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Chapter 1 ®)
Ultrasound Technology in Dairy Guca i
Processing

Abstract High-intensity ultrasound technology has been vastly utilized as a pro-
cessing method in a number of dairy applications in preference to traditional thermal
treatments in recent years. Acoustic cavitation generates physical forces such as
acoustic streaming, acoustic radiation, shear, micro-jetting and shockwaves. These
forces are utilized in specific dairy applications including emulsification, filtration,
functionality modifications, microbial inactivation, homogenization, crystallization
and the separation of fat. Although some of these applications are adopted by indus-
try for large-scale operations, most are still limited to laboratory scale. Due to its
widespread potential, it is becoming increasingly clear that ultrasound technology
has huge potential as an energy efficient emerging technology across the dairy sector.

Keywords High-intensity ultrasound + Low-intensity ultrasound + Dairy
Emulsification - Heat stability

1.1 Introduction—High-Intensity Ultrasound

Ultrasound (US) is identified as sound wave beyond the range of human hearing.
Ultrasound has a frequency range of 20 kHz—10 MHz and is further divided into
three main areas; low-frequency high-power ultrasound with intensities >1 W/cm?,
intermediate frequency medium power ultrasound and high-frequency low-power
ultrasound with intensities <1 W/cm? (Ashokkumar and Mason 2007). The inter-
action between the ultrasonic waves, liquid and dissolved gas leads to ‘acoustic
cavitation’ when ultrasound travels through a liquid medium. Dissolved gas bubbles
will grow due to rectified diffusion and bubble-bubble coalescence. A dissolved gas
bubble oscillates under the impact of ultrasound waves and experiences a fluctuat-
ing pressure. Dissolved gas and solvent vapor diffuse in and out of the oscillating
bubbles depending on whether it is the expansion or the compression phase. There
will be a net growth of the bubbles if the extent of gas/solvent vapor that diffuses
into the bubbles during the expansion stage is more than the extent of gas/solvent
vapor that diffuses out of the bubble during the compression stage. However, when
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bubbles reach the resonance size range which depends on the ultrasonic frequency,
they will grow to a maximum size and violently collapse. This collapse generates
very high temperatures up to 10,000 K and pressure conditions. This is known as
‘transient cavitation’. Furthermore, stable cavitation can occur where the resonance
sized bubbles continue to oscillate for some time without collapsing (Ashokkumar
2011). Highly reactive radicals are generated along with intense physical forces such
as shock waves, micro-jets, shear forces and turbulence. Transient cavitation events
are less frequent at the intermediate frequency range of ~200-500 kHz. In contrast,
strong physical effects result mainly from the transient cavitation at the lower fre-
quency range of ~20—100 kHz.

1.2 Use of Ultrasound in Dairy Applications

1.2.1 Emulsification

The kinetic stability of thermodynamically unstable dairy emulsions can be attained
with the addition of emulsifiers and through an efficient emulsifying method. In this
context, ultrasound technology serves as an excellent candidate due to such advan-
tages as production of smaller droplet sizes, narrow size distribution, ability to use
minimal emulsifier contents, increased emulsion stability, easy operation and clean-
ing and low production costs due to low-energy requirements. Thus, low-frequency
(<100 kHz) high-power (>10 Wcem™2) ultrasound has been widely exploited for
producing stable emulsions.

Shock waves created by a bubble collapse near the phase boundary of two immis-
cible liquids lead to efficient mixing of the two liquids. US emulsification is described
as a two-step process (Canselier et al. 2002). The first step involves the explosion of
the dispersed phase droplets into the continuous phase leading to the formation of
smaller droplets with the use of the turbulence caused by mechanical vibration. The
second step is the breakup of the droplets through the shear forces generated by cav-
itation at the interface initiating droplet—droplet coalescence. The final droplet-size
distribution obtained during emulsification results due to the competition between
these two opposite processes (Vankova et al. 2007). The US energy not only breaks
the planar interface but also overcomes the Laplace pressure in order to produce finer
droplets where large amounts of shear are required to overcome the interfacial tension
in between liquids (Canselier et al. 2002). However, Shanmugam and Ashokkumar
(2014a) stated that milk components lower the interfacial tension which in turn low-
ers the Laplace pressure, and hence lower amount of shear is required to break the
droplets.

Emulsification by ultrasound is influenced by applied power (Abismail et al. 2000;
Freitas et al. 2006), position of the ultrasonic source with liquid-liquid interface
(Sivakumar et al. 2002), tip diameter (Juang and Lin 2004), vessel size (Juang and
Lin 2004), viscosity and the composition of the continuous phase (O’Sullivan et al.
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2014), surfactants concentration (Abismail et al. 1999), hydrostatic pressure and
presence of dissolved gases (Behrund and Schubert 2001).

Shanmugam and Ashokkumar (2014a) demonstrated that incorporation of 7%
flaxseed oil into pasteurized homogenized skim milk (PHSM) using high-intensity
US operated at 20 kHz for 1-8 min with varying power levels (88, 132 and 176 W)
stabilized emulsions. Increasing power and residence time decreased the emulsion
droplet size. An increase in power also increased the size and the number of cavitation
bubbles (Ashokkumar and Mason 2007) which in turn increased the intensity of the
bubble collapse resulting in high shear forces leading to smaller droplets. Sonication
at an applied power of 176 W for 3 min was sufficient to produce flaxseed oil: milk
emulsion droplets with an average mean volume diameter of 0.64 wm with increased
stability for up to 9 days. A small proportion (<20%) of partially denatured whey
proteins provided the stability to the emulsion droplets with no addition of surfactants.
Further, minimum process times of 3 and 6 min were recommended in manufacturing
15 and 21% high oil emulsions at 176 W. In contrast to US, mechanical mixing with an
Ultraturrax (UT) at similar energy densities did not produce stable emulsions even
after 20 min of processing highlighting the differences between the technologies.
Thus, US was capable of inducing structural changes within the protein molecules
allowing them to more effectively stabilize the interfaces (Shanmugam et al. 2012). In
some instances, US assists protein cross-linking and facilitate aggregation (Cavalieri
et al. 2008).

Similarly, Nejadmansouri et al. (2016) created WPI-stabilized fish oil nano-
emulsions with small droplets and with thick protein layers at the interface after
sonication at 200 W for 20-min. However, no further reductions were observed after
20 min indicative of an energy threshold limit for US size reduction of droplets
(Calligaris et al. 2016). In addition, they found a decrease oxidation rate for WPI-
stabilized nano-emulsions and an increase in the antioxidant capacities of the WPI
fractions.

O’Sullivan et al. (2014) studied the emulsifying properties of sodium caseinate,
WPI and MPI sonicated at 34 Wem ™2 for 2 min. The emulsions made with sodium
caseinate and WPI did not show significant size reductions with treatment at all con-
centrations, while MPI showed smaller droplet sizes at concentrations below 1 wt%.
This was attributed to the significant reduction of the casein micelle size and increase
in hydrophobicity in MPI. This, in turn, increased the rate of protein adsorption to
the oil-in-water interface and reduced the interfacial tension which facilitated the
droplet breakages. However, the US-mediated emulsions exhibited considerable sta-
bility over time. Another study by O’Sullivan et al. (2015a, b) investigated the effect
of processing volume (3—-13 mL), residence time (1-300 s), amplitude (20-40%)
and the concentration of the emulsifier (0.1-3 wt%) at lab scale (120-453 Wcm™2)
and pilot scale (20-62 Wcm™2) using MPI as the emulsifier. It was found that an
increase in residence time, decrease in volume and increase in amplitude decreased
the emulsion droplet size and improved the emulsification efficiency. Similarly, Fur-
tado et al. (2017) showed reduced emulsion droplet size, narrow size distribution and
increased stability for sodium caseinate emulsions sonicated at 300 W for 2—6 min.
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In addition, they found that the protein conformational changes with sonication do
play a role towards the enhancement of emulsifying properties.

Heffernan et al. (2011) compared high-pressure homogenizers including a
microfluidizer, an orifice nozzle homogenizer and radial diffuser homogenizer with
ultrasonication (20 kHz, 1000 W) for predicting the emulsification efficiency of
cream liqueur. The shelf stability was the lowest with sonication, although it was
more efficient with the disruption of emulsion droplets as compared to the other
configurations under similar energy density conditions. This may most likely be that
cream liqueurs were over-processed at the US conditions used in the study and the
interfacial membrane may have been severely damaged due to physical forces gen-
erated through acoustic cavitation. This, in turn, may provide insufficient amount of
proteins available to stabilize the emulsion.

Although US is a versatile technique for making stable single dairy emulsions
of desired size, there are still some instability issues in preparing double emulsions.
A very recent study by Leong et al. (2017) prepared double emulsions of water-
in-oil-in-water using skim milk. The study used 20 kHz US at 10 W for 40-60 s
for the primary emulsification, while 2-26 W for 5 s were used for the secondary
emulsification. Increased intensity of shear forces with increase in sonication power
led to increased emulsion droplet disruptions (Fig. 1.1). Encapsulation efficiency
increased with increasing the size of the secondary oil droplets, while a higher yield
was obtained at 5 wt% loading compared to 10 and 20 wt%. The double emulsion
droplets with up to 20 wt% loading were stable to phase separation for 7 days. Over-
processing with US can lead to smaller droplets, but the internal phase will be leaked
to the external phase (Leong et al. 2017). In addition, the use of increased ultrasonic
power can also promote droplet—droplet collisions resulting in coalescence. Hence,
the secondary oil droplets within the double emulsion must have a suitable size that
can entrap the internal phase without any leakages, and at the same time creating a
shelf-stable emulsion during storage.

Many US emulsification studies have been conducted at lab scale; however, prepa-
ration of nano-emulsions at the industrial level is still restricted by many obstacles.
Industrial applications require nonstop flow, low-energy consumption, low operat-
ing and maintenance costs. One major issue associated with ultrasonic emulsification
is the energy demand in producing nano-emulsions. In addition, specially designed
equipment is necessary. Moreover, high-intensity US processing may generate unde-
sired temperature increases (Abbas et al. 2013), that left unchecked, could damage
the product sensory and nutritional quality. Thus, reducing the operational energy
and processing cost requirements with minimal disruption to product stability and
with increased functionality has emerged as a hot topic.

1.2.2 Homogenization

Homogenization is a standard dairy process practiced as a means of stabilizing the
fat emulsion against gravity separation. High-pressure homogenization is frequently
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Fig. 1.1 The proportion of double emulsion as inner aqueous droplets affected by varying loading
percentages (Leong et al. 2017)

utilized within the dairy industry. The size distribution and the composition of the
Milk Fat Globule Membrane (MFGM) of the fat globules affect the sensorial and
rheological properties of secondary dairy products (Cho et al. 1999). In recent times,
ultrasound has often been used for homogenization of milk (Wu et al. 2000; Ertugay
et al. 2004; Bosiljkov et al. 2011; Al-Hilphy et al. 2012). Novel dairy products with
different physico-chemical and functional properties can be produced with ultrason-
ication alone or in combination with other traditional homogenization techniques.
The resulting differences arose from the extent of the reduction and disruption of
the fat globules and MFGM, respectively. For instance, a fat globule size reduc-
tion is unwelcomed in hard cheese manufacture such as Cheddar cheese, however,
it provides benefits in the manufacture of soft cheeses where creamier, smoother
and softer textures are desirable. Despite this, no study clearly identifies which of
the homogenization techniques are suited to various dairy applications. Koh et al.
(2014a) found similar particle size reductions for Whey Protein Concentrate (WPC)
systems when subjected to ultrasound or high-pressure homogenization under similar
energy conditions. Cavitation-derived shear forces did not result from high-pressure
homogenization unlike 20 kHz ultrasonication where shear forces were derived from
cavitation, highlighting the insignificant contribution of these shear effects.

The frequency, amplitude, diameter of the ultrasonic probe and experimental con-
ditions such as temperature play significant roles in the physical properties of homog-
enized milk. Bermiidez-Aguirre et al. (2008) found that ultrasonic homogenization
(400 W, 24 kHz, using a 22 mm probe) of milk at 63 °C for 30 min decreased the
milk fat globule size from 4.3 pm to <1 pwm consisting a totally collapsed MFGM.
Furthermore, a granular fat globule surface was obtained and was attributed to the
interaction with casein micelles. Similarly, the use of continuous flow high-intensity
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ultrasonication (20 kHz) of milk at the power level of 150 W resulted in a fat glob-
ule size reduction of up to 82% (Villamiel and de Jong 2000). It was further found
that the temperature of the treatment process influenced the fat globule size distribu-
tion. For instance, a monomodal size distribution was obtained at 70-75 °C, while a
bimodal distribution resulted at lower temperatures. The extent of homogenization
of milk was also found to be dependent on the amplitude (20, 60 and 100%) and the
processing time (2—15 min) (Bosiljkov et al. 2011). The collapse of microbubbles
induces localized shear forces that readily disrupted fat globules.

A recent study by Chandrapala et al. (2016) investigated the homogenization effi-
ciency of ultrasound (20 kHz) compared to high-pressure homogenization (80 bar)
on raw milk, ultrafiltrate (UF) retentate and cream samples at equivalent energy den-
sities (153 J/mL). Further, they assessed the rennet and acid gelation properties of
treated samples. Interestingly, the amount of fat in the system showed considerable
variation in response to sonication. For instance, sonication reduced the fat globule
size in raw milk (~4% w/w fat) and UF retentate (~8% w/w fat) while cream samples
(~40% w/w fat) sonicated at <10 °C flocculated to form larger grapelike structures.
At 50 °C, however, sonication did not form such aggregates in the same cream sam-
ple. In comparison, high-pressure homogenization at 50 °C resulted in grapelike
structure formation. However, none were observed with high-pressure homogeniza-
tion at low-temperature conditions. Furthermore, shorter gelation times and rennet
gels with reduced syneresis were obtained with sonication. In addition, some of the
grapelike structures were preserved within the coagulated gel matrix, but the larger
fat globule clusters were not embedded into the matrix (Fig. 1.2). In contrast, the fat
globule aggregates in the homogenized sample integrated well within the coagulated
gel network. This study shows that low-temperature sonication can be adopted in lieu
of high-temperature homogenization to obtain similar effects at equivalent energy
demands. However, careful consideration of sonication parameters is required to
avoid potentially detrimental issues that may not result from high-pressure homog-
enization.

1.2.3 Filtration

Membrane technology is widely adopted in the dairy industry for concentration,
purification and fractionation applications due to its low-energy requirement and
high versatility. However, one of the widely accepted drawback is membrane foul-
ing reducing permeate flux. Organic and inorganic molecules are deposited on the
membrane surface and in membrane pores resulting in a cake layer formation and
pore plugging. Overall processing efficiency may be restored or improved with the
use of complex and time-consuming chemical cleaning procedures which may cause
severe membrane damage reducing membrane lifespan, and these chemical agents
are potentially unsafe, expensive and create secondary pollution as chemical waste.
Thus, alternative technologies are sought and US has attracted significant attention
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Fig. 1.2 CSLM of rennet gels produced from three different cheese—milk systems. (i) Skim milk
(SM), Skim milk UF retentate (SMC) and native cream (control), (i) SM, SMC with homoge-
nized cream (80 bar/at 50 °C) and (iii) SM, SMC with sonicated cream (50 W/1 min at <10 °C)
(Chandrapala et al. 2016)

(Muthukumaran et al. 2005a, b, 2007; Koh et al. 2014b; Gondrexon et al. 2015;
Lujan-Facundo et al. 20164, b).

Ultrasound showed a permeate flux increase during filtration by improving per-
meation and increasing mass transfer across the concentrated layer close to the mem-
brane surface. Thus, the decrease of membrane surface solute concentration lowers
the osmotic pressure, and in turn, increases permeation through the membrane. In
addition, ultrasound provides a less compact fouling layer (Muthukumaran et al.
2005a). Micro-jets scour the surface which enhances turbulence, thereby promoting
the back-transport of deposits to the bulk solution. On the other hand, the cleaning
efficiency of membranes is due to ultrasonic agitation and creation of microbubbles
through acoustic cavitation (Muthukumaran et al. 2005b, 2007). The energy released
with the collapsing of the bubbles loosens the interactions between the foulant and the
membrane, which in turn makes it easier to remove. However, the increased clean-
ing efficiency with ultrasound is dominated by acoustic streaming and increased
turbulence as opposed to cavitation itself (Muthukumaran et al. 2005b, 2007).

Numerous other sonication studies were carried out using low-intensity US
(<5 Wem™2) and low frequency (20—-100 kHz) (Gondrexon et al. 2015). Figure 1.3
summarizes the US intensities and frequencies used in various membrane filtration
studies.

Lujan-Facundo et al. (2016a, b) investigated the cleaning efficiency of US on
Whey Protein Concentrate (WPC) solutions using four UF membranes with different
molecular weight cut-offs (MWCO) (5, 15, 30 and 50 kDa), materials (ceramic and
polyether sulfone) and two membrane modules (flat sheet an tubular) as a function of
frequency (20, 25,30 and 38 kHz). Low frequency was preferred and postulated to the
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Fig. 1.3 Summary of US intensity-frequency configurations used in various membrane filtration
studies (Gondrexon et al. 2015)

fact that low frequencies create large microbubbles, so their powerful collapse gen-
erates stronger vibrations which removes the foulant layer efficiently. Similarly, Caia
et al. (2009) state that low-frequency and high-power ultrasound is more effective in
increasing flux and improving the flux recovery due to larger cavitation bubbles that
collapse more energetically separating the particles from the cake layer. The number
of cavitation bubbles and an increase in acoustic energy also increases the cleaned
flux ratio (Lamminen et al. 2004).

Lujan-Facundo et al. (2016a, b) further stated that US is more efficient in cleaning
ceramic membranes, and the MWCO and the membrane module have little influence.
Muthukumaran et al. (2005b, 2007) investigated the effects of using a surfactant
towards the efficiency of ultrasonic induced UF membrane cleaning fouled by whey
solutions. Interestingly, it was found that cleaning was more efficient in the absence of
a surfactant, with temperature and the transmembrane pressure playing a smaller role.
In addition, the frequency played a significant role towards fouling and cleaning of
the membranes (Muthukumaran et al. 2007). For example, continuous low-frequency
(50 kHz) ultrasound was found to be the most effective as compared to intermittent
high-frequency (1 MHz) ultrasound. The less effective response by high-frequency
ultrasound was attributed to a reduction in steady-state membrane flux. Increased
fouling during high-frequency US treatment is likely to result from compaction
of the cake layer on the membrane surface and membrane pore blockage due to
lack of physical shear effects. A recent study by Jin et al. (2014) enhanced cross-
flow ultrafiltration of skim milk by applying in situ ultrasonication. They found that
applied US (20 kHz; 2 Wem™2) led to significant increases of permeate flux due to
the disruption of the concentrated layer. However, varying US intensity from 0.6 to
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Fig. 1.4 Plot of steady-state flux obtained for native, PreH and PreH+US WPC80 feed as a function
of feed concentration (Koh et al. 2014b)

2.9 Wem2 did not enhance the flux, although depended on the feed concentration
which formed a highly cohesive fouling layer where it was hard to be removed by US.

Koh et al. (2014b) used ultrasound (20 kHz, 31 W) as a pretreatment step prior
to a secondary heat treatment (PreH+US) to improve the UF performance of WPC
solutions. Lower gel concentrations were obtained for the heat-treated (PreH) WPC
due to denaturation and aggregate formation. A larger gel concentration was observed
for the (PreH+US) system as compared to the PreH. This shows that sonication delays
protein gelation and reduces the rate of pore blockage and cake growth (Fig. 1.4). For
heat-treated feed filtration, the flux recovered by water flushing (reversible fouling)
reduced considerably, while sonication increased the proportion of reversible fouling,
although it was unable to reach the level observed with the native feed solution. A
high proportion of foulants were removed by flushing water for preH+US sample
due to the presence of smaller particles and fewer large aggregates. The flux obtained
after cleaning was higher than that of the PreH feed.

Although ultrasound-assisted membrane filtration has several positive attributes,
high acoustic power levels and improper installation of units can impact structural
integrity of the membranes (Koh et al. 2014b). For example, Lamminen et al. (2004)
observed damaged membranes during treatment at highest power (>12.2 W), while
no damage was found at lower power (<7.2 W). Thus, careful consideration of US
conditions must be considered in all applications and addressed individually. Ultra-
sonic membrane technology scale-up studies have not been reported presumably due
to high energy consumption and high capital setup costs.
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1.2.4 Microbial Inactivation

Milk offers a perfect setting for microbial growth, thus the microbial quality of
milk and dairy products is vital. Thermal processing is the most common practice
used to control the microbial growth within the dairy industry. However, various
physico-chemical, nutritional and organoleptic property changes occur and due to
this, alternative methods are sought. In this context, non-conventional thermal pro-
cesses such as pulsed electric field (PEF), US and UV irradiation are regularly studied.
These non-thermal technologies are potentially less energy-intensive, more environ-
mentally friendly and most importantly cause minimal loss of colour, flavour and
nutrition.

An antimicrobial effect created by acoustic cavitation and a bactericidal effect
created by intracellular cavitation which disrupts the structural and functional com-
ponents up to the point of cell lysis are mostly responsible for the ultrasound-induced
inactivation of microbes (Hughes and Nyborg 1962). In addition, pressure and tem-
perature fluctuations break down the cell walls. The free radical formation and
micro-streaming disrupt and thins out the cell membranes and damages the DNA
(Bermudez-Aguirre et al. 2011). Punctured walls, breakage of plasma membrane,
leakage of cytoplasmic content and damage to the inner cellular contents was also
found (Alzamora et al. 2011; Guerrero et al. 2001). However, different microorgan-
isms have varying resistance to ultrasound and depended on processing conditions.

Intense power levels and long contact times are necessary to inactivating microor-
ganisms by ultrasound alone at ambient temperature conditions but these intense
demands are vastly reduced in combination with one or more established tech-
niques. These include combinations of US with heat (thermosonication-TS), pressure
(manosonication-MS), pressure and temperature (manothermosoincation-MTS), UV
irradiation (photosonication) and PEF. However, the efficiency of microbial inacti-
vation by these methods is dependent on the treatment conditions such as amplitude
of the ultrasonic waves and processing time, volume of food being processed, the
type of microorganism targeted and the composition of the food. Studies have shown
that thermosonication increases the lethality values of conventionally pasteurized
liquid foods. This, in turn, reduces the temperature and time of the heat treatment
achieving equivalent numbers of inactivated microbes and thereby improving the
nutritional and organoleptic qualities (Ordéfiez et al. 1987). However, the effec-
tiveness of TS decreased with increasing temperature due to reduced cavitational
effects. An increase in vapor pressure and a decrease in liquid surface tension occurs
at increased temperatures reducing cavitational effects (Villamiel and de Jong 2000).
The use of MS and MTS can overcome this detrimental effect.

Raso et al. (1998) investigated the effects of MS and MTS in inactivating Bacillus
subtilis spores. MS treatment (500 kPa, 117 pm amplitude) for 12 min inactivated
~99% of the B. subtilis spore population, while MTS (20 kHz, 300 kPa) at 90 and
150 pm for 12 min at 70 °C inactivated ~75 and ~99.9% of the B. subtilis spore
population, respectively. This study highlights the importance of ultrasound inten-
sity which improves the cavitational effects through increased localized pressure
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and temperature areas and free radical formation regions. The use of high temper-
atures (>70 °C) also leads to some spore inactivation. A synergistic effect between
temperature and pressure was found by Pagan et al. (1999) when applying MTS in
the inactivation of Listeria monocytogenes. It was argued that cell envelopes that
are already weakened by temperature can easily undergo changes when exposed to
mechanical stress. Arroyo et al. (2011) reported that sublethally injured cells were
not detected after MS at 35 °C indicating that the cytoplasmic membrane breakages
resulting from MS treatment at room temperature was an all or nothing event. In
contrast, damaged cells were detected when Cronobacter sakazakii cells were sub-
jected to MS at 60 °C and the effect was totally attributed to heat (Arroyo et al.
2011). Table 1.1 emphasizes the efficiency of microbial inactivation in various dairy
systems as affected by varying processing conditions.

The inactivation efficiency of microbes in response to ultrasound depends on the
type of microorganism targeted. Gram-positive bacteria are generally more sensitive
than gram-negative microbes, while spores are more resistant than vegetative cells
(Halpin et al. 2013). Halpin et al. (2013) studied MTS (frequency; 20 kHz, ampli-
tude; 27.9 mm, pressure; 225 kPa) at two temperatures (37 or 55 °C) with/without
PEF (electric field strength; 32 kV/cm, pulse width; 10 ms, frequency; 320 Hz)
on the inactivation of Staphylococcus aureus, Enterobacteriaceae and lactic acid
bacteria (LAB). Thermal pasteurization (72 °C, 20 s) was used for comparison pur-
poses. On day 0, pasteurization reduced the amount of S. aureus in raw milk by
three log cycles, while treatment with MTS/PEF at 37 and 55 °C resulted in 1.4 and
2.7 log reductions, respectively. On the other hand, Enterobacteriaceae on day 0
showed no significant change in milk treated with MTS/PEF at both 37 and 55 °C
as compared to the control. However, on day 21, MTS/PEF treatment at 37 °C had
similar levels of S. aureus as raw milk, while the level of Enterobacteriaceae was
reduced with treatment. Furthermore, LAB following US treatment resulted in 50%
greater log reductions as compared to conventional pasteurization (Fig. 1.5). In addi-
tion, Engin and Karagul-Yuceer (2012) found that no significant levels were found
on levels of yeast and moulds in US-treated milk (20 kHz, 5 °C, 75 W, 15 min)
as compared to the control. But reductions in Staphylococcus sp. and Escherichia
coli were observed. Similarly, Cregenzan-Alberti et al. (2014) and Shamila-Syuhada
et al. (2016) reported increased levels of inactivation of gram-negative E. coli and
Pseudomonas fluorescens than gram-positive S. aureus. Gram-positive bacteria con-
tains a thick and tightly adherent peptidoglycan cell wall layer which is resistant
to sonication (Chemat et al. 2011). Morphology of bacterial cell may also play an
important role towards varying resistances to sonication. Shamila-Syuhada et al.
(2016) observed that spherical-shaped S. aureus was more resilient to ultrasound
than rod-shaped Lb. plantarum and Lb. pentosus and attributed this behaviour to the
size and surface area of the cells. Rod-shaped bacteria have a large surface area,
while spherical-shaped microbes are of smaller sizes (Chemat et al. 2011).

It is well known that ultrasound in combination with heat has produced positive
outcomes in inactivation of microorganisms. However, the composition of the food
system influences the rate of inactivation. Bermuidez-Aguirre and Barbosa-Cénovas
(2008) studied the effect of butterfat content (0-3% w/w) in milk in the inactivation
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(Halpin et al. 2013)
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Fig. 1.6 Inactivation of total mesophillic and coliform bacteria in milk as a function of treatment
time—Sonication (S) and photosonication (PS) (Sengul et al. 2011)

of Listeria innocua at 63 °C for 30 min, sonication at 24 kHz and 120 wm amplitude.
It was found that the rate of inactivation decreased with increasing fat content by
creating a protective effect and the cells not receiving the equivalent physical effects.
US disrupts the MFGM generating smaller sized fat globules with a new rough
surface (Bermudez- Aguirre and Barbosa-Canovas 2008). The microorganisms may
conceal within the rough fat globule surface and be protected from the effects of
acoustic cavitation; while no protective effect was found in fat-free milk systems. In
addition, the changes in US energy distribution (Earnshaw et al. 1998), intensity of
cavitation and the boiling point of some soluble components present in full fat and
free fat milk systems may influence the inactivation efficiency (Carcel et al. 2009).

Combination of two or more non-thermal processes achieves the desired effect
at reduced individual treatment intensities (Ross et al. 2003). For instance, reduced
treatment times and lower energy consumption was achieved with photosonication
(US +UV light) as opposed to US and UV irradiation alone. Sengul et al. (2011)
studied the effect of photosonication in reducing the total and coliform bacteria in
raw milk. The total and coliform bacteria reduction achieved was 4.79 and 5.31
log cfu mL~!, respectively with photosonication (120 mm; 240 W 24 kHz US; UV
13.2 Wem™2; 15 min) while 1.31 and 4.01 log cfu mL~! reduction was reported for
total and coliform bacteria, respectively with sonication alone (Fig. 1.6). Ultrasound
enhances the efficiency of UV light penetration with UV directly damaging DNA
(Engin & Yuceer, 2012).

Although inactivation of microbes shows promise, sensory attributes are also
important. Marchesini et al. (2015) studied different amplitude conditions (70 and
100%) and time variations (50-300 s) on inactivation of E. coli, P. fluorescens, S.
aureus and Debaryomyces hansenii in milk. Application of US at 100% amplitude
conditions for 300 s led to a population reduction of 4.61, 2.75, 2.09 and 0.55 log
for D. hansenii, P. fluorescens, E. coli and S. aureus, respectively. But the milk
sensorial attributes were changed significantly resulting in metallic, burnt, rubbery
and sharp flavours. Volatile compounds described as ‘off flavours’ are proportional
to energy density and may be controlled by selecting appropriate treatment condi-
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tions as demonstrated in other studies (Riener et al. 2009; Martini and Walsh 2012;
Juliano et al. 2014). In addition, some microorganisms believed to be “killed” may
only be sublethally injured. Injured cells pose a threat to food integrity as they are
unpredictable and have the potential to become viable under favourable environmen-
tal conditions. It is believed that after treatments, by either thermal or non-thermal
technologies, there may be one population of microbes which are dead, another pop-
ulation that are viable, and a third population that are sublethally injured (Wu 2008).
It is of the utmost importance to be able to distinguish between viable cells and
impaired cells in order to gain complete food safety (Wu 2008). Researchers have
reported that improvements in the design and efficiency of US chambers and US
horn geometries lead to more efficient microbial inactivation. However, specialized
equipment which can deliver higher acoustic intensity and power is required. In addi-
tion, US chambers and horn geometries tailored for specific applications are required
to achieve certain targeted effect. Such issues must be addressed for ultrasound to
have a future in large-scale operations.

1.2.5 Functionality Modifications

Ultrasound has been used in recent years to improve processing effectiveness and to
manufacture dairy products with ‘tailored’ functionality by altering microstructure
through component interactions (Knorr et al. 2004).

1.2.5.1 Solubility of Dairy Powders

Rapid solubilisation of dairy powders is desired by the industry to maintain the
quality of secondary dairy products and avoid high production costs and prolonged
processing times. Chandrapala et al. (2014a, b) investigated the solubility of milk
protein concentrate and micellar casein powders as affected by ultrasonication at
the energy density of 153 J/ml and compared these to high-pressure homogeniza-
tion, high-shear rotor—stator mixing and low-shear overhead stirring. The high shear
techniques greatly accelerated the solubilization of these powders. The shear forces
broke apart the powder agglomerates and accelerated the release of individual casein
micelles into the solution without affecting the structure of the individual solubilized
proteins. The localized high shear forces exerted by acoustic cavitation did not signif-
icantly affect the mass transfer of minerals from the casein micelles when the mineral
balance between the casein micellar and serum phases were analysed after sonication
(Chandrapalaetal. 2014a, b). Only the large powder particles were affected (Fig. 1.7).
Another study by McCarthy et al. (2014) showed that ultrasound (20 kHz/70.2 W)
significantly increased the solubilization of MPC powders. However, their study
used a pre-stirring step at 50 °C, which may have aided the dissolution to a certain
extent. Further, the study did not use controlled temperature conditions and the sam-
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Fig. 1.7 Schematic representation of the effect of shear forces on the solubilisation of dairy powders
(Chandrapala et al. 2014a)

ple temperature increased to 70 °C during sonication resulting in denaturation and
aggregation of proteins which may have also affected the solubility.

Furthermore, solubility of dairy powders declines with storage (Fyfe et al. 2010).
During storage, increased protein interactions occur leading to compaction and the
formation of an aggregated skin of proteins. Chandrapala et al. (2014b) investigated
the effect of storage on the solubility of milk protein concentrate, calcium caseinate
and whey protein concentrate powders that were sonicated prior to lab-scale spray
drying. Two different humid conditions (22 and 75%) at 25 °C for 60 days were
evaluated. The microstructural studies showed the presence of particle agglomerates
in non-sonicated powder samples upon storage, whereas none were visible in the
sonicated samples. However, no substantial compositional changes to the surface
in terms of fat, protein and lactose contents were observed. The study showed that
sonication prior to drying increased the powder stability during storage and delayed
the loss of powder solubility with storage. Similar results were obtained by Yanjun
et al. (2014) where they investigated the effect of US (12.5 W, 0.5-5 min) prior
spray drying of milk protein concentrates and showed significant increases in powder
solubility.

O’Sullivan et al. (2014, 2015b) showed particle size reductions in sodium
caseinate and MPI sonicated at US 34 Wem™2 for 1 min followed by no change
on prolonged sonication. They hypothesized that this size reduction is due to the
disruption of protein micelles along with changes to the electrostatic and hydropho-
bic interactions by high shear forces generated through acoustic cavitation. However,
they further found that after 7 days, the particle size increased with sodium caseinate,
most probably due to the reorganization of the proteins into smaller sub associates
with non-covalent attractions such as hydrophobic and electrostatic. In contrast, a
further size reduction was observed with MPI upon storage indicating further con-
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tinuation of size reduction due to acoustic cavitation and shear forces. Furtado et al.
(2017) found no MW changes of the proteins with sonicated sodium caseinate (300 W,
2-6 min) although sonication exposed the hydrophobic groups with an increase in
surface hydrophobicity and no change in charge. Similarly, circular dichroism spec-
tra revealed no secondary protein structural changes for sodium caseinate. Further,
intrinsic viscosity was positively affected by the increase in sonication time.

In recent studies, sonication-induced structural changes of casein micelles have
been investigated due to the possibility of alterations due to extremely high tempera-
tures and pressures by acoustic cavitation. Madadlou et al. (2009) showed reductions
of the size of reassembled casein micelles which were structurally and functionally
different to native casein micelles after exposure to ultrasound (35 kHz frequency)
for 6 h at pH >8. Another study by Nguyen and Anema (2010) showed a decrease
in size of the native casein micelles with sonication (22.5 kHz; 50 W). Contrary to
these studies, Chandrapala et al. (2012a) showed that sonication merely reduces the
size of the fat globules and whey protein aggregates, but did not affect the casein
micelles, their composition nor the mineral balance in fresh skim milk (Chandra-
pala et al. 2012a). Similarly, no changes to the casein micelles and partial disruption
of whey proteins from whey—whey aggregates were reported by Shanmugam et al.
(2012) following sonication (20 kHz, 20/40 W). Contrary to these studies, Liu et al.
(2014a) found the disruption of the casein micelles but only at high pH values (6.7-8)
after sonication (286 kJ/kg/20 kHz). However, the dissociation of k-casein was found
to be dominated by the increase in pH (Anema and Klostermeyer 1997). Thus, the
release of individual proteins from casein micelles at high pHs under the influence of
sonication is arguable and unlikely to be an ultrasound effect alone but a combination
of treatment and environment.

1.2.5.2 Foaming

Foams are gas-liquid systems. Foam properties depend on the physico-chemical
characteristics of the phases, the production method and processing conditions. Jam-
brak et al. (2008) showed that high-intensity low-frequency ultrasound (20 kHz) had
asignificant effect on the foaming ability of whey proteins. The efficient homogeniza-
tion effect by low-frequency ultrasound may improve the foaming property. During
sonication, protein structure unfolds due to physical shear and temperature, and thus
increases the foaming ability (Jambrak et al. 2008, 2010). Contrarily, the use of high-
frequency ultrasound (500 kHz) did not impact the foaming ability of whey protein,
although it affected the solubility and conductivity. This may be mainly due to the
reduced physical effects at higher frequencies. In addition, they showed that sonica-
tion at 40 kHz using a bath reduced the foaming ability of whey proteins compared to
20 kHz. It was argued that the direct contact between the horn tip and the sample was
favoured while the ultrasonic bath had no direct contact with the irradiating surface.
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Tan et al. (2015) studied the effect of ultrasonic energy (20—60% amplitude) and
processing time (5-25 min) on the foaming ability of 15 wt% WPC dispersions as a
function of concentration (10-20 wt%). The highest foam overrun which is indicative
of greater foaming capacity was achieved when the highest amplitude of 60% and
the longest time of 25 min were applied. Shear forces break protein agglomerates,
unfolding and exposing the charged and hydrophobic and hydrophilic segments of
the amino acid chains. This newly formed unfolded protein structure with reduced
surface tension at the air—water interface enables efficient trapping of air resulting in
good foaming properties (Venugopal 2008). In addition, the increased surface activity
near the interface helps stabilize the WPC foams with increased flexibility following
sonication (Weiss et al. 2011). They further found that foam overrun was significantly
affected by the protein concentration, sonication time and ultrasound amplitude. A
better foam texture was obtained as the protein concentration increased due to greater
suspension viscosity while a higher stability was achieved at higher amplitude due
to the strengthening of protein films at the interface of the foam slowing the rate of
foam collapse (Weiss et al. 2011). High surface viscosity forms strong foams that
are more capable of compression and expansion (Kinsella 1981).

1.2.5.3 Heat Stability

Heating whey proteins at temperatures >70 °C causes denaturation, followed by
aggregation (Chandrapala et al. 2011). Heat treatment is unavoidable during the pro-
cessing of dairy products and excessive thickening or gelling during heating can
occur. Ashokkumar et al. (2009a, b) and Zisu et al. (2010) established an approach to
overcome the heat stability issues by combining ultrasound with a heat treatment step
to break the heat-induced whey protein aggregates and prevents their reformation on
further heating. This, in turn, prevented increase in viscosity and gelation (Fig. 1.8a).
Similarly, Yanjun et al. (2014) showed significant decrease in viscosity by applying
an ultrasound treatment after a preheating step and was attributed to the decrease
in particle size. Initially, it was claimed that these observed viscosity changes after
sonication were due to a combination of both physical and chemical effects created
by acoustic cavitation. However, the amount of free radicals generated at 20 kHz fre-
quency is low (Devi et al. 2005) and with the greatest viscosity reductions occurring
at this frequency, it is unlikely that chemical reactions play a major role.
Chandrapala et al. (2012b) conducted a detailed investigation of the protein aggre-
gation mechanism with and without an ultrasound step prior secondary heating.
The surface charge which is indicative of electrostatic interactions and reactive thiol
groups, which are indicative of thiol-disulfide interactions remained unchanged after
sonication in between the preheating and post-heating steps (Fig. 1.8b). However,
the surface hydrophobicity of these aggregates which is indicative of hydrophobic
interactions was altered (Fig. 1.8b). It was concluded that physical forces generated
through acoustic cavitation broke down the protein aggregates, leading to the forma-
tion of smaller aggregates with a lower surface hydrophobicity. The newly formed
smaller aggregates with low surface hydrophobicities are resistant towards further
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Fig. 1.8 a The viscosity changes, b Surface charge, ¢ reactive thiol content and d surface hydropho-
bicity of 6.4% reconstituted whey protein concentrate solutions under various processing conditions:
control (C), preheating (PreH), sonication (US-20 kHz, 31 W), and post-heating (PostH) (Adapted
from Ashokkumar et al. 2009a, b; Chandrapala et al. 2012b)

aggregation during post-heating. This, in turn, improves the heat stability. Shen et al.
(2017) investigated the physico-chemical properties of thermally aggregated whey
proteins as affected by high-intensity ultrasound (20 kHz, 31 Wem™2) prior to and
after a preheat treatment (85 °C/30 min) process. They showed a significant increase
in surface hydrophobicity and free thiols without affecting the total thiol content.
They hypothesized that the disruption of more non-covalent interactions as opposed
to disulphide bonds was accountable for the observed effects.

Yanjunetal. (2014) suggested that the sonication-induced changes of whey protein
solutions at a frequency of 20 kHz were mostly macromolecular level physical mod-
ifications without protein structural changes. Similarly, Frydenberg et al. (2016a,
b) investigated the effect of thermosonication (24 kHz, 300 Wem™2) on the sec-
ondary structure of WPI samples with varying a-L A and B-LG ratios as a function of
pH. Thermosonication-reduced enthalpy of whey protein denaturation with greater
reductions at higher pH. The protein structure loosens when pH moves away from
the isoelectric point as the surface charge density increases and repulsive forces are
higher. However, no secondary structural changes were observed. They hypothesized
that the high pressure generated by acoustic cavitation induces an open protein state
where water easily permeates. This, in turn, replaces the intramolecular hydrogen
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bonds with water—protein hydrogen bonds and the strong water—protein hydrogen
bonds then lead to an intact secondary protein structure. Similarly, Chandrapala et al.
(2011) showed no substantial protein structural changes with up to 60 min sonica-
tion of WPC solutions at 31 W. In contrast, Kresic et al. (2008) investigated the
rheological and thermophysical properties of WPC and WPI solutions subjected to
sonication (20 kHz, 15 min). They attributed the observed flow behaviour changes
to an altered protein structure. It was hypothesized that the hydrophilic amino acid
segments of the proteins are exposed with sonication leading to an increased bind-
ing of water molecules. Similarly, Stathopulos et al. (2004) showed amyloid fibril
formation with sonication (20 kHz, 30 W) of BSA protein solutions. However, this
study used excessively high ultrasonic energy and small sample volumes.

Martini and Walsh (2012) treated whey solutions containing 28.2% total solids
with US (15 W, 5 min, 60 °C) and investigated the thermal stability and sensory
evaluation. Interestingly, no significant changes in sensory attributes were observed.
Moreover, several unfavourable attributes such as cardboard and malty were less
prominent in sonicated samples.

1.2.5.4 Heat-Induced Gelation

Whey protein isolates and concentrates are widely used as ingredients due to their
highly desirable functional and nutritional qualities. Heat-induced whey protein gels
provide a desirable texture and improved water holding capacities to various food
systems. Zisu et al. (2011) showed increased gel strengths along with reduced gela-
tion times and syneresis after sonication (20 kHz, 13-50 W, 1-60 min) of WPC
suspensions. The microstructure showed compact densely packed whey proteins.
These improvements were observed across the pH range of 6.7 and 9.5 and it was
suggested that increased gelation characteristics exerted by ultrasound were differ-
ent to the effects of pH. Further, they showed no such effect with WPI solutions and
were attributed to the absence of large protein aggregates in the original solution.
Frydenberg et al. (2016a, b) studied the effects of US (24 kHz, 300 Wem™2) on the
heat-induced gelation characteristics of WPI as a function of varying a-LA and 8-LG
at 65 °C or at 20 °C. High a-LA content increased the gel strength under thermoson-
ication conditions and it was argued that heat and US together initiated extensive
unfolding of a-LA where four intramolecular disulfide bonds are disrupted, render-
ing a-LA in forming eight disulfide bonds with a-LA and B-LG, thus form strong
gels. A denser and more compact gel network also led to reduced water holding
capacity.

The composition of the food system plays a significant role towards the func-
tionality changes initiated by US. Saffon et al. (2011) investigated the impact of the
presence of buttermilk concentrate towards the denaturation kinetics with US treat-
ment at 275 W using a 20 kHz horn. Ultrasound treatment increased the proteins
aggregation yield and decreased the water holding capacity (WHC) and this effect
was dependant on the proportion of buttermilk in the mixtures.
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1.2.5.5 Fermentation

Fermentation increases the shelf life of a dairy product while enhancing the taste
and improving digestibility. However, in some instances, long processing times and
insufficient fermentation are unavoidable. Wang and Sakakibara (1997) investigated
milk fermentation using different Lactobacillus strains, including Lactobacillus
delbrueckii subsp., bulgaricus B-5b, Lactobacillus helveticus LH-17, L. delbrueckii
subsp., lactis SBT-2080 and Lactobacillus acidophilus SBT-2068 following son-
ication (17.2 kWm™2). The viable cell count decreased with sonication compared
to non-US cell counts. Sonication-induced the release of galactosidase from lactic
acid bacteria cells increasing the galactosidase activity, although the hydrolysis of
lactose was dependant on the effective release of galactosidase. Another study by
Nguyen et al. (2012) investigated the effect of high-intensity ultrasound (20 kHz;
100 W 7-30 min) on carbohydrate metabolism in milk fermentation by Bifidobac-
terium breve ATCC 15700, Bifidobacterium infantis, Bifidobacterium animalis
subsp., Bifidobacterium lactis (BB-12), and Bifidobacterium longum (BB-46). The
hydrolysis of lactose and the trans-galactosylation reaction in all sonicated milk
were enhanced during 24 h of fermentation. Ultrasonication affected the production
of organic acids during fermentation depending on the type of bacteria used. For
instance, the production of major organic acids increased with BB-12, B. breve, and
B. infantis, while the ratio of acetic acid to lactic acid and the ratio of total acetic and
propionic acids to lactic acid decreased in BB-12 and BB-46 samples, respectively.
The study concluded that high-intensity ultrasound is a potential alternative to
traditional processing without the need for additional external prebiotics and galac-
tosidase. Barukcic et al. (2015) studied the effect of ultrasound on fermentation of
thermosonicated whey. Different power levels were used (480—-600 W) for 6.5, 8 and
10 min at temperatures of 45 and 55 °C. Increased membrane permeability from the
cell wall of dairy cultures treated with ultrasound allows the release of intracellular
enzyme B-galactosidase and is responsible for the improved fermentation processes.
Sonication of milk at 480 W, 55 °C for 8 min resulted in a notable increase in viable
cell counts at the end of the fermentation with better sensory properties indicating
that US can be used to modify product quality, and also to improve the production
of microbial biomass using whey as a substrate.

1.2.5.6 Rennet Gelation

The physico-chemical changes induced by sonication may influence the rennet gela-
tion properties depending on the severity of the processing conditions and the com-
position of the milk system as discussed previously. Several studies were performed
under different experimental conditions in recent years. Liu et al. (2014b), observed
the renneting properties of milk treated with ultrasound (20 kHz, 286 kJ/kg) as a func-
tion of pH (6.7, 8). Firm gels were observed with sonicated milk as opposed to non-
sonicated milk. The gelation characteristics such as gelation time and texture were
significantly modified in rennet gels made from milk sonicated at pH 8.0 and read-
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justed back to pH 6.7 as compared to gels made from milk sonicated at pH 6.7. The
modified renneting behaviour was attributed to ultrasound-induced protein structural
changes in milk (Liu et al. 2014b). However, many studies found no changes to the
structure of casein micelles with sonication (Chandrapala et al. 2012a; Shanmugam
etal. 2012). Furthermore, Chandrapala et al. (2013) evaluated the phosphate-induced
micellar casein gel characteristics as affected by sonication (20 kHz). Sonication of 5
wt% micellar casein (MC) solution before the addition of 7.6 mM Tetra Sodium Pyro
Phosphate (TSPP) formed a firm gel with a fine protein network and low syneresis. In
contrast, sonication after the addition of TSPP led to an inconsistent weak-gel struc-
ture with high syneresis. The results indicated that the state of the casein micelles prior
sonication significantly influenced the gelation characteristics of phosphate-induced
micellar casein gels and should be carefully controlled. Thus, the increased rennet
gelation characteristics observed by Liu et al. (2014b) are not solely responsible for
ultrasound but is a combined effect of pH and ultrasound.

The physico-chemical properties of milk strongly affect cheese yield and the
coagulation properties. However, goat milk coagulation is associated with weaker
gels and greater whey separation. These poor coagulation properties lead to more
protein losses, lower cheese yields and reduced textural integrity. The effects of US
pretreatment (800 W, 0-20 min) of goat milk prior rennet-induced coagulation was
studied by Zhao et al. (2014) to evaluate the improvements of milk coagulation prop-
erties. US treatment increased the extent of whey protein denaturation and soluble
calcium and phosphorus contents by 9.6, 16.9 and 13.7%, respectively. In addition,
the gelation characteristics such as firmness, strength, cohesiveness and water hold-
ing capacity were increased. Furthermore, US-treated gels showed highly branched
honeycomb-like structures with many small uniform pores contrary to the larger pore
sizes and fewer interconnections without sonication.

1.2.5.7 Age Gelation

Age thickening is well known within the dairy industry where viscosity of concen-
trated solutions increases with storage under low shear. This is undesirable especially
in the manufacture of spray dried dairy powders. High-power low-frequency ultra-
sound (20 kHz) was found to lower the viscosity of concentrated milk prior to spray
drying. A study by Zisu et al. (2012) showed that batch sonication for 1 min at
40-80 W and delivering an energy density of 4-7 JmL~' reduced the viscosity of
medium-heat skim milk concentrates (50-60% solids) by 10%. The viscosity reduced
by another 7% with further increase in the solids concentration of the concentrated
milk, however, sonication only delayed the rate of thickening for milk systems that
have already started ageing. In addition, sonication showed changes in the shear
thinning behaviour at shear rates below 150 s ~!.
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1.2.5.8 Acid Gelation

The nature of the acid gel plays a significant role towards the quality of yoghurt. A
smooth texture with low syneresis is highly desired by the consumer. During acid-
ification, loss of steric stabilization of casein micelles and increasing tendency of
denatured whey proteins to be associated with casein micelles prevails. The resul-
tant aggregates of whey proteins and caseins act as bridging materials due to the
reduced repulsive charge forming the yoghurt gel network (Horne and Davidson
2003). Denaturation of whey proteins with ultrasonication leads to the formation of
whey—whey and whey—casein aggregates through disulfide-mediated covalent bonds
(Shanmugam et al. 2012). This additional denaturation of whey proteins strength-
ens the gel matrix (Shanmugam et al. 2012). A recent study by Nobel et al. (2016)
stated that the US effects on acid gelation varied with pH. They proposed three fer-
mentation stages. At pH >5.4, the casein micelles were stabilized by electrostatic
interactions, so that only temporary and reversible interactions were modified by
US. At pH between 5.4 and 5.1, non-reversible formation of large protein particles
was possible with sonication. At pH <5.1, a homogeneous gel network stabilized
by casein micelles existed and the particles were too large to be affected by ultra-
sound. Some of the literature discussing the effects of ultrasound on acid gelation is
highlighted in Table 1.2.

Water molecules homolyzed by cavitation generates highly reactive free radicals.
These homolyzed water molecules can then react with the milk proteins and fat
globules (Vercet et al. 2002). In addition, physical forces generated through acoustic
cavitation can disturb large macromolecules or protein particles. Vercet et al. (2002)
suggested that the alterations to the size of the fat globules did not play a significant
role towards the increased gelation kinetics, although a thorough investigation was
not performed to investigate the effects of fat globules towards the gelation kinetics.
A recent study by Nguyen and Anema (2017) investigated ultrasonication of whole
milk at 22.5 kHz and 50 W on the acid gelation properties. Acidification of US
milk-produced gels with increased firmness and reduced gelation times compared to
untreated milk. In skim milk, <40% of whey proteins were denatured after 10 min
ultrasonication and approximately 80% were denatured after 30 min ultrasonication
(Nguyen and Anema 2010),. In whole milk, the levels were 80 and 100% at equiv-
alent processing times, respectively. The proteins present in the MFGM denature
at low temperatures and promote the denaturation of the whey proteins (Ye et al.
2004). Ultrasonication causes considerable homogenization of the fat globules.
The surface area of the fat globules increased by ~50% with sonication. The newly
exposed fat globule surface may encourage the unfolded whey proteins to interact
with the fat globules, and increase the level of irreversibly denatured whey proteins
in comparison to similarly treated skim milk samples. Furthermore, increased
temperature along with sonication of whole milk showed increased gel strengths
(Nguyen and Anema 2017). This is in contrast with acid gels made with skim milk
(Nguyen and Anema 2010). This again indicates that the effects of separate heat
and sonication on acid gelation are specific to whole milk containing fat globules.
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Table 1.2 Some literature data on acid gelation properties as affected by US and combination of
techniques

Variables Comments Reference
Thermosonication Higher gelation pH values Riener et al.
25 kHz, 400 W, Increased viscosity (2009)
45/75 °C, 10 min Higher WHC

Honeycomb gel structure with a porous nature
averaging a structural size of 2 um

Thermosonication Increased gel strength Riener et al.
24 kHz, 45 °C, 10 min Increased WHC (2010)
Decreased syneresis

Sensory: superior texture and colour properties
Increased with increase in fat content from 0.1 to 1.5%

Manothermosonication | Increased flow curves, viscosity, yield stress, Vercet et al.
40 °C, 20 kHz, 12 s, viscoelastic properties (2002)
2 MPa Rigid structures

Increased rheological properties
Ultrasonication Increased WHC and viscosity Sfakianakis
20 kHz, 150-750 W, Decreased syneresis and Tzia
10 min (2010)
Ultrasonication Increased WHC and viscosity Wau et al.
20 kHz, 50-500 W, Decreased syneresis (2001)
1-10 min Increased effects with increase in amplitude and time
Ultrasonication Decreased the pH lag phase duration Stakianakis
20 kHz, 150-750 W Increased the pH reduction rate et al. (2015)
High pressure Increased viscosity
homogenisation Effects were more positive than HPH
2 stages
(20-30 MPa/5 MPa)
Ultrasonication Decreased fermentation time from 207 to 176 min Nobel et al.
450 W, 150 mL, No change for samples sonicated prior inoculation (2016)

3000 kW/m?>, 8 min

Shanmugam and Ashokkumar (2014b) studied the acid gelation properties of
7% flaxseed oil: milk emulsions treated with 20 kHz ultrasound (US) at 176 W
for 1-8 min. The sonication process improved the gelation characteristics such as
decreased gelation time, increased elastic nature, decreased syneresis, increased gel
strength and increased shelf life. The presence of finer emulsified oil globules which
were stabilized by the partially denatured whey proteins through sonication con-
tributed to the gel characteristics. They further postulated a three—step mechanism.
Step 1 is the production of an emulsion with fine particles followed by the physical
aggregation of proteins mainly through hydrophobic and Van der Waals forces at
the isoelectric point (pl) of proteins upon acidification. The final step involves the
formation of the 3D gel matrix with covalent cross-linking.

Almanza-Rubio et al. (2016) investigated the effects of ultrasound in modify-
ing the textural and rheological properties of cream cheese at various power levels
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(0-100 W), temperatures (4—63 °C) and time (0—30 min). The yield, spreadability and
the thermostability increased due to reduced milk fat globule size and increased fat
incorporation. In contrast, the increase in ultrasound power and prolonged sonication
did not significantly improve the cream cheese yield. Improvements in textural and
rheological properties were observed in milk thermosonicated at low power (50 W)
for <30 min with temperature between 35 and 50 °C. Further, they found that pro-
tein and mineral contents did not change significantly with treatment. Strong physical
forces generated by acoustic cavitation reduce the fat globule size, altered the MFGM
and modified interactions with themselves and caseins. These interactions increased
fat and moisture retention. The increased moisture retention weakened the firmness
of the protein matrix and resulting in a softer cream cheese. Ultrasound-induced
denaturation of whey proteins may also promote the formation of large aggregates
with casein micelles (Sfakianakis et al. 2015) and thereby increases the water holding
capacity of the cheese matrix improving the cheese yield. Bermidez-Aguirre et al.
(2010) reported that Queso Fresco cheese prepared with thermosonicated milk (129
mWml~!, 63 °C for 30 min) decreased hardness and increase the springiness.

1.2.6 Crystallization

The conventional methods used for crystallization of lactose in dairy systems have
long induction times due to slow crystallization rates. However, sonication is known
to increase the rate of nucleation and shorten crystallization induction times (Dhumal
et al. 2008). Sonocrystallization with low-frequency power ultrasound applied to
aid and control crystallization is most effective when sound energy is delivered at
the nucleation phase (Bund and Pandit 2007a, b). The acoustic streaming helps to
initiate crystallization and control the crystallization process. Initially, crystallization
takes place on existing crystals’ surfaces. These crystals then act as nucleation sites.
Evaporation from the internal surface of bubbles results in cooling which generates
high internal supersaturation and bubbles act as nucleation sites first described by
Hem (1967). Shockwaves cause further agitation and bubble disruption increasing
the number of nuclei available for nucleation and the greater number of nuclei
reduces crystal size, improves uniformity and increased crystallization rate. The
crucial driving force for both nucleation and growth is the supersaturation level
and each system, whether it is a dilute or concentrated aqueous solution shows
a different response to ultrasound affecting the crystallization process. However,
regardless of the medium, ultrasound prior to stirring accelerates the crystallization,
decreases the size of crystals, reduces the size distribution and improves yield.

A pilot-scale study by Zisu et al. (2014) using a non-contact approach at flow
rates of up to 12 L/min and energy densities varied from 3 to 16 J/mL focussed on
the crystallization of lactose in whey. It was found that sonication increased the rate
of crystallization and was faster compared with conventional mechanical stirring.
However, once the metastable limit was reached between 120 and 180 min, the rate
slowed. The crystal size distribution was narrow and the overall crystal size was small.
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The study by Zisu et al. (2014) highlighted the importance of the conditions used as
the yield was affected by the initial solubility of lactose. Furthermore, Dincer et al.
(2014) found that ultrasound had a significant effect in reducing induction times and
narrowing the metastable zone width but had no effect on individual crystal growth
rate or morphology.

A considerable interest within the dairy industry with regards to crystallization of
fats with the use of ultrasound prevails as controlling the crystallization of fat is a key
factor governing the texture of secondary dairy products. However, the effectiveness
depends entirely on the processing conditions such as the amplitude, frequency and
exposure time. Martini et al. (2008) showed decreased induction times and increased
generation of small crystals with the use of ultrasound for crystallization of anhydrous
milk fat.

Another area that uses ultrasound for crystallization purposes is with ice creams.
The size and distribution of ice crystals are quite important for proper texture and
taste of the ice cream. With ultrasound, the ice crystals are small and thus impart a
cream mouthfeel. In addition, the use of ultrasound distributes the ice crystals more
evenly. In contrast, ultrasonic degassing can occur which may reduce the amount
of entrapped air. However, Acton and Morris (1992) incorporated more gas than
required to compensate for the gas content lost during ultrasound treatment. Further-
more, oxidation from radicals can impart off flavours, however, by using variable
ultrasonic intensities, the detrimental issues can be overcome (Chow et al. 2003;
Mortazavi and Tabatabai 2008).

1.2.7 Fat Separation

Sound waves can reflect upon themselves. These reflected sound waves can
then superimpose to form ‘acoustic standing waves’. High-frequency sonication
(200-800 kHz) produces standing waves which have been used to rapidly cluster
and flocculate oil. Phase-separated oil clusters are collected by centrifugation or
skimming. Traditional and most commonly used food separation processes such as
centrifugation, sedimentation, chemical induced flocculation, and membrane filtra-
tion are effective but subject to high energy consumption, excessive shear damaging
product integrity, fouling limiting throughput, slow partitioning rates and requires
use of additives. Low-intensity high-frequency ultrasonic separation has been used
individually and in combination with traditional technologies to improve process effi-
ciencies. Ultrasonic separation at high frequencies differs from typical low-frequency
sonoprocessing as this is a much more ‘gentle’ processing method due to the absence
of violent bubble collapses. Although this technology is not commercially used across
the dairy industry, high-frequency ultrasound >400 kHz, has recently been used to
recover lipids from complex mixtures at pilot scale (Juliano et al. 2013). Since this
publication, high-frequency ultrasound >400 kHz, has been used to commercially to
recover lipids in the Malaysian Palm Oil industry.
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Standing waves position individual fat droplets at the pressure antinodes where
constructive superimposition occurs or at the pressure nodes where destructive inter-
ference occurs. The antinode region is defined as the region with a high local pressure
and is the point of maximum vibration. Thus, these forces act on the fat globules
and other particles present in the milk system moving them towards either the node
or antinode regions of the standing wave. This results in rapid agglomeration and
coalescence forming large globules and phase separation. These large floccules of fat
globules with increased hydrodynamic radius move rapidly to the surface according
to Stokes’” Law (Lamb and Caflisch 1993). This phenomenon was first observed by
Miles et al. (1995) in a cuvette.

Atan experimental level, ultrasonic separation as acomplementary technology has
been demonstrated successfully to significantly enhance the fat separation rates from
milk systems by conventional methods (Leong et al. 2014a). Scale-up experiments
were also demonstrated in a batch system using recombined milk at a frequency of
400 kHz (Juliano et al. 2013) and using raw whole milk at a frequency >1 MHz
(Leong et al. 2014b). In addition, an ‘optimal’ temperature ranges (20-60°C) at
which the milk fat separation rates were the greatest was trialled. Juliano et al.
(2011) used frequencies of 400 kHz and 1.6 MHz generate a standing pressure wave
field to destabilize fat and assist creaming in milk systems. This was previously used
successfully to separate canola oil emulsions (Nii et al. 2009). Treating Recombined
milk emulsions (3.5% fat) with mean diameters of 2.7 and 9.3 wm and raw milk
with an emulsion size of 4.9 wm caused fat globule flocculation and clustering and
increased the rate of creaming. However, creaming was most evident in raw milk as
compared to recombined emulsions (Fig. 1.9).

1.3 Large-Scale Operations

Ultrasound has been utilized commercially for decades across various industries;
however, it has relatively few commercial dairy applications. Much of the commer-
cial experience has focused on sonochemistry and waste water treatment. Although
applied ultrasound has widespread potential in dairy processing and despite the over-
whelming interest from the research community over the past 15 years, there is little
know commercial adoption of this technology by the industry. Large-scale commer-
cial implementation in the wider food industry has been successfully demonstrated
in recent years as is the example of the Malaysian palm oil industry where high-
frequency ultrasound (>400 kHz) is used to recover lipids from complex coconut
mixtures. In general, a number of factors are responsible for the slow uptake of this
technology by the dairy industry due to novelty and limited accessibility to suitable
processing equipment.
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(a) (b)

Fig. 1.9 Standing wave separation of milk fat (stained in pink) using natural whole milk at ultra-
sonic frequency >1 MHz (Juliano et al. 2011)

Commercial sonicators were never designed to process milk which limits the
availability of commercial equipment and requires complete system design and con-
sultation with suppliers. This adds to the complexity of adoption and increases setup
costs. Traditionally ultrasonic equipment functions at low frequency (~20 kHz) and
designed to function in direct contact with the treated dairy product. The common
design consists of a transducer to which a sonotrode is attached (Fig. 1.10a). The
titanium sonotrode emits the sound waves through air or solution and individual units
can be powerful, e.g. 1-16 kW (Table 1.3; Fig. 1.10b). Commercially these may be
designed in a modular arrangement and intended to operate continuously in-line with
the existing facilities. A multiple sonotrode design is preferred to improve energy
distribution, lower energy requirement from each sonotrode and provides an option
to operated selected sonotrodes. This sonotrode design is supplied by several equip-
ment manufacturers but pitting and degradation of the titanium will gradually occur
because energy density is greatest at the sonotrode surface. A modular design allows
easy and uninterrupted sonotrode replacement.

Limited options for commercial processing equipment prompted joint action in
2010 by anumber of international dairy enterprises. The Dutch food research institute
NIZO established an international ultrasonic processing consortium in collaboration
with the dairy leaders Friesland Campina, Tetra Pak, Fonterra and others. The con-
sortium aimed to design and develop novel in-line ultrasonic self-cleaning thermal
processing equipment (NIZOvision 17). Although the outcomes of this venture are
unknown, this drastic action highlights the greater need for industry-specific equip-
ment design.
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Fig. 1.10 a Common sonicator design consisting of titanium sonotrode and transducer; b 16 kW
continuous operation ultrasonic flow cell (Zisu et al. 2010)

Table 1.3 Examples of low-frequency direct contact commercial sonoprocessors highlighting
power output and operational flow rates

Device Power [kW] Freq. [kHz] Flow-rate [m?/h]

UIP1000hd 1.0 20 0.0 - 0.5

UIP1500hd 1.0 20 0.0 - 0.75
UIP2000 2.0 20 0.0 - 1.0

UIP4000 4.0 20 0.5 - 2.0

UIP10000 10.0 18 1.0 - 10.0
UIP16000 16.0 18 >10

Non-contact ultrasonic processing alternative exist with several equipment man-
ufacturers now preferring to adopt this concept. This design also encourages mod-
ular implementation and in-line continuous operation. Non-contact sonication cells
contain multiple low-power transducers eliminating sonotrodes, minimizing surface
degradation and improving energy distribution. Ultrasound waves propagate through
ametal surface while fluids are treated on the inner surface preventing direct contact.
Non-contact sonication cells generating lower energy densities have been shown to
initiate rapid lactose crystallization (Dincer et al. 2014). However, this setup has been
successfully implemented industrially for the purpose of crystallization outside the
dairy industry (Prosonix 2012).

Airborne ultrasonic processing is also a possibility and these units are generally
designed with a wide flat surface and attached directly above the treatment area.
Ultrasonic waves are propagated through the air and used in anti-foaming applications
as documented by Chemat et al. (2011). Traditionally used for suppressing foam in
the beverage industry, they also have uses in suppressing milk and whey protein
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foams when installed above processing tanks, storage silos, feed tanks and around
filling lines.

Other ultrasonic equipment readily available includes ultrasonic spray dryers fitted
with ultrasonic spray drying nozzles and various forms of ultrasonic cutters used in
continuous operations for cutting and preparing cheese blocks and cheese slices,
respectively (Arnold et al. 2009).

1.4 Future Trends

The radicals formed during acoustic cavitation can contribute to a variety of oxi-
dation reactions within a dairy system especially those containing milk fat. This
may exert detrimental issues within the product. However, the use of high-intensity
ultrasound produces only a small number of radicals and generally considered negli-
gible. In addition, another big concern in using high-intensity ultrasound is contam-
ination with metal particulates from the disintegration of the ultrasonic transducer
probes. A recent study by Mawson et al. (2014) revealed that metal particulates did
erode from ultrasonic probes but the amount of metal particulates was below the
accepted drinking water limits even after prolonged exposure. The size distribution
of eroded metallic particulates was similar to those identified in existing processes
(e.g. homogenization) and under no circumstances were nanoparticles detected. In
addition, the use of continuous flow through non-contact industrial systems prevents
contact between the ultrasonic source and the treated dairy product.

Due to the recent advances in ultrasonic dairy research, the demand for large-
scale equipment compatible with industry requirements is increasing. Successful
scale-up and industry adoption can only be achieved by fully understanding product
and the process. The scale of the process determines the required energy outputs and
these must be carefully considered when designing suitable geometries for specific
products. Comprehensive understanding of the operating parameters and the expected
product outcomes will ensure a successful transition to large-scale operation.
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