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Ultrasonic Assessment of Oil Quality during Frying
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In this paper, changes in ultrasonic properties during thermoxidation of virgin olive oil were studied.
Samples of virgin olive oil were heated over different periods of time from 2 to 16 h at 200 °C. Oil
degradation was characterized by means of physical and chemical changes, i.e., viscosity, color,
polar compounds, polymers, and polar fatty acids. Ultrasonic measurements were carried out while
the oil sample was cooled from 35 to 25 °C. It was found that velocity and attenuation measurements
were related to viscosity measurements through a classical equation for viscous liquids. The ultrasonic
measurements were also related to the percentages of polar compounds and polymers, which shows
the feasibility of using ultrasonic properties to monitor oil quality. Nevertheless, as long as the ultrasonic
measurements are temperature dependent, this variable must be controlled in order to obtain repetitive
and reliable measurements.
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INTRODUCTION temperatures, only liquid oil is found (third region) and the
The use of ultrasonics can be divided into low- and high- decrease is due to the negative temperature coefficient of

intensity applications, depending on whether the purpose is tc)velocity as was the case for soli'd fat. U_Itrasonic applications
assess some material characteristics or affect a process by mearf@n Pe found for the three regions. Miles et al2) used

of introducing ultrasonic energy in the systet). (ow-intensity ultrasonics to §tudy the _soll_d_ fat content in adipose tissue in
equipment and techniques have been used in the past for many‘?rd_er to establish the suitability for bacqn manufacturing. The
industrial applications. Specifically, in the food industry the solid fat content has also been ultrasonically assessed because

applications have been extended to, among others, vegetabled! has an important implication in the texture, spreadability,
fruits, meat, dairy products, and fats and oils Z). and consistency of many fatty materials such as margarine or
The use of ultrasonics for meat composition assessment (fatbutter @)
content and distribution) was one of the first applications in ~ The ultrasonic velocity has been measured to determine the
the food industry and currently has the highest number of chemical structure of different oils including the chain length
literature reference$¢6). For vegetables and fruits, ultrasonics and degree of unsaturatioftd). Therefore, the velocity mea-
have been used mainly to assess ripeness, by relating thesurements can be used for oil composition and adulteration
ultrasonic parameters to textural or sugar content charigjes ( assessment (145). Attenuation and velocity have also been
8). In the dairy industry, ultrasonics have been used, amongcorrelated to rheological properties of edible (castor, olive,
other applications, to determine the optimum rennet cut time, groundnut, sunflower, and rapeseed) oils (16).
to monitor the degree of cheese maturity, to assess cheese Changes in ultrasonic velocity are also expected in oils and
composition, and also to detect cracks within cheese piecesfats subjected to processes involving high temperatures. Deep

(9-11). ) o . frying is one of the most commonly used procedures for the
The ultrasonic velocity in a fatty material decreases as preparation of foods, and, hence, different aspects of the process
temperature increases showing three different regig@hsli have been extensively studied for many yeatg)( During

the first region, the triglycerides are completely solid and frying, a complex series of reactions takes place resulting in
therefore the decrease in velocity is due to the negative tem-hydrolysis, oxidation, and polymerization of the oil. The quality
perature coefficient of the ultrasonic velocity in the solid fat. of fried foods is affected by that of the oil, and, consequently,
In the second region, some of the triglycerides start melting requlations or guidelines have been established in many
which causes a faster velocity decrease. Finally, for higher countries to guarantee high-quality foods. Limits for polar
compounds of around 25% have been established in most of
*To whom correspondence should be addressed. Phone/fax: 34-the official regulations, limiting frying fats and oil degradation
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Unfortunately, studies carried out in different countries on -oh
samples collected by their inspection services indicate the need e2h |
for improving the quality of frying oil to produce more nutritious 49 1 wih |
fried foods (9). In this respecefficiency of quality control is ~ 47 | A6h
dependent on the existence of objective analytical methods, fg‘ ’ %8h
compatible with the needs of the fryer operators. However, it & 45 - %10 h:
is known that official methods are applied only in public > e 13h
laboratories connected to inspection services and in research § 43 +14h
studies. The main reason is that they are expensive and time- é 41 -16h
consuming techniques, requiring technical personnel and labora- £
tory facilities. 39 /

In general, methods for determining when to discard fats in a7
fried food outlets are based on physical changes whose reliability 322 327 332 337

depends on the skill of the fryer operator, and oil abuses occur

because of the lack of correlation between these criteria and 1Tx10° (K

official methods (20). Consequently, more research is neededFigure 1. Relationship between viscosity and temperature; Arrhenius

on rapid measurements, i.e., viscosity, color, ultrasonics, etc, model.

to be applied in situ to define cutoff levels at which the fats

should be replaced. Viscosity. The viscosity of the samples was measured using a falling
In a previous paper, the changes in ultrasonic velocity for ball viscometer (Haake falling ball viscometer C, Karlsruhe, Germany)

corn oil subjected to different heating periods have been reportedfor transparent liquids. The apparatus had a tempering jacket which

(21). Unfortunately, no information is given on the chemical aIIow_ed control of the temperature of the experiments in_the range

degradation of the samples and, consequently, relationshipsconsidered (2535 °C). The temperature was measured directly by

between changes in ultrasonic properties and the main param_lnsertmg a probe in the falling tube. The experiments were carried out

S : - by triplicate and the average was considered.
eters limiting the use of frying fats for human consumption were ; ) . -
not studied. Density. The density of the samples was measured with a specific

o . . gravity hydrometer (Proton, model 72082, Barcelona, Spain) 4€20
The objective of this paper was to study the changes in The ojl samples were placed into a glass container, which was
ultrasonic velocity and attenuation during thermoxidation of introduced into a temperature controlled bath af@tand allowed to
virgin olive oil in order to assess the feasibility of using reach temperature equilibrium for 2 h. Next, the hydrometer was
ultrasonic techniques to monitor the quality of frying oils and inserted in the cylinder and the density was directly read on the scale.
to determine the point for discarding used frying fats and oils  Color. The color measurements were carried out by triplicate using
according to the present regulations. In this respect, relationshipsa colorimeter equipped with a set of colored glasses, according to the
between ultrasonic velocity or attenuation and the main physical British Lovibond Color Scale (Lovibond Scale). Lovibond Color

and chemical parameters measuring frying oil degradation haveStandards were followed as described in the Official Methods and
been defined Recommended Practices of the American Oil Chemists’ Society (Cc

13e-92, AOCS, (22)). In preliminary experiments it was observed that
yellow was the only color index varying consistently during frying.
MATERIALS AND METHODS Therefore, only yellow measurements are reported in this paper.

Extra virgin olive oil bought in a local supermarket (Valencia, Spain) ~ Chemical Analyses.Polar CompoundsPolar compounds were
was heated in a domestic fryer at 20D for 16 h. Samples of 150 mL quantified by adsorption chromatography following the IUPAC Stan-
were periodically removed and frozen-a20 °C until analysis. dard Method 2.507 (23). 3 .

Ultrasonic Measurements.The experimental setup used for the Polymers. Triacylglycerol polymers were quantified by high-
experiments consisted of two narrow-band ultrasonic transducers (1 Performance size exclusion chromatography (HPSEC) following the
MHz, 0.75" in. crystal diameter, A314S-SU model, Panametrics, 'UPAC Standard Method (24)

Waltham, MA), attached to a cubic container (4949 x 49 mm) Fatty Acids.Fatty acids were analyzed by GLC after derivatization
where the oil samples were placed. The container was introduced intot0 fatty acid methyl esters (FAME) with KOH 2 N in methanol, and
a temperature-controlled bath to maintain the sample temperature, andfiheptadecanoin as internal standard, according to the IUPAC Standard
the oil was moderately stirred to avoid formation of bubbles. The Method (23). A HP 6890 chromatograph on a HP Innowax capillary
ultrasonic measurements were carried out while the oil was cooled from column (poly(ethylene glycol), 30 mx 0.25 mm i.d., film thickness
35 to 25°C. The transducers were linked to a pulser-receiver (Toneburst 0-25 um) (Hewlett-Packard, Palo Alto, CA), was used under the
Computer Controlled, model PR5000-HP, Matec Instruments, North- following temperature program: 18€ (4 min), 4°C /min to 230°C
borough, MA) which sent the electrical signal to a digital storage (15 min). Samples were introduced into the column via a split injector
oscilloscope (Tektronix TM TDS 420, Tektronix, Inc., Wilsonville, OR). ~ (split ratio 1:40) at 250C and the flow rate of hydrogen, used as carrier
For each ultrasonic measurement, five signal adquisitions were takengas, was 1 mL/min. Temperature of both split injector and flame
and averaged. The time-of-flight was computed on the averaged signalionization detector was 25TC.

and the ultrasonic velocity was calculated taking into account the system

delay (which was previously calibrated as described in Benedito et al. RESULTS AND DISCUSSION

10)).
( 'Izz1e attenuation coefficienta was computed by fitting the Changes in the Physicochemical Characteristics during
experimental data to eq 1 (1). Heating. The variation of viscosity (x) with temperature (T) is
usually described using an Arrhenius-type equationu(k In
INA=InA, — ad 1) (A+B)/T), (25,26). Figure 1 shows the plot of the Neperian

logarithm of viscosity versus the inverse of temperature for the
whered is the distance traveled by the waye,is the initial amplitude different frying times. The close fit of the experimental data to
of the Signa| measured as the peak to peak Vo|tage’mm the the Al'rhenlus equatIOI’l (Contlnuous ||nes) |nd|CateS that the
amplitude of the signal at distanak Four ultrasonic echoes were ~model can be used for the range of frying times and temperatures
considered to compute attenuation. considered in this study.
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Table 1. Physico-Chemical Characteristics of Olive Oil at Different 120 6
Heating Times
100 +5
viscosity polar - =
heating at30°C color compounds polymers § T4 %
time (h) (mPas) (yellow) (%) (%) £ s >~>-:f
0 50.3 111 62 trace 2 2
2 54.4 1.20 11.3 2.6 8 55
4 58.0 1.68 22.1 6.0 p 3
6 63.1 1.70 258 8.0 I
8 67.5 1.88 29.2 119
10 72.9 2.04 331 15.0
13 82.1 2.36 37.9 19.1 0 ' ' ! 0
14 84.8 3.62 405 211 5 18 25 35 45 55
16 100.4 3.90 45.7 25.8 Polar compounds (%)

Table 2. Quantitation of Major Fatty Acids (%) in Samples of Olive QOil
Heated at 200 °C

Figure 2. Relationship between the percentage of polar compounds and
physical measurements.

in The Netherlands, which is exceeded after 10 h in the case of

polar virgin olive oil under the conditions used in this study.
heating fatty Table 2 summarizes the changes in fatty acids at the different
time(h) Cl6:0 Clel C180 Cl8l C182 others  acids heating periods. As expected, the degradation affected unsatur-
0 16.3 2.3 2.2 61.3 16.2 14 0.4 ated fatty acids, with levels being higher for the most unsaturated
2 16.3 2.4 21 608 158 15 11 fatty acid, while saturated fatty acids remained at the initial
g ig‘z‘ 3‘3" gg ggg 1‘3‘% ig g’g levels. In the last column, an estimation of polar fatty acids has
8 165 24 20 552 126 20 93 been included. It has been calculated as the noneluting
10 16.2 2.2 2.1 54.3 11.3 24 115 compounds under the chromatographic conditions applied (100
ii igi gg %g 22451 1g§ 53 ig; — X fatty acids). It is important to remark that polar compounds
16 s 51 51 223 71 18 8 and polymeric compounds are quantified directly in the samples

Tables 1 and 2 show the results for the physicochemical
analysis carried out on the oil samples at different frying times.
The viscosity at 30°C was interpolated using the Arrhenius-
type equations. As can be observed frdable 1 andFigure
1, viscosity increases during simulated frying for all the
temperatures as has been previously found by other auigrs (
28). This increase in viscosity is considered a good indicator
of the oil alteration. For example, in Belgium the oil is discarded
when viscosity exceeds a specified limit (25 mPa s atGp

Thus, the obtained equations could be used to interpolate

viscosity measurements in the range of temperatures considere

to examine viscosity at a given temperature. On the other hand,

the oil density (measured at 2Q) varied from 914 to 925 kg/
m3 (0 to 16 h).

Another possible indicator of the oil alteration during frying
was found to be the yellow color indeX#ble 1). Similar color

without previous derivatization, and consequently quantitative
data refer to triglyceride molecules. In this regard, quantitation
of polar fatty acids provides additional information on the fatty
acyl groups attached to the glyceridic backbone undergoing
thermal or oxidative degradation and contributing to modifying
the nutritional properties of the initial oil. Percentages of polar
fatty acids ranged from 0.4 to 17.8%, and were, as expected,
much lower than those parallel values found for polar com-
pounds (6.2 and 45.7%, respectively).

Figure 2 shows the relationship between the percentage of
polar compounds and viscosity and the color index. In both cases
the experimental data was fitted closely using quadratic equa-
ions (R = 0.99; p < 0.001 andrR? = 0.93;p < 0.01 for
Viscosity and color respectively). The closer fit for viscosity
could be due to the fact that the visual color measurements are
subject to operator variability (30).

As long as the changes in viscosity and color are related to
the variation in the percentage of polar compounds, which is
widely considered to monitor the oil alteration including the

changes have been found for other frying oils such as canola,spanish legislation for olive 0ilXL, 32), they could be used to

soybean, and corn oil (29).

Both changes in viscosity and color with heating time fitted
a quadratic equatiorR¢ = 0.98;p < 0.001 andR? = 0.91;p
< 0,01 respectively). The final columns Fable 1 show the

assess oil quality.

Ultrasonic Measurements.The acoustic parameters (velocity
and attenuation) depend on the physicochemical properties of
the medium and therefore are greatly influenced by temperature.

levels of the main compounds formed during thermoxidation Ultrasonic velocity increases in line with the temperature in
and frying. First, polar compound percentages give information water but decreases in fat, which is considered as the basis of
about the total new compounds formed through oxidative, the ultrasonic composition assessmes8,6). The influence
thermal, and hydrolytic reactions, while polymers, one of the of temperature on attenuation is not so widely reported in the
group of polar compounds, are the most representative com-literature.

pounds which originate at the highest temperature of the frying  Figure 3 shows the ultrasonic velocity at different temper-
process. As can be observed, polar compound levels of samplestures for oil samples fried for 2, 10, and 16 h. As expected,
heated for less than 6 h were compatible with the establishedthe ultrasonic velocity decreases linearly with temperature in
regulations on frying fats and oils (around 25%) although it is all cases, as in the case for other liquid and solid fa<10,

not strange to find used frying oils and fats with polar compound 12). Table 3shows the linear coefficients found for the different
percentages as high as those found for olive oil heated for 16frying times. The sloped) ranges from-3.37 to—3.54 m s

h (19). On the other hand, polymeric compounds are also the °C~1 very close to the value reported by McClements (1) for
basis for discarding fats. A maximum level of 16% is admitted liquid oils (—3.30 m s °C™1). The temperature coefficient for
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1460 1455 75
1455 - o= 0,0184p+ 5,4719
1450 1 1450 - 17
o 1445 A
E 1440 | & b
= £1445 +65 2
S 1435 - E 2
o 2 c
> 1430 - 3 %
1425 - 21440 - +6 8
2
1420 - <
1415 e — 1435 v=-0,002142 + 0,4988y + 1413,2 + 55
24 25 26 27 28 29 30 31 32 33 34 35 36
Temperature (°C)
o o _ o 1430 : ‘ ‘ 5
Figure 3. Variation of velocity with temperature for different frying times. 45 65 85 105
. . . Vi‘scosity (mPas)
Table 3. Linear Correlations between Velocity and Temperature (v = o T )
aT +b) Figure 5. Relationship between viscosity and the ultrasonic parameters
at 30 °C.
heating time (h) a b R2
0 -3.38 1535.4 0.9991 100 |
2 -3.39 1536.0 0.9995
4 -3.37 1537.2 0.9992 @
6 -3.38 1538.0 0.9993 S 90 1
8 -3.39 1539.2 0.9996 =
10 -3.40 1540.8 0.9995 > 80 |
13 -3.37 1541.2 0.9995 g
14 -3.40 1542.3 0.9989 3
16 -3.54 1542.3 0.9982 2 70 1
9
(—‘3‘: 60 -
76 ——0h | g
' ‘ 50
1——2h
74 7
. - okl
E 721 40 50 60 70 80 90 100
3 i—¢8h Actual vi . P
§ 70 1 % 10h ctual viscosity (mPa s)
g —e—13h Figure 6. Actual versus calculated viscosity using eq 2.
§ 681 ——14h| . . )
5 — 16h| 15.0% for polymerl_c compounds, respectively), suggesting th_at
g 661 R values for attenuation between 6.6 and 7.1 Neper/m depending
64 | on the temperature selected, would have been useful for
' discarding the oil.Figure 5 shows the relationship between
62 e e — viscosity and the ultrasonic parameters (velocity and attenua-
25 26 27 28 29 30 31 32 33 34 35 36 tion). The attenuation coefficients at 3@ were interpolated
Temperature (°C) from the experimental dat&igure 4) using the Splines method
Fi 4 Variation of attenuation with t ture for different fvi (34). A close and significant fit was found when relating
t,'gure - variation of aftenuation with temperature for difierent frying viscosity to velocity using a polynomical model of second order
IMes. (R = 0.99; p < 0.0001). On the other hand, viscosity was

linearly related to attenuation {R=0.96;p < 0.001).

ultrasonic velocity in solid fats decreasest6 m s1 °C~1 (6, . - _ - _
To examine the relationship between velocity, attenuation,

12). For mixtures of solid/liquid fats, the temperature coefficient | ) ! ) X
for velocity is comprised within the values for solid and liquid @nd viscosity a model (eq 2) derived from the classical equation
fats. for viscous liquids (eq 1) was used, considering density as

The ultrasonic attenuation decreases as temperature increasé@nstant within the temperature range considered.
(Figure 4) probably due to the greater influence of the decrease 3
of viscosity compared to the decrease of velocity and density. a= E[u +d] w= o )
Both velocity and attenuation increase during frying (Figures o c
3 and4) due to the changes in the physicochemical properties
of the oil. Lacey and Payn&1) also found an increase of the wherec andd are two constants.
ultrasonic velocity at 30C during simulated frying of corn oil Viscosity was calculated from eq 2. For that purpose the
at 170°C. They found a change of velocity from 1439 to 1447 constant andd were computed using the tool Solver from
m/s, which are very similar to those values obtained atG0 Excel, minimizing the square differences between the experi-
for olive oil (1433 to 1442 m/s). Interestingly, a significant mental viscosity and viscosity calculated using eq 2. The
change was produced at any temperature between samplesegression coefficients were = 0.0647 (Neper/m) (cAs3)/
heated for 8 and 10 h. These values, for polar compounds and(mPa s) andl = 240.32 (mPa s)rigure 6 shows the close fit
polymers, were close to those established for discarding usedbetween the calculated and experimental viscosities. It can be
frying oils (29.2 and 33.1% for polar compounds and 12.9 and observed that the correlation including velocity and attenuation
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1455 75 (4) Miles, C. A.; Fursey, G. A. J.; Fisher, A. V.; Page, S. J.

Estimation of lamb carcass composition from measurements of

the speed of ultrasound in the soft tissues of live animals and

T carcassesMeat Sci.1991,30, 254—256.

(5) Cross, H. R.; Belk, K. E. Objective measurements of carcass
and meat qualityMeat Sci.1994,36, 191—202.

(6) Benedito, J.; Carcel, J. A.; Rossello, C.; Mulet, A. Composition
assessment of raw meat mixtures using ultrasomitssat Sci.
2001,57, 365—370.

(7) Mizrach, A.; Galili, N.; Rosenhouse, G. Determining quality of

1435 ve | 55 fresh products by ultrasonic excitatioRood Technol.1994,

v= 3,850E-03 PC? + 2,797E-02 PC + 1,433E+03 December, 6871.

R? = 9,838E-01 (8) Mizrach, A.; Galili, N.; Gan-mor, S.; Flitsanov, U.; Prigozin, I.

1430 : : : ‘ 5 Models of ultrasonic parameters to asses avocado properties and

5 15 25 35 45 55 shelf life. J. Agric. Eng. Res1996,65, 261—267.
Polar Compounds (%) (9) Gunasekaran, S.; Ay, C. Milk coagulation cut-time determination
using ultrasonicsJ. Food Process Endl996,19, 63-73.
(10) Benedito, J.; Carcel, J.; Clemente, G.; Mulet, A. Cheese maturity
assessment using ultrasonidsDairy Sci.2000,83, 248—254.

(11) Benedito, J.; Carcel, J. A.; Gisbert, M.; Mulet, A. Quality Control

of Cheese Maturation and Defects Using Ultrasonics-ood

a = 0,0006 PC? - 0,0112 PC + 6,5023

R? = 0,9589 "

1450 -

1445 - 165

Velocity (m/s)

1440 - 16

Attenuation (neper/m)

Figure 7. Relationship between the percentage of polar compounds and
the ultrasonic parameters at 30 °C.

is poorer than that including only velocity, which is probably

due to the higher variability found for the attenuation measure- Sci.2001,66, 100—104.

ments (Figure 4). Lacey and Payn2l() used a similar model (12) Miles, C. A.; Fursey, G. A. J.; Jones, R. C. D. Ultrasonic

which considered only viscosity and the ultrasonic velocity. estimation of solid/liquid ratios in fats, oils and adipose tissue.
Figure 7 shows the relationship between the percentage of J. Sci. Food Agric1985,36, 215—228.

polar compounds and the ultrasonic parameters. As long as the (13) Javanaud, C.; Rahalkah, R. R. Velocity of ultrasound in vegetable

polar compound percentage is related to changes in physico- oils. Fat Sci. Technol1988,90, 73-75.

chemical properties, such as viscosity and probably density and (14) Raghupathi, R. C.; Siva, R. C.; Prabhu, C. A. R. Study of
the bulk modulus, the ultrasonic velocity and attenuation will adulteration in oils and fats by ultrasonic methGdir. Sci 1980

; X : ’ : 49 (5), 185—186.
be linked to this chemical parameter, widely considered as an . )
oil quality indicator P y (15) McClements, D. J.; Povey, M. J. W. Solid fat content determi-

h | h h | . id b nation using ultrasonic velocity measuremeis. J. Food Sci.
These results show that ultrasonic measurements cou e Technol.1987,59, 697—701.

used to monitor the alteration of olive oil during heating and, (16) Gladwell, N.: Javanaud, C.: Peers, K. E.. Rahalkar, R. R.

consequently, during frying. The use of an automated ultrasonic Ultrasonic behavior of edible oils: correlation with rheolody.

system could replace traditional methods, providing a fast Am. Oil Chem. Socl985,62, 1231—1236.

measurement. (17) Rossell, J. B., EdFrying. Improving Quality. Woodhead
Publishing Limited: Cambridge (England), 2001.

CONCLUSIONS (18) Firestone, D. Regulation of frying fats and oils. Deep
Frying: Chemistry, Nutrition and Practical Application®er-

The change in the chemical composition during simulated kins, E. G., Erickson, M. D., Eds.; AOCS Press: Champaign,

olive oil frying, which determines oil quality, is linked to a IL, 1996; Chapter 19, pp 323—334.

change of viscosity and color. Velocity and attenuation increased (19) Dobarganes, M. C.; Marquez-Ruiz, G. Regulation of Used Frying

during frying due to the changes in the physicochemical oil Fats and Validity of Quick Tests for Discarding the F&sasas

properties. Velocity and attenuation measurements were found Aceites1998,49, 331—335.

to be related to viscosity measurements through a classical (20) Stevenson, S. G.; Vaisey-Genser, M.; Eskin, N. A. M. Quality
equation for viscous liquids. The ultrasonic measurements are igggoél'” fggzusflggdeep frying oild. Am. Oil Chem. Soc.
also related to the percentage of polar compounds, which shows T - )

L . . .~ (21) Lacey, R. E.; Payne, F. A. Ultrasonic velocity in used corn
the feasibility of using a continuous and automated ultrasonic oil as a measure of oil qualityrans. ASAEL994,37, 1583—

system to monitor the oil quality. As long as the ultrasonic 1589.

measurements are temperature dependent, this variable must bg22) official Methods and Recommended Practices of the American
controlled in order to obtain repetitive and reliable measure- Oil Chemists’ Society, 4th ed.; AOCS Press: Champaign, IL,
ments. Additional research should be done in order to develop 1993.

sufficiently precise correlations, which can lead to determining (23) IUPAC. Standard Methods for the Analysis of Oils, Fats and
the discard point for different frying oils. The influence of Derivatives, 1st Supplement to the 7th Edition. International
different fried products should also be established. Union of Pure and Applied Chemistry; Pergamon Press: Oxford,

England, 1992.
(24) Wolf, J. P.; Mordret, F. X.; Dieffenbacher, A. Determination of
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