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Abstract

A complete compositional or structural description of naturally-occurring surfactants on rain water is not
currently feasible. A main limitation of previous work has been the lack of means for correlating force-area char-
acteristics with the chemical makeup of the films. Instead of analyzing the chemical composition of rain water
film-forming organics, it is postulated here to introduce the novel scaling procedures (2D virial equation of state
and 2D polymer film scaling theory) applied to the surface pressure-area (n-A) isotherms and surface pressure-
temperature (n-T) isochors and resulting from generalized physical formalisms modified to a multicomponent
B,) could become
sensitive indicators for surface-active source-specific organic matter pathway tracing, where the measurement of

surfactant film. A set of the introduced structural film state parameters (m, LA, ,E_ ., v, R, M,

surfactant concentration and chemical analyses are avoided. The concept is quantified using the Langmuir trough
film and disdrometer data on a set of rain water events observed in Gdansk, Poland in May 2002.

Keywords: source-specific surfactants, rain water film, isotherm scaling, structural parameters, film

structure quantification

Introduction

Measurements of atmospheric water samples have
demonstrated the occurrence of surface films on fog, cloud
droplets and raindrops, as well as on aerosols [1-3]. A com-
plex mixture of many inorganic and organic substances
with different physicochemical properties can accumu-
late at interfaces influencing mass energy and gas transfer
between such modified surfaces. However, recent field-
work has shown that much of the organic matter present
in atmospheric aerosols is water insoluble [4-7]. Organic
compounds comprised of a long hydrocarbon chain and
polar group, e.g. organic acids, alcohols or esters, can form
monomolecular films at the air-water interface. Single film-
forming components have been detected quantitatively in
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samples in rain water in a number of studies [8-14]. Among
the organic compounds analyzed in these studies, mostly
n-alkanoic acids (fatty acids) with 12-18 carbon atoms
have been found as film-forming compounds. Other sur-
face-active substances, e.g. alcohols, had in general smaller
concentrations [15, 16]. Sources of fatty acids in the atmo-
sphere may be the ocean surface [17-22], primary biologi-
cal material [23], and a number of anthropogenic sources
like automobile exhaust [24], road dust [25], biomass
burning [26] or meat cooking [27]. Since surface films can
change the physico-chemical properties of humid aerosol
particles, cloud droplets and raindrops can also affect the
rain-forming process in a number of ways. It is of great
importance to quantify the surface film structure and con-
centration and follow their evolution at different environ-
mental conditions. At present, a complete compositional or
structural description of surfactant films on natural waters
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is not available. Instead of analyzing the chemical com-
position of rain water film-composing organics (unknown
in general) it could be possible to scale the film surface
pressure-area isotherms and surface pressure-temperature
isochores in terms of the structural parameters that reflect
in a sensitive way the natural film morphology, and result
from the generalized physical formalisms modified to a
multicomponent surfactant film [28-30]. A set of the struc-
tural film parameters appears to be a quantitative measure
of the film physicochemical composition, film molecule
mobility, film material solubility and the miscibility of its
film-forming components. The structural state of natural
water surfactant films, which can be incorporated with
source-specific surface-active components (so called “end
members”) of biogenic or anthropogenic origin, can be as-
sessed through the quantification of parameter variability.
They can be useful for tracking organic matter dynamics,
as already established factors in atmospheric investigations
such as the formic to acetic acid concentration ratio (F/A)
[31] or the fractional acidity (FA) [32] describing the mate-
rial dissolved in bulk samples of hydrometeors. A principal
limitation of previous work was the inability to compare
force-area isotherms and elastic properties of rain water
films measured at different rain rates. In the present state
the model describes the film-forming properties of fatty
acids only. However, fatty acids appeared to be important
film-forming compounds on rain water. Many other sub-
stances also have film-forming properties including poly-
acidic constituents of high molecular mass [2, 33] with a
certain amount of nonpolar components capable of forming
mixed films with the fatty acids. For model considerations
the measurements of fatty acids in Bloomington, Indiana,
USA [9], and in Bensheim, Germany [11] have been used.
Finally, the rain water film structural parameters were eval-
uated in model Langmuir trough studies and corrected ac-
cording to the scaling concept using the disdrometer data
on a set of rain water events observed in Gdansk, Poland, in
May 2002. The main aim of this work was to provide a ba-
sis for systematically comparing force-area characteristics
of rain water films collected at different rain event regimes
and to relate the elastic structural properties to chemical
composition and origin of source-specific compounds in
future studies. We also evaluate the reproducibility of the
concept and provide examples of its application to a wide
range of differentiated organic films present at marine, in-
land and atmospheric water interfaces.

Theoretical Background

In this report we discuss some of the structural film
properties which may be derived from the surface pressure-
area (m-A), isotherm measured at a number of temperatures
and the surface pressure-temperature (n-T), isochore. The
selected rheological surface parameters reflect in a quanti-
tative and sensitive way the natural multicomponent film
morphology. The simplest equation of state to describe sur-
face films is the 2D analog of the ideal gas law [34]:

A =kT (1)

where k is the Boltzmann constant, « the surface pressure
of the film, A _ the area per film molecule related to Gibbs’
adsorption I, A =1/I'N,, N, the Avogadro number and T
is the temperature in Kelvin.

For the natural films, whose isotherms differ signifi-
cantly from the ideal-gas behaviour, the following qua-
dratic equation of state, e.g. the 2D virial equation, was
proposed and scaled according to specific area [35]:

TA=C, + C 1+ Cm @)

where C, C,, C, are the virial coefficients, and A is the
film-covered area (in cm?).

It is possible to interpret the virial coefficients ob-
tained from the best-fit procedure applied to the registered
n-A isotherms, in terms of the mean number of moles n_
present in the film, specific limiting area A , and mean
molecular mass M, of the film-forming surfactant mix-
ture as described in detail elsewhere [28-30].

In particular, the description of the 2D film state de-
pends on the dilational elasticity modulus (or Gibbs’ mod-
ulus) B, expressing the static, compressional response
of a film to compression or dilation corresponding to the
isotherm registration at its thermodynamic equilibrium
[34]:

E,,=-A(dn/dA), 3)

In particular, the expression of elasticity is general-
ized to have both shear and dilational components. It is
assumed that the shear components can be neglected for
natural water surface films [36]. Moreover, the establish-
ment of thermodynamic equilibrium in the film is not
trivial, the most real natural surfactant systems are vis-
coelastic and the surface dilational viscoelastic modulus
is a complex quantity composed of real E, (dilational
elasticity) and imaginary E, (= i @n,, dilational viscosity)
parts: E=E, + i an, also=E cos0 + i E sin0, where 1, is
the surface dilational viscosity, ® — the angular frequency
of periodic oscillations, E, (= -An/(AA/A)) represents the
amplitude ratio between surface stress and strain, and 6
is the loss angle of the modulus [29]. The relaxation pro-
cess in monolayers may affect the shape of isotherms and
consequently the recovered film parameters. The effect
depends on the dimensionless parameter — Deborah De
number defined as the ratio of the film relaxation process
time T to the “time of observation ” (a reciprocal of the
strain rate of a film: t, =[(dA/A)/dt]", as argued in [30].
Our stress-surface pressure relaxation measurements per-
formed on natural sea surface films revealed a two-step
relaxation process with characteristic times t, (1.1-2.8)
and 1, (5.6-25.6) seconds. The surface rheokinetic param-
eters collected in Tab. 2 of [29] demonstrate that we are
concerned with elastic films (E, » E)) at sufficiently low
film area compression rates. If the De number is much
less than unity, as adopted in these studies, the interfacial
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system is in its quasi-equilibrium thermodynamic state,
and the dilational viscoelasticity modulus can be approx-
imated by E_ . It is supposed that the above consider-
ations can be expanded to rainwater films of comparable
surface characteristics.

In general, the expansion ©-A curves do not retrace the
compression curves. It can be assumed that the difference
in the shape (hysteresis) of the compression and dilatation
curves may be attributed to different arrangements of the
molecules in the compression and dilation cycles. Since
different organizations must be concerned with entropy
(S), the hysteresis of the compression/expansion curves
is correlated presumably with a change of entropy (AS)
of the film-adjacent water layer system. According to the
fundamental laws of thermodynamics applied to the iso-
thermal compression—expansion cycle of a 2D film system
(T=const, dS=dQ/T; dQ=dW, where Q and W are the heat
provided and work done, respectively). Our AS (= AW/T,
where AW=W  — W __is the difference in the work de-
rived from integration of the expansion and compression
isotherm plots i.e.,

4
W, = frar
A

i

between the initial A and final A_film areas) is rather an
entropy-related parameter than state function AS, since
the work function is defined to be dependent on the way
the process takes place [28]. A vertically organized inter-
facial system, consisting of multicomponent surfactant
structures in a form of 2D domains and aggregates, dur-
ing a compression-expansion cycle evolves into a new
structural state with a certain loss of the system degrees of
freedom leading to a larger entropy parameter AS_ change
than expected for a homogeneous structurelless film sam-
ple. The surface concentrations for these films were not
measured, therefore it is not possible to determine whether
such a loss to an actual loss of material from the film or to
changes in conformation or intermolecular associations.
Losses from the film could occur via desorption, micelle
formation or collapse to a multilayered phase.
The isotherm reversibility R:

R=100(W /W _ )% @)

gives a measure of the entropy effect of surface films of
different chemical structure depending on the film-form-
ing material solubility, as already shown for natural sea-
water film samples [29, 37].

The characterization of the miscibility or phase sepa-
ration of the monolayer-forming components can be ex-
pressed in terms of the 2D polymer film scaling theory via
y — scaling exponent derived from the relation E,_ =yn
applicable to the high-frequency limit of the surface di-
lational modulus, as shown in [38]. In the limit of fast
enough area dilation/compression, the interchange of
film molecules between the surface and the bulk becomes
negligible and the film acts like “insoluble” monolayers.
The advantage of such an approach is that measurement

of the surface concentration is avoided. Moreover, it was
postulated that the concept of the structural arrangements
of molecules in a three-component system (an insoluble
polymer spread on a surfactant solution), as illustrated in
Fig.1 of [38], closely related to the value of y can also be
extended to differentiated natural organic films (see Tab. 3
in [38]). Low values of y (< 3.5) stand for a homogeneous
mixed film (“good” solvent condition), higher y =8 (“the-
ta” solvent case) lead to less film homogeneity observed
as patches or domains of film-forming components. The
highest y values (> 10-16; “poor” solvent condition) indi-
cate the vertical segregated film structures forming nearly
separate layers at the interface (sandwich-like) with the
most insoluble (hydrophobic) compound on the top of this
layered system.

The thermodynamic analysis is based on a virial ex-
pansion of the ideal gas law. This is not recommended,
since the Langmuir surface film behaviour and the char-
acteristic parameters are related to the van der Waals law,
which produces self consistent parameters for the charac-
terization of the surface film. However, for the purpose
of intercomparing films, we arbitrarily fit the isotherms
within the interval 0-5 mN m, to derive the structural
and thermodynamic parameters, where a surface film
can be assumed to exhibit the ideal gas behaviour. While
interpretation of the extrapolated parameters using this
method is uncertain, curve fitting with a virial expression
nevertheless may provide a useful means for condensing
isotherm and isochore data in order to explore systematic
differences.

Considering the Langmuir film to represent a van der
Waals liquid the equation may be written as [39]:

(m-m)=Tp
where n =(0U/0V)_, and %)

B=(on/0T) ,=E/K* =’ /i,

where 7_relates to the cohesive surface pressure repre-
senting the van der Waals forces of attraction between the
hydrocarbon chains. The cohesive pressure is thus a differ-
ential property and related to the integral cohesive energy
C=\(AU/V)=\(AH-RT/V), where U is internal energy, H
is enthalpy, and V is volume. For long chain surfactants
it has been empirically found that 7. = -400 m A -?, for
A_>1nm? where m_ denotes the number of methylene
groups in the hydrocarbon chain and A  is expressed in
A? [40]. m_is a sensitive measure of the subphase pH ef-
fect on ionic surfactant molecules interactions [41]. The
higher values of m_are evidence for stronger cohesion be-
tween the molecules. Further information on intermolecu-
lar interaction of film compounds can be derived from the
surface pressure-temperature isochore (n-T),. The surface
pressure-temperature coefficient _is related to the relative
thermal (kinetic) mobility of the film molecules expressed
by the kinetic surface pressure m,=p T [39]. Furthermore,
the surface pressure coefficient B relates to surface ex-
pansivity (E*) or isobaric expansion coefficient (o® ) over
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the surface isothermal compressibility coefficient (i*,) to
each other. The isoarea process (studied here) should be
clearly distinguished from the isochoric (V=const) pro-
cess, since Gibbs surface thermodynamics is defined for
a surface alone without volume. Isoarea temperature (T)
dependence can exhibit the inflection points coinciding
with the presence of certain critical phenomena (partial
film collapse, 2D-phase transitions of higher orders, com-
pression-induced structural changes) not evidenced in
compression (n-A), isotherms [39]. Moreover, the total
pressure of the film should be: n=n,+ n_+ m, where ©
is responsible for the electrostatic forces of repulsion be-
tween charged head groups of monolayers [41]. The latter
term is assumed to be negligible for surfactants of neutral
character. It should be borne in mind that the chemistry
of the fatty acids is not evaluated in detail here. Contri-
bution of 7, changing with compression (surface charge
density) for ionized fatty acids, should be compared to the
n, — contribution provided by the van der Waals surface
film relationships. In further studies the m_contribution
must be defined as an integral property.

Experimental Methodology

Sampling of rain water was carried out on the terrace
of the Physics, Mathematics and Informatics Department
building (University of Gdansk, Poland) about 1 m above
the surface in May, 2002. The winds near the ground were
breezy, averaging 2—4 m s as measured with a cap an-
emometer.

Rain water was collected using a V-shaped polypro-
pylene collector with a 50 cm diameter (the tray collection
area is 1,434 cm?) and drained into a brown glass bottle (5
1) and a measuring burette for the rain rate evaluations.

Automatic drop-size measurements were made with
a lab-built instrument in a form of teflon plate (hydro-
phobic material-water static contact angle 6 = 124°)
having an area of 30x30 cm?. It should be noticed that
adsorption of the rainwater film forming material at the
solid surface can leave the film behind the drop leading
to the contact angle hysteresis=(A0= 0, — 6, where 0,
and 0_are the advancing and receding contact angles)
playing a certain role in raindrop shape evaluations
based on dynamic methods [42]. Pictures of the rain-
drop tracers at the measuring plate are accumulated for
a set period, typically 20-60 s (depending upon the rain
rate), magnified by a long-focus microscope 40 times
and taken using a CCD camera connected to a com-
puter for further image processing and raindrop size
spectra evaluations. Before undertaking field measure-
ments the disdrometer was calibrated under laboratory
conditions to assess the relation between the diameter
of a distilled water drop from the micropipette, careful-
ly introduced on the hydrophobic plate (teflon) surface
of the instrument, and its sessile drop diameter. Dis-
drometer data for 10 rainfall events were available for
the study. The information included 1-min. drop counts

of equivalent-volume diameters (D, mm) quantized in
size categories of 0.1 mm. The range in tabulated drop
diameters was 0.1-5.0 mm.

In order to perform surface pressure-area (n-A), iso-
therm measurements of the rain water films, an initial
trough area (1.200 c¢m?) of the conventional rectangular
Langmuir trough (30x40%0.8 cm) is compressed, with
an average deformation speed AA/At chosen arbitrarily
to be 0.60 cm? s, by moving stepwise every 30 s two
barriers towards each other symmetrically around the
film pressure sensor. The film deformation rate adopted
in these Langmuir trough studies leads to De number val-
ues as low as 0.009, fulfils the condition of isotherm reg-
istration in its equilibrium. As shown in Table 2 of [29]
the static surface modulus E, is useful in describing
the compressional behaviour of a natural sea water film
under very low compression rates assuming a two-step
relaxation process with characteristic times 1, (1.1-2.8)
and 1, (5.6-25.6) seconds revealed in stress-surface pres-
sure relaxation measurements. Surface pressures were
measured with a Wilhelmy plate technique using a piece
of filter paper (Whatman Nol, Madstone, England; 5- cm
wide) attached to the arm of a force sensor (GM2+ULS,
Scaime, France); they were accurate to within 0.1 mN m'.
After equilibrating the rain water sample in the trough
for 30 min, i.c. the standard period chosen for practical
purpose, n-A isotherms were recorded in the temperature
interval 5-35°C. Temperature of the subphase was con-
trolled within + 0.2 K by water circulation from a ther-
mostat on the bottom of the trough and measured using a
thermocouple located just below the air-water interface.
The reported surface isotherm 7-A and isochore 7-T plots
stand for an average over 3-4 measuring runs performed
from the given sample. The Langmuir trough isotherm
studies of rain water films were completed within a 1
hour period after sample collection. Further details on
the Langmuir trough studies can be found elsewhere [28,
29, 37]. In the next section, mean value of each param-
eter is used in discussion.

Results and Discussion

Chemical analyses of the rain water samples pointed
to a group of long-chain fatty acids as basic surfactants
determining the rheology of surface films [11]. The iso-
therm scaling procedure already applied to the (n-A), iso-
therms of natural water surfactants being a mixture of un-
known makeup and concentration of components can also
be modified for rain water films. Mean molecular masses
M_ of the film-composing material on rain water samples
range from 261 to 270 Daltons as appears from a con-
centration distribution of particular rain water fatty acids
shown in Table 6 in [3], assuming the mean M =) x. M,
where M. is the molecular mass of i-th component enter-
ing the mixture with the molar ratio x,. The isotherm of
the fatty acid having M_ in the middle of the established
range at the water sub-surface of pH 4.6 (the mean value
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evidenced in the studied rain water samples) at T=19°C
is used in the scaling procedure of the experimental ©-A
plot shown in Fig. 1. Applying the best-fit approxima-
tion to the data, the virial coefficients are determined
first. Then, the film area A, (at 7=20 mN m™) is obtained
from Eq.(2). The mass m, which produces a surface film
of a surface pressure 20 mN/m is equal to 29.1 pg and
results from taking A_=0.215 nm* molec.” at 7=20 mN
m! from the reference isotherm [43]. Apart from the ba-
sic Langmuir trough area scale A (cm?), the lower scale
corresponding to the Langmuir trough area referred to a
volume of 1-liter rain water is also presented in Fig. 1.
The bottom area per molecule scale was constructed ac-
cording to the scaling concept. The points corresponding
to each other on the first and third scales are C,=769.5 cm?
and A, =1.57 nm” molec.”. Values of the remaining struc-
tural parameters derived from the model isotherm using
Egs. (3-4), and E, =y © dependence obtained in [38] are:
E_,=30.10 mN m"'; M =269 Da; AS =-1.33 x 10° I m?
K-1; R=73.9% and y=16.5. They point to a surface film of
liquid-expanded (LE) type formed from slightly soluble
material (large R values comparable to crude oil-deriva-
tive films spread at the air/water interface as discussed
in [37]), and being a mixture of surfactants creating seg-
regated molecular structures. The obtained y value con-
firms the assumption made on complete 2D immiscibility
of rain water surfactants [38]. The exemplary isotherm
shows the kink at 10 mN m' caused by the breakdown of
palmitic acid, which is forced out of the film at its equi-
librium surface pressure (ESP), as indicated in nearly all
the measurement curves of [44]. Palmitic acid had the
highest concentrations among the fatty acids evidenced
in rain water (see Table 6 of [3]), which is why its ESP is
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Fig. 1. Surface pressure-area (n-A), isotherm of rain water sam-
ple collected on 28 May 2002. Compression (®) and expansion
(A) curves. The basic scale corresponds to the Langmuir trough
area (cm?), the lower one (area/liter) represents the Langmuir
area referred to a 1 liter rain water volume. The bottom scale
(area/molecule) was constructed according to the scaling con-
cept. The points corresponding to each other on both scales are
C,=769.5cm*’and A, = 1.57 nm’ molec.”.
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Fig. 2. Surface pressure-temperature (n-T), isochores of rain
water sample (A) collected on 28 May 2003 and snow-melt-
ed waters sampled at Sopot (m) (21.03.2003) and Gdansk (e)
(06.03.2003), for comparison. The surface pressure-temperature
coefficient B_ is evaluated from a slope of the straight line tan-
gent to the experimental plot below and above a cusp point, as
shown for 21.03.2003 registration.

so clearly marked. The other kink, at around 30 mNm,
is likely caused by the breakdown of oleic acid but such a
feature was not found in our studies since it lies over the
surface pressure isotherm range registered in the experi-
ment reported here.

Such a critical phenomenon within the film structure is
also reflected in the surface pressure-temperature isochore
(n-T), plot presented in Fig. 2 as a cusp point at n=12.2
mN m at T=24°C. It should be borne in mind that ESP
increases with the film temperature as depicted in Fig. 5
of [3]. Furthermore, B_ coefficient demonstrates a signifi-
cant drop from 2.20 to 0.27 mN m™' K-' (see Fig. 2) that
is attributed to a certain loss of the surfactant molecule
mobility around the same n. The corresponding cohesive
surface pressure 7 changes from -40.30 to -1.02 mN m'.
Theoretically predicted values of , for fatty acids C -C ,
assuming A_ (=157 A?) taken from the model isotherm
at the same m are much lower -7.00 to 7.87 mN m™' but
obtained if monolayers are considered to be neutral films.
By changing the pH of the water sub-phase, the fatty acid
monolayer can be neutral or negatively charged, due to
ionization of the acid OH groups [45]. At very low pH
(pH~2) the monolayer is neutral and hydrogen bonding is
the dominant interaction between monolayer head-groups
and water molecules. At high pH values (pH>7.0), the fat-
ty acid OH groups should be significantly deprotonated,
leaving the monolayer negatively charged. That creates a
surface electric field and induces an ordered (“ice-like”)
hydrogen-bonding network. It appears that the pH of the
rain water sub-phase has a major influence on the struc-
ture of fatty acid monolayers since pH values of rain/snow
water were found to be > 4.0 (mean 4.4; [46]) whereas in
natural sea water they are equal to 8.4, for instance. Co-
hesive surface pressure has an inverse relationship with
the pH of the sub-phase, i.e. more negative = is obtained
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as pH increases. This implies that the interaction between
molecules is stronger when the monolayer is spread over
an alkaline sub-phase than over an acidic sub-phase.

Two isochore plots, for surface films formed from
snow-melted water collected at Gdansk and Sopot in March
2003 are also depicted in Fig. 2 for comparison. The same
shape of the snow water isochors can be noticed with the
cusp points at T=12°C and 7n=5.0 mN m' (Sopot), and
T=13°C with 7=4.3 mN m (Gdansk). It suggests a simi-
lar makeup of the film-forming material in snow-derived
water apparently different from the rain water one. Values
of B, for both mentioned registrations are almost the same
before (= 1.60 (Sopot) and 1.51mN m'K-! (Gdansk)) and
beyond (= 0.23 (Sopot) and 0.22 mN m'K"' (Gdansk))
the isochore critical point. The corresponding n, changes
from -14.20 to -2.24 mN m' (Sopot) and from -15.33 to
-1.44 mN m™ (Gdansk) at the isochore critical point that
suggests the pH of the snow water is lower in comparison
to the rain water considered above, assuming similarity of
the film-forming material in the both samples. The higher
concentration of the surface-active substances in the So-
pot-collected sample can be deduced from the fact that
the plot lies over the curve obtained from Gdansk sample
(I'=n/kN,T) since snow collection at Sopot took place af-
ter 14 days elapsed from the precipitation event, whereas
at Gdansk snow was sampled immediately.

It is interesting to compare the structural parameters
of snow water films (derived from the isotherms not
shown here), although the rain water scaling concept is
not valid here. The isotherm-derived parameters from the
sampling event (fresh snow) at Gdansk on 6.03.2003 are:
E_,=28.46 mN m'; AS =-0.69 x 10° J m?K"'; R=80.9%
and y=14.3 and are comparable to these evidenced in
samples collected at Sopot on 21.03.2003: E,  =27.26
mN m"'; AS =-0.24 x 10° J m?K"'; R=88.3% and y=20.7.
It appears that the surface-active material of snow water is
less soluble (higher R) of similar chemical nature (similar
values of E,_ = and y) if compared to the surfactants evi-
denced in rain water.

It is worth comparing surface rheology of natural or-
ganic films on marine water obtained by means of the
same scaling procedures applied to the surface pressure-
area isotherms and studied in neighboring coastal arcas
(Gulf of Gdansk, Baltic Sea) where rain and snow water
sampling took place. The limiting specific area A _(2.68-
31.57 nm* molec.™), elasticity modulus E,_ (19.31-42.69
mN m™), molecular mass M (0.65-9.7 kDa), change in
entropy AS_ (-0.09- 7.04 x 10° Jm? K™') and scaling ex-
ponent y (3.3-13.9) were found, for sea surface films [29,
30]. It should be pointed out that the structure of rainwater
films is not a simple function of fatty acid composition
but also depends on several environmental factors not
controlled in the present study. The variability of the pa-
rameters introduced here rather than their absolute values
is postulated to be a useful tool for rainwater surfactant
pathways tracing and reflecting the film state spatial and
temporal signatures, as recently shown in source-specific
surfactant film studies performed for the Dead Vistula riv-

er, its tributaries and the adjacent coastal area [47]. Since
natural films are composed of a range of surfactants each
having unique adsorption and desorption rate constants,
competitive adsorption takes place. For mixtures, relative
rates of adsorption and desorption favor enrichment of
certain components. For films under compression in Lang-
muir trough isotherm studies, the preferential desorption
of hydrophilic components can leave behind the more hy-
drophobic species resulting ultimately in changes toward
higher elastic moduli and other structural parameters in
time, for instance. In addition, discontinuities in the iso-
therm plots attributed to phase transitions can also result
from non-Newtonian surface rheologies, more complex
interactions like gelation or aggregation. Other related
mechanisms e.g., film polymerization and intermolecular
bonding can cause similar film states. To sum up, more
thorough discussion on the surface film 2D phase identi-
fication and formation awaits additional comprehensive
experiments including surface potential measurements
and Brewster angle microscopy direct film state inspec-
tion foreseen to be performed in future studies.

A more detailed description of the rain water film
structure requires additional mechanisms taking place
at the rain drop-film covered surface (evaporation and
resulting shrinkage of the rain drop controlled by the
film compression state [48], and the reaction of gaseous
O, with a surface layer of surfactants at the air-water
interface [49], for instance) to be accounted for in
further studies. A large variability of the selected film
parameters observed while comparing natural organic
films present on atmospheric, inland and marine waters
points to an opportunity to create a novel method for
ecosystem quality assessment based on surface rheol-
ogy studies.

Conclusions

The rain water film structural parameters derived from
the force-area isotherms using the novel scaling concept
established the highly-organized molecular morphology
of slightly soluble immiscible components of mean mo-
lecular masses within 261-270 Daltons in agreement with
chemical analysis findings.

Further information on the rain water film morphol-
ogy can be gained from the (n-T), isochore plots with the
isoarea surface pressure temperature coefficient f_ related
to thermal molecule mobility, intermolecular cohesive
forces, and other critical phenomena in the interfacial
system. The pH of the water sub-phase appears to be an
important factor affecting the organic film structure on at-
mospheric particles.

The quantification of the structural parameters vari-
ability can be a universal measure of the surface elastic
properties evolution applicable to a wide diversity of
natural films present at natural water interfaces and de-
veloped to a new method for organic matter dynamics
tracking.
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