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•  lnvestigation of Phase Transitions in Glyceride/Paraffin 
Oil Mixtures Using Ultrasonic Velocity Measurements 
D.J. McClements* and M.J.W. Povey 
Procter Department of Food Science, University of Leeds, West Yorkshire, LS2 9JT, England 

A pulse echo technique has been used to measure the 
ultrasonic velocity of a number of 15% w/w glyceride/pa~ 
affin oil mixtures with increasing temperature (0-70 C). 
At the lower temperatures the glycerides are completely 
solid and there is a fairly steady decrease in velocity 
with temperature {ca. -3.8 ms-lC-1). As the temperature 
rises the gYycerides become increasingly soluble in the 
paraffin oil and the velocity decreases more rapidly. 
Once the glyceride is completely soluble in the paraffin 
oil, a fairly steady decrease in velocity with tempera- 
ture (ca. -3.3 m s - l C  -1) r e s u m e s .  The dependence of ultra- 
sonic velocity on the amount of solid glyceride present 
means the technique can be used to investigate phase 
transitions in binary glyceride/oil mixtures. 

Ultrasonics has been used to investigate a number of 
the properties of fat/oil systems. These include solid fat 
content (SFC) determinations (1-5), estimation of crys- 
tal compressibilities {5), investigation of equilibrium 
properties of phase transitions (6} and characterization 
of liquid oils (7-12). The majority of these investiga- 
tions have concentrated on naturally occurring animal 
or vegetable fats, whose principle constituents are the 
glycerides. Glycerides vary in type and proportion be- 
tween different fats and determine many of their phys- 
ical and chemical properties (13). 

In order to appreciate the factors which influence 
the propagation of ultrasound in fat ty materials it is 
necessary to understand the properties of their glyceride 
constituents. Previous workers have investigated the 
dependence of ultrasonic velocity on SFC for a number 
of triglyceride/oil mixtures (2,3), the dependence of veloc- 
ity on temperature for tristearin and for triolein {5) and 
the relationship between the velocity and molecular 
formula of many liquid triglycerides and fat ty acid 
methyl esters (7,8,11,12}. In this work the variation of 
ultrasonic velocity with temperature is examined for a 
number of glyceride/paraffin oil mixtures which undergo 
phase transition. The factors which influence the veloc- 
ity in these mixtures also are discussed. The glycerides 
were diluted to 15% w/w with paraffin oil to prevent 
vacuole formation (14}, which can cause large attenua- 
tion of an ultrasonic signal. 

MATERIALS AND METHODS 

Materials. Tristearin (SSS); tripalmitin (PPP); trilaurin 
{LLL); distearin {SS); glycerol 1,3 dipalmitate-2-oleate 
(POP); glycerol 1,3 distearate-2-oleate (SOS); glycerol 
1,3 dlpalmitate-2-stearate {PSP), and glycerol 1-palmitate- 
2-oleate-3-stearate {POS) were supplied by Unilever Re- 
search Laboratories {URL), Colworth House, England. 
Stearic acid (SA) was obtained from BDH Chemicals 
Ltd., United Kingdom. The purity of the mono-acid 
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saturated triglycerides was determined at URL using 
high pressure liquid chromotography (HPLC) of the 
fat ty acid methyl esters (FAME), and was better than 
96% (2). Paraffin oil was obtained from Boots Com- 
pany, Nottingham, England. 

Sample preparation. The physical properties of fat/oil 
mixtures depend on their thermal and shear history 
(15); thus, samples were prepared using a constant 
tempering procedure. Fat and oil were weighed into a 
small glass cuvette, mixed thoroughly, and melted at 
80 C in a vacuum oven to remove any air. The mixture 
was then placed in a 5 C water bath where it was left 
overnight, to ensure complete crystallization, before 
measurements were made. Sedimentation in the sam- 
ples was negligible due to the formation of a matrix of 
interlinking needle-like crystals (as observed by light 
microscopy). X-ray diffraction patterns of the crystallized 
mono-acid saturated triglycerides corresponded to the 
/3-polymorphic form. The rapid transformation of tri- 
glycerides to their most stable form in binary trigly- 
ceride/oil mixtures has been noted elsewhere in the 
literature (16-18). 

Ultrasonic measurements. The ultrasonic velocity of 
the samples was measured with increasing temperature 
using a pulse echo technique described in an earlier 
paper (2). Using this technique, the velocity can be 
determined to within 0.7 ms -1. However, there are ultra- 
sonic instruments available commercially that are accu- 
rate to 0.1 ms -1 which may be adapted for this type of 
measurement. 

RESULTS AND DISCUSSION 

The ultrasonic velocity with increasing temperature for 
the 15% w/w glyceride/paraffin oil mixtures investi- 
gated is shown in Figures 1-5. The results for paraffin 
oil {which is liquid across the whole temperature range) 
and for 15% w/w tristearin in paraffin oil are shown in 
Figure 1. The curves drawn through the experimental 
results were calculated using a cubic polynomial, and 
are included in Figures 2-5 for comparative purposes. 

The velocity versus temperature profiles of all the 
mixtures follow a similar t rend represented dia- 
gramatically by Figure 6. The glyceride is completely 
solid at lower temperatures, and there is a fairly con- 
stant decrease of velocity with increasing temperature 
(region I). As the temperature rises further the glycerides 
melt and the velocity decreases more rapidly {region 
II). Once the glyceride reaches a temperature where it 
is completely liquid, the decrease in velocity with tem- 
perature is again fairly constant (region III). The ex- 
ceptions to this trend are the POS and POP in paraffin 
oil mixtures because their triglyceride components are 
still partially soluble at the lower temperatures (Figs. 
3,4). The ultrasonic velocity is higher in solid than in 
liquid glyceride due to the greater elastic modulus of 
the solid phase (5). 
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FIG. 1. Variation of ultrasonic velocity with increasing tempera- 
tare for paraffin oil (D) and 15% w/w tristearin in paraffin oil (A). 
Curves drawn using cubical polynomial. II indicates the temper- 
ature range of region II as calculated by Equation 2 in the text.  
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FIG. 3. Variation of ultrasonic velocity with increasing tempera- 
ture for 15% SOS in paraffin oil {O) and 15% w/w POP in paraffin 
oil (X). II indicates the temperature range of region II as calcu- 
lated by Equation 2 in the text. 
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FIG. 2. Variation of ultrasonic velocity with increasing tempera- 
ture for 15% w/w tripalmitin in paraffin oil (A) and 15% w/w 
trilaurin in paraffin oil (X). II indicates the temperature range of 
region II as calculated by Equation 2 in the text.  
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FIG. 4. Variation of ultrasonic velocity with increasing tempera- 
ture for 15% w/w POS in paraffin oil (X) and 15% w/w PSP in 
paraffin oil ([2). II indicates the temperature range of region II as 
calculated by Equation 2 in the text.  

JAOCS, Vol. 65, no. 11 (November 1988) 



1793 

ULTRASONIC INVESTIGATION OF PHASE TRANSITIONS 

1650 

1600 

1550 

H 
o 1500 
0 

> 1450 

Z 
0 

1400 

1350 

1300 

I I  
X __||SA . . . . .  

[ ]  X 

x . . . . .  I I  . . . .  - ,  
x X SS 

",x 

" ~  "~" ,~, 

I I I I I I I 

0 10 20 30 40 50 60 70 80 

TEHPERATURE / C 

FIG. 5. Variation of ultrasonic velocity with increasing tempera- 
ture for 15% w/w distearin in paraffin oil (E]) and 15% w/w stearic 
acid in paraffin oil (X). II indicates the temperature range of 
region II as calculated by Equation 2 in the text. 
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In the following sections the factors which influence 
the ultrasonic velocity of the glyceride/paraffin oil mix- 
tures in the three regions are discussed. 

Region L The variation of velocity with temperature 
in region I can be described using Taylor series ex- 
pansions (1). However, a better fit to our results was 
obtained using an exponential function of the form: 

v ---- a.exp(bT) [1] 

where v is the velocity, T is the temperature and a and 
b are constants which are determined using least squares 
regression analysis of experimental measurements. The 
values of a and b, calculated from the measurements 
shown in Figures 1-5, are listed in Table 1 for those 
mixtures where there was sufficient data. 

An examination of region I in Figures 2-4 and Table 
1 indicates that the type of solid triglyceride present 
does not greatly influence the velocity through the 
sample; all the triglyceride mixtures investigated have 
similar variations of velocity with temperature (ca. -3.8 
ms-lC 1). However, Figure 5 and Table 1 show that the 
velocities of the distearin and stearic acid in paraffin oil 
mixtures are significantly larger than those of the tri- 
glyceride mixtures. This is important because when the 
technique is used for determining SFC in fat ty materi- 
als it is usually assumed that each component, in rela- 
tion to its amount, yields a linear contribution to the 
solid content (15). Triglycerides, however, make up a 
large proportion of most fats, and therefore it does 
seem reasonable to assume that the ultrasonic velocity 
is independent of the type of solid fat present. 

Region III. In region III the variation of ultrasonic 
velocity with temperature can also be described by 
Equation 1. Table 1 lists the values of a and b calcu- 
lated using least squares regression analysis of the 
experimental results shown in Figures 2-5. It can be 
seen that the temperature coefficient of the velocity of 
the various glyceride/paraffin oil mixtures is similar 
(ca. -3.3 ms-lC-t). However, they have significantly 
different absolute velocities. This is because the various 
glyceride components have different ultrasonic veloc- 
ities (8,11,12), and the velocity of an oil mixture depends 
on the velocities and concentration of its component 
phases (11,12). 

Region II. In region II the decrease in ultrasonic 
velocity with increasing temperature is greater than in 
regions I and III. This is because the melting of the 
solid glyceride leads to a decrease in velocity which is 
superimposed on the decrease due to the temperature 
coefficients of velocity of regions I and III. The differ- 
ent solubilities of the glycerides in paraffin oil mean 
that the position of region II in Figures 1-5 depends on 
the type of glyceride present. The solubility of solid 
glycerides in oil can be described, to a first approxima- 
tion, by the following equation, which assumes the 
mixture follows ideal solubility behavior (18-20): 

TEMPERATURE / C 
FIG. 6. Diagrammatic representation of the variation of ultrasonic 
velocity with temperature for a glyceride/paraffin oil mixture. In 
region I the triglyceride is completely solid, in region III it is 
completely liquid and in region II it is part solid and part liquid. 

in(x) : AH~/R.(1/T-1/Tmp) 

Here x is the mole fraction of glyceride in the liquid 
phase, hHf is the enthalpy change per mole of crystallizing 
material, R is the gas constant, Trap is the absolute 
melting point of the pure glyceride and T is the abso- 
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TABLE 1 

Variation of Ultrasonic Velocity with Temperature for Regions I and III  
of the 15% wiw Glyceride/Paraffin Oil Mixtures shown in Figures 1-5 a 

Region I Region III  

a/ms-1 b/C-1 dV/dT/ms-lC-1 a/ms-1 b/C-1 dV/dT/ms-lC-1 
Glyceride n _ 0.5 -!"_ 0.00007 r -4- 0.1 n -4- 0.5 +_ 0.00007 r _ 0.1 

SSS 7 1594.5 -0.00247 -0.999 -3.8 4 1545.5 -0.00248 -0.999 -3.3 
PPP 7 1595.4 -0.00246 -0.997 -3.8 4 1545.3 -0.00249 -0.997 -3.3 
LLL 4 1593.4 -0.00247 -0.999 -3.9 8 1534.3 -0.00244 -0.999 -3.3 
PSP 6 1594.2 -0.00243 -0.999 -3.7 - - - 
POP - - - 6 1537.9 -0.00242 0.999 -3.3 
SOS - - - 6 1539.0 -0.00241 -0.999 -3.2 
POS - - - 6 1540.6 -0.00247 -0.999 -3.2 
SS 11 1599.1 -0.00252 -0.995 -3.8 5 1553.6 -0.00254 -0.995 -3.3 
SA 11 1614.5 -0.00260 -0.993 -4.0 10 1540.7 -0.00249 -0.998 -3.3 

Paraffin oil - - - 15 1546.6 -0.00247 -1.000 -3.5 

aResults are presented in the form of exponential equations: v = a.exp{bT), where v is the ultrasonic velocity, T is the temperature, r is 
the correlation coefficient, n is the number of data points and a and b are constants calculated using least squares regression analysis. 

lute  t empera tu re .  The m a s s  f rac t ion  (~m) of glycer ide in 
the  solid s ta te  can then  be ca lcula ted  at  any  tempera-  
tu re  f rom the  relation: 

+m = [+g-x(1-+g)MWg/MWo(1-x)]/¢g [2] 

where  MW~ and  MWo are the  molecular  we igh t s  of  the  
glycer ide and  oil phase,  respect ively,  and ~g is the  to ta l  
m a s s  f rac t ion of glycer ide p resen t  in the  mixture .  The  
pos i t ion  of region I I  for a par t icu lar  glyceride/oil  mix- 
tu re  therefore  depends  pr imar i ly  on the  mel t ing  po in t  
and  hea t  of fusion of the  glyceride componen t .  

Inves t igat ion of  phase transitions. The dependence  
of the ultrasonic velocity on the amount  of solid glyceride 
p resen t  s u g g e s t s  t h a t  the  u l t rasonic  technique  m a y  
prove  a useful  tool  for i nves t iga t ing  phase  t r ans i t ions  
(1,5). To do this  it is neces sa ry  to  relate  the  u l t rason ic  
ve loc i ty  of  a mix tu re  to  the  a m o u n t  of solid glycer ide 
present .  

This can  be done us ing  a m e t h o d  similar to  t h a t  
s u g g e s t e d  by  Miles et  al (1). 

In  region I the  glyceride is completely  solid, in region 
I I I  it is comple te ly  liquid, in the  in te rmedia te  region it 
is pa r t l y  solid, pa r t l y  liquid (region II). To es t ima te  the  
a m o u n t  of solid glycer ide in region I I  it is a s sumed  
t h a t  the  mix tu re  cons is t s  of a ' sol id '  and  a ' l iquid '  
phase  whose  velocit ies and densi t ies  are the  same  as 
those  found  b y  ex t rapo la t ion  f rom regions  I and  I I I ,  
respect ively.  Thus,  the  var ia t ion  of veloci ty  wi th  tem- 
pe ra tu re  of  the  'solid '  and ' l iquid'  phases  in region I I  is 
descr ibed by  E q u a t i o n  1 and  the  values  of the  con- 
s t a n t s  a and  b, g iven in Table  1 {Fig. 6). The  va r ia t ion  
of  dens i ty  wi th  t e m p e r a t u r e  for the  'sol id '  and  ' l iquid '  
phases  can be descr ibed in a similar  manner  us ing  the  
relat ion: 

Q = c.exp(dT) [3] 

where ~ is the  densi ty ,  T is the  t e m p e r a t u r e  and c and  
d are cons tan t s  calculated us ing  least  squares  regression 
analys is  of exper imenta l  dens i ty  measu remen t s .  

The veloci ty  of a mix tu re  can then  be re la ted  to  the  
ra t io  of solid to  to ta l  g lycer ide  at  any  t e m p e r a t u r e  
us ing  the  E q u a t i o n  (1-4): 

v = [(40I + (1-~)Om)(~/O Ivi 2 + (1-~)/Qmvm2)] -1/2 [4] 

Where the subscripts  I and I I I  represent the extrapolated 
values  of the  re levant  pa r ame te r s  f rom regions  I and  
I I I ,  respect ively,  and  ~ is the  rat io of solid to  to ta l  
glycer ide (v/v). This equa t ion  a s sumes  t h a t  the  com- 
ponen t  phases  do no t  dissolve in one ano the r  {i.e., ~r 
= 1), t h a t  the  fat  c rys t a l s  are much  smaller  t h a n  the  
ultrasonic wavelength, t ha t  no scat ter ing of the ultra- 
sound occurs and t h a t  interact ion between the  fat  crys- 
ta ls  is negligible (3,4). E q u a t i o n  4 has been used  by  a 
n u m b e r  of workers  to  model  the  u l t rasonic  ve loc i ty  
t h r o u g h  tr iglyceride/oil  mixtures ,  and good  ag reemen t  
has  been found be tween t heo ry  and exper iment  for 
SFC up to  15% {2-4); therefore,  it should  be applicable 
to  the  sy s t ems  used  in this  work.  However ,  it m u s t  be 
apprec ia ted  t h a t  this  equa t ion  is only a l imi t ing case of  
more  general  formula t ions ,  and  t h a t  s ignif icant  devia- 
t ions  f rom it m a y  occur  when  u l t rasonic  sca t t e r ing  is 
impor t an t ,  i.e., in emuls ions  {4). 

I f  the  densit ies of  the  'sol id '  and ' l iquid '  phases  are 
similar (i.e., OT = 0iii), then  a s impler  fo rm of E q u a t i o n  4 
can be used  which  depends  on ve loc i ty  m e a s u r e m e n t s  
only (1): 

V = [~/Vi 2 + (1-d~)/Vm2]-l/2 [5] 

Predictions of  solid content  in the tristearin/paraffin oil 
mixtures.  U s i n g  this  technique,  the  va r i a t ion  of  solid 
glycer ide  wi th  t empe ra tu r e  was  ca lcula ted  for the  15% 
w/w t r i s tear in  in paraf f in  oil mixture .  The va r ia t ion  of  
velocity with temperature  for the 'solid' and 'liquid' 
phases  was  ca lcula ted  us ing  E q u a t i o n  1 and  the  para-  
me te r s  g iven in Table  1. The  densi t ies  were ca lcula ted  
f rom the  volume averaged  values  of  exper imenta l ly  
measured  paraff in oil densit ies and values of the  densi ty  
of t r is tear in  found in the  l i terature {23}. Leas t  squares  
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FIG. 7. Variation of percentage solid to total triglyceride with 
increasing temperature for a 15% w/w tristearin in paraffin oil 
mixture (1 MHz). [:], values estimated using the ultrasonic tech- 
n i q u e ; - ,  values calculated from the ideal solubility equation 
(Equation 2). 

regression analysis gave the constants c = 907.2 kgm-8, 
d -- -0.00063 C -1 for region I and c = 893.0 kgin-8, d : 
-0.00072 C -1 for region I I I .  The variation of solid tri- 
stearin with temperature was then calculated from the 
experimental velocity measurements  shown in Figure 1 
using a rearranged form of Equat ion 4 (1) (Fig. 7). For 
Comparison, the solid tristearin content  predicted using 
the ideal solubility equation (Equation 2) was also plot- 
ted on Figure 7 (using the values Trap = 74.0 C, AH = 
180Jg-1 (18) and MWpar~ffi, oil -- 440 (16)). The values of 
solid glyceride content determined by the ultrasonic 
technique are slightly above those predicted by the 
ideal solubility equation. This phenomena has also been 
observed by other workers (18}, who at t r ibuted it to 
demixing. 

Predictions of the solid tristearin content calculated 
using Equat ion 3 and those calculated using Equat ion 5 
agreed to within 1%, and so Equat ion 5 may prove a 

more practical means of relating the ultraso ,nic velocity 
to the solid content because it requires velocity mea- 
surements only. 

The relationship between the amount of solid glyceride 
present and ultrasonic velocity means that  the~ultrasonic 
technique should prove a useful means of examining 
phase transitions in binary glyceride/oil mixtures. 
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