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a b s t r a c t

Contact angles (CAs) of unused Canola and olive oils on polytetrafluoroethylene (PTFE) were measured,
and the effect of oil type, surrounding media, and temperature evaluated. CAs were compared to values
predicted by Girifalco-Good-Fowkes-Young (GGFY) equation, and GGFY combined with the E€otv€os
equation (GGFY-E). Finally, a relationship between the CA and interfacial tension for each oil type was
obtained. CAs were measured by the sessile drop method (ram�e-hart instrument co.). For oil-air systems,
measurements were performed at 23 ± 1 �C, 40 �C, and then every 20 �C until reaching the oils' smoke
point (olive oil: 180 �C, Canola oil: 200 �C). The same procedure was followed for oil-steam systems with
first and second temperatures of 110 and 120 �C, respectively. Temperature and oil type had a significant
effect (P < 0.05) on CAs, while no significant effect of surrounding media was observed. CAs decreased
linearly as temperature increased (approximately 0.2�/�C). Error (E%) values were less than 10% for the
majority of Canola oil systems and olive oil-air predicted CAs. Using Zisman plots, PTFE's surface tension
estimates were determined using Canola and olive oil air systems (16.0 and 18.2 mN/m respectively);
both systems showed a linear correlation (r2 ¼ 0.99) between interfacial tension and CA.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

According to the US Department of Agriculture (2014), world
vegetable oil consumption has increased from 145.05 to 172.06
million tonnes during the last five years. An estimated of 73.4% of
the total vegetable oil production is used for food purposes (USDA-
FAS, 2014), and from this amount (approx. 126.3 million tonnes),
20% is destined to shallow and deep frying (Gunstone, 2002). Deep-
fat frying is one of the oldest and most commonly used unit op-
erations in food processing in homes and industry. Frying is a
relatively low cost process, and the combination of temperature
and oil uptake positively impact organoleptic attributes (e.g. flavor,
texture, mouth-feel, and appearance) and the quality of the final
product (Bouchon & Pyle, 2004; Saguy & Dana, 2003). Frying oil
selection is based upon its oxidative stability, smoke point, foaming
e, West Lafayette, IN 47907,
capabilities, melting point, flavor and nutritional value; examples of
vegetable oils used for deep-fat frying include: Canola, corn, cot-
tonseed, olive, palm, peanut, soybean, safflower, and sunflower
(Erickson, 2007; Kochhar, 2001).

Frying is a complex process characterized by simultaneous heat
and mass transfer, in which the food dehydrates and oil is
absorbed into it. Oil uptake is an important quality factor of fried
food; however, how the absorption phenomenon occurs is not
completely understood (Bouchon, 2009). Several factors have been
reported to affect oil uptake during frying including: pre- and post-
frying treatments, temperature and time of frying, initial and final
moisture content, crust structure (pore formation and size distri-
bution), product geometry (surface area and roughness), oil quality
(composition) and interfacial tension (Blumenthal, 1991; Bouchon,
2009; Bouchon & Pyle, 2004; Moreira, Sun, & Chen, 1997). The
primary approaches to describe the mechanism of oil uptake
consider the relationship between the uptake and moisture loss,
capillary pressure, steam condensation, adhesion and drainage
(Ziaiifar, Achir, Courtois, Trezzani, & Trystram, 2008). The effect of
moisture loss occurs during frying whenwater from the food forms
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steam. Depending on the resistance of the food's structure, steam
can escape through weaker cellular structure, or remain trapped
within the food matrix. In both cases, this allows oil uptake either
by creating capillary pathways and pores, or by a vacuum effect due
to post-frying steam condensation (Dana & Saguy, 2006; Ziaiifar
et al., 2008). However, the vigorous escape of steam also limits oil
uptake during frying, as it creates a barrier between the food and
the oil (Bouchon, 2009).

It has been established that the main oil uptake occurs once the
food is removed from the fryer and the food's temperature cools
down (Moreira et al., 1997). In some areas of the fried food, the
steam trapped inside the pores condensates and the internal
pressure decreases while oil from the surface of the food enters the
pores by suction (Mellema, 2003; Ziaiifar et al., 2008); whereas in
other areas, oil is pulled into the pores and microchannels due to
capillary forces (Dana & Saguy, 2006; Ziaiifar et al., 2008). After
frying and as consequence of degradation, the layer of oil covering
the food has a higher viscosity and contains more surfactant agents
than the fryer oil poured into the fryer (Dana & Saguy, 2006; Rossi,
Alamprese, Ratti, & Riva, 2009). Those changes in oil chemistry, in
addition to the lower external temperature, increase the oil's
wettability and adhesion; oil's flow into the food increases as
consequence of an increase of air-oil interfacial tension, and a
decrease of solid-oil interfacial tension and CA (Bouchon, 2009;
Moreira et al., 1997; Ziaiifar et al., 2008).

Wettability is known to have an effect on heat andmass transfer
processes, especially those in which the solid phase is porous and
there are multiple fluid phases interacting (Udell, 1985). Brannan
et al. (2014) defined wettability “as the affinity of a fluid for a
solid”, and highlighted its dependency on CA and interfacial ten-
sion. The wettability of a liquid on a solid surface can easily be
determined bymeasuring its CA (Gomes Da Silva& Singh, 1995). As
shown in Fig. 1, the CA has its vertex at the point where the
immiscible phases meet, and each side is formed by the contact line
between the solideliquid and the liquidegas interfaces (Bruus,
2007). If the CA is closer to 0� the liquid has a high wettability
which means it can form a film on the solid's surface. On the other
hand, if the value is higher than 90� the liquid forms droplets on top
of the solid's surface due to its lowwettability (Brannan et al., 2014;
Rossi et al., 2009).

One of the first approaches to define the relationship between
surface tension and CA at the equilibrium point was presented by
Young at the beginning of the nineteenth century:

gLG cos qe ¼ gSG � gSL (1)

where gSG is the solidegas surface tension, gSL is the solideliquid
interfacial tension, gLG is the liquidegas interfacial tension, and qe is
the contact angle (Chaudhuri & Paria, 2009). From the four pa-
rameters in Young's equation only gLG and qe are relatively easy to
measure, and may be used to estimate solid surface tensions.
However, it is necessary take into consideration the assumptions
implicit in this equation which include: using a pure liquid and
smooth homogeneous solid surface, gLG>gSG, and all interfacial
tensions should remain constant while the measurements are
Fig. 1. Representation of the contact angle (q) between solideliquid (gSG) and liquid-
egas ( gSL) interfaces.
performed (equilibrium state) (Kwok & Neumann, 2000; Volpe,
Maniglio, Morra, & Siboni, 2002).

In recent years, an increasing number of studies associating
frequent consumption of deep-fried products (with high fat con-
tent) with the risk of developing illnesses such as: obesity, heart
diseases, cancer and type 2 diabetes have been published (Cahill
et al., 2014; Sayon-Orea et al., 2014; Stott-Miller, Neuhouser, &
Stanford, 2013). Concurrently, consumer trends towards con-
sumption of low-fat products have increased, and with them the
interest of the food industry on lowering the oil uptake of deep-
fried food to the minimum without affecting the quality of the
product (Bouchon & Pyle, 2004). Thus, characterization of the
wettability and surface properties is vital for better understanding
solideliquid interactions, as it opens the possibility for practical
applications in the food industry such as surface modification to
change the compatibility between phases (Adamson, 1990;
Karbowiak, Debeaufort, & Voilley, 2006).

In order to better understand the effect of oil wettability in the
absorption of oil into deep-fat fried foods, and develop frying
processes that lead to lower oil uptake, it is necessary to under-
stand how oil surface properties change during this process.
Therefore, the aims of this work were to determine the effect of
temperature, oil type, and surrounding media on the CA values of
Canola and olive oils on PTFE, to evaluate predicted CA values for
Canola and olive oils obtained from two mathematical models, and
to determine the relationship between CA and liquidegas interfa-
cial tension values of Canola and olive oils measured at same
conditions of temperature and surrounding media.

2. Materials and methods

2.1. Materials

Canola oil (ConAgra; Omaha NE, USA) and extra virgin olive oil
(American Rice Inc.; Houston, TX, USA) were purchased from a local
market. Polytetrafluoroethylene (PTFE or TeflonTM) sheets AMS
3651 (152.4 � 152.4 � 1.5 mm) were bought from an online store
(Amazon.com, Inc.).

2.2. Contact angle measurements

The equilibrium CA between each oil and PTFE film piece
(26 � 7 mm) was measured by sessile drop method using a contact
angle goniometer equipped with DROPimage software (Model 100
CA, P/N 190-F2; ram�e-hart instrument co.; Succasunna NJ, USA).
Drops were formed using a micro-syringe with 22 gauge stainless
steel needles (P/N 100-10-20 and P/N 100-10-12-22 respectively;
ram�e-hart instrument co.; Succasunna NJ, USA). All measurements
were performed inside an environmental chamber equipped with a
temperature control system (P/N 100-07 and P/N 100-50 respec-
tively; ram�e-hart instrument co.; Succasunna NJ, USA), and using
air or steam as the surrounding media. To avoid contamination, all
surfaces were cleaned with acetone before and after each experi-
ment, and allowed to dry for 1 min before starting a new
measurement.

Prior to each set of experiments the goniometer was calibrated
using a precision calibration device (P/N 100-27-31; ram�e-hart
instrument co.; Succasunna NJ, USA). CAs for Canola and olive oils
were determined as baseline at room temperature (23 ± 1 �C) using
air as the surrounding media, and at 110 �C using steam. Then
temperature was increased and measurements were performed
every 20 �C, starting at 40 �C for air and at 120 �C for steam, until
the smoke temperature of each oil (180 �C for olive oil and 200 �C
for Canola oil). A minimum of four measurements were performed
at each temperature; however, additional measurements were
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taken when variability was observed between the first two values
obtained. Before performing a measurement, the system was
allowed to equilibrate 1 min, and steady state was assumed if
during that time no CA changes were observed. To prevent degra-
dation of the oils by temperature, the total time for each mea-
surement did not exceed 2e3 min.

In addition to the temperature controller of the environmental
chamber, temperature was monitored using a digital handheld
thermometer (Model HH21; OMEGA Engineering Inc.; Stamford CT,
USA) and a pair of thermocouples. The first thermocouple was
placed at the vicinity of the needle where the drop was generated.
The second one was placed in between two PTFE sheets at the
bottom of the environmental chamber, exactly underneath the
point where the drop was deposited for the CA measurement.
2.3. Steam generation and delivery

Steamwas generated by boiling distilled water in an Erlenmeyer
flask on a hotplate stirrer. The flask was connected to a high tem-
perature resistant pipe, which in turn was attached to a port of the
environmental chamber (inlet port) (Fig. 2). The transfer pipe was
covered by high temperature heating tape (O.E.M. Heaters; Saint
Paul MN, USA) equipped with a temperature controller (OMEGA
Engineering Inc.; Stamford CT, USA) to ensure the temperature of
the steam was constant. In order to prevent heat loss and
condensation, all the pipes and connections were covered with
thermal insulation (Heatshield Products; Valley Center CA, USA)
and aluminum foil. A Teflon lid was designed to stop steam from
escaping through the top of the environment chamber; two holes
were drilled into the lid one for the needle, and the other one to
place a thermocouple. This ensured that steam only exited through
a second port of the environmental chamber (outlet port) con-
nected to a piece of tubing; condensation from this tube was
collected in a beaker and monitored during each the experiment to
verify that the steamwas constantly flowing through the chamber.
When air was used as surrounded media, both inlet and outlet
ports of the environmental chamber remained closed.
2.4. Mathematical modeling of contact angle

CAs were predicted by the Girifalco-Good-Fowkes-Young
(GGFY) equation (Eq. (2)) (Good & Girifalco, 1960), and GGFY
equation combined with the E€otv€os equation (Eq. (3)) that predicts
the CA as a direct function of temperature (Eq. (4)).
Fig. 2. Steam generation-delivery system, and goniometer parts: A) high resolution
camera, B) environmental chamber, C) transfer pipe, D) light source, E) Erlenmeyer
flask with distilled water, F) hotplate stirrer.
cosq ¼ �1þ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gSG=gLG

p
(2)

where gSG is the solidegas surface tension, gLG is the liquidegas
interfacial tension, and q is the contact angle.

gLGðM=rÞ23 ¼ KEðTc � TÞ (3)

Where gLG is the liquidegas surface tension, M is the liquid molar
mass, r is the liquid density, KE is the E€otv€os constant, TC is the
liquid critical temperature, and T is the sample temperature.

cos q ¼ �1þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gSGðM=rÞ2=3
KE ðTc � TÞ

s
(4)

The percentage errors (E%) were calculated (Eq. (5)):

E% ¼
abs

�
qexperimental � qpredicted

�
qexperimental

� 100 (5)

The gSG of PTFE used was 18 mN/m as previously reported by
Goss (2010). This value was assumed to not change with temper-
ature. The M and TC values for Canola oil were 881.83 g/mol and
545.91 �C respectively, while the corresponding values for olive oil
were 874.46 g/mol and 543.62 �C. The TC, as well as, r and gLG re-
ported in Table 1 were obtained from O'Meara (2012). Palit (1956)
mentioned the effect of the molecules' geometry on the KE; mole-
cules almost spherical have lower values (e.g. mercury, KEz 1)
while more geometrically complex molecules have higher values
(e.g. tripalmitine, KE¼ 5.4). Thus, to obtain more accurate pre-
dictions, KE was adjusted for each of the four systems (oil-sur-
rounding media) from 2.12 to approximately 6.1 dyn cm/mol2/3K
using Excel Solver and the Method of Least Squares.

2.5. Zisman's plots

To establish the relationship between liquidegas interfacial
tension and CA values, Zisman's plots were used. The solidegas
interfacial tension was estimated in terms of the critical surface
tension of wetting (gC) which corresponds to the value of surface
tension when cosqe¼ 1 (Palakattukunnel, Thomas, Sreekumar, &
Bandyopadhyay, 2011).

2.6. Statistical analysis

Data were analyzed using SAS 9.1.3 (SAS Institute Inc.; Cary NC,
Table 1
Density and liquidegas interfacial tension values of Canola oil and Olive oil at
different temperatures.

T (�C) Densitya (g/cm3) gLG
a (mN/m)

Canola oil Olive oil Canola oil Olive oil

Air Steam Air Steam

23 ± 1 0.913 0.903 32.41 32.03
40 0.902 0.897 31.29 30.91
60 0.890 0.886 29.67 29.47
80 0.878 0.874 28.17 28.11
100 0.867 0.862 26.71 26.51
110 0.861 0.855 e 26.00 e 25.68
120 0.854 0.850 25.33 25.21 25.13 25.07
140 0.842 0.837 23.96 23.95 23.68 23.66
160 0.829 0.825 22.66 22.54 22.49 22.76
180 0.817 0.813 21.22 21.60 21.14 21.45
200 0.807 e 20.08 20.33 e e

a O'Meara (2012).
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USA). General Linear Model (GLM) and Regression (REG) analysis
were performed on measured values of all individual data groups
(Canola-air, Canola-steam, olive-air, and olive-steam). GLM was
also performed for paired data groups by oil type or type of sur-
rounding media, and all data combined. Tukey's test (a ¼ 0.05) was
used to determine differences among measured data groups, as
well as predicted values.

3. Results and discussion

3.1. Effect of temperature, oil type and surrounding media on the
contact angles of Canola and olive oils on PTFE

CAs of Canola and olive oils on polytetrafluoroethylene (PTFE)
were determined by sessile drop with a goniometer using air or
steam as surrounding media (Table 2). PTFE was selected as the
solid surface due to its low surface energy with values being re-
ported between 18.0 and 25.6 mN/m (Fowkes, 1964; Fox & Zisman,
1950; Hamilton, 1972; Kerbow & Aten, 2009; Reardon & Zisman,
1974). Regardless of the oil type or surrounding media used, a
significant decrease (P < 0.05) of CA values was observed as the
temperature increased (Fig. 3).

Statistical analysis by General Linear Model (GLM) of all the data
showed a significant effect (P < 0.05) of temperature and oil type on
CA values, while no significant effect (P > 0.05) was appreciated by
the surrounding media. The latest may be a consequence of not
using saturated vapor, but superheated vapor which behavior
approximately follows the ideal gas equation: pV¼ nRuT; where p is
pressure, V is volume, n is molar amount, Ru universal gas constant,
and T is temperature) (Dammel, Ochterbeck, & Stephan, 2009). The
same analysis was performed to data subgroups classified by oil
type, and also by surrounding media; results from GLM showed
only the oil type variable had a significant effect (P < 0.05) when
steam was used as surrounding media.

According to the Tukey mean comparison performed, no sig-
nificant differences (P > 0.05) were observed above 120 �C
regardless of the surrounding media used; this opens the possi-
bility of obtaining good estimates for CAs values of oil-steam-PTFE
at higher temperatures by using oil-air-PTFE data. Regardless of the
oil type or surrounding media used, no significant differences
Table 2
Comparison of the average contact angle values between each oil type (Canola oil or
olive oil) and surrounding media (air or steam) at a set temperature.

T (�C) qe (�)

Canola oil Olive oil

Air
23 ± 1 61.8 ± 1.2b 65.4 ± 1.0a

40 58.6 ± 0.8d 61.3 ± 0.5c

60 54.5 ± 0.9f 56.2 ± 0.9e

80 51.5 ± 0.8g 51.5 ± 1.3g

100 47.9 ± 0.3h 46.7 ± 0.4h

120 43.9 ± 0.8j 43.1 ± 0.6j,k

140 40.2 ± 1.0m 38.4 ± 0.7n

160 37.6 ± 0.8� 34.3 ± 0.6p

180 34.4 ± 0.5q 30.3 ± 0.4r

200 30.3 ± 0.7s e

Steam
110 45.8 ± 0.9i 44.2 ± 0.8i

120 43.8 ± 0.3j,k 42.0 ± 0.5k

140 40.7 ± 0.6m 38.3 ± 0.5n

160 37.1 ± 0.6� 33.8 ± 0.5p

180 34.4 ± 0.3q 30.3 ± 0.5r

200 30.6 ± 0.4s e

±: corresponds to the standard deviation, n � 4.
a: Tukey mean comparison (95% Confidence) no significant difference between
values sharing same letter.
(P > 0.05) were observed between CA pair values between 80 and
120 �C. At temperatures above and below, variation between pair
values was a consequence of the difference on the rate of decrease
in CA as the temperature increased between the oils.

Several studies mention CA to be dependent on temperature,
decreasing as temperature increases. Only few studies have per-
formed experiments to corroborate it; some of those studies used
water on smooth cooper (Pointer, Davies, Beaton, & Ross, 1967),
liquid metal on a ceramic surface (Rhee, 1971), organic liquids on a
silicone glass surface (Neumann, 1974), water on a polished
aluminum surface (Bernardin, Mudawar, Walsh, & Franses, 1997),
or water on copper and aluminum surfaces (Hidaka, Yamashita, &
Takata, 2006). Until recently, CA values of vegetable oils unused
and used reported in the literature have beenmainly determined at
room temperature [e.g. Pinthus and Saguy (1994), Gomes Da Silva
and Singh (1995), Yaghmur, Aserin, Mizrahi, Nerd, and Garti
(2001), Dana and Saguy (2006)], giving valuable information
about the effect of temperature on oil degradation, but failing to
address its effect on surface properties.

In the present study, measured CAs decreased between the
initial and final temperature following a linear trend (Eq. (6)),
regardless of the oil type or surrounding media used (Fig. 4)

qe ¼ Aþ BT (6)

where qe is the contact angle, A is a constant, B is the slope, and T is
the temperature in �C. This is similar to the results presented by
Ashokkumar, Adler-Nissen, and Møller (2012) for CA of extra virgin
olive oil on PTFE measured over a temperature range of 25e200 �C;
however, their cosq values varied approximately between 0.38 and
0.55 while the values of this study ranged from 0.42 to 0.86. These
differences can be partially attributed to differences between oils'
composition.

Regression analysis performed to each of the four data groups
sorted by oil type and surrounding media allowed values for A, B
and correlation coefficient (r2) for each line equation (Eq. (6)) to be
determined (Table 3). It can be observed, as mentioned before, that
the rate of decrease in CA as the temperature increase given by the
slope (B) was different between oils being slightly higher for olive
oil than for Canola oil. According to the wetting theory previously
discussed, olive oil has a slightly higher wettability of PTFE than
Canola oil at temperatures higher than 100 �C.

3.2. Mathematical modeling of contact angle

Contact angle values were predicted for each combination of
temperature, oil and surrounding media as before using Girifalco-
Good-Fowkes-Young (GGFY) equation (Eq. (2)), and a modifica-
tion of equation (2) with the E€otv€os equation (Eq. (3)) to give the
GGFY-E (Eq. (4)). As established before CA (q) is temperature
dependent, therefore when predicting CA values using the GGFY
model it is necessary to know the liquidegas interfacial tension
(gLG) at the temperature or temperatures at which the prediction is
desired. On the other hand, the GGFY-E model predicts CA as a
function of temperature; however it is necessary to know the
critical temperature of the fluid, and its density at the temperature
at which CA is predicted. In both cases, the predicted values ob-
tained were cosq which were further converted into CA. The GGFY
equation has been commonly used to determine surface free en-
ergy based on the geometry of liquid droplets (Gomes Da Silva &
Singh, 1995; Park, Lee, Kim, & Jo, 2011). However, if the surface
tensions of the solid and the liquid are known, it is possible to use it
to calculate the cosq. The E€otv€os equation describes the tempera-
ture dependence of the surface tension of the liquid (Restolho,
Mata, & Saramago, 2009), and when substituted in the GGFY



Fig. 3. Difference in contact angle (CA) of olive oil-air-PTFE by temperature. A) CA ¼ 65.4� at room temperature (23 ± 1 �C), and B) CA ¼ 30.3� at 180 �C.

Fig. 4. Contact angles of A) Canola oil, and B) olive oil on polytetrafluoroethylene
(PTFE) using air or steam as surrounding media.

Table 3
Intercept (A), slope (B) and correlation coefficient (r2) values corresponding to the
empirical equation for each data group to predict contact angle of Canola oil and
olive oil on PTFE surrounded by air or steam.

Oil type Surrounding media A B r2

Canola Air 65.397 �0.175 0.992
Steam 63.847 �0.166 0.989

Olive Air 69.876 �0.223 0.994
Steam 65.938 �0.199 0.990

Table 4
Predicted contact angles for Canola oil on PTFE surrounded by air or steam by using
Girifalco-Good-Fowkes-Young (GGFY) equation, and GGFY equation modified with
the E€otv€os equation (GGFY-E).

T (�C) qe EXP (�) q GGFY (�) E% GGFY q GGFY-E (�) E% GGFY-E

Air
23 ± 1 61.84a 60.63b 1.96 60.84a,b 1.62
40 58.56c 58.87c 0.54 58.77c 0.36
60 54.51e 56.10d 2.92 56.23d 3.16
80 51.50g 53.22f 3.34 53.39f 3.67
100 47.86i 50.07h 4.62 50.32h 5.13
120 43.85k 46.69j 6.47 46.75j 6.61
140 40.16m 42.82l 6.63 42.72l 6.39
160 37.57n 38.51n 2.51 38.01n 1.18
180 34.42� 32.65p 5.15 32.32p 6.10
200 30.34q 26.67r 12.08 25.06s 17.39
Steam
110 45.82b 48.39a 5.61 48.88a 6.68
120 43.77d 46.37c 5.94 47.05c 7.48
140 40.73f 42.79e 5.05 43.05e 5.70
160 37.12h 38.07g 2.57 38.38g 3.41
180 34.43j 34.34i 0.27 32.76i 4.84
200 30.59k 28.13l 8.06 25.63m 16.21

a: Values from the same row sharing the same letter are not significantly different
(P > 0.05).

Table 5
Predicted contact angle values for olive oil on PTFE surrounded by air or steam by
using Girifalco-Good-Fowkes-Young (GGFY) equation, and GGFY equation modified
with the E€otv€os equation (GGFY-E).

T (�C) qe EXP (�) q GGFY (�) E% GGFY q GGFY-E (�) E% GGFY-E

Air
23 ± 1 65.40a 60.05b 8.18 60.27b 7.84
40 61.32c 58.25d 5.00 58.38d 4.79
60 56.20e 55.73e 0.84 55.79e 0.74
80 51.52g 53.10f 3.07 52.94f 2.76
100 46.66i 49.61h 6.32 49.74h 6.60
120 43.10k 46.16j 7.10 46.17j 7.12
140 38.40m 41.95l 9.24 42.03l 9.45
160 34.31� 37.88n 10.42 37.25n 8.58
180 30.35q 32.27p 6.36 31.31p,q 3.19
Steam
110 44.17b 47.59a 7.74 48.30a 9.35
120 42.01d 46.00c 9.50 46.50c 10.69
140 38.27f 41.89e 9.47 42.40e 10.79
160 33.84i 38.87h 14.87 37.67g 11.32
180 30.32l 33.68k 11.11 31.81j 4.93

a: Values from the same row sharing the same letter are not significantly different
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equation it is possible to determine the contact angle of a liquid-
esolid system taking into account the effect of temperature. Pre-
dicted CA values for Canola oil systems and their error percentage
(E%) are reported in Table 4. Even though predicted values followed
a similar trend as those obtained experimentally, only those pre-
dicted for Canola oil-air system at 40 and 160 �C were not signifi-
cantly different (P > 0.05) from the experimental values. No
significant difference (P > 0.05) was observed between the exper-
imental value and the predicted value obtained with the GGFY-E
equation at room temperature. Based on the error percentage, the
majority of the values predicted for Canola oil-air and Canola oil-
vapor systems by GGFY gave better estimates of the CAs than
those predicted by GGFY-E, especially for the Canola oil-steam
system. For both models, the highest E% values were obtained at
the maximum temperature (200 �C), regardless of the surrounded
media.
(P > 0.05).



Fig. 6. Zisman plots for A) Canola oil-air and B) olive oil-air systems showing the
critical surface tension.
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In the case of olive oil systems (Table 5), predicted CAs also
followed a similar trend as the experimental values; however, E%
values were larger. Values predicted for the olive oil-air system by
bothmodels at 60 �Cwere not significantly different (P> 0.05) from
the experimental value. Similarly, this happened to the value pre-
dicted by the GGFY-E model at 180 �C. Contrary to results obtained
for Canola oil-air system, the GGFY-E model gave the closest CA
estimates for olive oil-air system, while the GGFY model pre-
dictions were closer to the experimental CA values for olive oil-
steam system. Larger E% values were obtained when predicting
the CAs of olive oil-steam system regardless of the model used.

As it can be observed in Fig. 5, predicted values obtained by both
models fit closer with experimental CAs obtained for the Canola-air
system than the olive oil-air system; this was also true for both oil-
steam systems. CA values paired by temperature predicted by the
GGFY and the GGFY-E equations were not significantly different
(P > 0.05) from each other, with the exception of Canola oil systems
at 200 �C, and olive oil-steam system at 160 and 180 �C.

3.3. Relationship between interfacial tension and contact angle

The Zisman approach was utilized to establish the relationship
between interfacial tension and CA values of Canola oil and olive oil
systems. This method allows an estimate of the surface tension of a
solid phase (in this case PTFE) by measuring the CA of homologous
liquids with progressively smaller surface tensions, and then plot-
ting gLG versus cosq (Kabza, Gestwicki, & McGrath, 2000). In this
study, variation of CA and liquid surface tension was caused by
changing the temperature rather than using different liquids
(Fig. 6). Zisman defined the critical surface tension of wetting (gC)
as the value of surface tension of the liquid corresponding to
cosqe¼ 1; however the assumption that gC gives a good estimate of
the solid surface tension is limited to the liquids used to determine
Fig. 5. Comparison between contact angle experimental values of A) Canola oil-air,
and B) olive oil-air and their corresponding predicted values by Girifalco-Good-
Fowkes-Young (GGFY) equation, and GGFY equation modified with the E€otv€os equa-
tion (GGFY-E).
it (Palakattukunnel et al., 2011).
The critical surface tension of PTFE using Canola oil and olive oil

surrounded by air were calculated as 16.0 and 18.3 mN/m,
respectively. Even though, the value obtained from the Canola oil-
air system was smaller than the value reported in the literature
(18 mN/m), it is important to considered that there is an implicit
effect of the temperature in the experiment used here as only one
liquid was used to calculate this value; meanwhile, reported values
in the literature come from correlating interfacial tension and CAs
obtained at one temperature from homologous liquids with
different surface tensions.
4. Conclusions

Based on the results, an effect of temperature on CAs of Canola
and olive oils on PTFE was corroborated; as temperature increased,
the CAs decreased in all cases to a value close to 30�. There was a
slight difference in how CAs of each type of oil decreased with
increasing temperature; values corresponding to olive oil
decreased at an approximate rate of 0.2�/�C for both air and steam
conditions, while those of Canola oil decreased at 0.18 and 0.17�/�C
respectively. No effect of the surrounding media was observed;
thus, it is possible to use CA values of oil-air systems as estimates of
oil-steam systems. Regardless of the mathematical models use to
predict CA for Canola and olive oils on PTFE, the GGFYequation gave
the closest estimates for both Canola oil systems, while the GGFY-E
predicted better CAs for both olive oil systems. Slightly higher error
percentage values were observed on predicted values for olive oil
systems, especially on those predicted for olive oil-steam. By
establishing the linear correlation between CA values and interfa-
cial tension of Canola oil-air and olive oil-air systems, it was
possible to estimate the solid surface tension of PTFE which
allowed the verification of the data.
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