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ABSTRACT

A significant amouni of efforr is being devoted by scientists and
industry in order 1o increase the efficiency of il spill recovery
eguipment as it determines the impact of oil spitls on coastal
ecosystems as well as the rime and cost of cleanup operations.
One way to Increase the efficiency of adhesion skimmers is 1o
replace rraditional recovery materials wirh polymeric materials
that have the highest gffinity for oil. The research corducted ar
the University of California Sania Barbara has shown thar modern
scientific equipment such as a Dynamic Contacr Angle Analyzer
can be used for evaluation of candidate materials and selecrion
of materials that can be most efficiently used for oil spill clearnup,
The stdy found thar the contact angle formed herween oil and test
suwrface can be used 16 characterize the affiniry of marerial to oil.
The contact angle correlates well with the mass of recovered oil.
For a given oil, the lower the contact angle the higher the recov-
ered mass. The study also showed that surface roughness and oif
composition have a significant effect on the resules of the adhesion
tests. Higher roughness results in lower contact angle and larger
recovered mass, for the same oil-polymer pair.

1. INTRODUCTION

An adhesion (oleophilic) skimmer is one of the most common
types of mechanical recovery equipment. It exploits the property
of ol 1o adhere o the rotating skimmer surface in preference o
remaining in the water. The rotating surface Hfls the ol out of
the water o an oil removal device (e.g. scraper. roller, etei. The
achesion surface is the most critical element of the skimmer as
it determines the cfficiency of recovery. Varous shapes of the
recovery unif, such as a mop, belt, brush, disc, and drum, have
been developed to increase skimmer efficiency. Despite these
changes, the materials used 10 manufacture the surface of adhe-
sion skimmers have remained the same. Steel, aluminum, and
general-use plastics had been in use for more than 30 years, Mate-
rial selection has not been based on the adhesive properties, but
rather on historical practice, price and availability. Very little effort
has been made to study the surface properties of the response
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materials and utilize this knowledge for optimization of oil ¢pili
[ECOVETY.

2. PREVIOUS RESEARCH

Over the past decade. intensive research on wettability and
adhesion processes between solids and liquids has been conducted
in the fields of adhesion science (Mittal, 2002}, petroleam reser-
voirs (Drummond and lsraelachvili, 2002) and polymer science
{Mittal, 2000). These studies found that for the same test liquid,
properties of the poiymer such as compesition, surface energy,
hydrophobicity and surface charge, greatly affect its wetting and
adhesive properties. Although polymeric materials have been
tested for their affinity to water and various chermicals, their affin-
ity to il has barely been studied.

Numbers of tests were performed by various oil spill response
agencies and equipment manufactyrers in the attempt to study the
effect of different belt types on skimmer performance. Although
these studies tested various configurations of belts, very little or no
attention was paid 10 the material these belts are made of and the
effect it has on the recovery efficiency. To our knowledge, there
have been only 1wo studies of the dependency of oil recovery on
the properties of recovery material. To determine the adhesion
between oif and test material, these studies employed “dip-and-
withdraw™ technique, as described by Jokuty ct al. {1995, 1996)
and Livkkonen et al (1993) Adhesion was determined as the
weight of oil remaining after withdrawal, per unit area of a test
surface. Jokuty et al. (1996) tested the adhesive properties of fresh
and evaporated oils with a nurnber of materials such as sieel, plas-
tic (polyethylene). glass, Teflon, ceramic, and woed. This stady
indicated that oil adhesive properties differ for various oils, o
weathering degrees and surface material combinations. For certain
ails, ceramnic and Teflon were found 10 pick up two times more
oil than steel. Roughness of the samples was not reported, so it
is hard to conclude whether the results of the adhesion tests were
predominantly determined by chemical composition of the west
surface or by its roughness. A study by $. Liukkonen et al (19955
on plastics, stainless steel and ice. also found some dependence of
il recovery on surface material type and surface roughness. Only
propyiene-based polymiers where tested in this study.
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3. PROPOSED TECHNIQUE

To stady the affinity of fiquids, such as different crude oils, to
varicus solid surfaces, the comact angle can be measured and used
to caleulate the work of adhesion. When drop of Hiquid is deposited
on the solid surface, an angle 8 is formed (Figure 1),
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FIGURE 1. CONTACT ANGLE MEASUREMENT.
SESSILE DROP TECHNIQUE,

The affinity of the solid for the test liguid increases with de-
creasing 0. The size of this angle is determined by the equilibritm
of surface forces of liguid surface tension (yiv), solid surface en-
ergy {ysv) and surface tension at liguid-solid interface {vs.). This
refation is described by Young's equation (T. Young, 1805):

YCOSE = Yo - Yo (1

The Young-Dupré equation {Young, 1805 and Dupré, 1869}
established the refation between work of adhesion, Ws, between
solid and liguid, surface tension yov and contact angle 8 of a ses-
sile drop:

Wam i {14cosl) (2)

Work of adhesion is measured in mi/m?. It can be casily deter-
mined once the contact angle between liquid with known surface
tension and test surface is measured. This parameter is very dif-
ferent from the “adhesion” measured by Jokuty et al, (1996) and
Liukkonen et al (1995}, who determined the adhesion as a weight
of oil per unit surface area. In the latter case, cohesion between
the molecules of ol film can represent a significant contribution
to the amount of recovered ofl. While the adhesion force between
oil molecules and solid surface may be similar to that one of Hght
oils, in the case of viscous oils, a thicker film is being formed on
the test surface and a larger mass of oil is recovered. In the future,
we will refer to this parameter as “recovered mass”, Work of adhe-
sion, contact angle and recovered mass can all be used (o evaluate
the affinity of test materials to oil.

While the theory of contact angle measurements is based on the
equilibrium of an axisymmetric sessile drop on a flat, horizontal,
smooth, homogeneous, isotropic, and rigid solid, it is generaily
found in practice that & static contact angle does not give a cor-
rect representation of the wetting process. It is believed that using
the Wilhelmy plate techrique and measuring a dynamic contact
angle provides more accurate estimates of surface tension. The
Byramic Contact Angle (DCA} analyzer operates by holding a
sample of the test surface in a fixed vertical position, sttaching it 10
a mictobalance and moving a probe liquid contained in a beaker at
a constant rate up and down past the plate. A unique contact angle
hysteresis curve s produced by the microbalance as it measures
the force exeried by the moving contact angle in advancing and
receding directions (Figure 2.

The forces acting on the plate consist of the weight of the plate,
the buoyancy of the submerged part of the plate and the surface
tension of liquid in contact with the plate. This can be expressed
as:
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FIGURE 2. DYNAMIC CONTACT ANGLE ANALYSIS BY
WILHELMY PLATE TECHNIQUE
{(KSV INSTRUMENTS LTD,)

where F = force, pp = density of plae, w = width of plae, /
= length of plate, t = thickness of plate, g = geceleration due to
gravity, pi = density of liguid, # = length of submerged part. v
= surface tension of liquid. and 8 = contact angle between liquid
and plate,

The first term in Equation 3 is eliminated by zercing the
balance after the plate is attached to it. The second term can be
neglected because measurements are taken when the plate is
withdrawn from the liquid in 3 way that only its lower edge is in
& contzct with the tiquid, which eliminates the buoyancy term.
Fquation 3 can be simplified to:

F = 2{w+ycost (4)

Knowing the force needed to draw the plate out of the liguid
(Fy and the surface tension of the liquid, the contact angle can be
expressed as:

costh = F / 2(w+r'm (3)

Equation 5 is calied the modified Young's equation or Withelmy
equation (Kaya, 2000). This cquation assumes that the solid sur-
face is smooth and nonperous. High energy solids {glass, plau-
num, €1c.) can be used to measure surface tension of Hquids, It is
assumed that a test Hiquid forms a contact angie equal to 0 with
such solids making cosf = 1. Alernatively, if the surface tension
of a liquid is known, the contact angle formed between this liquid
and the new test surface ¢an be determined using Equation 5.

The DCA overcomes the limitations of static contact angle
measurements by measuring much larger surfaces on liquid solu-
tions rather than single drops on a plate. This eliminates the risk of
concentrated contaminants or incomplete profiles.

4. EXPERIMENTAL SECTION

Equipment

For the experimental component of this work, a DCA that utilizes
the Withelmy plate technigue (Cahn Radian 313, Therme Flectron
Corporation} was used. This cquipment is capable of estimat-
ing adhesion-related parameters such as dynamic contact angle,
surface tension, surface free energy. surface polarity and ameunt
of adhered oil. This system can be applied to many types and
geometries of sohd swrfaces, including single fibers as small as
(.1 mm in diameter. The Cahn Radian Dynamic Contact Angle
Analyzer has been successfully used in the past by other research-
ers studying wetting and adhesion properties of various surfaces
{e.g. Lee Y. etal, 1998 and Della Bona A, 2004), Technical char-
acteristics of DCA are presented in Table |,

The DCA can also be used 1o imitate the oil spill recovery
process. The system determines oil adsorption by measuring the
weight increase of the test surface {plate. fiber or set of fibers)
while the sample is dipped into and withdrawn from oil. Oif recov-
ery can be measured as the weight of adhered il per unit surface
arca. This mechanism most closely represents the process of oi)

@

SR

&

SRR



http:calcul:.ue

MECHANICAL RESPONSE 839

Table 1. Measurement characteristics of Cahn Radian DCA 315

Surface Contact Surface Contact Max Max

Tension Angle Tension Angle Balance Sample Sample Min Fibe

Range Range Precision Precision Precision Weight Diameter Diameter
11000 mN/m | 0-180 degrees | £ 0.001 mN/m § £ 0.01 degrees lpg 100 g 75 mm 8.1 mm

withdrawal from the water by the recovery device. This pick-up
technique was used in both previeus swdies of oil adhesion 1o
various materials by Jokuty {19963 and Liukkonen (1995). Recemt
advances in equipment will allow for autormation of this standard
technigue, leading 1o more consistent and rehiable results,

Materials

Three Alaskan crude oils (Point Mclntyre, Noah Star and Endi-
cott)y were used for the experiments. Properties of these oils are
summpmarized in Table 2,

Table 2. Properties of test oils at 15°C.

Three types of commercially available polymers were used for
these tests, The test surface dimensions are 22 mm X 22 mm X 0.2
mm. All samples had very smooth surfaces, with roughness less
than 10 am. This eliminated possible error introduced by differ-
ences in sample roughness and atlows a comparison of the actual
adhesion properties of materials.

Methods

Experiments were performed in a temperature-controlled room
at 15°C o simulate the temperature of oil spilled in the ocean.
Surface 1ension of test oils was measured using the DCA by the
D Nouy ring method. Test surfaces were pre-cleaned using ethyl
alcohol and distilled water, and then blow-dried under nitrogen
flow prior every test.

After the test surface was installed in the DCA test chamber,
it was automatically dipped into test oil to a depth of 10 mm with
a speed of 80 microns/sec and then withdrawn., Weight change
during this process was detected and contact angle was calculated
using the technique and equations summarized in Section 3. Re-
covered mass remaining on test surface was measured at the end
of each run.

To study the effect of oil recovery on roughness of the test
surface, three surfaces of Polymer 2 were evaluated, One surface
was used without preparation and had an initial roughness of about
10 nm. Two other surfaces were roughened using sandpaper of
grades 220 and 320 1o achieve a relatvely homegeneous rough-
ness of about 26 um and 50 gm respectively. Samples were
installed in the DCA test chamber, dipped into the wst oil 10 10
mm and then withdrawn. The contact angle and the mass of off
remaining on the surface were measured,

5. RESULTS AND DISCUSSIONS

The results of the contact angle measurements presented in Table 3

Point confirm that oif properties have a significant effect on the adhesion

North Star | McIntyre | Endicott process. A more viscous oil {Endicott) forms a thicker film on the

- N : ¥ test surface allowing a larger amount of ol to be recovered. This

Density (g/ml) 0.86¢ 0.883 4.9i0 is despite the facy that its affinity to the test material (contact angle
o o value) 18 lower than the one of less viscous oil {North Star). Re-
Surface tension (miN/m) 29 283 298 covered mass is largely influenced by the cohesion of the oil film
Viscosity (¢P) 9.06 20.2 823 (oil-to-oil inferactions) and highly depend on ol compesition and
7 A et e e N propcr’ti:‘:si while the contact angle value is more closely rclafcd
# Asphaitenes Less than 0.5 24 4 to interactions at the oil-test surface interface. This observation

implies that comparison of matenials to evaluate their oleophiticity
shonld be done with a consistent set of ails.

The results indicate that, for a given oil, there is a relation
between the amount of adhered oil and the contact angle the oil
forms with the test surface. This suggests that the affinity of oil
to various materials can be evaluated using contact angle data
obtained with the DCA. Contact angle measurements can be
performed along with measurements of recovered mass using the
DCA. If one only uses the dip and withdraw technique, the resuits
may lead to an erroncous interpretation of adhesion, because
significant ameunt of recovered mass is concentrated in a drop at-
tached to the test surface. The mass of this drop is not determined
by the properties of test surface but rather by the praperties of
oil as well as the geometry and roughness of the lower tip of the
test surface.

Roughness of the test material has a large effect on the
amount of recovered oil and on the contact angle oil forms with the
test surface. When oil is brought into contact with a rough oleo-
philic sarface, oil tends to penetrate into the cavities due to capil-
lary forces and forms a film of uneven thickness. Furthermore, the
actual surface contact area between the il and a rough surface is
very different from its two dimensional projection. When compar-

Table 3. Contact angle measurements

) Polymer } Polymer 2 Polymer 3
Oil advancing recovered advancing recovered advancing i recovered
Type angle miss (mg} angle mass (mg} angle mass (mg;
North Star 25°%1° 3 3451 25 s 4 bt 2
Point Mclntyre 28110 M.MS 3 331 5 i 87117 2
Endicott 33040 125 42717 i L aseare g
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ing materials with different roughness, all equations containing
surface area value must be scaled by their roughness facior.

The effect of surface roughness is iHlustrated by the resuls in
Table 4. The same type of polymer was used to prepare samples
with increasing toughness. These data indicate that z rougher
oleophilic surface recovers more oil. This is caused by the geom-
etry and pattern of surface features and not by the higher affinity
for oil. The decrease of contact angle with increased roughness
confirms that oil wads 1o penetrate into channels and cavities. In
future experiments, test materials shouid be divided in the groups
based on their roughness and compared only within these groups.
This would eliminate possible error and allow accurate compari-
son of their adhesive properties.

Table 4. Effect of roughness.

Low High
Smooth | roughness  roughness
< 0 am)! 20pm) 1 (50 {m)
Advancing contact angle 33510 28%x1" 22°x1°
Recovered mass (mg) 5 8 Hi

6. CONCLUSION

These studies show that measurement of a contact angle formed
between oil and test surface using a Dynamic Comtact Angle
analyzer can provide valuable information about the affinity of
various materials to oil, and allow comparison between these
materials. There is an inverse correfation between the mass of
recovered oil and angle oif forms with the test surface. For a given
oil, the lower the contact angle the higher the recovered mass.
Contact angle measurements can be performed along with tradi-
tienal mass recovery {dip and withdraw) tests.

Surface roughness and oil composition have a significant effect
on the resulis of the tests. Higher roughness results in larger recoy-
ered mass and lower cortact angle, for the same oil-polymer pair.
More viscous oils form # thicker film on the test surface allowing
larger mass to be recovered, aithough their affinity {contact angle)
1o the test surface may be simiiar {0 less viscous oils.

Hence, a thorough study of oil adhesion to 2 solid surface must
monitor and report the following parameters:

= (il composition and physical properties
+  Chemistry of the test surface

+ Shape and roughness of the test surface
+  Test protocol

»  Temperature of experiments

A meamingful comparisen between samples can be made only
if all these parameters are known and carefully monitored through-
out the test,
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