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Enhanced crystallisation kinetics of edible lipids
through the action of a bifurcated streamer†

Jack J. Youngs, a Peter R. Birkin, *a Juhee Lee,b Tadd T. Truscott c and
Silvana Martini b

The processing of healthy foods remains a challenge and any technology with the ability to tailor the

physical properties of new materials is in demand. High-intensity ultrasound (HIU) has been identified as a

useful processing technique for such activities particularly for edible lipids. HIU has been known to alter

the crystallisation kinetics and in turn the resultant physicochemical properties for specific food appli-

cations. The role of cavitation dynamics during treatment of oils with HIU is of interest, with the knowl-

edge gained allowing for insight into the complex and still undefined mechanism of action. To this end,

the crystallisation kinetics of an edible lipid were investigated in the presence of several distinctly different

cavitation conditions. Several cavitation clusters, including a bifurcated streamer (BiS), located on the

surface of a piston-like emitter (PLE) were studied, each generated by a specific ultrasonic power level.

Only samples crystallised at a low supercooling (ΔTSC) value display significant differences in induction

time for each of the selected HIU powers, at least 5 minutes earlier than without exposure to HIU.

Substantially better energy efficiencies were seen for the BiS regime (ΔTSC = 5 °C) which coincided with

maximal crystal growth rates. An increase in melting enthalpy and elastic modulus is reported in the pres-

ence of HIU for all crystallisation temperatures, this effect is larger overall with increasing ultrasonic

power. In addition, sonicated samples in the presence of the BiS event were composed of fewer smaller

crystals compared to higher HIU powers after 60 minutes at 30 °C. Bubble dynamics recorded during a

10 s sonication period exhibited a greater acoustic attenuation effect for the highest ultrasonic power

(75 W). The results suggest that the dynamics of the cluster and the presence of the BiS event are

important in terms of energy efficiency and the physical properties of the crystallised lipid material.

Introduction

Gas bubbles, and cavitation, can play an important role in a
number of processes and applications.1–3 To maximise the
efficiency of these systems, a thorough understanding of
the processes involved, and the mechanisms associated
with them, is crucial. Cavitation is commonly generated by
the application of high-intensity ultrasound (HIU) within
liquids, driven by the interaction between pressure variations
(e.g. ultrasonic waves) and pre-existing gas bubbles/bubble
nuclei.4,5 Such environments can be highly dynamic, with gas
bubbles rapidly growing/collapsing, fragmenting and coales-

cing with one another. The relative size of the gas bubbles,
their motion and life-cycle are termed cavitation or bubble
dynamics and can result in extreme localised conditions, with
temperatures of approximately 5000 K and local pressures of
∼1–10 kbar generated.6,7 Cavitation, within aqueous media,
has been extensively studied and, while there are reports of its
effects in non-aqueous and non-Newtonian fluids, studies in
edible lipids require considerably more attention. The impor-
tance of these materials is clear, with the estimated global
edible oils and fats market forecast to show compound annual
growth rates (CAGR) of 7.1%, with a net worth of approxi-
mately $165 billion by 2026.8

HIU has been employed as an effective processing tool to
enhance the crystallization behaviour of healthier edible lipid
systems, through inducing the onset of crystallisation and
altering their physicochemical properties.9–12 Edible lipids
deliver the desirable nutritional and functional attributes of
many food products, which play a large role in consumer
acceptance and the overall food quality.13,14 The chemical
composition of lipids, such as the fatty acid length and degree
of saturation, is critical. In general, lipids that contain long
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chain saturated fatty acids and partially hydrogenated oils
(PHOs) display greater sample texture and elasticity compared
to liquid oils with lower levels of saturated fatty acids or with
shorter chain lengths. The use of PHOs has been strongly
linked to cardiovascular disease due to high levels of trans-fats
and, since June 2015, no longer hold the ‘Generally
Recognised as Safe’ (GRAS15) status.16–18 This presents a clear
challenge within the food industry, with healthier trans-fat
free alternatives lacking specific physical structure and predo-
minantly existing as liquid oils.

Previous reports have demonstrated that HIU can improve
the nucleation kinetics of the lipid crystallisation process,19–22

which give crystalline networks formed of a greater number of
smaller diameter crystals. Greater lipid supercooling has been
shown to give similar results. However, the crystal framework
is less stable with imperfections compared to reduced super-
cooling conditions.23–26 The degree of supercooling and the
applied ultrasonic power can have a significant impact upon
the nature of the cavitation events that occur within these
complex lipid systems.27–30 In particular, the dynamics of the
cavitation cluster produced directly beneath the HIU source
and the existence of a bifurcated streamer (BiS) system, are of
significant interest.31 The exact physical mechanism respon-
sible for the action of HIU within edible lipids is currently
unclear, which limits the exploitation of this novel processing
technique. The study of such gas bubble events has potential
to rationalise the diverse crystallisation behaviour observed
within sonicated lipids and provide an opportunity to tailor
their physical characteristics. Many studies have investigated
the effect of ultrasonic power level upon lipid crystallisation
behaviour.19,32–35 However, selecting the conditions based on
the observed cluster dynamics has received little attention.
This is particularly true for the unusual BiS event, as this appears
as a rather unusual phenomena at this time, present in oils.

The aim of the work presented here was to evaluate the
changes in the crystallisation kinetics and physical character-
istics of an all-purpose shortening material in response to
selected HIU conditions. In the conditions selected, the
bubble dynamics produced within the sample during the
initial critical crystallisation stages were fixed to different
cluster types including the bifurcated streamer system. This
selection was achieved by controlling the applied ultrasonic
power (and consequantly the amplitude of oscillation of the
piston like emitter, PLE, tip). Lastly, the effect of the supercool-
ing conditions upon crystallisation kinetics and resultant
materials were also analysed. Each of the ultrasonic powers
explored in this study was associated with a distinct cavitation
cluster event previously observed within a liquid soybean oil
sample.28,36

Methods
Materials

Commercial all-purpose shortening (APS, Bunge) was crystal-
lised at temperatures of 26 °C and 30 °C with and without the

application of high-intensity ultrasound (HIU) at several ultra-
sonic powers. The melting point of the sample was 35.1 ± 0.4 °C
and was determined using AOCS Official Method Cc 1–25.

Crystallisation and ultrasound application

Samples were melted in a microwave oven and then stored in
an oven at 80 °C for 30 minutes to remove residual crystal
memory. The melted sample (100 g) was transferred to a
double-walled thermostatic crystallisation cell connected to an
external water bath (Grant, LT ecocool 100), set to the particu-
lar crystallisation temperature (Tc) used in this study. The
degree of super cooling (ΔTSC) is defined as (Tm − Tc) where
Tm the melting point of the sample. A schematic of the experi-
mental set-up is detailed in Fig. 1. Two temperatures were
selected to represent conditions where HIU has a prominent
effect upon the physical properties of the fat (Tc = 30 °C) in
addition to such conditions where HIU may have a less signifi-
cant effect (Tc = 26 °C).12 The sample was agitated using a
magnetic stirrer (200 rpm) to enhance heat transfer between
the sample and the circulating water. Agitation was conducted
for approximately 6 and 10 minutes for Tc = 26 °C and 30 °C
respectively. The APS sample was crystallised in both the
absence and the presence of ultrasonic stimuli. HIU was deli-
vered using a Misonix S-3000 sonicator (Misonix Inc.,
Farmingdale, New York, USA) operating at an acoustic fre-
quency of 20 kHz. The tip or piston-like emitter (PLE) of this
device (3.2 mm diameter) was driven at five ultrasonic powers
(10 W, 18 W, 36 W, 51 W and 75 W) each selected to stimulate
different cluster conditions for a duration of 10 s. These
powers were selected by observing the acoustic emission
corresponding to the appropriate cluster.37

Each cluster undergoes a repetitive growth-collapse phase
with a lower frequency relative to the frequency of the HIU

Fig. 1 Schematic representation of the experimental setup used for the
crystallisation experiments. Here a BiS event is represented by two clus-
ters (C1 and C2) generated at the PLE tip with two streams of bubbles
(labelled with arrows). A hydrophone (H) and stirrer(S)/stirrer bar (SB) are
included. The temperature of the system is controlled through the water
jacket with the flow direction indicated. Not to scale.
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source. The bubble cluster collapse frequency is given by f/n
where f is the frequency of the HIU source and n is an integer
value. Table 1 summarises the HIU power levels selected to
deliver each distinct bubble cluster type.

The PLE tip was positioned approximately central (x–y
direction) within the cell. Previous research has identified that
ultrasonic stimuli have a greater effect on the induction time
of lipid crystallisation in the presence of crystals.12,20

Therefore, HIU was applied at the onset of crystallisation, as
indicated by a slight increase in sample turbidity. This corre-
lated to times of 11 minutes and 16 minutes for Tc = 26 and
30 °C, respectively. The crystallisation behaviour of the
samples was monitored as a function of time for a total
60 minutes after initial cooling (see Fig. S1 (ESI†)).

Melting behaviour

A differential scanning calorimeter (DSC-TA Instruments, New
Castle, DE, USA) was employed to measure the melting behav-
iour of the crystallised lipid sample. The sample material
(5–15 mg) was transferred to a hermetic aluminium pan, sealed
with a lid, and then transferred to the DSC oven stabilised at
the relevant Tc (26 °C or 30 °C). This represents a supercooling
condition of ΔTSC = 9 °C and 5 °C respectively. Samples were
maintained at this temperature for 1 minutes and then heated
from Tc to 80 °C at 5 °C per minute. The peak melting tempera-
ture (Tp) and melting enthalpy (ΔHm) were recorded. Heat flow
measured as a function of temperature vs. empty reference pan.

Crystal microstructure

A polarised light microscope (PLM-Olympus BX 41, Tokyo,
Japan) fitted with a digital camera (Infinity 2, Lumenera
Scientific, Ottawa, Canada) was used to record the crystal
microstructure of crystallised lipid material. Images were
recorded before and after application of HIU at approximately
6, 10, 18 and 60 minutes after initial sample cooling.

Viscoelastic properties

A magnetic bearing rheometer (model AR-G2, TA Instruments,
New Castle, DE, USA) was used to measure the elasticity of
crystallised samples after approximately 60 minutes of crystal-
lisation. A parallel plate geometry (40 mm diameter) was
employed and maintained at the relevant Tc (26 °C or 30 °C).
Depending upon the relative hardness of the sample, a gap of

between 500–1000 μm was used. Oscillatory tests were per-
formed by a strain sweep step from 0.0008–10% of strain and
equilibration time of 1 minute. Viscoelastic parameters such
as the storage modulus (G′) were recorded at 0.01% of strain.

Hardness

The hardness of the crystallised material was evaluated by
texture profile analysis (TPA) using a Texture Analyser (model
TA, XT Plus, Texture Technologies Corp., Scarsdale, NY, USA).
Samples were transferred to labelled plastic tubes (1 cm dia-
meter) after 60 minutes and stored at 5 °C for 48 h. Note this
is a common technique used in the evaluation of physical pro-
perties of fats. Even though the conditions under which hard-
ness was measured are different from the others (e.g., 5 °C vs.
25 °C) the results still give valuable information about the
physical properties of the crystalline network. Chilled samples
were cut to a height of approximately 1 cm, placed on the
sample platform and a two-step compression with 5 cm dia-
meter cylindrical probe was performed. A constant speed of
5 mm s−1 and compression strain of 25% were employed. Data
was not recorded at 60 minutes after processing as the lipid
sample was too soft to measure hardness at this time.

Cavitation

The cavitation dynamics present within the APS sample were
evaluated using a hydrophone (Reson, TC4013), positioned
approximately 20 mm to the side of the PLE tip. An oscillo-
scope (Owon DS7102V) was employed to visualise and capture
the hydrophone signal over the first 1000 ms of PLE tip oper-
ation. The acoustic emission was also recorded over a total 15
s period, featuring the first 10 s of the applied HIU pulse plus
an additional 5 s in the absence of HIU. The data in this
period was captured using an in-house generated program
(Visual Studio 2010, Measurement Studio 2012) and a USB-204
DAQ card (Measurement Computing). The data acquisition
regime is detailed in Fig. S1.†

Measurement of solid fat content (SFC)

Samples remained within the crystallisation cell until the appli-
cation of high intensity ultrasound (HIU) had been completed.
They were then transferred to p-NMR tubes, previously pre-
heated to the crystallisation temperature (Tc). The p-NMR tubes
were placed in a water bath set at the relevant temperature (Tc).
The crystallisation behaviour of the samples was then monitored
by recording the SFC vs. time using NMR Minispec mq20 series
(Bruker, California, USA). The SFC was measured immediately
after the sample was removed from the crystallisation cell and
every 1 minute until the end of crystallisation (60 minutes). Note,
SFC values prior to HIU treatment are assumed to be zero. This
assumption is supported by the woHIU measurements.

Crystallisation kinetics

The SFC vs. time data were fitted to the reparametrized
Gompertz equation38 (eqn (1)).

SFCt ¼ SFCme�e

2:718μðλ�tÞ
SFCm

� �
þ 1

h i
ð1Þ

Table 1 Bubble cluster collapse frequency ( f/n) for each of selected
HIU power levels, where f is the HIU drive frequency and ‘n’ is an integer
value. Four single bubble clusters (18 W, 36 W, 51 W and 75 W) and one
bi-cluster (or bifurcated streamer, BiS, at 10 W) are shown. Within the bi-
cluster regime, the collapse of the first cluster is 180° out of phase of
the second, each operating at f/2 collapse frequency. Hence, a cluster
collapse occurs every cycle of the sound source in this case*

Power/W 10 18 36 51 75

Bubble cluster and
collapse frequency

f/2 + f/2′
(10 kHz,
20 kHz*)

(5 kHz) f/5
(4 kHz)

f/6
(3.3 kHz

f/7
(2.9 kHz)
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where SFCt is the solid fat content measured at time, t, SFCm is
the final solid fat content, μ is the maximal growth rate here
quoted in % min−1 and λ is the induction time of crystallisa-
tion (min). This equation has been used previously to describe
isothermal crystallisation of fats.26,38,39

Statistical analysis

Crystallisation experiments were performed in triplicate and
physical properties were measured in triplicate (SFC and
microstructure) and duplicate (DSC and elasticity). Significant
differences (α = 0.05) were evaluated by two-way ANOVA using
GraphPad Prism software (version 8.21 for Windows, San
Diego, CA, USA). Table 2, and some figures, show which data
is insignificantly different to one another by assignment of the
same symbol annotation. For example, if the annotation
changes (e.g., from ‘a’ to ‘b’ or ‘α’ to ‘β’), there is a significant
difference between those measurements under the conditions
stated. In the tables and plots, data associated with experi-
ments at 26 °C are annotated with ‘a, b’ etc. while those at
30 °C are annotated with ‘α, β’ etc.

Results and discussion
Solid fat content

Fig. 2 depicts the crystallisation behaviour of an all-purpose
shortening (APS) sample, analysed by following the solid fat
content (SFC) vs. time profile. Here a series of different acous-
tic power levels were employed under two supercooling con-
ditions of ΔTSC = 9 °C (Fig. 2A, 26 °C) and ΔTSC = 5 °C (Fig. 2B,
30 °C). APS samples were also crystallised in the absence of
HIU (●) and were analysed for comparison under identical
conditions. SFC values were fitted to the Gompertz model and
all samples exhibited r2 values greater than 0.94. Gompertz
fitting parameters including the maximum solid fat content
after 60 minutes of crystallisation (SFCm), the maximal crystal
growth rate (µ) and the induction time for lipid crystallisation
(λ) are summarised in Table 2. Fig. 2A shows the SFC curves
for sonicated and non-sonicated APS samples crystallised at Tc
= 26 °C (ΔTSC = 9 °C), where the sample was exposed to HIU at
11 minutes as indicated by the vertical dashed line (---) and
the arrow.

At Tc = 26 °C the SFC of all samples increased over time in a
sigmoidal like manner reaching a plateau value at an average
of ∼11%. However, the time needed to reach the plateau was
found to be the same for all HIU treated samples

Table 2 Kinetic parameters obtained from the Gompertz model from the isothermal crystallisation of APS without and with HIU at power levels
between (0–75) W, each power corresponding to a different cavitation cluster system. Data shown as a mean with 95%CL in parenthesis. For each of
the kinetic parameters, data with different superscripts are statistically different (p = 0.0001) compared to each other within the respective column.
A change in superscripts indicate whether these figures are significantly different to one another (read in the columns). Note ‘a, b’ etc. corresponds
to ΔTSC = 9 °C with ‘α, β’ etc. correspond to ΔTSC = 5 °C

W

ΔTSC = 9 °C ΔTSC = 5 °C

SFCm/% μ/% min−1 λ/min SFCm/% μ/% min−1 λ/min

0 10.9a (0.1) 0.6a (0.1) 17a (1) 7.3α (0.2) 0.29α (0.04) 29α (1)
10 10.6a (0.1) 1.1b (0.2) 14.4b (0.3) 7.7α,β (0.2) 0.7β,χ (0.1) 20.1β (0.4)
18 11.0a (0.1) 1.3b (0.1) 12.5c (0.2) 8.0β (0.1) 0.42δ (0.04) 23.7χ (0.2)
36 10.8a (0.4) 1.4b (0.4) 13.0b,c (0.3) 7.9β (0.1) 0.48χ,δ (0.06) 19.2δ (0.2)
51 11.1a (0.06) 1.3b (0.1) 12.3c (0.5) 7.7α,β (0.2) 0.53χ (0.03) 16.0ε (0.9)
75 10.8a (0.4) 1.4b (0.1) 12.7b,c (0.1) 7.7α,β (0.3) 0.63β (0.02) 14.2φ (0.6)

Fig. 2 SFC of all-purpose shortening (APS) during 60 minutes of crys-
tallisation at 26 °C (A) and 30 °C (B) in the absence (•) and presence of
high-intensity ultrasound (HIU) operating at 10 W ( ), 18 W ( ), 36 W
( ), 51 W ( ) and 75 W ( ). The dotted vertical line, (---), and arrow indi-
cated the time when HIU was applied to the system.
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(∼25 minutes) except for the BiS event, which took
∼35 minutes. This limiting consistent rate is attributed to a
rate limiting process associated with the crystallisation of the
APS sample under these conditions. In the absence of HIU
treatment, the time to reach the plateau was greater still at
∼45 minutes.

Fig. 2B shows the SFC curves for sonicated and non-soni-
cated APS samples crystallised at Tc = 30 °C (ΔTSC = 5 °C), where
HIU was applied at 15 minutes as indicated (---). Note this
delayed application time is a consequence of the reduced super-
cooling applied to the samples in this data set. In addition,
although the predicted induction time can be estimated to be
less than the application time for HIU, this is an artefact of the
analysis method used. Here the fit predicts the λ value. This is
apparent by looking at the data prior to the HIU application
where all the SFC’s are essentially zero. After the HIU has been
applied there is a clear jump in the data (see 75 W, ΔTSC = 5 °C
for example) which when the fit is applied, yields a λ value of
14.2 min which is below the HIU application time.

The SFC of all sonicated samples increased over time and
reached a plateau value after progressively shorter times when
conventional clusters were considered (for 18 W, 36 W, 51 W
and 75 W). While the BiS event, with its bi-cluster cavitation
environment,31 which although observed at the lowest applied
power of 10 W ( ), reaches a plateau at an intermediate time
point within the data set of ∼40 minutes. The evidence
suggests that the BiS cluster is more efficient when compared
to clusters at 18 W and 36 W (even though only 10 W is used to
generate the BiS event under these conditions). APS samples
crystallised in the absence of HIU reached a plateau SFC value
after approximately 60 minutes, which indicates that soni-
cation at lower supercooling (e.g., ΔTSC = 5 °C vs. ΔTSC = 9 °C,
see Fig. 2) also promotes lipid crystallisation as expected.10,25

The actual SFCm values are displayed in Table 2. The SFCm

values were found to be similar for a particular supercooling
regime. This is attributed to the SFCm value not being depen-
dent upon the kinetics of crystallisation under each treatment,
but rather the composition of the triacylglycerol (TAG) com-
ponents40 within the lipid sample, and the proportion of
TAG’s that crystallise under the selected conditions. In all
cases, however, the final SFCm values were significantly lower
at 30 °C compared to 26 °C, likely as a result of a greater
thermodynamic driving force for crystallisation26 at the lower
temperature and hence higher supercooling value.

Non-sonicated APS samples had significantly longer induc-
tion times (λ) for crystallisation and slower crystal growth rates
(μ) when compared to those treated with HIU. Note, to further
highlight the effect of HIU on these systems, changes in these
parameters with respect to the non-sonicated sample at each
of the ultrasonic powers deployed (for example Δλ and Δμ)
were calculated (see Table S1†).

Fig. 3A shows the Δλ values at Tc = 26 °C (◇) and 30 °C (◆).
The values of Δλ were not significantly different for samples
treated at all HIU powers at 26 °C. Fig. 3A shows that a greater
variation in induction times for crystallisation were observed
for different HIU powers applied at 30 °C. This suggests that

the nature of the HIU treatment is more critical under lower
supercooling (ΔTSC = 5 °C) conditions.10,23 In general, the
value of Δλ increased with HIU power for samples crystallized
at 30 °C. However, an unusually high Δλ value compared to all
higher HIU powers (p = 0.001) was seen for the bifurcated
streamer (10 W) case in agreement with the results shown in
Fig. 2B. Fig. 3B depicts values of Δλ per watt of power applied
to the oil sample for each of the crystallisation conditions. At
26 °C, values were similar for all HIU. In contrast, treatment of
the APS sample at 30 °C with the bifurcated streamer (10 W)
showed a notably enhanced energy efficiency compared to all
other conditions (p < 0.05). The exact nature of the greater
effect the BiS event has on the crystallisation process, com-
pared to a single cluster, remains to be ascertained. However,
the BiS event, has two streamers and a pair of clusters. This
will expose the fluid to relatively more collapses per cycle of
the PLE (compared to f/3 say) and possibly a greater number of
active bubbles in the dual streamers. These combined charac-
teristics could enhance the kinetics through greater secondary
crystal nucleation, for example.

Fig. 3C illustrates the change in maximal crystal growth rate
(Δμ) for each of the HIU treatments relative to the woHIU case.
No significant changes in crystal growth rates are observed at
26 °C (p < 0.1). However, Fig. 3C does show that significantly
lower crystal growth rates observed at 30 °C compared to 26 °C
for all applied acoustic powers. Values of μ at 30 °C increased
as HIU power levels rose from 18 W. Note that the presence of
the BiS event (10 W) exhibited a greater than expected crystal
growth rate (p = 0.001) and was, significantly higher than 18 W
power. It was found to be comparable to more energy intensive
treatments of 75 W (p > 0.1) at 30 °C (see Table 2). Fig. 3D
emphasises this point as the greatest crystal growth per watt of
power was seen for 10 W for both 26 °C and 30 °C. This effect
was most prominent at 30 °C, with significant difference in
values compared to all other HIU powers (p < 0.05). In
addition, the Δµ value was independent of crystallisation
temperature, for the two temperatures studied, in the presence
of the BiS environment (10 W).

Crystal microstructure

Fig. 4 shows polarised light microscopy (PLM) images of APS
samples crystallised in the presence and absence of HIU at
26 °C and 30 °C recorded after 60 minutes. Images recorded
without (woHIU) HIU at 26 °C show the presence of a large
number of small lipid crystals and demonstrate clear differ-
ences from the sample crystallised at 30 °C (woHIU), which
depicts a more open crystal network with considerably fewer
lipid crystals of larger diameter. Larger crystals are expected in
samples crystallized at higher temperature due to the lower
supercooling.10,26 Qualitatively, sonicated samples crystallised
at 26 °C display only minor changes in the crystal microstruc-
ture, with a slightly more open framework for the 10 W treat-
ment compared to higher acoustic powers (image rows 3–6). In
contrast, the influence of HIU upon crystal size after
60 minutes is greatest for Tc = 30 °C, where even the appli-
cation of low powers (e.g., the BiS event at 10 W) results in a
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clear reduction in the diameter of lipid crystals present. Overall
larger lipid crystal diameters were exhibited at this lower super-
cooling (ΔTSC = 5 °C) condition, with crystal clusters of variable
sizes observed for a HIU power of 18 W. Whereas only minor
changes in the crystal microstructure are documented for
(36–75) W with these sample displaying greater homogeneity in
crystal size and shape. The images in Fig. 4 are consistent with
the results discussed in the previous solid fat content section,
where the presence of HIU, at all acoustic powers studied, alter
the crystallisation process and lead to the formation of a more
densely packed crystalline network. This is consistent with
observations seen previously within different lipid media and
provides evidence for a secondary nucleation effect that occurs
as a consequence of enhanced crystal contact and shear22,41,42

in the presence of HIU.

Hardness

Fig. 5 shows the hardness of APS crystallised for 60 minutes at
26 °C ( ) and 30 °C ( ), in the absence (woHIU) and presence
of high-intensity ultrasound. In the absence of HIU, hardness
(HA) values at each treatment condition were not significantly
different for the two crystallisation temperatures employed. In
general, the hardness of the crystal network increased with
increasing acoustic power level between 10 W and 75 W and
becomes statistically different (p = 0.002) compared to the

woHIU treatment above 18 W (see dotted vertical demarcation
line). The value of sample hardness was independent of HIU
power level above 18 W HIU power at both supercooling con-
ditions. Note that during storage at 5 °C samples (which is the
same for all samples) were exposed to very high supercooling
(ΔTSC ∼30 °C), and any remaining liquid components crystal-
lise rapidly. Changes in the sample hardness (ΔHA) relative to
the woHIU treatment are given in Fig. S4(A)† and the changes
per watt of power (ΔHAE) are detailed within Fig. S4(B).† The
change in sample hardness showed little difference between
26 °C and 30 °C temperatures over the HIU power level range.
In addition, the change in hardness per watt were also rather
insignificant. Mean values and 95% confidence intervals are
summarised in Table S4 (ESI).†

Viscoelastic properties

Fig. 6 depicts the elastic modulus (G′) of the APS samples crys-
tallised for 60 minutes at 26 °C ( ) and 30 °C ( ). Samples crys-
tallised in the absence of HIU showed significantly reduced
values for G′ compared to all sonicated samples (10 W–75 W)
(p < 0.05) at 26 °C and between 36 W–75 W at 30 °C (p < 0.05).
These low values of G′ for the non-sonicated sample could be
attributed to the crystal structure of the material. Fig. 4 showed
that without HIU the sample contained fewer but larger crys-
tals43 which presumably give a less densely packed structure

Fig. 3 Plot showing the change in induction time of crystallisation (Δλ) (A) and change in induction time per watt of ultrasonic power (ΔλE) (B) for
APS treated at 26 °C (◇) and 30 °C (◆) as a function of HIU power. (C) Plot showing the change in maximal crystal growth rate (Δμ) and (D) shows
the change per watt of ultrasonic power (ΔμE) for APS treated at 26 °C (◇) and 30 °C (◆) as a function of HIU power. Mean values are plotted with
95% confidence levels, recorded over three replicate crystallisation experiments. In each case, mean values were compared to those crystallised
without HIU under identical supercooling conditions.
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compared to sonicated APS samples. In all cases, the values
were significantly different for the same HIU power at the two
crystallisation temperatures employed. The changes in the
elastic modulus (see Fig. 7A) becomes significantly different
(p = 0.002) compared to the woHIU for all ultrasonic power
levels at 26 °C but required powers greater than 18 W at 30 °C.

Although the effect of the BiS environment is prominent
within the kinetics of crystallisation, its influence within the
physical properties is less pronounced although these para-
meters appear less power dependant compared to other
measurements.

Fig. 7B shows the changes in elastic modulus per watt of
HIU power (ΔG′E). The greatest values for this parameter were
found at the lower power levels. At 10 W the difference in
these values was significantly greater (p < 0.05) compared to
samples sonicated above 18 W HIU power. Whereas G′E values
associated with all other HIU treatment and temperature con-
ditions were statistically non-significant (p > 0.2). The viscous
modulus (G″) of the APS samples was also determined with
and without HIU treatment at selected power levels between 10
W–75 W (see Fig. S2 (ESI)†). At high supercooling (ΔTSC = 9 °C)

Fig. 4 Polarised-light microscopy (PLM) image panel of APS crystallised
at Tc = 26 °C and 30 °C with and without (row 1) high-intensity ultra-
sound (HIU) pulse operating at 20 kHz frequency over 10 s period. HIU
applied at power levels of (10, 18, 36, 51 and 75) W, depicted by images
in rows 2–5 respectively. Images recorded after 60 minutes. Scale bar in
top left image represents 100 μm.

Fig. 5 Plot showing the hardness (HA) of APS measured after storage at
5 °C for 48 h. Samples were crystallised for 60 minutes at 26 °C ( ) and
30 °C ( ) in the presence and absence (woHIU) or with different HIU
power level. Hardness values become significantly different from the
woHIU treatment for both temperatures above HIU power levels as indi-
cated (––). Mean hardness values are plotted with 95% confidence
levels from twelve repeat measurements, recorded over three replicate
crystallisation experiments.

Fig. 6 Plot showing the elastic modulus (G’) of APS crystallised for
60 minutes at 26 °C ( ) and 30 °C ( ) in the presence and absence
(woHIU) of HIU. G’ values become significantly different from the
woHIU treatment for all HIU power levels at 26 °C (as indicated (––))
and above 10 W power for 30 °C (as indicated (––)). Mean values are
plotted with 95% confidence levels from nine repeat measurements,
recorded over three replicate crystallisation experiments.
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the values of G″ increased for sonicated samples compared to
woHIU treatments, except in the presence of the BiS environ-
ment (10 W) where a small decrease was reported. The differ-
ences in G″ were only significant from samples in the absence
of HIU above 36 W applied power. As such, the viscous
modulus was not statistically different for samples without
HIU and those sonicated at 10 W or 18 W powers. At lower
supercooling (ΔTSC = 5 °C), all sonicated samples except that
treated at 10 W showed increases values of G″ compared to in
the absence of HIU. In addition, changes in viscous modulus
(ΔG″) (see Fig. S4 (C) (ESI)†) and changes per watt of HIU
power (ΔG″E) (see Fig. S4 (D) (ESI)†) were recorded. Values of
ΔG″ were independent of crystallisation temperature for all
HIU power levels except 18 W, which showed the greatest
energy efficiency (ΔG″E) relative to the woHIU case. In contrast,
values for ΔG″E were insignificant at 26 °C.

The strain (%) at the crossover point (where G′ = G″) was
determined for each of the HIU power and supercooling treat-
ments (see Fig. S3 (ESI)†). At Tc = 26 °C, the value of strain
increases incrementally with increasing HIU power level,

however, this difference only become significant (p < 0.05)
from the woHIU treatment at the highest power employed (75
W). In contrast, at Tc = 30 °C the crossover strain value
remains consistent for increasing HIU power, considering the
confidence intervals. As observed at 26 °C, a significantly
greater value (p < 0.05) was reported for sonication at 75 W
relative to the woHIU treatment. This value at 75 W was signifi-
cantly greater than all other HIU powers (p < 0.05). This
suggests that samples sonicated at 75 W require a larger strain
for the crystalline structure to transition from exhibiting
elastic to viscous material characteristics. This transition is
more gradual at higher supercooling (ΔTSC = 9 °C) compared
to lower supercooling (ΔTSC = 5 °C). Mean values and 95%
confidence intervals are summarised in Table S4 (ESI).†

Melting behaviour

The melting profiles of an APS sample crystallised in the
absence and the presence of HIU delivered at selected powers
between (10–75) W at Tc = 26 °C and 30 °C are given in Fig. S5
(ESI).† Fig. 8A shows the peak melting temperature (Tp) taken
from DSC melting profiles compared for the two supercooling
temperatures remained similar. At 26 °C, values of Tp were not
significantly for all HIU power levels, except 10 W (p = 0.03),
compared to values for lipid crystallisation without HIU. In
addition, significant differences (p = 0.006) between peak
melting temperatures for samples sonicated at 10 W and 75 W
power were identified. For 30 °C, Tp values generally decreased
across the ultrasonic power level range. The mean Tp values
were significant (p < 0.001) for all HIU powers compared to
woHIU sample treatment, as indicated (––). Between crystalli-
sation temperatures, values of Tp are significantly different
between woHIU at 30 °C and all HIU powers, except 75 W, at
26 °C. The melting enthalpy (ΔHm) for APS crystallised at
26 °C remained consistent in both the presence and absence
of HIU, irrespective of the acoustic powers employed (see
Fig. 8B). Samples crystallised without HIU treatment exhibited
significantly lower melting enthalpies for lower supercooling
(ΔTSC = 5 °C) for sonication at both 51 and 75 W powers (p <
0.05). The melting enthalpies were significantly different (p <
0.05) between woHIU treatment at Tc = 30 °C and all applied
HIU powers, except 75 W, at Tc = 26 °C. The largest effect of
HIU power occurs at ΔTSC = 5 °C (Tc = 30 °C) where the values
of ΔHm increase and become like the consistent values
measured for 26 °C under all conditions. This could be attribu-
ted to the changes in the crystal structure observed under the
conditions employed. Here the application of HIU reduces the
dissimilarity of the crystalline networks formed under the
different supercooling conditions. This is of interest as it indi-
cates a beneficial effect of HIU on these materials.

Cavitation

During all the selected sonication powers, a different cavita-
tion cluster environment is generated. These clusters exhibit a
growth-collapse phase that oscillates at different frequencies,
relative to the drive frequency ( f ), depending on the applied
acoustic power. Fig. 9 shows a set of hydrophone signals

Fig. 7 Change in elastic modulus (ΔG’) (A) relative to woHIU treatment
and change per W (ΔG’E) (B) from the isothermal crystallisation of all-
purpose shortening in the presence of HIU, delivered at selected powers
between (10–75) W with respect to untreated (woHIU) samples, at Tc =
26 °C (◇) and 30 °C (◆). Mean values are plotted with 95% CL.
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recorded as a function of time as HIU was applied at each HIU
power level employed for Tc = 26 °C. A total 15 s period was
analysed, consisting of a 10 s HIU pulse and a further 5 s
section after HIU was terminated. In all cases, no acoustic

emission was observed after HIU source was switched off and
had rung down. This indicates that the emission is related to
the HIU source, and the cluster generated and that, barring a
short ring down period, further cluster collapse does not
occur. The lowest acoustic emission was reported at a HIU
power of 10 W, in the presence of the bifurcated streamer (BiS)
and its alternating bi-cluster (each at frequency = f/2) cavitation
environment. This unique cavitation cluster remains stable at
10 W but is extremely short-lived at higher HIU powers, which
instead ‘ring up’ to produce a stable single cavitation cluster.28

The reduced hydrophone signal has been previously attributed
to the overlap of the acoustic emission of the two clusters,
which operate at 180° in antiphase and the associated bubble
environment. For 10 W treatment, a bubble cluster (frequency
= f/3) is formed in the first 50 ms of sonication with hydro-
phone signal envelope of approximately 3 V. After this period,
the signal amplitude rapidly drops (as the BiS event is gener-
ated) and remains reasonably consistent over 10 s HIU pulse.
Fig. 9 shows that the maximum hydrophone signal amplitude
detected increased as the HIU power levels was raised which in
turn altered the cluster type generated. Similar trends within
the maximum hydrophone signal amplitude and signal envel-
ope over the 10 s HIU pulse duration were observed at 30 °C as
depicted in Fig. S6 (ESI†). At both supercooling temperatures,
the hydrophone signal decreased over the 10 s HIU exposure
period and that the observed change was more prominent for
greater ultrasonic powers. The greatest change in the hydro-
phone signal envelope (ΔV) was recorded at 75 W ( f/7 cluster),
this was largely within the first 3 seconds of sonication.
Attenuation of the acoustic emission detected by the hydro-
phone is likely to be associated with the generation of a large
gas bubble population within the lipid media,44 combined
with the absorption effects exhibited by widespread crystal for-
mation.19 The attenuation and scattering of sound by particles
in solution is a complex topic where particle size and sound
frequency play important roles.45–47 Changes to the physical
and acoustic properties of a food material are well
documented.48,49 However, observation of the rapid attenuation
during the short HIU treatment of the crystallising oil (as
reported here) are less well documented. Here we study the
effect on the ultrasonic acoustic signal detected by a hydro-
phone placed with the crystallising media. To compare the
changes observed, the hydrophone data was normalised to the
greatest signal voltage for each ultrasonic power and the decay
of the hydrophone signal envelope was fitted to a second order
model. At this time, the choice of a second order approach was
dictated by an empirical need to fit the data to a suitable math-
ematical form. Further work is needed to develop a more appro-
priate physical relationship between the absorption vs. time pro-
files, which is beyond the current scope of the work presented.

Using this assumed model, changes in the hydrophone
signal envelope amplitude ([PA]) with respect to time (t ) can be
expressed as:

d½PA�
dt

¼ �k½PA�2 ð2Þ

Fig. 8 Plot showing the peak melting temperature (Tp) (A) and melting
enthalpy (ΔHm) (B) of APS crystallised for 60 minutes at 26 °C ( ) and
30 °C ( ) in the presence and absence (woHIU) of high intensity ultra-
sound applied at power levels of 10 W, 18 W, 36 W, 51 W and 75 W. Both
Tp and ΔHm values become significantly different from the woHIU treat-
ment at 30 °C above HIU power levels as indicated (––), whereas remain
non-significant at 26 °C. Mean values are plotted with 95% confidence
levels from six repeat measurements, recorded over three replicate crys-
tallisation experiments.

Fig. 9 Plot showing the hydrophone time series collected during HIU
treatment in APS (Tc = 26 °C) for 10 s pulse duration and a further 5 s
after the cavitation period. HIU powers are indicated by each trace. Scale
bar represents 2 V for hydrophone signal for comparison.

Analyst Paper

This journal is © The Royal Society of Chemistry 2021 Analyst, 2021, 146, 4883–4894 | 4891

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

1/
7/

20
25

 1
2:

52
:5

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1an00437a


where k is the apparent rate term describing the attenuation of
the hydrophone signal. Integration of this expression with
appropriate limits gives:

1
½PA�t

¼ 1
½PA�0

þ kt ð3Þ

where [PA]0 is the maximum hydrophone signal amplitude con-
sidered and [PA]t is the amplitude of the hydrophone signal as
a function of time. The fit of the data yielded an apparent rate
constant (k/V−1 s−1) associated with this attenuation. These are
summarised in Table S3 (ESI).† The fit of this model to the
experimental hydrophone data was good, especially for higher
ultrasonic powers (r2 > 0.90), as depicted in Fig. 10. At lower
HIU power levels (10–18 W), the second order fit was not as
good, with a significantly smaller degree of attenuation within
the hydrophone signal compared to higher HIU powers. As
such the shape of the hydrophone signal decay curve was not
comparable for the lowest and highest HIU power level. Values
of the effective rate term (k) for each supercooling and HIU
treatment are plotted in Fig. 11 for comparison. In general, the
value of k increased with increasing HIU power level and were

greater at ΔTSC = 9 °C compared to ΔTSC = 5 °C. Fig. 11 shows
that at ΔTSC = 9 °C (◇) values of k were significantly higher at
HIU power levels above 36 W (p < 0.05) compared to 10 W and
18 W treatments. HIU applied at 51 W showed no significant
difference to the 36 W treatment, but samples sonicated at
75 W had a significantly higher value of k relative to all other
powers. Similar trends were observed at ΔTSC = 5 °C (◆), where
individual values of k were not significantly different at 10 W,
18 W and 36 W treatments, but all k values were lower than
those recorded with sonication at 51 W and 75 W (p < 0.05).
Finally, there were no significant differences between values
from samples treated above 36 W at ΔTSC = 5 °C (◆). The
changes in the observed values of k can be attributed to differ-
ences within the crystallisation conditions at the two super-
cooling values employed, highlighted previously within Fig. 2.

Conclusion

The crystallisation behaviour of an APS sample was studied in
the presence of HIU at two supercooling conditions. The influ-
ence of several ultrasonic powers was investigated, each
chosen to generate distinct cavitation cluster regimes. Shorter
induction times of crystallisation and faster crystal growth
rates were reported for all HIU treatments compared to
untreated samples. Changes in the parameters studied appear
more significant with increasing ultrasonic power and at lower
supercooling (ΔTSC = 5 °C vs. ΔTSC = 9 °C). HIU at only 10 W,
which generated a unique bi-cluster (BiS) cavitation regime,
exhibited notable changes in crystallisation kinetics compar-
able to more energy intensive treatments, characterised by a
single cavitation cluster. Harder and more elastic lipid
samples, comprised of a more closed network of small crystals,
were observed with treatment at increasing ultrasonic power.
Changes in elasticity compared to non-sonicated samples were

Fig. 10 Plot of the normalised hydrophone signal amplitude with a
100-point moving average applied within the APS sample as a function
of time. Here HIU was applied at 10 W ( ), 18 W ( ), 36 W ( ), 51 W ( )
and 75 W ( ) for the entire 10 s period. The sample was recorded at
26 °C (A) and 30 °C (B). Data fit to a second order model ( ) is also
shown. Scale bar represents 0.2 V normalised hydrophone signal ampli-
tude. Note the plots are each normalised to the initial value and offset
so that each can be viewed in the plot.

Fig. 11 Plot showing the calculated second order rate constant (k) cal-
culated from fitting of average normalised hydrophone signal to the
model as a function of HIU power at crystallisation temperatures of
26 °C (◇) and 30 °C (◆). The 95% confidence interval, calculated from
the data fit, is included (in red).
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more significant for crystallisation at ΔTSC = 9 °C, however the
hardness was largely independent of supercooling. A decrease
in the acoustic emission during the application of HIU was
recorded over the 10 s pulse duration and the decay of signal
was fitted to an empirical model. Values of the associated rate
term increased with increasing HIU power level at both super-
cooling conditions, which presumably correlated to more
rapid signal attenuation and could be associated with
increased scattering associated with higher bubble popu-
lations and crystal fragmentation.
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