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ABSTRACT: Adhesion of oils and fatty food products to pack-
ages is an important storage problem, because it increases prod-
uct—package interactions that alter quality. Reducing such ad-
hesion would also allow savings in recycling and cleaning
processes. The aim of our work was to test if some thermody-
namical adhesion models were correlated to edible oils” bulk
adhesion as measured experimentally. Food-contact surfaces
were low-density polyethylene, polyethylene teraphthalate,
stainless steel, and glass. The Young-Dupré equation and five
models of adhesion from the literature were used to calculate
solids’ surface tension and the thermodynamical work of adhe-
sion (Wa). The dispersive, polar, acid-base, and hydrogen sur-
face tension components of oils and solids were calculated. The
experimental adhesion, or amount of edible oils remaining on
solid surfaces after contact, was found to be correlated to
Young-Dupré Wa, involving contact angle measured by spe-
cially designed image analysis technique. Two models, involv-
ing, respectively, surface tension’s hydrogen component and a
linear dependence of WaP on the liquid polar surface tension
component, fitted best with oil bulk adhesion as measured ex-
perimentally. Our theoretical approach to fatty food material
adhesion seems, so far, consistent to predict global residues of
edible oils on solid surfaces.
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Adhesion of fatty food materials to surfaces is of high eco-
nomic importance. Residues remaining on packages increase
recycling costs. Food adhesion on equipment and machines
also affects industrial cleaning costs, especially for greasy
products. Moreover, adhesion to food packaging enhances in-
teractions that may alter the food product and lead to poor
product appearance (1).

In general, adhesion is explained by different theories,
such as thermodynamics (surface tension, contact angle), me-
chanics (rugosity, wear), electrostatics, and diffusion, which
led to adhesion models. However, most studies concerning
food adhesion to surfaces are empirical and related to specific
products, such as meat, fish, or dough. Few are concerned
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with adhesion of fatty food products, as are studies by Check-
mareva ef al. (2). All these studies have not taken into account
the existing theoretical adhesion models (3). McGuire and
coworkers (4—7) used the thermodynamical adsorption theory
of adhesion but for specific food components, such as pro-
teins, rather than for real food products. Concerning food con-
tact surfaces, theoretical adhesion approaches were used by
Boulange-Peterman et al. (8) for sanitary purposes concern-
ing the adhesion of microorganisms.

The aim of the present study was to show the relationship
between the thermodynamic work of adhesion (Wa) and the
weight of fatty food remaining on packaging material after
drainage flow. This bulk residual weight, which we chose
to call experimental adhesion, represents the adhesion plus
cohesion amount that is of real industrial concern. Our goal
was to see if this global adhesion is also linked to truly inter-
facial terms, such as the work of adhesion or surface tension
parameters.

Wa was calculated from the Young-Dupré equation and
five methods from the literature. Oils were chosen for their
important cleaning problems because they are particularly
difficult to remove from surfaces. Moreover, there may be a
model to understand better the behavior of fatty fluid food
products. They were also chosen among other fatty foods for
their properties such as lack of evaporation and Newtonian
rheological behavior. This allowed us to concentrate on ther-
modynamical parameters.

THERMODYNAMIC ADHESION MODELS

The thermodynamic work of adhesion, Wa, may be defined
as the reversible work per unit surface to separate two phases
that initially have a common interface. It characterizes the re-
versible part of the nonequilibrium adhesion work developed
in the real process of separation of bodies. Wa is positive for
adhesion and may be expressed by a combination of the
Young forces equation (9) and the Dupré energy equation
(10), leading to:

Wa =1 -(cos 6 + 1) [1]

where v, is the liquid surface tension and 0 the contact angle
at the solid-liquid interface (Fig. 1). The advantage of this
equation is that calculation of Wa is based only on y; and 0
determination, which is experimentally relatively easy. Wa is
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FIG. 1. Definition of contact angle from sessile drop geometry at
solid/liquid/vapor triple point. yg, v, and g, are solid and liquid surface
tension and solid-liquid interfacial tension, respectively.

thus calculated with some certainty because this equation is
valid for any liquid on any solid surface.

However, some models have been established to express
the work of adhesion and understand the role of dispersive,
polar, and acid-base forces in the adhesive process. In these
models, solid surface tension components, i.e., the additive
dispersive, polar, acid-base, or hydrogen contributions to sur-
face tension, must be known. Because currently there is no
reliable experimental technique for directly measuring the
surface tension of a solid and its components, indirect meth-
ods must be used. Particularly, they can be deduced from con-
tact angles of pure standard liquids on the surface of the solid,
by using a combination of the Young-Dupré equation and one
of the models. Most of these rely on Fowkes’ expression of
the Wa dispersive part as a geometric mean of the dispersive
surface tension’s components (11). Five of the most common
models were tested in this study.

(i) Owens and Wendt model (12),

Wa=2+v8 -y +2-4/vE 4P (2]

where y¢ and yP are surface tension components due to dis-
persive (London—van der Waals) and polar (Debye, Kee-
som—van der Waals, and acid-base) forces, respectively. Polar
forces, expressed as a geometric mean, remain controversial,
especially because the second term of the sum should theo-
retically be multiplied by a parameter that varies between 0.5
and 1, depending on the polarity of both phases. Equation 2
is thus valid only when the phases have similar polarities.
However, this equation was widely used in numerous studies
and has proved to be useful (13).
(i1) McGuire’s model (4),

—
Wa=2~\§yg~y%+(K-y{+B) [3]

where K and B are constants for a given solid. This model is
consistent with Dann’s results (14) and has the advantage of
not using the solid polar surface tension component y§, which
is difficult to calculate accurately (5).

(ii1) Wu’s model (15):

d .d PP
Wa=4.JLYs oy TLTS [4]
YL+YS YD +vE
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This empirical model expresses work of adhesion as a har-
monic mean of dispersive and polar components of surface
tension. It is meant to be used between a product of high sur-
face energy and another of low surface energy, which is quite
restrictive.

(iv) Van Oss et al. model (16),

Wa=2yEV 5 42yt vs +24 70 vh [5]

where Y™V is the surface tension component due to all van der
Waals forces (London, Debye, and Keesom). " and Yy~ are,
respectively, Lewis acid and base parameters of surface ten-
sion. The acid-base component y*B, for each product, is the
geometric mean of ¥* and y~. This model was useful to calcu-
late adhesion of bacteria to surfaces involving acid-base in-
teractions and electrostatics (17).
(v) Germain’s model (18),

—_
Wa=2-v{-y& +2:4vP 48 +2.yP 48 (6]

where y" is the surface tension component due to hydrogen
bonds. It is differentiated from polar van der Waals forces
(Debye and Keesom), which are included in P only. This new
model has been used to study the adhesion of inks to polymer
surfaces (18).

No direct check of solids’ surface tensions, used in these
five models, is possible. Thus, from a food industry point of
view, it is interesting to see if these adhesion models predict
edible oil bulk adhesion residues well by comparing them to
experimental adhesion results.

EXPERIMENTAL PROCEDURES

Oils and solid surfaces. Three edible oils were used: virgin
olive oil (Puget, Vitrolles, France); refined first-draft sun-
flower oil (Lesieur, Neuilly, France), and soybean oil (Solior,
Tourcoing, France). Pure, white vaseline oil (OSI, Maurepas,
France) was also used as a chemical reference oil, for its qual-
ity and constant composition.

Four solid surfaces were chosen: low-density polyethyl-
ene (LDPE), polyethylene terephthalate (PET), stainless steel
AISI #304, and glass, both for their use in food packaging and
equipment and for their hydrophilicity or hydrophobicity.
Parafilm® 'M' (American National Can, Neenah, WI) was
used as a hydrophobic, apolar reference surface: yg =255
mN - m™! (19).

Standard liquids. Various standard liquids, of the highest
purity available, were used to determine solid surface ten-
sions. Apolar liquids were diiodomethane (Sigma, St. Louis,
MO), a-bromonaphthalene, cyclohexane (Prolabo, Paris,
France), n-hexane, and n-hexadecane (OSI). Polar liquids
were distilled, deionized water (Chromanorm®, Prolabo),
glycerol, formamide, ethylene glycol, and ethanol (OSI).

Viscosity. Viscosity of oils was measured at 20 + 1°C with
a Viscosimatic MS capillary viscometer (Fica c/o Sepema,
Nozay, France):
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Pwater _toil

Noil = NMwater *

oil  fwater (7]
where 1M is Newtonian viscosity (mPa - s), p is density
(kg - m~*) measured with a 10-mL pycnometer, and ¢ is the
time (s) for the product to flow between two defined levels of
the capillary.

Acidity. Oil acidity was determined as described in Refer-
ence 20 with 0.01 N NaOH. Acidity (%) was expressed as mL
NaOH necessary to neutralize 1 g of oil. Vaseline oil acidity
was also measured to check the validity of the experiment.

Surface tension. Surface tensions of oils and standard lig-
uids were measured with a Kriiss K10ST tensiometer (Ham-
burg, Germany), equipped with a platinum plate (Wilhelmy
method). The platinum plate was cleaned with ethanol and dis-
tilled water, then burned red-hot between each measurement.
Glass cups containing samples were first cleaned by rinsing
and soaking 10 min in acetone (OSI), then rinsed with ethanol
and distilled water and dried 10 min in an oven (110°C).

The DuNoliiy ring method (21) was used to measure inter-
facial tension between apolar and polar standard liquids (y,; ).
Polar liquids’ yﬁ component was then calculated as follows:

2
(YatvL—VaL)
4 Ya

where v, is the apolar liquid surface tension and y; is the polar
liquid surface tension. The thermostated tensiometer was
placed in a chamber regulated at 20 + 1°C. The device maxi-
mum error was 0.1 mN - m~!. Ten measurements were per-
formed for each surface and interfacial tension.

For ethanol solutions, y‘ﬂ could not be measured this way;
therefore, it was calculated from contact angles on Parafilm®.

Solid surface cleaning. For a proper measurement of 0,
solid and liquid must be in equilibrium, and the surface
should be clean and homogeneous. Prior to each experiment,
surfaces were cleaned with ethanol and soaked 30 min in a

1= (8]
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4% RBS detergent bath (Société Traitements Chimiques des
Surfaces, Lille, France). Surfaces were rinsed 1 min under
running tap water, then rinsed with distilled water. They were
finally dried 10 min in an oven at 110°C for stainless steel and
glass or 45 min at 50°C for polymers (PET, LDPE).

Contact angles. A device that included a video camera
coupled to image analysis was specially designed to measure
contact angles (Fig. 2). Solid surfaces were placed on a sam-
ple holder in a Plexiglas box to protect drops from external
perturbations. It was previously established that the Plexiglas
did not induce optical distortions. Product drops (10 pL) were
deposited through a septum with a square-cut tip syringe. The
device was placed in a 20 + 1°C thermoregulated chamber.
The sample holder could be rotated to check if the contact
angle was constant around the drop. Device horizontality was
checked between each measurement.

Acquisition of liquid drop images was obtained with an
image analysis video camera (Sony, Japan) with a 60-mm
zoom lens (Nikkor®, Nikon, Japan) connected to a 512 x 512
pixel superfine pitch screen (Trinitron, Sony, Japan). Images
were treated and digitized with Visilog® 3.6 software (Neosis
Visron Inc., Montréal, Canada). A Fortran program was writ-
ten to calculate contact angle. The program determined the
top and edges of the drop and then calculated three angles:
the theoretical contact angle and the two true contact angles
on the right and left sides of the drop. For each oil and stan-
dard liquid, measurements of contact angles were repeated 10
times.

The validity of the contact angles obtained by the Fortran
program was checked by scanning known geometrical figures
with angles of 10, 15, 25, 45, 60, 70, and 75°. The program
calculated the angles with a maximum error of 2° on larger
angles. This confirms the validity of our image analysis
method. This method has the advantage of not depending on
visual accuracy. The method usually found in the literature to
measure contact angles uses a goniometer. Even with some
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FIG. 2. Device for contact angle measurement by image analysis.
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automatic goniometers, the operator has to define the angle
on the screen. In our method, once pictures of drops are
logged in, the program analyzes them all in the same manner,
avoiding operator-induced errors.

Calculation of oil and solid surface tension components.
A solid’s surface tension as well as its dispersive, polar, acid-
base, and hydrogen components may not be measured di-
rectly. They are calculated from contact angle measurements
of standard liquids on the surfaces by using equations estab-
lished from models previously described. For each model, the
Young-Dupré equation is used for the left side of the equa-
tion, and the model expression for the right side. This usually
gives the equation of a curve, the slope and Y-intercept of
which give the desired surface tension components. For mod-
els involving more than two parameters, such as Equations 5
and 6, sets of equations are solved, with standard liquid pairs
or triplets, to calculate the components (18,22).

The surface tension dispersive component of oils was de-
termined from contact angles on Parafilm®. The polar com-
ponent was deduced from the total surface tension:

2
|:Yoil ’ (Coseoil,Paraﬁlm + 1):|

4 YParafilm

d

Yoil = (9]

d
Yo =Yoil —You [10]

Other components (Y28, ¥, ¥, ") were calculated from con-
tact angles on solids previously characterized by solving sets
of equations for each model, as described above.

Experimental measurements of oil adhesion. The bulk ex-
perimental adhesion (EA) of oils to surfaces was measured
by a method set up in our laboratory (Fig. 3) and described
by Ould Eleya and Hardy (23). It consists of putting 30 mL
of product on top of an 80° tilted solid surface. The product
is held back by a removable wall. The device is placed in a
20 + 1°C thermoregulated chamber and the wall is opened to
let the product flow down. The weight remaining on the solid
surface after flow has stopped is measured, so that:

m_z)
where deposit weight = solid weight after flow — solid weight
before flow, and active surface = surface actually occupied by
oil. The end of flow time is determined by recording oil
weight dropping down during the experiment with a precision
balance (Precisa 400M; PAG, Ziirich, Switzerland). End of
flow is determined as the point when less than 0.1 g of oil
drops down during 15 min, at which point the mass of oil re-
maining on the plate is considered as constant. For each oil,
the end of flow time was 1 h. The active surface was mea-
sured with a 1-mm precision ruler.

Each measurement with our EA device was run in tripli-
cate. Low standard deviations (between 1 and 7%) for each
oil on the different surfaces validated the method.

This method gives a measure of the global adhesion
amount, i.e., adhesion plus cohesion strengths of the oil, and

EA

_ deposit weight( ' (1]

active surface
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FIG. 3. Device for experimental adhesion measurement.

should not be interpreted as the true interfacial adhesion,
which concerns only the first molecular layers on the solid.
Indeed, the first molecular layers are attached to the solid by
adhesive forces that decrease with distance, so that upper lay-
ers remain attached owing to the oil’s own cohesive strength.
Thus, different results may be interpreted as adhesion differ-
ences if compared for the same oil on various solids, but not
if compared between different oils, because cohesion is then
different (3). However, the advantage of this method is that it
will allow us to see if this bulk adhesion amount remains cor-
related to the thermodynamic work of adhesion or if it is only
due to hydrodynamic factors.

RESULTS AND DISCUSSION

Characterization of solids. Surface tensions of the standard
liquids used to characterize the solids were in agreement with
the literature (4,11,14,22; results not shown). Also, the con-
tact angles of standard liquids on solid surfaces were close to
those in the literature for the same type of solid (14,17,18,24;
results not shown).

Solid dispersive and polar components of surface tension
are given in Table 1. The dispersive components of all sur-
faces fall in the same range (30—40 mN - m™). Lifshitz—van
der Waals components, using the van Oss et al. method (16),
were close to dispersive components given by other methods
(Table 2).

Differences between solids were more likely due to the dif-
ferences in their polar surface tension parameters than to the
dispersive component. This polar parameter almost vanished
for LDPE, while it was almost as important as the dispersive
component for glass. Solids ranked in the following order of
increasing polarity: LDPE < PET < stainless steel < glass,
which is consistent with the literature (17,18,24). This order



TABLE 1
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Polar and Dispersive Components of Solid Surface Tensions

as Derived from Various Models (mN - m™")?

Calculation method

(ref. no.) yd P
LDPE Owens and Wendt (12) 387 0.3
35.2P 0.2b
Wu (15) 37.49 0.67
Germain (18) 31.52 9.24
35.4b 0.5?
PET Owens and Wendt 38.29 4.8°
41P 1.7b
Wu 4472 23.99
Germain 334 24
39.6° 0.9°
Stainless steel Owens and Wendt 33.87 6.29
35.5¢ 10.1¢
Wu 40.32 284
Germain 30.99 3.94
34.7¢ 8.2¢
Glass Owens and Wendt 29.34 25.49
334 26.59
Wu 37.49 52.8¢9
Germain 267 14.87
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TABLE 3
Components of Oil Surface Tension (mN - m 1?2
5 YooYy Y 7"
Olive oil 31.4% 1.6* 31.4 0.66 0.97
32.8Y 0.14Y 0.04
Sunflower oil 33.6% 0% 33.6 0 0
32.9Y 0.4Y 0.3
Soybean oil 32% 1.5 32 0.82 0.72
33.3Y 0.2Y 0.05
Vaseline oil 30.4% 0* 30.4 0 0
29Y 0.9Y 0.5

9 Present study.

bGermain (18).

“Boulange-Peterman (17).

9Haudrechy (25). Abbreviations: LDPE, low-density polyethylene; PET, poly-
ethylene terephthalate.

of material polarity was the same when using McGuire’s K
and Walv’vater parameters (Table 2):

Wa€vater is equal to Y ater - (COSO +1)—2- Vﬁ’Y€vater -yg

reflecting the affinity between solid and water, and K is the
slope of the McGuire model (Eq. 3), which increases with
surface polarity (4,7).

Slight differences between our results and literature values
must be due to the various solid compositions, especially for
stainless steel and glass that may be of different types. The
cleaning procedure may also have induced some residual po-
larity because we used ethanol and a detergent. Moreover, de-
pending on the method, different test liquids were used, which
may influence the results. However, because we used a variety
of test liquids, this kind of distortion should be reduced.

TABLE 2
Solid Surface Parameters (mN - m~") Established by Models
of Van Oss et al., Germain and McGuire?

YWy oy P K B Wal,.
LDPE 369 1.1 0.25 1 4.1 0.21 —-2.91 6.2
PET 447 0.05 143 1.7 11.1 098 -13.90 36.4
Stainless steel 40.1 0.2 193 3.9 13.4 1.06 -12.01 41.3
Glass 36.8 0.85 47.5 12.7 23.6 1.83 -1536 78

aVan Oss et al. (16); Germain (18); McGuire (4). Abbreviations: see Table 1.

aCalculation method: *Owens and Wendt (12); YGermain (18).

Characterization of oils. Oils showed some degree of po-
larity because yP did not always vanish, except for sunflower-
and vaseline oils in the Owens and Wendt (12) model. How-
ever, Y* may be considered negligible because it never ex-
ceeded 5% of Y (Table 3). This residual polarity must be due
to the presence of fatty acids; acidity was 2.2, 0.4, 0.5, and 0%
for olive, sunflower, soybean, and vaseline oil, respectively.
Overall, there were only small differences between the surface
tensions of the different oils. Values of each type of surface
tension component also fall in the same range for all oils. We
may conclude at this point that possible major experimental
adhesion differences between oils may come from their vis-
cosity, composition, and properties of the solids in contact
with them, rather than from surface tension differences of the
oils.

Comparison of work of adhesion and EA. EA of oils cor-
related linearly to Wa (Fig. 4) as calculated from the Young-
Dupré Equation [1]: R?=0.999 for soybean oil, 0.988 for sun-
flower oil, 0.967 for olive oil, and 0.905 for vaseline oil. The
Young-Dupré equation takes into account a bulk characteris-
tic of the liquid (y; ) as well as a component of the solid-lig-
uid system (0), both measurable with certainty. This proves

21

14 -

Experimental Adhesion
(@-m?2

0 T ) 1 T 1
64 66
Wa

(MmN -m™)

FIG. 4. Comparison of oil experimental adhesion with the work of ad-

hesion as calculated with the Young-Dupré equation. O, Olive oil; [J,
sunflower oil; B, soybean oil; A, vaseline oil.
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FIG. 5. Effect of oil viscosity on experimental adhesion. B, Stainless steel;
0, glass; @, polyethylene terephthalate; O, low-density polyethylene.

the importance of thermodynamic adhesion in oil interactions
with packaging and equipment surfaces, even if the bulk
residual weight is not a function of interfacial contact alone.
Slope differences between different oils suggest the impor-
tance of other factors that influence flow. However, as EA in-
creases with Wa, there is certainly no equally important pa-
rameter leading to the converse trend. Other adhesion causes
such as surface rugosity (mechanical adhesion) and rheology
should still be investigated, to improve understanding of ad-
hesion differences for different surfaces and products. For in-
stance, EA increased with oil viscosity (Fig. 5). Indeed, vis-
cosity limits flow and results in greater thickness and heavier
weight of remaining deposits. No particular relationship was
found between oil density and adhesion, certainly because
densities varied in a narrow range (0.86—0.94). Nevertheless,
we suggest that density should limit remaining deposits
owing to gravitational forces.

Effect of solid surface properties on experimental adhe-
sion. Solid characteristics also acted on EA, because we ob-
served a linear decrease of oil EA with surface hydrophilicity
estimated by WaP _ _ (Fig. 6). Moreover, EA decreased with

ater

20

Experimental Adhesion
@-m?

T T T T T T T 1
0 20 40 60 80
Walater
(MN-m™)
FIG. 6. Effect of surface hydrophilicity on oil experimental adhesion. O,
Olive oil; [J, sunflower oil; B, soybean oil; A\, vaseline oil.
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FIG. 7. Effect of surface polarity, as calculated by polar, acid-base, or
hydrogen surface tension components, on oil experimental adhesion.
(A,B) van Oss et al. (16) method, (C) Owens and Wendt method (12),
(D) Germain method (18). O, Olive oil; [J, sunflower oil; B, soybean
oil; A\, vaseline oil.

surface polarity based on Vg, ﬂ{éB, and yg (Fig. 7). EA also de-
creased with g, suggesting that oils have a slight hydrogen-
donor trend (confirming the results in Table 3). The presence
of residual fatty acids can explain this observation. Con-
versely, EA increased with the nonpolar character (estimated
by 'y‘sl) of the surface (Fig. 8). Moreover, for each adhesion
model, Wa was composed of at least 80% of dispersive inter-
actions (first term of the sum in Equations [2—6]), which is
consistent for such hydrophobic products.

Correlation between adhesion models and experimental
adhesion of edible oils. EA and Wa, calculated for each oil by
McGuire and Germain Equations [3 and 6], correlated well
(Fig. 9): R? ranged between 0.751 and 0.946 for McGuire and
0.751 and 0.970 for Germain. McGuire’s model separates
polar and dispersive components of surface tensions but does

Experimental Adhesion
m

38 40 25 2l7 2I9 3'1 33
v
(mN-m™)
FIG. 8. Effect of surface apolarity, as calculated by dispersive surface
tension component, on oil experimental adhesion. (A) Owens and
Wendt method (12), (B) Germain method (18). O, Olive oil; [J, sun-
flower oil; W, soybean oil; A, vaseline oil.
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FIG. 9. Comparison of the work of adhesion, by different models, with
oil experimental adhesion. O, Young-Dupré (9,10); [J, McGuire (4); A,
Germain (18).

not take yg into account, which is considered as not a reliable
parameter (4). This approach seems to be efficient in predict-
ing bulk adhesion in oils. The efficiency of this method in our
case is certainly due to the nonpolar character of oils because
the geometric mean term, including '\{E, is very low. Ger-
main’s model also seems to be consistent for our particular
products. This may be due to the splitting of long-range van
der Waals forces that are associated with neither dispersive
nor acid-base forces. Indeed, this method gave better results
than other models, such as the geometric mean or acid-base
approaches. For each correlation, the three edible oils have
almost the same behavior, whereas vaseline oil always be-
haves differently. This shows the influence of oil composition
on top of rheological or surface parameters. This pure chemi-
cal oil therefore should not be used to model experimental ad-
hesion of edible oils.

Other methods did not correlate to EA for any oil (Fig. 10).
The apparent inadequacy of the van Oss et al. method (Eq.
[5]) for bulk adhesion of edible oils must be due to the low y*
and ¥~ (proton-donor and acceptor component) values of oils.
The same remark can be made about the Owens and Wendt
model (Eq. [2]). In this case, polar components of the surface
tension take on the same role as dispersive ones in the calcu-
lations, even though polar interactions are not important for
oils. It should be noted that the Owens and Wendt model
seemed to correlate with sunflower and vaseline oils’ EA
(lines in Fig. 10). However, the polar component of these oils
vanishes (Table 3). Thus, only the Fowkes geometric mean of
dispersive components actually remains, which is not specific
to this model. The Van Oss ef al. model also seemed to fit bet-
ter for these oils than for olive and soybean oils, certainly be-
cause y* and ¥~ of sunflower and vaseline oils also vanish, so
that only y*V is used. Wu’s model (Eq. 4) may be inappropri-
ate in our experiments owing to the use of polymers along
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FIG. 10. Models that do not correlate well with oil experimental adhe-
sion. @, Owens & Wendt; A, Wu; B, van Oss et al.

with glass and stainless steel. Theoretically, this model is
valid for high-surface-energy solids with low-energy liquids.

Overall adhesion differences between vaseline and edible
oils show that substrate purity and origin (natural or chemi-
cal) is of importance in adhesion phenomena. Chemical oils
do not give any insight on edible oil behavior. Thus, adhesion
predictions applied to food materials cannot be derived from
pure chemical products, and bulk adhesion follows more
complex laws. However, it seems that some of the theoretical
adhesion models can be applied to estimate bulk adhesion
values for edible oils reliably. Particularly, knowledge of the
oils’ surface tension and contact angle on solids allows a sim-
ple and reliable estimation of food-to-solid adhesion. This
study thus impacts on food technology, concerning both food
packaging and surface cleaning problems. The prediction of
adhesion residues can help in choosing an appropriate pack-
aging material for particular oils or fatty products to limit
residual product in the package after consumption. Also,
choosing a particular surface treatment or coating for indus-
trial equipment surfaces can reduce cleaning costs.
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