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ABSTRACT

Ultrasonic attenuation and velocity are studied for edible oils over
the frequency range 2-95 MHz at 19.4 C. Shear and compressional
(volume) relaxation spectra are evaluated and compared. Visco-
elastic (shear) contribution to attenuation is estimated by Rouse
theory. The ratio of volume to shear viscosities decreases with fre-
quency (except for castor oil), indicating that the shear and com-
pressional relaxations are separated on the frequency scale. The
resufts indicate that the molecular rearrangements in the compres-
sional relaxation are long range and require a greater degree of
co-operation compared with the shear relaxation. Possible mechan-
isms for the shear and compressional relaxations are discussed.

INTRODUCTION

Ultrasonic spectroscopy is a non-destructive technique for
probing the structure of materials. When applied to liquids,
it can give information regarding the dynamics associated
with the molecular motion. In the case of polymer melts
and solutions, the ultrasonic relaxation process is affected
by the molecular conformation, persistence length and
normal modes of motion. In the case of small molecules, it
is possible to obtain information regarding rotational
isomerism and conformational changes. Ultrasonic behavior
of synthetic liquids (polymers and small molecules) has
been studied extensively (1). While some work has been
reported for edible oils, the available data is patchy. Veloc-
ities of sound for several oils have been reported by Gouw
and Vlugter (2) at 2 MHz. Castor oil has high attenuation
and is used as a standard in the calibration of ultrasonic
apparatus. As a result, data for castor oil has been reported
by several authors (3,4).

Ultrasonic attenuation has been studied over a wide
range of frequency for some vegetable oils by Mikhailov
et al. (5), where an interesting attempt was made to link the
ultrasonic attenuation with high frequency rheology. Un-
fortunately, this work is clouded by the fact that the zero
shear viscosities for castor oil and soy oil reported seem to
be an order of magnitude greater than those reported by
other well established sources (6,7). The dependence of
attenuation and velocity upon frequency and temperature
has been reported by Kuo (8). However, no attempt was
made to analyze and interpret the ultrasonic data.

In principle the ultrasonic and rheological behavior are
related. However, it is necessary to carry out a wide variety
of measurements to establish the connection. In this paper,
we report the ultrasonic behavior of five vegetable oils with
a view to understanding the dynamics of molecular motion.

MATERIALS AND METHODS

The experiments were carried out on castor oil, olive oil,
groundnut oil, safflower oil and rapeseed oil. All the oils
were refined oils and were used without further purifica-
tion.

Methods

Fatty acid compositions of the oils were determined by gas
chromatography of the derived methyl esters. 100 mg of
the oil were converted to methyl esters of the fatty acids by
reaction with 1 ml of 0.05M sodium methoxide in metha-
nol for 30 min at 60 C. After cooling, 20 ml of dilute
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aqueous sulphuric acid (0.01M) was added, and the precipi-
tated esters were extracted with hexane. The hexane ex-
tracts were dried, filtered and the solvent removed by
rotary evaporation. Then the esters were dissolved in
2,2,4 trimethyl pentane for gas chromatography. )

A Carlo Erba MEGAS5160 gas chromatograph fitted with
a flame ionization detector was used. 0.5-1 ul of methyl
ester sclution was injected into a column (2m X 3mm i.d.)
packed with 3% SP-2310/2% SP-2300 on 100-120 mesh
Chromosorb W-Aw (Supelco Inc., Bellefonte, Pennsylvania).
The column oven was maintained at 200 C. Methyl esters
were identified by comparison with a mixture of known
composition, and percentage compositions were calcu-
lated from peak areas using a computing integrator (Spectra-
Physics model SP4270).

The shear viscosities were measured as function of shear
rate on a Contraves theometer model 115, This instrument
Is a rotational viscometer, using a concentric cylinder
assembly. Further details of the instrument are given
elsewhere (9).

Density was measured on a Paar DMA602 density meter.
Approximately 1 ml of oil was introduced in a U tube. The
measuring principle of the instrument is based upon the
change of the natural frequency of a hollow oscillator when
filled with different liquids or gases. There exists a simple
relationship between the density of the sample and the
natural frequency of the filled oscillator. The accuracy of
the measurements is estimated to be 1 part in 10°.

Ultrasonic measurements were carried out by a puise-
echo technique. Figure 1 shows a schematic diagram of the
apparatus. A frequency generator produces an electrical
signal at a desired frequency, which is modulated by the
pulse generator to give an electrical pulse. The signal then
passes through a linear amplifier (which is linear up to
1 volt input). After passing through an impedance matching
unit, the signal goes to the uitrasonic transducer. The trans-
ducer converts the electrical pulse into an ultrasonic pulse
of the same frequency. The ultrasonic pulse passes through
the sample, and the attenuated pulse is picked up by the
receiver which reconverts it into an electrical pulse. The
attenuated signal, after passing through an amplifier and an
attenuator, is displayed on an oscilloscope in the form of
echoes. The attenuator is calibrated in 1 db steps. When
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FIG. 1. Schematic diagram of the ultrasonic apparatus.
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attenuation is applied in 1 db steps, the height of the echo
can be varied. The height is brought back to the original
value by changing the electrode separation. Thus, attenua-
tion can be measured as a function of electrode separation.
A straight line is fitted through the two sets of data points
by regression analysis, and the attenuation coefficient « is
given by the slope of the line. The entire procedure is
repeated at several different frequencies to give the depen-
dence of « upon f. The velocity is measured by super-
imposing the unmodulated input wave upon the output
wave and measuring separation between the nulls. A de-
tailed description of the technique is given elsewhere (10).

The ultrasonic transmitter and receiver used in this case
were X cut quartz crystals with a fundamental resonant
frequency of 5 MHz. The measurements could be made at
the fundamental frequency as well as odd harmonics, and
the upper limit for the oils was 95 MHz.

A slightly different technique was used for measure-
ments down to 2 MHz. The measuring cell was partitioned
into two compartments. One compartment was filled with
reference liquid (distilled water in this case), and the other
compartment was filled with the oil to be measured. The
distance between the electrodes was fixed. However, both
the electrodes could be moved as a unit, thereby changing
the relative amount of fluids between them. Details of the
technique are described by Carstensen (11). Attenuation
measurements at 2,6 and 10 MHz were carried out by this
technique. :

The overall precision in the attenuation measurements
was 2% throughout the entire frequency range. The velocity
measurements were accurate to within 10 m/sec. The
density, viscosity and ultrasonic measurements were carried
outat19.4 £ 0.1 C.

RESULTS

Table I lists the fatty acid composition of the five oils
studied. Except for castor oil, the other oils have similar
compositions, the major components being oleic acid and
linoleic acid. Based upon these compositions, a weight
average molecular weight may be calculated, assuming the
oils consist of mostly triglycerides. These molecular weights
along with density and viscosity data are summarized in
Table II. The data is in broad agreement with previously
reported results in the literature (6,8). Figure 2 shows the
plots of shear stress vs shear rate. All the plots are linear
within experimental error, indicating the Newtonian nature
of the oils. The zero shear viscosity 7, is obtained from the
slope of the straight lines (viscosity = shear stress/shear
rate).

Figure 3 shows the variation of attenuator reading (high
attenuator reading indicates low attenuation) with elec-
trode separation at various frequencies for castor oil.
Similar plots were obtained for other oils. The attenuation
coefficient, @, is given by the slope of these lines. a is
plotted as a function of frequency in Figure 4. Similar

TABLE II

TABLE 1

Fatty Acid Compaosition of Qils

Acid Castor Olive Groundnut Safflower Rapeseed
% % % % %
Lauric .355
Myristic .19
Palmitic 1.061 11.16 10.742 6.791 5.749
Hexadecenoic .857
Stearic 536 2.349 2.36 2.186 1.751
Oleic 3.911 71.754 54.52 13,158 27.007
Linoleic 4895 12639 2499 76,418 50.184
Linolenic .347 448 11 8.744
Arachidic 1.246 .349 0.55
Ecosenoic 1.209 334 1.617
Behenic 2973 496
Docosenoic 1.204
Lignoceric 1.259
12-OH-cis-9 88.84
octadecenoic
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FIG. 2. Plot of shear stress vs shear rate for oils. ®, Castor oil; 2,
olive oil; o, groundnut oil; 4, rapeseed oil, and =, safflower oil.

Physical and Ultrasonic Properties of Oils at 19.4 C

Weight Density Viscosity Velocity Exponent n Coefficient k

0il average of sound
molecular  kg/m? Pa.S at 5 MHz (o = k™)

weight m/sec (f in MHz)
Castor 923 960.25 .902 1494 1.57 11.0
Olive 867 914.20 .082 1469 1.70 1.94
Groundnut 878 914.68 .0743 1483 1.74 1.63
Safflower 876 922.02 .0605 1472 1.76 1.18
Rapeseed 863 920.27 .0859 1478 1.83 1.0
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FIG. 3. Attenuator reading as a function of electrode separation for
castor oil. m, 5 MHz; o, 15 MHz; 8, 25 MHz; 4, 35 MHz, and &,
45 MHz.
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FIG. 4. Variation of attenuation coefficient with frequency for
castor oil,

straight lines were obtained for other oils, denoting the
power law relationship between « and f. The values of the
exponent n and coefficient k (where & = kfn) are listed in
Table II, along with the velocity of sound at 5 MHz. For a
Newtonian liquid, a > f? if no relaxation takes place. How-
ever, n < 2 for all the oils studied, indicating that ultrasonic
relaxation may be taking place.

DISCUSSION

The shear viscosity is related to the ultrasonic attenuation
by the Navier-Stokes equation (12).

212 4 k(y—-1)
a/f2=£3— [nv(w)+;ns(w)+T] [1]

where 7y and 74 are the volume viscosity and shear viscosity,
respectively, o is the density, v is the velocity of sound, k is
the thermal conductivity, 7 is the ratio of the specific heat
at constant pressure to that at constant volume and Cp is
the specific heat at constant pressure. The last term in the
bracket represents the thermal contribution, which is
negligible for most liquids. It is necessary to evaluate the
shear viscosity ng(w) in order to separate out the viscous
contribution.

We observed no shear thinning up to the shear rate of
1000 sec’? (Fig. 2). This shear rate is similar to the oscilla-
tory frequency of 1000 Hz. However, the ultrasonic meas-
urements were carried out in the frequency range 2-95 MHz,
which is several decades further up the scale. Viscoelastic
relaxation may well take place in this region. Ideally, it is
necessary to measure the shear viscosity under oscillatory
shear in the frequency range 2-95 MHz. Such measurements
are possible (e.g. 13,14), but sometimes are subject to large
errors. A well established alternative is to estimate the
viscoelastic spectrum (15-17). The vegetable oils are low
molecular weight liquids, and the viscoelastic behavior may
be described by the modified Rouse theory. According to
Rouse theory, the dynamic viscosity for a linear small
molecule is given by (18):

oRT T

T o (21
where ¢ is the density, R is the gas constant, T is the tem-
perature, M is the molecular weight, w is the frequency and
7T is the relaxation time. Oils are multicomponent systems,
with several different fatty acid components present as tri-
glycerides. Since the molecular weights of major fatty acid
components do not vary significantly, the individual shear
stresses may be assumed to be additive in nature and ny(w)
of the oil may be obtained from summation of the individ-
ual components:

1 Ti
=gRT —_— —————
ns(w) =0 : : M; (1 +w?r?) e 31

where 7; and wj are the relaxation time and weight fraction
of the ith species, respectively, and M; is the molecular
weight of the ith species. 7; may be written in terms of zero
shear viscosity and weight average molecular weight My,
(18), and it is straightforward to show that for a mixture of
linear molecules of different molecular weights,
oRT Ty M
ng(w) = Mw m [4]
where u; is the dimensionless molecular weight given by
M;/M,,, M; being the molecular weight-of the ith species,
and 7; is the relaxation time for y; = 1.

This formula holds for linear molecules. Vegetable oils
mostly consist of triglyceride molecules which have a
‘tuning fork’ like structure. A triglyceride may be approxi-
mated by a ‘star’ type molecule with three branches of the
star (essentially three fatty acid chains) of about the same
length. Several authors have worked out the treatment for
branched small molecules (19,20). Essentially, Eqn. (4]
may still be applied, but the values of 7, (zero shear
viscosity) and T; are not easy to calculate. Ham (21) has
worked out the values for 15/(Mo)tinear and 71 /(71 linear for
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several topologies. However, the calculations become in-
creasingly inaccurate as the three branches become of com-
parable length. Hence, 71 has to be estimated from experi-
mental data in the present case.

In small molecules, the terminal zone and transitional
zone relaxations coincide and are represented by the modi-
fied Rouse theory (18). At very high frequencies, molecules
cannot change direction in response to the shear field. As a
result, there is little molecular motion and a glassy platean
is reached. The viscosity changes very little in this region
and cannot be represented by the Rouse theory. As an ap-
proximation, the viscosity may be assumed to be constant
in the glassy region (22). The total viscosity is then given by

aRT Ty by

ng{w) =ﬁ_w m Wi + Noo (5]
where N is the high frequency limiting viscosity. To evalu-
ate the two unknowns (7; and 7.,), it is necessary to know
the value of ny(w) for two values of w. The value of ng(w)
for w =0 is the zero shear viscosity and is known. The
other value may be obtained by considering the high fre-
quency limit. At sufficiently high frequencies, both the
volume viscosity and shear viscosity become very small.
However, the dependence of n,/ns upon frequency does
vary with the nature of the molecule. For soy oil Mikhailov
et al. (5) found that 7, becomes negligible compared with
s at ~90-100 MHz. Ultrasonic attenuation in all the oils
studied (except castor oil) is similar to that in soy oil
Other properties of the oils such as major constituents,
density, viscosity, molecular weight and velocity of sound
are also similar to each other (Table II). Hence, an assump-
tion could be made that the limiting high frequency de-
pendence of n,/ng upon w is also similar. In that case,
Ny < N at around 95 MHz for all the oils. 75 can thus be
calculated from Eqn. {1] by using the attenuation measure-
ments at 95 MHz and by neglecting 7, at 95 MHz. That
value of ng, along with w = 95 MHz can be substituted in
Eqn. [5] to give the second equation. With two equations
and two unknowns, 7; and n. can be calculated. These

values can then be used to calculate ng at various frequen-
cies according to Eqn. [4]. Figure 5 shows the calculated
variation of viscosity with frequency. Viscous contribution
to the total ultrasonic attenuation is then estimated as

a 2n* 4
el = .= 6
( fﬂ)"iSCc)us o - 3 (61

Figure 6 shows the plots of total attenuation and viscous
contribution for olive oil, groundnut oil, safflower oil and
rapeseed oil. K is a parameter related to the ratio of volume
to shear viscosities and is defined as (15).

4
—ng(w) + Ny(w)
Ked .

4
3 ng{w)

30via
87?2 ng(w) (7
K is plotted as function of w in Figure 7.
While we have not studied the low frequency behavior,
K is expected to be constant at low frequencies for small
molecules. At low frequencies, the molecule can align as a
whole with the changing direction of shear or ultrasonic
field. As a result, there is no relaxation and both volume
and shear viscosities remain constant. Such a behavior is
observed for olive oil, where K decreases very gradually up
to 4 MHz, followed by a sharp decrease. For other oils,
however, the region of constant K is well below 2 MHz.
The viscoelastic behavior of olive oil and rapeseed oil is
similar (Fig. 6). However, the ultrasonic behavior differs
appreciably, resulting in greatly different values of K.
Another noteworthy feature of Figure 6 is the near equiva-
lence of volume and shear viscosities of safflower oil. The
behavior of safflower oil is different from the other three
oils in that K has a low value and a weak frequency depen-
dence. With the exception of castor oil, the oils have oleic
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FIG. 5. Shear viscosity as a function of frequency.
—e—e—s groundnut oil; + + ¢ + « + « safflower oil.
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F‘IG. 7. Plot of K vs frequency for oils (Eqn. [7]). ®, olive oil; 4, groundnut oil; 2, rapeseed
oil, and m, safflower oil; o, castor oil; K values for castor oil were calculated using the data

reported by Mikhailov et al. (5).

acid and linoleic acid as the major constituents. However,
safflower oil has the highest linoleic acid content and the
lowest oleic acid content of the four oils (Table 1). There
seems to be a relationship between K and the oleic acid:
linoleic acid ratio for the four oils. (The higher the ratio,
the higher is the value of K.) More experimental work is
needed to determine whether this relationship is confined
to the oils studied here or has a more general validity.

For a Newtonian liquid with no ultrasonic relaxation,

both ng and n, are constant. Hence, K is independent of
frequency. Variation of K with frequency implies a separa-
tion along the frequency axis of the two relaxation spectra
associated with shear and longitudinal wave propagation.
Shear relaxation is essentially an isovolumetric process,
while longitudinal relaxation is isoentropic, and the activa-
tion energies for the two processes may be quite different.
For the oils studied, there is a disproportionate reduction
of the volume viscosity with increasing frequency (except

JACCS, Vol. 62, no. 8 (August 1985)



1236

N.GLADWELL, C. JAVANAUD, K.E. PEERS AND R.R. RAHALKAR

for castor oil and safflower oil). This would be the case if
molecular rearrangements in compressional processes re-
quire a greater degree of cooperation than those in shear
relaxation. The molecular rotation would then be subject
to volume constraints which hinder the achievement of
compressional activation energy, while having little effect
upon the shear relaxation process. As frequency is in-
creased, this long range cooperation would be less and
less forthcoming. This would result in a large decrease in
compressional (volume) viscosity accompanied by a rela-
tively small decrease in shear viscosity. Vegetable oils are
composed of triglycerides which are rigid, rodlike molecules.
If the rods orient in response to the applied shear field,
they can slide off each other easily. This molecular re-
orientation may be responsible for the viscoelastic relaxa-
tion. Volume relaxation is slower and more cooperative.
This may arise due to intermolecular interactions, where
more than one triglyceride molecule moves as a unit in
response to the compressional field. Each triglyceride
molecule contains three -co- groups, which are slightly
polar. There may be weak interactions between the -co-
groups from several molecules. Steric interactions also
are possible. The fatty acid chains in the triglycerides con-
tain 18-20 carbon atoms. While this is insufficient for
entanglements (18), intermolecular penetration may
be possible.

In the literature several authors have tried to correlate
the velocity of sound with the physical properties of oils
(2,23). However, the attempts have been only partially
successful, one reason being that the differences in the
velocities of individual oils are very small (sometimes less
than 0.1%). On the other hand, the ratio of volume to shear
viscosities (K) varies considerably among the different oils
(Fig. 7). The uncertainty in the present work was in the
estimation of shear viscosity. Provided shear viscosity is
experimentally measured at high frequencies, it should be
possible to correlate K with the physical properties. This
could then possibly be used to identify the different oils,
the advantage over the velocity technique being that one
is dealing with large differences in K.

The above argument does not apply to castor oil, where
matters are complicated by the presence of OH groups
within the fatty acid chains. Strong intermolecular inter-
actions are expected due to the presence of hydroxyl
groups, which is reflected in the large ultrasonic attenua-
tion. Both the volume and shear processes require a much

JAQCS, Vol. 62, no. 8 (August 1985)

greater degree of cooperation. High frequency shear viscos-
ity for castor oil has been measured by Mikhailov et al.
(5). Shear relaxation closely follows the volume relaxation,
and the value of K does not change appreciably with
frequency (Fig. 7). This is in marked contrast to the ultra-
sonic behavior of other oils.

REFERENCES

1. Pethrick, R.A,, Progr. Polym. Sci. 9:177 (1983).

2. Gouw, Ir.T.H., and Ir.J.C. Vlugter, Fette, Seifen, Anstrichm.
3:159 (1967).

3. Dunn, F., P.D. Edwards and W.J. Fry, in Biological Engineer-
ing (Schwan, H.P,, ed.) McGraw Hill, New York, 1969, p. 217.

4. Nomoto, O., T. Kishimoto and T. lkeda, Bull. Kobayasi Inst.

2:72 (1952).

Mikhailov, I.G., Yu.S. Manutcharov and O. Khakimov, Ultra-

sonics 3:66 (1975). o

6. Eckey, E.W., Vegetable Fats and Oils, Reinhold Publishing
Corp., New York, New York, 1954, p. 84.

7. Weast, R.C., and M.L, Astle, CRC Handbook of Chemistry and
Physics, CRC Press, Boca Raton, Florida, 1979, p. F-41.

8. Kuo, H.L,, Jap. J. Appl. Phys. 10:167 (1971).

9. Hennock, M.S.R., R.R. Rahalkar and P. Richmond, J. Food
Sci. 49:1271 (1984).

10. Andrae, J.H., R, Bass, E.L. Heasell and J. Lamb, Acustica 8:
131 (1958).

11. Carstensen, E.L., J. Acoust. Soc. Amer. 26:288 (1955).

12, Matheson, A.J., Molecular Acoustics, Wiley, London, 1971,

. 171,

13, ll;arlow, A.]., G. Harrison and J. Lamb, Proc. Royal Soc.
London, A, 282:228 (1964).

14, Rahalkar, R.R., J. Lamb, G. Harrison, A.]J. Barlow, W. Haw-
thorn, J.A. Semlyen, A.M. North and R.A. Pethrick, Faraday
Symp. Chem. Soc. 18:103 (1983).

15. Bell, W., A.M. North, R.A. Pethrick and P.B. Teik, ]J. Chem.
Soc. Faraday Trans. 2, 75:115 (1979). .

16. Bell, W, J. Daly, A.M. North, R.A. Pethrick and P.B. Teik,
Ibid. 2, 75:1452 (1979).

17. Pereira, M.C., P.L. Jobling, E. Wyn-Jones, E.R. Morris and R.A.
Pethrick, Ibid. 2, 79:977 (1983).

18. Ferry, ].D. Viscoelastic Properties of Polymers, 3rd Edn.,,
John Wiley and Sons, New York, 1980.

19. Zimm, B.H., and R.W. Kilb, J. Polym. Sci. 39:19 (1959).

20. Ham, ].S., J. Chem. Phys. 26:625 (1957).

21. Ham, ].S,, Ibid. 26:625 (1957).

22. Rahalkar, R.R,, J. Lamb, G. Harrison, A.J. Barlow, W. Haw-
thorne, J.A. Semlyen, A.M. North and R.A. Pethrick, Proc.
Royal Soc. London A, 394:207 (1984).

23. Hustad, G.O., T. Richardson, W.C. Winder and M.P. Dean,
J. Dairy Sci. 53:1525 (1970).

w

[Received December 12, 1984]



