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Abstract

The spreading properties of several hydrocarbons (vegetable, engine, gear and
crude oils) on distilled and artificial sea water were determined under laboratory
conditions using a novel optical method. With the aid of Langmuir’s equation,
the geometrical signatures of a discrete lens of each hydrocarbon droplet floating
on a water tank served to calculate the entering F (31.30-94.18 mN m™!) and
spreading S (—3.50 to —57.49 mN m~!) coefficients, and equilibrium thicknesses
too (0.20-1.25 cm). They appeared to be in agreement with the values derived
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from direct interfacial tension measurements (Wilhelmy plate and stalagmometer
methods). Empirical relations of the normalized lens radius rr,/rarop and S on
the water surface tension yaw were postulated as being of significant value in oil
spill assessment studies at sea. The parameters obtained together with the surface
properties of a natural surfactant-containing water body represent the principal
input data required for modelling the spreading of a surface-tension-gradient-driven
oil spill at sea.

1. Introduction

Both natural and pollutant (including oil discharge) films modify the
physics and chemistry of the sea surface in ways detectable by various
remote sensing systems (Clark 1993). At present, it is not possible to
determine the location, extent, thickness and type of oil pollutant using
just one single sensor system. The hypothesis presented here could lead to
a practical, optical surveillance system for polluted sea areas applicable
(after technical modifications) for continuous in situ monitoring of the
inherent spreading signatures of oil spills at sea. Moreover, such surface
spreading properties constitute the requisite input data for modelling the
kinetics of oil spill spreading (Sebastiao & Guedes Soares 2006). Whereas,
in general, the spreading of large oil masses is driven chiefly by gravity, the
morphology of the slick near its leading edge and over the entire covered area
in the terminal stages of spreading is strongly affected by surface tension
forces (Camp & Berg 1987). The surface properties (in particular, surface
and interfacial tensions) of the water body itself are of key importance.
Such information is crucial for determining actual or potential pollution
pathways. The microlayer surfactants present in sea water (unlike artificial
sea water) originate from several sources — petroleum, biological activity of
plankton, terrestrial material or atmospheric precipitation (Hunter & Liss
1981) — and can affect the way oil spreads on water. In addition, the presence
of surfactants in both the aqueous and oil (Bauget et al. 2001) phases can
lead to interfacial tension gradients giving rise to Marangoni stresses that
could also initiate and drive the spreading process (Craster & Matar 2006).

An understanding of the structure of liquids adjacent to other sur-
faces, and of how surface wettability is governed by interfacial forces or
phenomena, is important in many technological, industrial, chemical and
biological situations (Adamson & Gast 1997). In this paper we review
recent experimental progress, provide a conceptual framework within which
the majority of the spreading experiments can be understood and evaluated,
and point out discrepancies between experiment and theory.

Oil entering and spreading at an air/water interface is of practical
relevance to a wide range of industrial applications, from antifoaming action
to the structural evaluation of crude oil spills at sea in oceanographic
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studies. Once a droplet has entered the air/water interface, spreading may
occur (Law 2001). The driving force for oil spreading is the balance of
interfacial tensions «y at the air (A) — water (W) — oil (O) phase boundary.
Complete wetting of the air/water interface by oil takes place when the
spreading coefficient, S = yaw — Yow — 7Yoa, IS zero or positive, partial
wetting when S is negative (Robinson & Woods 1948). Many food-grade
and vegetable oils have S < 0 on clean water, whereas the less polar higher
alkanes and crude oil derivatives often have S < 0 (Hotrum et al. 2005).
In the latter case, the oil forms a lens of a particular equilibrium thickness
too and is said to partially wet the air/water interface. However, what is
still needed is a better understanding of the surface activity of asphaltenes
and resins — the main surface-active components of crude oil affecting the
interfacial tension yaw and yow (Bauget et al. 2001). In the presence
of an adsorbed surface-active film at the water surface, as often observed
in polluted natural waters, yaw may be lowered sufficiently to bring S to
negative values (Hotrum et al. 2002). It is important to note that the
wetting transition refers exclusively to the initiation of the lens-to-uniform
oil layer structural transition and coincides with the threshold yaw required
for S = 0. The entering and spreading of oil droplets at quiescent air/water
interfaces was studied in a water tank, where an optical method was adopted
to assess the geometry of the lens shape. The thickness of a discrete lens of
each hydrocarbon sample floating on a stagnant water pool was measured
and used to calculate the spreading coefficient of the hydrocarbon, since the
magnitude of S is proportional to the square of the thickness according to
Langmuir’s capillarity theory (Takii & Mori 1993, Akatsuka et al. 1995,
Adamson & Gast 1997).

Generally, the magnitude of S is much smaller than the surface and
interfacial tensions; hence, reasonable accuracy was not really expected
in calculating S, as derived here from supplementary direct interfacial
tension evaluations of yaw, voa and Yow (stalagmometer-drop method),
for comparison. The aim of the laboratory experiments was threefold.
The entering and spreading properties of several hydrocarbons (vegetable,
paraffin, olive, sunflower, engine and gear oils, pure higher alkanes and
crude oils) on distilled water, as well as artificial and natural sea water
were examined. A functional dependence of the normalized lens radius
I'L/Tdrop and S on yaw was obtained from the geometrical signatures of
photographed lenses (thickness, radius and interfacial contact angles) over
a wide range of yaw (varied by dissolving a surface active agent in the
aqueous phase) starting from the threshold value. Finally, the spreading
coefficients determined from the measurement of a circular, large-diameter
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lens of uniform thickness and from the theoretically predicted equation for
an infinitely large lens were compared to the data obtained from direct
interfacial tension measurements. The temperature and lens-aging effects
on the spreading properties of a wide group of crude oil derivatives on
natural waters remain to be explored in further field studies.

2. Theoretical background

Thermodynamically, three conformations may arise for an oil droplet
at an air/water interface. Robinson & Woods (1948) derived an entering
coefficient E which predicts whether a droplet will enter the air/water
interface or remain submerged in the water phase. It is given by

E = vyaw + Yow + 704, (1)

where ~ is the interfacial tension, and the subscripts W, A, and O refer
to water, air and oil, respectively. The entering of an oil droplet occurs
when F > 0. It is important to understand that entering is the precursor
to spreading. In the classical spreading theory, entering is predicted from
equilibrium thermodynamics (Robinson & Woods 1948). Moreover, it has
been shown that entering is influenced by the kinetic aspect of the rupturing
of the thin film separating the oil droplet from the air/water interface
(Bergeron et al. 1993, Lobo & Wasan 1993). Owing to their coherent nature,
protein films can effectively inhibit droplet entering by lending mechanical
stability to the thin film (Hotrum et al. 2002, Hotrum et al. 2003). Once
entered, a droplet may either form a lens or spread out into a film covering
the air/water interface.

The tendency of an oil droplet to spread at an air/water interface is
predicted by the spreading coefficient S defined by Harkins & Feldman
(1922) as

S = YAW — YoW — YOA. (2)
When S is positive, oil spreads. Triglyceride oils with medium to long-
chain fatty acids, such as soybean, or liquid butter oil, have S > 0, and
can, therefore, spread at a clean air/water interface (Harkins & Feldman
1922, Schokker et al. 2002, Hotrum et al. 2004, 2005). Oil spreading is
inhibited if yaw (= the threshold value) becomes so low that the condition
YAW > Yow + 7Y0A is no longer satisfied, for example, due to the presence
of an adsorbed protein layer (Harkins & Feldman 1922).

However, the three conformations can be predicted based on the balance
of interfacial tensions for the initial system (i.e. before the oil droplet comes
into contact with the air/water interface): they are £ < 0, S <0 < E, and
S > 0, respectively. When F < 0 the droplet remains wetted by the aqueous
phase and submerged under the air/water interface. For the condition
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Fig. 1. A stationary oil lens on an air/water interface showing the relevant
interfacial tensions and contact angles (o and (3); « is the surface tension and
the subscripts A, O, and W refer to air, oil, and water, respectively; to, is the
equilibrium lens thickness

S < 0 < E, the oil droplet enters the air/water interface and forms a lens.
The radius of the lens increases with increasing yaw until the condition
S =0 is reached. When S > 0 a spread oil film will be formed replacing the
air /water interface with an oil/water interface (see Fig. 1 in Hotrum et al.
(2002)).

For a stationary oil lens at the air/water interface, the contact angles
a and [, the relevant interfacial tensions and its geometric signatures (lens
radius r, and equilibrium thickness to,) are shown diagrammatically in
Figure 1.

The assumptions that gravitational effects and line tension could be
neglected were made in the calculation of the lens radius ry. They
are satisfied when the periphery of the surface is at a distance from
the lens periphery of more than several times the capillary length L¢
= (2vaw/pwg)'/?, where pw is the mass density of water, and g the
acceleration due to gravity.

Resolving the Neumann triangle of interfacial forces (Fig. 1) horizontally
at the three-phase contact line yields

VAW = YOW COS & + YoACOs[3. (3)

From eq. (3) it follows that the angles o and [ are given by (Pujado
& Scriven 1972, Retter & Vollhardt 1993, Aveyard & Clint 1997)

Yaw + 1dw — 70

cosa = , 4
270w YwWA 4)
2 2 .2
cos3 = JAW T 0A T VoW (5)
270AYWA

The total volume of the drop before entering Vgrop = 47rr(3ir0p /3
= V1 4+ Vo, where V; and V, are the respective volumes of the upper and
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lower lens caps (depicted in Fig. 1). From geometry, V; and Vg are given
by (Retter & Vollhardt 1993, Aveyard & Clint 1997)

w3 3
1= 3503 (cos® — 3cosf + 2), (6)
73 3
Vg = ——5—(cos”a — 3cosar + 2). (7)
3sin®«

Thus, when Vg,op and the respective interfacial tensions are known, 11, can
be calculated and referred to the drop radius rq;op to obtain the normalized
lens radius 1y, /Tdrop-

Any hydrocarbon with negative S and a density lower than that of water
relaxes to form a circular, biconvex lens if it is fed onto a water surface
at a fixed location far from the periphery of the surface, such that it is
practically independent of either the geometry of the periphery itself or the
water meniscus possibly forming at the periphery.

The major difficulty in determining the values of S lies in the fact
that their magnitudes are much smaller than those of the surface and
the interfacial tensions. Thus, S can never be determined with sufficient
confidence from individual experimental data on yaw, yoa and yow (Takii
& Mori 1993).

The recommended method for determining S is to measure the almost
uniform thickness, too, of a circular, large-diameter lens of a hydrocarbon
liquid floating on the surface of a quiescent water pool and then to calculate
S with the aid of Langmuir’s force-balance equation for an infinitely large

lens (Adamson & Gast 1997)

1 PO) 2
S == (1—— t2., 8
5 o POE (8)

where po denotes the mass density of the hydrocarbon, and t., is the
thickness of an infinitely large lens. For many hydrocarbons, the spreading
coefficient is found to increase asymptotically towards zero with increasing
temperature (Akatsuka et al. 1995).

3. Experimental methodology
3.1. Materials

Twice-distilled water and artificial sea water were used as the substrates
for the hydrocarbon lenses. Artificial sea water was prepared as a solution of
0.56 M NaCl, 0.05 M MgSO4 x 7TH0O and 0.01 M CaCly x H2O. The pH of
the solution was adjusted to pH 8.4 by the addition of 0.1 M HCI] or NaOH.
Natural sea water samples were collected in shallow coastal waters of the



Hydrocarbons on sea water: steady-state spreading signatures ... 419

Baltic Sea. The sampling site locations are shown in Figure 1 in Pogorzelski
& Kogut (2003). The hydrocarbons used in the model studies represent
different classes of crude oil products: engine and gear oils, original crude
oils (Russian, Baltic and Flotta) and vegetable oils (sunflower, olive, paraffin
oils). All the oils were used as received without any prior physicochemical
treatment.

In order to change the surface tension of the aqueous sub-phase
YAW, a certain quantity of wetting agent (Fotonal (trade name), used
in photography) was dissolved. The decrease in surface tension Avyaw
(surface pressure IIaw) was related to the bulk concentration of the
substance ¢ via Szyszkowski’s empirical equation (Adamson & Gast 1997):
IMaw = vaw = RTTIn(1 + c¢/a), where ', is the saturation adsorption
(Too = 2x1071% mol ecm™2), Szyszkowski’s surface activity coefficient a =
107% mol cm™3, R is the gas constant and T the absolute temperature
(K). Fotonal suppresses yaw to low values of 32.8 mN m~! at the critical
saturation concentration (cmc — coo = 0.0145 vol. %).

3.2. Apparatus and procedure

The experimental apparatus used in laboratory studies of hydrocar-
bon wetting on water surface is shown diagrammatically in Figure 2.

11 10
|

Fig. 2. The experimental set-up (cross-sectional side view); 1 — water tank, 2
— hydrocarbon lens, 3 — double-walled thermostatted water bath, 4 — hydrocarbon
dosing syringe, 5 — periscope tube, 6 — inclined mirror, 7 — foil-covered window,
8 — objective, 9 — black/white CCD camera, 10 — frame grabber USB unit,
11 — PC-class computer, 12 — water pool roof, — thermostatted water flow
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A hydrocarbon drop was produced at the tip of the U-shaped needle
using a microsyringe (4) and released into the water pool — a rectangular
(30 x 40 x 5 cm), plastic tank (1). The drop rose to the surface of the tank
and resolved itself into a floating biconvex lens (2).

Each experiment was started by the supply of a small amount (3-8 cm?)
of hydrocarbon to the surface of the water to form a single lens, 75-110 mm
in diameter; this is large enough for it to have flat surfaces over its central
part, but not so large as to interact with the water meniscus at the edge of
the container.

The aqueous sub-phase was temperature-controlled with an accuracy
of £0.2 K using a thermostatted water circulation system through the
tank walls (3). After the elapse of some 15 min to permit the water and
hydrocarbon phases in the test area to reach uniform temperature, the drop,
which appeared to have turned into a stable lens (2), was photographed
repeatedly through the window (with a transparent net scale) in a periscope
system (7) with an optical lens —a CCD camera system (magnification x 15)
(8, 9). The outer side (in contact with water) of the periscope was covered
with a polyolefin foil (providing a foil/water contact angle of 90° in order
to eliminate the meniscus, thus allowing the lens to be photographed in an
undisturbed state. The geometrical signatures (interfacial contact angles,
lens radius and equilibrium thickness) of each lens were determined from
digital photo processing using a PC and frame grabber unit (10, 11).

In order to characterize the hydrocarbon materials, the following
physical parameters were measured: density (volumetrically), surface and
interfacial tensions in contact with the aqueous phase (using the Wilhelmy
plate and stalagmometer-drop methods (Adamson & Gast 1997)).

The oil/water and oil/air interfacial tensions of the systems were
measured at 1 s intervals using a filter paper (5 cm wide) and a roughened
glass (20 mm x 20 mm x 1 mm) slide — the Wilhelmy plate sensors —
suspended from a force transducer (GM2 + UL5, Scaime, France) and were
accurate to within 0.1 mN m~'. All measurements were performed at room
temperature 22 4+ 0.5°C.

4. Results and discussion

An example image of a sunflower oil drop lens of volume V 4,0, = 0.2 cm?
floating on a water surface at T = 22°C is shown in Figure 3. This lens had
a radius r1, and thicknesses t of 0.66 and 0.26 cm, respectively. The surface
and interfacial tensions (yoa = 32.17 mN m~!, yow = 58.16 mN m~}
yaw = 32.84 mN m~!), the corresponding interfacial contact angles
(. =29.8°, 3 =21.2°) and V; = 0.08 and Vy = 0.12 cm?® were calculated
from the lens geometry analysis by means of eqs. (4)—(7).
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Fig. 3. A sunflower oil drop lens of volume Vgrop = 0.2 cm?® floating on a water
surface at T = 22°C. The lens has a radius r;, = 0.66 cm and thickness t = 0.26 cm.
The corresponding surface and interfacial tensions are yoa = 32.17 mN m™!,
vow = 58.16 mN m™!, yaw = 32.84 mN m~! with contact angles at interfaces
a=29.8° 0 =212°

The wettability parameters of the hydrocarbons examined in this study
and those gleaned from the literature data on water surfaces together with
the geometrical signatures of the oil lenses obtained with eqgs. (4)—(7) are
set out in Table 1.

The oil entered the surface in all the hydrocarbon-water systems
considered here (E values positive, from 31.30 to 94.18 mN m~1!). The
highest values were noted for rather heavy, viscous engine and gear oils and
also for higher homologues of paraffin oils (e.g., n-hexadecane and n-decane).
Generally, values of S were negative (from —3.5 to —57.49 mN m™1),
which suggests the ability to form on the water surface a lens of equilib-
rium thickness to from 0.20 to 1.25 cm and normalized radius rr,/Tarop
= 1.29 — 2.01. However, there were two hydrocarbons (see 12 and 15
in Table 1) capable of forming uniform layers on the water surface (the
complete spreading case) with thicknesses from monomolecular to unity,
according to the amount of liquid and surface available. This effect may
have been due to the presence of trace quantities of surface-active additives
in the gas oils, giving rise to adsorbed surface films at the A/W and O/W
interfaces thereby altering the values of S. It is interesting to compare the
spreading behaviour of sunflower oil observed during this study and that
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reported by others (see 6 and 17 in Table 1). A similar lowering of surface
tension (yaw = 32.84 and 30.00 mN m~!), achieved by the addition
of a certain amount of surface active agent to distilled water, leads to
a significant change in yow(= 58.16 and 29.30 mN m™!, respectively),
leaving yoa almost unchanged (= 32.17 and 28.00 mN m™!). This suggests
that the surface adsorption effect at the O/W interface is dependent on
the elastic properties of the film (not controlled in these studies) (Bergeron
et al. 1993, Lobo & Wasan 1993).

In order to test the sensitivity, accuracy and practical aspects of a novel
optical method for determining hydrocarbon wettability on water, spreading
parameters were compared using direct measurements of interfacial tension
on the same oil-water systems. The mean wettability parameters (averaged
over 4-6 measuring runs) and geometrical signatures of an oil drop lens are
listed in Table 2. The interfacial tension vow differed between the two data
sets by several dozen percent, but yoa varied only within a few percent.
Values of S were very different for heavy gear and vegetable (food grade)
oils, but were comparable for the remaining oils. The entering coefficient
was positive for all the systems studied but with a significant variability
of the order of 20-30%. As a consequence of the differences in interfacial
tension, there were certain discrepancies in the lens geometry parameters.

The equilibrium thicknesses were the same within the measurement
accuracy for light body-care, olive and sunflower oils, but differed by several
dozen per cent for the heavier gear, paraffin and vegetable oils. In contrast,
the values of ry,/rgrop Were in excellent agreement (within 2-7%; see 1-3
and 7-9 in Table 2) for the heavier hydrocarbons, but differed by 11-19%
for the lighter ones. There are several possible sources of the discrepancies
between the wettability signatures of these oil-water systems obtained by the
two methods. The S values entering the theoretical equations for rr,/rqrop
and to are assumed to be the equilibrium (or final) spreading coefficient
data, where the surface and interfacial tensions of water and a hydrocarbon
each saturated with the other and in contact with a gaseous phase are
assumed. In the floating oil lens method, the image of the shape is recorded
10-15 minutes following the deposition of the hydrocarbon. On the other
hand, in the stalagmometric interfacial tension measurements, the liquid
drop is formed within a few seconds; this could result in an interfacial system
state very far from equilibrium. In addition, a significant part may be played
by surface dilation viscoelasticity: this gives some indication of the rigidity
of the adsorptive film formed at the A/W and O/W interfaces (not con-
trolled here), which, in turn, are dependent on the kinetics of interface for-
mation. In general, a liquid hydrocarbon placed on the water surface formed
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an exceedingly thin lens, and subsequently tended to contract, resulting in
a sharp increase in thickness t. This behaviour may well be due to the
adsorption of hydrocarbon molecules onto the water surface. This means
that equilibrium is achieved after a certain period, since lens aging was
observed (Takii & Mori 1993).

Figure 4 shows a diagrammatic representation of the wetting transition
for the hydrocarbons studied. The spreading coefficient is shown as a func-
tion of yaw and Maw (= Yw — 7aw), where 7%y is the surface tension of
a clean air/water interface = 72.22 mN m~!, and yaw is the actual air/water
surface tension (varied by adding a surface active agent to the water phase).
When S < 0, the oil droplet partially wets the air/water interface forming
a lens. But when S = 0, the wettability transition takes place and a spread
oil layer completely covering the surface is formed. The vertical dashed line
at v indicates the physically accessible upper limit for yaw-.
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Fig. 4. Diagram showing the wetting transition for oils on water. The spreading
coefficient S as a function of yaw and Ilaw, where the surface pressure
Haw = Y%w — 7aw was varied by adding a surface-active substance. Arrows
indicate the surface tensions of natural water samples collected in the Gdansk
port channel (Wisloujscie) yaw (1) and shallow coastal Baltic sea waters (Brzezno)
vaw (2), (Jelitkowo) yaw(3), (Orlowo) yaw(4), (Gdynia) yaw(5) and (Sopot)
vaw(6). The vertical dashed line corresponds to the upper limit for ~yaw
=72.2 mN m~!. Inset: spreading coefficient versus density of the oil phase

Since the linear dependences S(yaw), the best-fit approximations to
the experimental data, yield a threshold value of yaw ranging from 75
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to 91 mN m~! when extrapolated to S = 0, none of the oils can spread
over the water surface. The arrows indicate that the surface tensions of
the water samples collected in the Gdansk port channel (Wistoujécie-1) and
in Baltic coastal waters (Brzezno-2), (Jelitkowo-3), (Ortowo-4), (Gdynia-5)
and (Sopot-6) are significantly lower than 7%,. We can write S = yaw + B,
where the best-fit parameters A and B are set out in Table 3; this equation
is useful for a rough estimate of .S based on field measurements of the surface
tension of water. A systematic relation between spreading coefficients and
hydrocarbon density (given in brackets for each oil in Fig. 4) is evident (S
as po |; see (Fig. 4 — inset). The smaller negative values of B in Table 3
are accompanied by greater oil densities. This tallies with the increase in
surface tension yao corresponding to the decreasing density of long-chain
paraffin hydrocarbons. When Vg, and the respective interfacial tensions
are known from the floating lens images, r1, can be calculated by means of
eqs. (4)—(7).

The relative lens radius for three selected oil droplets deposited at the
air/water interface vs. air/water surface tension are shown in Figure 5.
Three possible conformations of an oil/water system, the corresponding
inequalities for the entering and spreading coefficients with the vertical
dashed border lines are also depicted. The curves in Figure 5 plunge to
zero as F goes to 1 (in the range of realistic yaw values of sea water
samples), indicating that when E < 0, the droplet remains wetted by the
aqueous phase; nevertheless, the structural form of such an oil-water system
is physically inaccessible to the oils studied here (see the values of F in
Table 1). For the condition S < 0 < E, the oil droplet enters the air/water
interface and forms a lens. The radius of the lens increases with increasing
~vaw until the condition S = 0 is reached. At this point the curve increases
asymptotically to infinity. The asymptotic right-hand border lines occur
at yaw = 76.0, 78.94 and 82.26 mN m~!. When S > 0 (a situation not
found here) a spread film will be formed covering all the available air/water
surface.

In the presence of a surface-active material adsorbed at the A/W
interface, the surface tensions may change as the oil spreads due to
compression of the adsorbed layer by the expanding film (Hotrum et al.
2002). Spreading of the film may stop when the condition S, = 0 is reached.
The arrows point to the surface tensions of the natural water samples
collected in the Gdansk port channel (Wistoujscie yaw(1)) and Baltic
sea coastal waters (Brzezno-yaw (2)); (Jelitkowo-yaw (3)); (Ortowo-yaw (4));
(Gdynia-yaw (5)); (Sopot-yaw(6)), which are shown here for comparison.
The experimental data can be quantitatively expressed by an exponential-
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Fig. 5. Relative lens radius r,/rarop for three selected oil droplets floating on an
air/water interface vs. air/water surface tension. Arrows indicate the surface
tensions of water samples collected in the Gdansk port channel (Wistoujscie)
vaw(1) and shallow coastal Baltic sea waters (Brzezno) yaw(2), (Jelitkowo)
vaw (3), (Ortowo) yaw(4), (Gdynia) yaw(5) and (Sopot) yaw(6). The vertical
dashed lines on the right correspond to the upper limit for yaw

power-law function — rr,/rarop = C exp(Dy%yw) — the best-fit parameters C
and D are listed in Table 3. For the first time, an important relation of the
normalized relative lens radius on the water surface tension was obtained,
which is of significant value in oil spill assessment techniques.

The spreading coefficient S as a function of the oil lens radius r, obtained
with an optical method for the oils is shown in Figure 6. Having measured
the thickness of the lens, which has increased its volume until its surface
becomes sufficiently flat over a substantial portion along its radius, one
can calculate using eq. (8) the magnitude of S, which is proportional to
the square of the equilibrium thickness. The values of ty, obtained for
olive and vegetable oils are respectively equal to 1.21 and 1.15 cm, and
correspond to the equilibrium lens radii r1,o, of 8.23 and 4.78 cm, related
via egs. (4)—(7) (see the vertical dashed lines in Fig. 6). Hence, the measured
spreading coefficients S = —52.86 and —49.41 mN m~! (see the horizontal
dashed lines in Fig. 6) are in agreement with those predicted from eq. (8).
Such an approach appears to be valid for sufficiently large lenses, where the
interfacial tension forces can be neglected with respect to gravity (Adamson
& Gast 1997). From a physical point of view, this condition can be met if
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Fig. 6. The spreading coefficient S as a function of the oil lens radius ry, obtained
with an optical method (based on the relation S = —1/2(1 — po/pw)pogt?, ).
The solid lines are the best-fit linear approximations to the data points. The
vertical dashed lines indicate the lens radii rpo, corresponding to the infinitely
large lens dimension case (11, ~ teo, for the particular spreading coefficients — given
by the horizontal dashed lines of each oil). For comparison, the capillary length
Lc = (2vaw/pwg)'/? for water is also given

the lens is several times larger than the capillary length Lo (= 0.26 cm for
pure water) (Law 2001). For small oil spots on water of radii < 1 cm, S
is a quantity dependent on the lens dimension that becomes less negative
as ry, decreases. As a first approximation, the empirical linear dependence
between S and rp, can be postulated as S = E ri, + F, where the best-
fit parameters £ and F are given in Table 3 for all the hydrocarbons
in the range 0.2 cm < r, <3 cm. As Takii & Mori (1993) have already
argued, substitution of each measured lens thickness t for t.,, to which §
is theoretically related (eq. (8)), leads to ever greater inaccuracy of such
an approximation with increasing t. Experimental studies performed on
n-decane, which forms the thickest lenses (t ~ 1.6 cm), have shown that the
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excess of t over to, is estimated to be ~ 7%, and hence the substitution of
t for too should result in the overestimation of |S| by ~14%.

The spreading properties of the hydrocarbons studied and the ge-
ometrical signatures of the layers formed were evaluated in terms of
the surface tension of water yaw. The equilibrium air/water surface
tension was controlled in this study by varying the concentration of
a commercially available detergent (Fotonal); the relevant plot of yaw/(c)
is shown in Figure 7a. The experimental dependence plotted against the
concentration (vol. %) follows Szyszkowski’s equation with the parameters
I'eo =2x 10719 mol cm™2, and a = 10~% mol cm 3. The surface activity co-
efficient represents the concentration at which half the interfacial saturation
adsorption (I' = I's/2) has been reached: a = cs /2. Since the saturation
adsorption I', corresponds to the saturation bulk concentration c,, of
a surface-active substance above which dyaw/dc = 0, after the inflection
point (indicated by the arrow in Fig. 7a) the 4 sw(c) plot becomes quasi-
horizontal. From Figure 7a, one obtains a = 0.00725 vol. %, which is
a measure of the surface activity of any surfactant present in the aqueous
phase. The data from Figure 7a can be also presented vs. the logarithm
of the surfactant concentration 5 w-Inc. For such a plot, the slope
resulting from the Gibbs adsorption equation dvy, w/Inc = RTT in a high
concentration regime again indicates saturation adsorption occurring at
a value of ¢ greater than 0.0145 vol. %.

Natural water samples contain a complex mixture of surface-active
compounds of largely unknown makeup and concentration. However, the
average value of the activity coefficient a can be derived from surface
tension measurements performed on a natural sea water sample (where cy
— unknown surfactant concentration) and its dilutions in ultrapure distilled
water (with concentrations cx/n,n = 1,2,...etc.). By way of example,
Figure 7b shows the dependence of the sea water surface tension as
a function of the relative surface-active substance concentration cq/cx where
cq4 = Cx/n is the concentration in a sea water sample diluted n times,
recorded for natural water collected at Orlowo (Gulf of Gdansk, Baltic
Sea) on 4 June 2006. The inflection point (indicated by the arrow) at
ca/cx = 0.12 (£0.03) corresponds to the instant of saturated adsorption
layer formation (I's ~cqoo ). Thus, Szyszkowski’s relative activity coefficient
is equal to a; = Cqoo/2 = 0.12¢x/2 = 0.06cx. Such an approach yields
a universal measure of sea water sample surface activity referred to the
concentration of the original sample cy. Field measurements of surface
tension made on several sea water samples collected in the shallow coastal
waters of the Baltic Sea (Gulf of Gdansk) enabled mean values of a, ranging
from 0.05 cx to 0.48 ¢ to be established. Equilibrium values of yaw from
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Fig. 7b. Surface tension of a natural sea water sample (collected at Ortowo, Gulf
of Gdansk, Baltic Sea, on 4 June 2006) as a function of the relative surface-active
substance concentration cq/cx. The arrow indicates the critical value cqoo /cx =0.12
corresponding to Szyszkowski’s relative surface activity coefficient a, = 0.06 cx.
The straight line best-fit approximations to the data were used to determine the
inflection point
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42.94 to 65.55 mN m~! (for pH 7.0-7.8), recorded in several coastal waters
of the Baltic Sea (the locations of the sampling stations are shown in Fig. 1
in Pogorzelski & Kogut (2003)), exhibited spatial and temporal variability
(see Fig. 8); they are generally lower than the reference value for artificial
sea water (dashed line).
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Fig. 8. Spatial and temporal variability of yaw measured at several marine coastal
water stations in April-May 2007 (Gulf of Gdansk, Baltic Sea). The dashed line
corresponds to yaw value for artificial sea water

Temperature had a significant effect on interfacial tension. The decrease
in yaw of the aqueous phase with increasing temperature can be attributed
to the temperature dependence of yaw for pure water (Lide (ed.) 2003). For
an oil/water interface, yow was found to increase with growing temperature,
demonstrating a negative excess entropy effect of such an interface as
evidenced for sunflower oil/water and soybean oil/water systems (Krog
1991, Gaonkar 1992). Finally, 7oa was found to decrease with increasing
temperature, as reported in the literature for ypa of pure triglycerides
(Chumpitaz et al. 1999) and a variety of vegetable oils (Flingoh & Let
1992). Because of the temperature dependence of yow and ~oa, the
minimum threshold value yaw (allowing spreading, i.e. S = 0) shifts to
higher values with rising temperature. The spreading coefficient was found
to increase asymptotically towards zero with increasing temperature and
with a decreasing number of carbon atoms in the hydrocarbon molecule
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chain for n-aliphatic hydrocarbons on water (Takii & Mori 1993, Akatsuka
et al. 1995). The dynamics of oil lens spreading on a substrate liquid (to be
considered in further studies) is a complicated fluid mechanical process also
dependent on S. For pure liquid-on-liquid spreading, a thin precursor film
(often referred to as a monolayer) extends beyond the main body of the lens,
driven by surface tension gradients. The spreading radius of such precursor
films depends on the initial spreading coefficient and on the supporting fluid
viscosity and density, but not on the lens viscosity. When the substrate
liquid is deep, the transient precursor film radius rp,(t) obeys a simple 3/4
power scaling law with respect to time elapsed t (Svitova et al. 1999):

1/2
S/ }t‘g’ /4, ©
(up) /4
where p and p are the viscosity and density of the substrate liquid,
respectively, and K is an experimental constant that can vary between
0.665 and 1.52. Chauchan et al. (2000) argue that eq. (9) is valid for the
expansion rate of a drop with surfactants present, provided that Marangoni
forces drive the spreading, and that the surface tension gradients causing
the spreading scale as the initial spreading coefficient divided by the radius
of the droplet r1,, i.e. d(yoa +7vow)/dr = S/rL, where r is the radial position
in cylindrical coordinates measured from the drop centre. In another study
on the modelling of oil spill evolution, spreading is determined by the rate
of area growth, apparently dependent on S given in the form (Sebastiao
& Guedes Soares 2006):

dA 15 [V]Y3

o =K AY {K] : (10)
where A is the spill area [m?], K; the constant default value (= 150 s~1), V
the spilled volume [m?3] and t the time elapsed [s]. The surface properties
of natural water bodies and the inherent spreading signatures of different
crude-oil derivatives on water obtained under laboratory conditions by
means of an optical system, to be adopted as a buoy-like arrangement in
studies at sea, represent key input data needed for modelling the kinetics of
oil spill spreading.

r(t) = K{

5. Conclusions

Equilibrium and inherent spreading signatures of oils with different
properties were determined in natural sea, artificial sea and distilled waters
by means of an optical method for assessing the location, extent and
thickness of an oil pollutant. The variability in surface properties of natural
sea water due to the presence of microlayer surfactants, as expressed by
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vaw and Szyszkowski’s relative coefficient of surface activity a., play a key
role in modelling the surface-tension-gradient-driven spreading of oil at sea.
The spreading parameters obtained in our studies represent the principal
input data required in the modelling of the spatial and temporal evolution
of oil spills.

The wettability parameters E and S take values similar to those
characteristic of long-chain aliphatic hydrocarbons spreading on pure
water. From direct photographic measurements, important relations of the
normalized relative lens radius rr,/rgrop and spreading coefficient S versus
the water surface tension yaw were determined, as they are of significant
value in oil spill assessment studies at sea. The spreading coefficients derived
by an optical method based on measurements of the equilibrium thickness
of sufficiently large lenses (ry, > 5-17 cm) are in excellent agreement with
those computed from direct surface and interfacial tension measurements
(stalagmometric and Wilhelmy plate methods); the equation S ~ t2. is
no longer valid for small oil spots (r;, < 1-2 cm). A systematic trend
between spreading coefficients and hydrocarbon density was found (as S 1
with pol); this corresponds well with the variability of surface tension
with density observed for long-chain paraffin hydrocarbons. For oil lenses
of radii several times larger than the water capillary length r, >> Lc,
where lens edge interfacial forces can be neglected in comparison to gravity,
S can be obtained from the equilibrium thickness to, of the lens with
very good accuracy. A difficult problem remaining to be solved in oil
pollution assessment techniques is to quantify the geometry, in relation
to environmental factors, of an oil spillage in the form of small dispersed
spots (radii ~ 1-2 cm); this is currently not predictable on the basis of
existing theoretical models of the mutual wettability of liquids. A promising
approach based on a novel optical method (applicable following slight
modifications to the field study methodology) with empirical relations
for selected hydrocarbon-sea water systems is presented here. The effect
of temperature and lens aging on the spreading characteristics of crude
oil derivatives with different physicochemical properties remains to be
quantified in further laboratory and field studies.
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