic maximum current without dilution.%10

Hunter and Liss,"! have empirically established a relationship between
the surfactant activity and the dissolved organic carbon (DOC) of seawater:

surfactant activity (mg/L) = 1.3 DOC (mg/L).

Thus, the electrochemical approach seemed to the offer an alternative to
measurement of dissolved organic matter as DOC, which itself has recently
become a rather controversial issue.l?

Upon more extensive application to various locations in the Adriatic and
Mediterranean seas,”!3-1¢ it was observed that polarograms in samples of
productive and polluted coastal sea and sea-surface microlayer were occa-
sionally strongly perturbed by irregular oscillations. This revealed a new in-
terfacial phenomenon — attachment signals of surface active particles.1417-19

In this way, surface active particles have been identified as a new class of
organic constituents of seawater. Their size was in the um range (0.4-10 pm),
maximum concentration was estimated to reach up to 5 x 10%/mL in produc-
tive surface waters and in the sea surface microlayer.'® They are fluid or
flexible, since they behave like liquid droplets. They are highly reactivel42°
and gradually disappear with the aging of samples. Measurements at the
freshwater/seawater interface revealed a continuous transformation of bio-
genic dissolved organic matter into surface active particles.}4192! Surface ac-
tive particles seem to be ubiquitous, since they were also detected in fresh
seawater samples taken at different depths in the Pacific.22 There is now
expanding evidence on the continuum in the size distribution of organic
matter in the sea?®28 and a need to quantify its spatial and temporal het-
erogeneity.?%-30 The electrochemical approach, though a priori lacking mo-
lecular specificity, might sense the organic matter field at a microscale.

As adsorption of dissolved organic molecules at the mercury/seawater in-
terface results in gradual and highly reproducible decrease of the po-
larographic maximum, the collision and the attachment of fluid or flexible
organic particles to the interface results in distinct signals in polarograms,
i.e. in sharp perturbations of variable amplitudes and frequencies.!® For a
more detailed analysis of attachment signals, a chronoamperometric mode
(current-time curves at constant potential in the polarographic maximum re-
gion) was more appropriate. Each perturbation was found to correspond to
the attachment and spreading of a single surface active particle, while a de-
crease of the current at the end of perturbation reflects the contact area af-
ter the attachment.
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In model systems with organic droplets or living cells, which were not
accompanied by any significant level of dissolved surfactants, the mean fre-
quency of the attachment signals was found to be a linear function of par-
ticle concentration.!* However, in natural seawater, the organic surface ac-
tive particles are present together with variable amounts of dissolved
surface active molecules.

In this paper, we shall use a model system to investigate the effect of
increasing levels of dissolved surfactants upon detection of attachment sig-
nals of surface active particles. This is particularly relevant to bloom con-
ditions, marine snow and laboratory cultures of marine microorganisms. We
shall return to the original measurement procedure! (dilution of seawater
to the ionic strength of 0.1), without addition of Hg(II), which is more ap-
propriate for natural systems if we wish to keep the microorganisms alive.3!

EXPERIMENTAL

Preparation of Dispersions

All solutions and dispersions were prepared in a 0.1 M NaCl aqueous solution
containing 5 x 10~3 M NaHCOj3 to maintain the pH at 8.4. Aqueous stock dispersion
of squalene (2,6,10,15,19,23-hexamethyl-2,6,10,14,18,22-tetracosahexaene) was pre-
pared by shaking (for 1 hour) 50 uL of squalene in 250 mL of 0.1 M NaCl solution.
The level of polydispersity was characterized by Coulter-Counter measurements (an
example in Figure 1). The size distribution of organic droplets was fairly reproduc-
ible for independent preparations and it remained virtually unchanged over a period
of 20 min, which was sufficient to run the electrochemical experiment. Only freshly
prepared dispersions were used. Addition of dextran (M = 70,000, Serva) solution did
not influence the size distribution of squalene droplets in the dispersion.
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Figure 1. Polydispersity level of squalene dispersion (¢ = 3.6 pL/L) in aqueous solu-
tion of 0.1 M NaCl, as measured by Coulter-Counter, 70-um orifice counting tube.
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Figure 2. Periodic change of surface area of the DME (flow rate 6.0 mg/s, drop life-
time 2.08 s).

Commercial chemicals of highest purity were used throughout. Water
was Millipore-MilliQ and precautions were made to avoid organic contami-
nation.

Electrochemical Measurement

The DME had a flow rate of 6.1 mg/s, drop time of 2.08 s (at —0.4 V ) and maxi-
mum surface area of 4.7 mm?2 (Figure 2). All potentials are referred to an Ag/AgCl
(0.1 N NaCl) reference electrode which was separated from the measured dispersion
by a ceramic frit. Its potential was + 2 mV vs. calomel electrode (1 N KCl).

The electrochemical measurements were performed with a PAR 174A Po-
larographic Analyser. The polarograms were recorded using a 70045 Hewlett-
Packard x-y recorder. The. current-time curves at a constant potential were recorded
with a time resolution of 50-200 ps per point and stored using a Nicolet 3091 digital
oscilloscope connected to a PC computer.

All measurements were performed in 25 mL volumes of dispersions saturated
with air and termostated at 20 + 1 °C. The oxygen reduction polarograms were re-

corded at a scan rate of 10 mV/s, and the current-time curves at constant potential
of —400 mV.

RESULTS AND DISCUSSION

Squalene droplets were selected as model particles since they yield well
pronounced attachment signals in a broad potential range at positively as
well as at negatively charged mercury electrodes.?? Attachment signals for
the majority of natural particles were also found to appear in a broad range
of potentials, although particular dependence on their type was also ob-
served.? Dispersion of droplets in the size range >1 pm of about 10¢/mL
was obtained for dispersions of 20 pL of squalene per litre of aqueous elec-
trolyte solution. Dextran was chosen as a model for dissolved organic matter
since it is adsorbed in a broad range of potentials with suppression of the
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polarographic maximum of oxygen comparable to natural seawater samples.
Aqueous solution of 0.1 M NaCl with addition of 5 x 10 M NaHCO, to
maintain the natural pH of seawater was used throughout. At this ionic
strength, the amplitude of polarographic maximum is higher than at ionic
strengths of seawater and the attachment signals are better pronounced.34

Figure 3A shows a polarogram of oxygen reduction in the presence of
10 mg/L dextran. The polarogram is perfectly regular, and highly reproducible.
Its form indicates adsorption of dissolved organic molecules in the potential
range from —0.125 to —1.8 V. Such polarograms are typical of seawater sam-
ples with the concentration of surface active particles N < 5 x 103/mL. A po-
larogram of oxygen reduction in the mixture of 10 mg/L dextran and disper-
sion of 20 pL/L squalene is shown in Figure 3B. Irregular perturbations are
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Figure 3. Polarograms (actual recordings) of oxygen reduction in 0.1 M NaCl + 5 x
x 10 M NaHCOg solution, in the presence of a) 10 mg/L dextran, b) 10 mg/L
dextran + 20 pL/L squalene, ¢) 60 mg/L dextran + 20 uL/L squalene.
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caused by attachment signals of squalene droplets. They appeared only in
the potential range from —0.15 to —0.99 V. By increasing the concentration
of dextran (Figure 3C), polarographic maximum is almost completely sup-
pressed and the intensity of perturbations is significally reduced, both in
terms of amplitude and frequency, although the particle concentration is the
same as in Figure 3B.

To get a better insight into this behaviour, current-time curves were re-
corded on consecutive drops at various constant potentials with high time
resolution. The effects of dextran molecules adsorption and squalene drop-
lets attachment are most pronounced at —400 mV.

Current-time curves (I-¢ curves) for oxygen reduction in solutions con-
taining 10 and 60 mg/L dextran are shown in Figure 4. For solutions with
no dextran added, the shape of the I-¢ curves reflects zero coverage of the
electrode surface (6 =0). The oxygen reduction current has a maximum
value at 6 =0, and it decreases with increasing dextran concentration. In
the presence of 10 mg/L dextran (curve 1), suppression of oxygen reduction
current gradually increases towards the end of the drop life of the DME in
a consistently reproducible way. At dextran concentration of 60 mg/L, the
current is further suppressed and at 1.3 seconds, ¢,, it reaches the diffusion
limited value, iy, which corresponds to the full coverage of the electrode sur-
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Figure 4. I-t curves for oxygen reduction at —400 mV for three consecutive mercury
drops for solutions of 0.1 M NaCl + 5 x 103 M NaHCOj3 + various concentrations of
dextran (mg/L): 10 (curve 1); 60 (curve 2); 300 (0 = 1, full surface coverage); no dextran
added (6 = 0, free surface). The insert shows dependence of time, ¢, when 6 =1, on
dextran concentration.
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Figure 5. I-t curves for oxygen reduction in the dextran solution of 10 mg/L containing
20 pL/L squalene dispersion.

face with dextran molecules 6 ~ 1. In dextran solution of 300 mg/L, the cur-
rent is totally suppressed to iy during the whole drop life-time (¢, = 0).

Randomly selected I-¢ curves of solutions containing 10 mg/L dextran
and squalene droplets are shown in Figure 5. Irregular perturbations of
variable amplitude and frequency indicate a stochastic process correspond-
ing to random collisions, with and subsequent attachment of droplets of
variable sizes to the mercury interface. For a heterodispersion system, each
I-t curve is unique and reflects the distribution of particles and molecules
around the electrochemical probe at a given time interval. I-¢ curves contain
a number of spikes of variable amplitude and frequency of appearance. The
higher spikes are followed by a decrease of the base-line current which cor-
responds to a measurable increase in the surface coverage, A®, due to the
spreading of the particle at the electrode. It has been proved earlier!314:20
that with this experimental set-up, the amplitudes of attachment signals for
small droplets, < 0.4 um, are within the instrumental noise level.

When a series of I-t curves on 50 subsequent mercury drops were ana-
lyzed, the mean number of perturbations, Np = 5.2, was obtained. It is im-
portant to note that perturbations appeared over the whole drop life-time.

With increasing the dextran concentration to 60 mg/L, a significant over-
all decrease of the current is observed (Figure 6). In the two first I-¢ curves
maximum suppression is achieved at ¢, = 1.3 s, which is the same as in dex-
tran solution without squalene (curve 2 in Figure 4). In the third curve, the
full coverage of the electrode is achieved already at ¢, = 0.7 s due to attach-
ment of a large squalene droplet. Attachment signals appear only in the be-
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ginning of the drop life-time, at times ¢ < ¢, and with a comparable frequency
to that in Figure 5. At times ¢ > ¢,, when full coverage of the electrode is
achieved, not a single attachment signal could be detected in a large number
of I-¢ curves (> 50) recorded.

CURRENT (pA)
5]

0 2 4 6
TIME (s)

Figure 6. I-t curves for oxygen reduction in the dextran solution of 60 mg/L with 20 pL/L
squalene dispersion.

There are two alternative interpretations for the disappearance of at-
tachment signals for an electrode surface fully covered with adsorbed dex-
tran molecules:

(1) squalene droplets have no affinity for the dextran covered mercury
surface because its interfacial tension drops below the critical value for wet-
ting by squalene;33

(2) squalene droplets attach to the dextran covered mercury electrode,
but there is no measurable electrical response, since there is no net displace-
ment of double layer charge or net increase of the surface coverage.

Microscopic observations at a mercury pool electrode®® support this sec-
ond scenario.

Dependence of the attachment signal frequency on dextran concentration
is given in Figure 7. The range of perturbation frequencies, Np, is determined
from 50 subsequent I-¢ curves. The mean frequency, Np exponentially de-
creases with increasing the dextran concentration and drops to zero for a so-
lution of 300 mg/L dextran. At this dextran concentration ¢, = 0, meaning that
full coverage by dextran molecules is maintained during the whole drop life-
-time. In Figure 8A, the mean perturbation frequency is plotted as a function
of the average surface coverage of the mercury drop electrode by dextran
molecules, as evaluated directly from the polarogram. An interesting linear
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Figure 7. Dependence of the perturbation frequency, Np for solutions containing 20 uL/L
squalene dispersion on concentration of dissolved dextran.

relationship is obtained when the mean perturbation frequency (Np) is plot-
ted against the duration of the mercury electrode drop life- time before the
electrode is fully covered with adsorbed dextran molecules, ¢, (Figure 4).
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Figure 8A. Relationship between the mean perturbation frequency (Np) and the sur-
face coverage of the mercury electrode by dextran. The average surface coverage
(6av.) during the drop life-time was determined from the suppression of the polaro-
graphic maxima at —400 mV.

Figure 8B. The effect of ¢, on the mean perturbation frequency, Np for 20 pL/L squa-
lene dispersion in solutions with increasing dextran concentrations.
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CONCLUSIONS

The electrochemical response of a mixture of dextran solutions and dis-
persion of insoluble squalene droplets simulates electrochemical signals for
natural samples, allowing predictions on the bahaviour of surface active par-
ticles.

The following methodological implications of the experimental findings:

1. higher levels of dissolved organic constituents mask the electrochemi-
cal response of surface active particles by decreasing the number of attach-
ment signals;

2. electrochemical counting of surface active particles cannot be applied
directly to samples with increased levels of dissolved organic matter, such
as samples of marine snow or samples from phytoplankton bloom areas (Fig-
ure 8A);

3. direct measurements should be made only during the initial part of
the DME life-time, when ¢ < ¢, (Figure 8B). Dilution of samples with organic-
free electrolyte is an alternative;

should be considered in the electrochemical analysis of organic particles in
natural samples.
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SAZETAK
Polarografija morskih estica: modelno istraZivanje
Nadica Ivoevié i Vera Zutié

Polarografska metoda za izravno mjerenje povrsinske aktivnosti uzoraka morske
vode primijenjena je za mjerenje utjecaja adsorpcije otopljenih organskih molekula
na detekciju odziva povrSinski aktivnih &estica na medupovrsini Zivina elektroda/
morska voda. Smjesom otopine dekstrana i disperzije kapljica skvalena simulirani
su odzivi u prirodnim uzorcima i predvideno ponasanje prirodnih organskih &estica
u moru.

Za jednaku raspodjelu Cestica u vodenoj otopini elektrolita, uéestalost signala
prianjanja eksponencijalno opada porastom koncentracije otopljenih molekula.
Ucestalost prianjanja estica na kapajuéoj Zivinoj elektrodi (KZE) ovisi o stupnju po-
krivenosti Zivine povrsine adsorbiranim molekulama (). Kod potpune pokrivenosti
nestaju signali prianjanja.

Stvarna volumna raspodjela povrginski aktivnih &estica moze se odrediti direkt-
nim mjerenjem signala prianjanja kada je ® < 0.5, $to je sluéaj u veéine uzoraka
morske vode. Za slu¢aj © 2 0.5, potrebno je razrjedivanuje uzorka otopinom elektro-
lita ili analiza odziva iskljudivo na podetku vremena %ivota KZE.
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