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Abstract

A method of determination of time-dependent changes in structure of solutions of crude oil in
artificial sea water as a function of selected physical parameters is presented in the paper. The
changes can indirectly reflect some of the processes of self-purification of the sea environment
polluted with soluble and emulsified crude oil derivatives. The method, which has been labora-
tory-tested for colloidal solutions of crude oil in artificial sea water, utilizes the light scattering
phenomenon for the determination of concentration and average size of oils droplets.

1. Introduction

Increasing amounts of pollutants of crude oil origin introduced to the marine
environment can result in unpredictable changes leading to total degradation of
this environment. This concerns mainly those petroleum components which undergo
dispersion under the influence of meteorological and hydrological factors, forming
emulsions and colloidal systems in the marine environment. These fractions remain
in sea water for a long time, filling water depths down to 400 m [13]. The compo-
nents of these fractions have toxic and carcinogenic properties [1,6] and constitute a
direct or indirect threat to biosphere.

The indirect factors degrading the marine environment include:

— disturbance of the balance of gases exchange, water vapour and solar energy
at the sea-atmosphere interface,

* The investigations were carried out under the research problem MR.l1.15, co-ordinated
by the Institute of Oceanology of the Polish Academy of Sciences.



—formation of toxic compounds as a result of chemical reactions,

—disturbance of the hydrosphere composition through chemical bonding of

essential nutrients.
These factors also have a decisive effect on the dynamics of self-purification proces-
ses of the marine environment. However, these processes are little recognized and,
particularly for crude oil-sea water colloidal systems, the mechanisms of the influen-
ce of physical and chemical factors on their dynamics are unknown.

One of the methods of investigation of the structure and dynamics of changes
of such a system can be a method utilizing the light scattering phenomenon. The
method permits to determine time-dependent changes in the average size of small
droplets and the concentration of crude oil in a colloidal solution. The changes are
due to various external factors, the effect of which is revealed in the shape and abso-
lute values of the light scattering function fi{()) volume.

The knowledge of scattering properties of these systems is also primary impor-
tance for modelling the light field over and below the surface of the sea polluted
with crude oil. The determination of light field forms the basis for selection of suitable
passive remote methods of monitoring of sea pollution of this type.

2. Preparation of solutions

The experiments were carried out with colloidal solutions of crude oil in arti-
ficial sea water. B-type sea water of the salinity §= 350/00 and pH = 8.2 was prepared
according to the PN-66/C-065502 standard [8],

Crude oil was introduced into artificial sea water in the 1:80 volumetric ratio
and emulsified using an electric stirrer and an ultrasonic vibratoi operating at the
frequency /= 22 kHz. After defined stirring time, the emulsion formed was filtered
through a sintered glass filter R4 (d=5—15-10"6 m) and placed in closed glass
bottles of capacity u=2.8-10~4 m3. Filtering process aimed at separation of dis-
solved and colloidal phases. The solutions prepared in this manner were stored
in a thermostated compartment at 7’=291 K. Some of the samples were exposed
to light of the intensity 7=31 W m '2. The light source were Polam Double Light
fluorescent tubes placed in a manner ensuring uniform illumination of all samples
[7]1. The remaining samples were stored in darkness.

3. Apparatus

The measurements of intensity of scattered light were carried out by means of
the apparatus designed at the Division of Technical Physics of the Gdansk Univer-
sity and described in detail elsewhere [11, 12], A schematic diagram of the apparatus
is shown in Figure 1. The light source Z is a He-Ne laser of power P =10 mW,
generating a light beam of minimum divergence. After passing through a system of



lenses L and diaphragms D x the beam is directed to a measuring dark chamber
by means of fibre optics. Fibre optics is used in order to depolarize and collimate
the beam to the desired dimensions optical filter F, polarizing prism P and dia-
phragm system D2) and to eliminate light scattering on dust particles contained in
the air. The beam formed in this manner enters a quartz cell containing the investi-
gated solution. The cell is ideally fiat-parallel for the incident beam and cylindrical
for scattered light. A system of thermostats A i—A3 provides temperature stabiliza-
tion in order to maintain identical conditions of measurements.

The incident beam passing through the measuring cell leaves the chamber through
a collecting fibre optics containing in its circuit a photomultiplier for the measu-
rement of the initial beam intensity. Scattered light passes through a Wollastone
prism W or, alternatively, through a Gian prism N and is recorded by a photomul-
tiplier.

A system recording scattered light is placed on a rotational optical bench, which
can rotate around a vertical axis passing through the center of the measuring cell.
During rotation of the bench the cell remains motionless. This design allows the
measurement of intensity of light scattered in various directions (0= 1—155 deg).
The knowledge of reduced scattered intensity light for the angle 0=ir/2 is essential
in these measurements. It can be determined from the ratio of the intensity of light
scattered at the right angle by the investigated sample to the intensity of light scat-
tered by a standard of known absolute value of I (A nJ2). Carbon tetrachloride
CC14, for which the absolute value of scattering cross-section for X=632.8 nm is
equal to rccis fl/2=2.95-10"4 m-1, was used as a standard in the present investiga-
tions.



The absolute values of cross-section R(0) for the investigated solution were de-
termined from the relationship:

1(6) 0
rW=T7-jzRs"ndf{6,n0)"2, )
1&12) ns

where:

1(0)—intensity of light scattered by the investigated solution at the angle 0,
Is(n/2) —intensity of light scattered at the angle 6=71/2 by the standard,
Rw—absolute value of cross-section for the standard (0=71/2),

sin 0—correction for a change in scattering volume,

/ (0,70)—correction for light reflection and refraction in the measuring system,

I . .
RY _correction for the refractive index.
ns
The relationship (1) takes into account the errors occurring in the measuring

technique which can substantially influence the R(0) value. Detailed analysis of
sources of error of this measuring system and the methods of determination of
values of these errors were discussed elsewhere [11, 12]. The values of R(0) in each
measurement are determined directly using a digital computer according to an al-
gorithm taking into account specificity and errors of the measuring system.

4. Experimental results

Three series of colloidal solutions differing in émulsification time t,,,, which was
equal to /m=900, 1800, and 3600 s, respectively, were prepared for the experiments.
Each solution was divided into two portions, one of which was stored in darkness
whereas the other one was exposed to light. The observation time for all the samples
was te=1, 14, 21, and 28 days.

The measurements of values of the light scattering function /? at the angle ranging
from 0=20° to 155° were carried out for each series directly after preparation of
the samples and after various observation time.

Exemplary results of the determination of this function for the colloidal solu-
tion of tm=900 s and varying time te are depicted in Figure 2. Figure 2b illustrates
the results of measurements for the samples of the same solution stored in darkness.
Figure 3a shows the measured values of the function /? for the colloidal solutions of
tm=3600 s and various time te. The values of the /? function for the samples of the
same tmstored in darkness are presented in Figure 3b. The experimental values of
the /?,,(#) function shown in Figures 2 and 3 are given in the form reduced to the
value of the p,,(7i/2) =1 function. The course of the /?,,(#) function for the remaining
samples is of identical character. The observed differences consist mainly in the
change of the absolute values of the /?,=/?,,(#) functions and, to a smaller extent,
in the change of shape of this function.
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5. Discussion

The method of preparation of crude oil colloidal solutions in artificial sea water
presented in section 2 determines the size distribution of crude oil particles.

Treating in further considerations crude oil particles as spherical, the maximum
size of these particles can be calculated. For the investigated solutions this maximum
size was estimated as /,~2+10—6 m. However, the number of oil particles of this
size in "the solution is very small, because during filtration the effective size of pores
of the sintered glass filter R4 decreases rapidly due to sedimentation of oil droplets.
Hence, the average particle size is considerably smaller than rmand can be determin-
ed to a good approximation by comparison of the experimental distribution of
the p,,(0) function with theoretical variability of this function. Theoretical values of
the normalized function fin{0) can be determined on the basis of Mie solution or,
less accurately but much easier, by means of the Rayleigh-Gans model for the so-cal-
led ‘soft particles'.

According to this model, the ft function for light scattered at an arbitrary angle
with respect to the direction of unpolarized monochromatic incident beam is describ-
ed by the relationship:

T3 12
13(0) = K(1 +COS’O) u—"(sinu —ucosw) (2)

2nr
where: .K—proportionality factor; u= ~ sin (0/2). The value of the proportionality

constant K depends on the intensity of incident light 10, sizes and concentration of
scattering particles and their refractive index.

For the function P(0) normalized to /?,(#) and determined experimentally ac-
cording to equation (2), the following dependence is valid:

(1+cos?0)"-~(sinu —mcosm)”

em -M - \y J. (©)]
Ptnll! 3 1"’
— (smua2- un/2cos un/2)
-uUnl!l2
.-nr

where: W22V 2y -

The function /2.((?) defined in this manner eliminates unknown proportionality
constant K and describes the investigated cases for which the relative refractive
index of crude oil in water («r) is close to «r~ 1.1. The values of the p,,(0) function
calculated from equation (3) and normalized to unity for 0=ji/2 are presented as a
function of the crude oil particle size r in the form of a set of curves in Figure 4.

The approximate values of the average radius of crude oil droplets in the solu-
tion can be determined by comparing the experimental and theoretical P,,(0) func-
tions. The comparison of these functions consists in assigning to a set of experimental
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Fig. 5. The change in average radius r
of crude oil droplets in colloidal solution
of various tmas a function of observa-
tion time (te for samples illuminated
and stored in the darkness



points a theoretical curve (Fig. 4) of a given radius r, for which the average deviation
between the experimental values is the smallest.

Application of such a procedure permitted to determine the dynamics of varia-
tion of the average size of crude oil droplets in the investigated solutions. The chan-
ges of an average radius r of oil droplets for the colloidal solution of crude oil in
artificial sea water of tm=900, 1800, and 3600 s, exposed to light and stored in dark-
ness, are depicted in Figure 5. In all investigated solutions the average value of the
radius r is the smallest for samples immediately after preparation. The mixing time
t,, influences the initial value of r.

As follows from comparison of Figures 5 sections the effect of time t,, is large
for times /,,,<1800 s. For times /m>1800 s, the initial value of r is constant. This
effect can be associated with evaporation of volatile and soluble petroleum compo-
nents during the process of mixing. Thus, it should be expected that the limiting
value of time tm influencing the process of crude oil dispersion will depend on the
kind of the investigated oil.

For illuminated samples the r value of oil particles increses with the time of ob-
servation te. The increase is monotonic for all the investigated samples and after
tc=1 days r reaches a steady value. The process of increase of ther value is associat-
ed mainly with the cohesion forces, which bring about aggregatilon of single drop-
lets into larger clusters. Inhibition of the increase of 7 after te> | days is due to distur-
bance of the condition of floating stability of these aggregates and to weakening of
the cohesion forces interaction.

Identical processes occur in samples unexposed to light. However, the rate of
these processes is lower than for the illuminated samples. This phenomenon sug-
gests the effect of light on the coagulation process of a colloidal solution of petro-
leum. It has been demonstrated in earlier investigations of the influence of light on
physical properties of sea water contaminated with crude oil derivatives that this
phenomenon is associated with photooxidation processes resulting in changes of
physical and chemical structure of crude oil [7, 10]. Illuminated particles of oil
tend to aggregate more rapidly, forming clusters of higher sedimentation or floating
rate. This constitutes one of the most important elements of the process of self-puri-
fication in the marine environment polluted with the soluble and colloidal compo-
nents of petroleum.

These tendencies can be observed more readily in the case of analysis of content
of these contaminants as a function of time te and tm. the analysis was based on
knowledge of the absolute value of R (n/2) for the studied samples, defined by equa-
tion (1). Comparison of the experimental value of R(n!2) with the theoretically cal-
culated scattering functions for the droplets of previously determined r permits to
estimate the concentration N of these droplets by means of the dependence:

jy_nRcaM2) R(nl2)
P(r, 7r/2)

Knowing the N value and assuming that the solution contains the oil particles of
the radius 7, the volume concentration of crude oil Cv in the investigated samples
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can be calculated from the formula:
Cv=\nNr3 (5)

The theoretical value of the fl (r, tc/2) function should be determined as accura-
tely as possible in order to avoid additional estimation errors. In the present work
the value of the function was determined using an algorithm of calculations (5)
based on full Mie solution by the so-called ‘phase angles’ method [4]. The values
of refractive indices corresponding to A=632.8 nm used for the calculations were
equal to nw—1.338 for water and nO= 1.485 for oil [9].

The dynamics of changes in volume concentration of crude oil in the investigat-
ed samples was calculated on the basis of equation (5) and experimental data.
Figure 6 shows the changes in petroleum concentration Cuas a function of time te
for the colloidal solution of tm=900, 1800 and 3600 s, for samples both illuminated
and stored in darkness.

It follows from inspection of Figure 6 that the volume concentration Cvreaches
maximum for freshly prepared samples and depends on the time tm. The maximum
Cv value was achieved for tm=900 s, which confirms the earlier presumptions that
the emulsification process of petroleum removes soluble and volatile components
from the solution. For all the investigated cases, the maximum dynamics of changes
in Cv occurs, similarly to changes in the r value (Fig. 5), within the time interval
tee [0,7 days]. After te> 1 days, the changes in Cv are small and tend to stabilize.

The changes in Cv for samples stored in darkness are of identical character, al-
though the rate ofchange is lower than in the case of samples exposed to light (Fig. 6).
This result is consistent with the earlier observations concerning the effect of light
on the process of self-purification of sea water contaminated with crude oil deriva-
tives [7, 10]. In addition, it follows from comparison of Figures 6 parts that the
mixing process is one of the major factors limiting chemical and physical compo-
sition of the colloidal solution of crude oil in sea water. With the increase in time
t,, light components, characterized by small value of r, are removed from the solu-
tion while the content of dispersed heavier components with larger r values increases.
After te>21 days the solution contains oil droplets of r*0.8rK, the concentration
of which does not change with time for exposed and unexposed samples. The deter-
mined value of this concentration varies in the 10-8<C,<6-10-8 interval. This
result falls within the 10_9<Co0<2-10-7 range of crude oil concentration changes
determined for the clean Kara Sea and ice and snow ofthe Artie [3]. Hence, the result
can be consisdered as natural pollution of the environment resulting from human
technological activity.

6. Final remarks
The proposed investigation method of time-dependent changes in structure of

colloidal crude oil solutions in artificial sea water is based on utilization of the light
scattering phenomenon. The changes occurring in these solutions, reflecting some



of self-purification processes of the marine environment, are manifested in the
absolute values and the shape of volume scattering function For this reason,
the method permits to study the dynamics of these processes in terms of various
external physical parameters. Thus, the presented version of the method provides
in a relatively simple manner numerous new informations required for a complete
mathematico-physical model describing the process of self-purification of the marine
environment contaminated with soluble and emulsified crude oil derivatives.

The obtained values of the average oil droplets size r and the volume concentra-
tion Cv are accompanied by some errors resulting from the proposed method of
calculating the results. These errors can be partially eliminated if the average value
of the oil droplets radius r is calculated on the basis of knowledge of the function
of radii distribution/ (r), which should be determined experimentally or theoretical-
ly. In both cases the problem is very difficult and requires very tedious investigations.
The authors undertook preliminary studies aiming at theoretical determination of
this function using a method of successive approximations based on the experimen-
tal results presented in this paper. The knowledge of this function will permit to
determine the volume concentration C,, of fractions of various radii r fand to moni-
tor in time te the dynamics of removal of these fractions from colloidal solutions of
crude oil in sea water.
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