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Effect of shearing-induced lipolysis on
foaming properties of milk
Thao M Ho,a,b,c Bhesh R Bhandarib,c and Nidhi Bansalb,c*

Abstract

BACKGROUND: The attraction of cappuccino-style beverages is attributed to the foam layer, as it greatly improves the texture,
appearance, and taste of these products. Typical milk has a low concentration of free fatty acids (FFAs), but their concentration
can increase due to lipolysis during processing and storage, which is detrimental to the foamability and foam stability of milk.
There are contradictory results in reported studies concerning the effects of FFAs on the foaming properties of milk due to dif-
ferences in milk sources, methods inducing lipolysis, and methods of creating foam. In this study, the foaming properties and
foam structure of milk samples whose lipolysis was induced by ultra-turraxing, homogenisation, and microfluidisation (1.5–
3.5 ∼-equiv. mL−1 FFAs) were investigated.

Results: Compared with others, microfluidised milk samples had the smallest particle size, lowest absolute zeta potential, and
highest surface tension; thus exhibited high foamability and foam stability, and very small and homogeneous air bubbles in
foam structure. For all shearing methods, increasing FFA content from 1.5 to 3.5 ∼-equiv. mL−1 markedly decreased the surface
tension, foamability, and foam stability of milk samples. The FFA level that led to undesirable foam structure was 1.5 ∼-equiv.
mL−1 for ultra-turraxed milk samples and 2.5 ∼-equiv. mL−1 for homogenised and microfluidised ones.

Conclusion: Shearing-induced lipolysis greatly affected the physical properties of milk samples and subsequently their foaming
properties and foam structure. At the same FFA level, lipolysis induced by microfluidisation was much less detrimental to the
foaming properties of milk than lipolysis induced by ultra-turraxing and homogenisation.
© 2023 The Authors. Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of
Chemical Industry.

Supporting information may be found in the online version of this article.
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INTRODUCTION
Bovine milk fat exists in the form of emulsified globules (2–4 μm
in diameter) coated with a membrane, known as milk fat globule
membrane (MFGM) primarily made of phospholipids, cholesterol,
lipoproteins, glycoproteins, and proteins.1 In its native form, milk
fat is protected by the MFGM, and the rupture of the membrane
allows lipase enzymes to access fat substrates by which lipolysis
is initiated. There are two types of lipolysis: spontaneous and
induced lipolysis. Spontaneous lipolysis is a result of the cooling
of milk after secretion (∼24 h) and occurs only in certain individ-
ual cows due to late lactation, poor-quality feed, and mastitis.
Meanwhile, induced lipolysis is caused by physical shearing
actions during milk processing (such as agitation, mixing, pump-
ing, homogenisation, and freezing/thawing), which are damaging
to the MFGM.2 Under the action of lipase enzymes,
triglycerides – the main component in milk fat – are broken down
into diglycerides, monoglycerides, and free fatty acids (FFAs). The
consequences of lipolysis in milk are off-flavour production and
altered functionality.2,3 It has been reported that products of milk
lipolysis, especially FFAs, caused poor foaming of milk, which is a
main concern for cappuccino-style drinks due to the essential

contribution of a foam layer to appearance, volume, texture, and
mouthfeel of these products.4-7

In the foaming of milk, proteins stabilise air bubbles in foam via
their intermolecular interactions to form a highly viscoelastic film
at the interface. However, the lipolysed products
(e.g., diglycerides, monoglycerides, and FFAs) stabilise foam
through the ‘Gibbs–Marangoni effect’ in which they restore the
thickness and equilibrium surface tension of thinning films,
against the destabilisation of air bubbles, by their migration to
the thinnest region of the film. The incompatibility in the
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adsorption mechanism of the lipolysed products and proteins at
the interfacial region explains the unfavourable effects of the lipo-
lysed products on the production and stabilisation of foam.8 The
effects of the lipolysed products on the foamability of milk were
first reported by Buchanan,4 who stated that diglycerides and
monoglycerides, rather than FFAs, had a detrimental effect on
milk foaming. However, in subsequent studies by Deeth and
Smith5 and Kamath et al.,7 it was found that the formation and sta-
bilisation of foam are substantially reduced with an increase in
FFA content.
Deeth and Smith5 reported that as milk was lipolysed by agita-

tion in a Waring blender for 15 s, the effect of FFAs on foamabil-
ity was insignificant until the FFAs reached 1.6–2.0 μ-equiv.
mL−1. At concentrations higher than 2.2–3.0 μ-equiv. mL−1 FFAs,
the foamability of milk lipolysed by agitation was negligible. For
milk lipolysed by Candida cylindracea, the effect of FFAs on
foamability was much less profound than that of milk lipolysed
by agitation as the poor foamability of enzyme-induced lipo-
lysed milk was only observed at FFA concentrations higher than
4.0 μ-equiv. mL−1. Nevertheless, this study is only dedicated to
the foamability of milk without investigating foam stability
and structure. Similar negative effects of FFAs on the foamability
of milk were also reported by Kamath et al.7 However, the FFA
level at which the negative effects on the foamability of milk
were induced reported by Kamath et al.7 was very different from
that reported by Deeth and Smith.5 As lipolysis of milk was
induced by microfluidisation at 150 MPa in the later study, a
high volume of stable foam was still obtained at FFA levels
higher than 4.0 μ-equiv. mL−1. Moreover, Kamath et al.7 also
found that foam stability dramatically decreased with an
increase in the FFA content and that FFA content also affected
foam structure. Foam with a smooth and creamy texture was
only obtained at low FFA content (< 1.0 μ-equiv. mL−1) and an
increase in FFA concentration (1.5–5.0 μ-equiv. mL−1) increased
foam coarseness. In these studies, although the foaming
method was similar (e.g., steam injection), the type of milk sam-
ples, heat treatment, and homogenisation conditions of milk
before foaming were different. Therefore, it is difficult to deter-
mine whether methods inducing lipolysis affect the foaming
properties of milk, and this required further investigation. In this
study, the effects of varied FFA concentrations (1.5, 2.5, and
3.5 μ-equiv. mL−1), generated by lipolysis of milk samples sub-
jected to different shearing methods (ultra-turraxing, homoge-
nisation, and microfluidisation), on the foaming properties and
foam structure of milk were investigated. The two most
widely-used foaming methods with different foaming mecha-
nisms, mechanical mixing and steam injection, were employed
to evaluate the foamability and foam stability of lipolysed milk
samples. The dependence of foaming properties on foaming
methods was well reported.9-11

MATERIALS AND METHODS
Materials
Fresh raw milk was obtained from a dairy farm in Queensland,
Australia, and kept at 4 °C during transportation. Raw milk sam-
ples were subjected to treatment within 4 h of receipt. The chemi-
cals used for the determination of FFA content were of analytical
reagent grade and were obtained from Sigma-Aldrich
(Queensland, Australia). Milli-Q water was used to prepare all
solutions.

Preparation of milk samples with varied free fatty acid
levels created by different shearing techniques
Three shearing methods – ultra-turraxing, homogenisation, and
microfluidisation – were investigated. Lipolysed milk samples
were prepared by gently warming the raw milk in a water bath
(Thermoline Scientific, Instrument Choice, Adelaide, Australia) to
40 °C and then subjecting the samples to shearing treatment
using different approaches. For ultra-turraxing, milk samples were
sheared at about 27 000 × g for 30 min using a digital high-speed
ultra-turraxing system (IKA T-25; Cole-Parmer, Vernon Hills, IL,
USA). Due to the foaming of milk during mixing, ultra-turraxing
was stopped for 5 min after 15 min of mixing. Ultra-turraxed milk
samples were incubated in a water bath (Thermoline Scientific,
Instrument Choice) at 40 °C for 4–5 h to induce lipolysis. For
homogenisation, milk samples (40 °C) were homogenised using
a two-stage Twin Panda homogeniser (Twin Panda
400, NS2002H; GEA Niro Soavi, Parma, Italy) with a homogenisa-
tion pressure in the first and second stages of 15 and 3 MPa,
respectively. For microfluidisation, milk samples were microflui-
dised at 150 MPa for two passes (M-110 L; Microfluidics, West-
wood, MA, USA). The outlet temperature of milk at each pass
was controlled at approximately 40 °C by immersing the outlet
tube of the microfluidiser in an ice bath. Both homogenised and
microfluidised milk samples were incubated in a water bath at
40 °C for 1 h to induce lipolysis. It is noticed that lipolysis time
for homogenised and microfluidised milk samples was much
shorter than that for ultra-turraxed ones due to the differences
in the lipolysis rate. From preliminary testing, the chosen lipolysis
times enabled all lipolysed milk samples to have about 7 μ-equiv.
mL−1 FFAs. After lipolysis for a certain time, all milk samples were
heated in the water bath (Thermoline Scientific, Instrument
Choice) to 75 °C for 30 s to stop the lipolysis process. Water in
the water bath was preheated to 90 °C before the container of
milk samples (1.0 L for each) was placed into it, by which milk
samples were heated to 75 °Cwithin 2–3 min. Then, themilk sam-
ples were held at 75 °C for 30 s before quickly cooling in an ice
bath and kept at 4 °C. During heating and cooling, all samples
were gently stirred for even heat distribution.
Unlipolysed milk samples were prepared by following a proce-

dure similar to that used for lipolysed milk samples. However,
raw milk samples were initially heated to 75 °C for 30 s to inacti-
vate the lipase enzymes and then cooled to 40 °C in an ice bath
before being subjected to different shearing approaches with
conditions similar to those used to prepare lipolysed milk sam-
ples. All unlipolysed milk samples were cooled and kept at 4 °C.
These samples were referred to as the control samples.
For each shearing approach, FFA content in lipolysed and unli-

polysed milk samples was determined. Then, they were mixed in
different ratios to produce milk samples with 1.5, 2.5 and 3.5 μ-
equiv. mL−1 FFAs. The FFA content in mixed milk samples was
rechecked and, as expected, results showed that the determined
FFA levels were similar to the calculated ones and that raw and
control milk samples had a similar FFA content (Supporting Infor-
mation, Fig. S1).

Determination of milk properties
Free fatty acids
FFA content in milk samples was determined using the method
reported by Deeth and Smith.5 In this method, amixture of isopro-
panol, hexane, and 4 N sulphuric acid (H2SO4) (40:10:1, by volume)
was used to extract FFAs from 3 mL ofmilk. The extracted solution
was then titrated with 0.02 N methanolic potassium hydroxide
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(KOH) with a few drops of 1% methanolic phenolphthalein as an
indicator to determine the amount of FFAs (in μ-equiv. mL−1).

The pH
The pH of the milk samples was determined using an Aqua-pH
meter (TPS, Queensland, Australia). The meter was routinely cali-
brated with buffers before measurements.

Particle size
The particle size of the milk samples was determined using a Mas-
tersizer 2000 (Malvern Instruments, Malvern, UK) by following our
previously reported method.12 The milk sample was directly
added to water which was used as a dispersant until an obscura-
tion rate of 15% was reached in the particle size analyser. The par-
ticle size of the samples was calculated based on Mie theory with
refractive indices of milk fat and water being 1.462 and 1.330,
respectively, and with an assumption of spherical particles.

Surface tension
The surface tension of milk samples was measured using a tensi-
ometer (ST9000; Nima Technology, Coventry, UK). All the glass-
ware for surface tension measurement was soaked in 5% Decon
90 detergent overnight and then rinsed with ultrapure Millipore
water thoroughly before drying in a hot oven. The tensiometer
was calibrated and the accuracy of the tensiometer was checked
by measuring the surface tension of the ultrapure Millipore water
(72 mN m−1). For the first measurement, a platinum Wilhelmy
plate (10.25 mm × 0.16 mm) supplied by Nima Technology was
dipped in an absolute ethanol solution and then flame treated
with a strong flame source to remove any residue. Between mea-
surements, the plate was rinsed with absolute ethanol solution
and ultrapure Millipore water. The surface tension of the samples
was a maximum force acting on the plate as it was raised out of
the samples.

Zeta potential
A Zetasizer Nano (Malvern Instruments) was used to determine
the zeta potential of the milk samples. The samples were diluted
with Milli-Q water at a ratio of 1:100, and the mixture was then
placed in a disposable polycarbonate cuvette (DTS1061; ATA Sci-
entific Pty Ltd, Caringbah, Australia). Measurements were
repeated a minimum of ten times per run with a minimum of
three runs.

Viscosity
The viscosity of milk samples was measured with a AR 1500 Rhe-
ometer (TA Instruments, Wilmslow, UK) using a cone and plate
geometry (cone diameter 40 mm, angle 0, gap 0.2 mm) following
a reported method.12 For each measurement, a 2.0 mL sample
was carefully deposited over the plate of the rheometer. Steady-
state flow measurements were carried out at 25 ± 0.1 °C in the
range of 0–100 s−1. The rheological parameters (shear stress,
shear rate, and apparent viscosity) were obtained from the soft-
ware of TA Instruments (TRIOS, version 5.1.1.46572).

Foaming methods
Two foaming methods – mechanical mixing and steam
injection – were used to evaluate foaming properties.12 For the
mechanical approach, a Breville Milk Cafe frother (BMF600; Bre-
ville Group, Sydney, Australia) integrated with a ‘cappuccino
cap’ foaming disc was used and the foaming procedure was car-
ried out by following the instructions in the Breville Milk Cafe

booklet in which 250 mL of milk was used for foaming.13 Both
the milk and the foaming jug were cooled to 5 °C in an ice bath.
The foaming process was stopped when the milk temperature
was 65 °C (after ∼2 min). The foam was then poured into a
500 mL measuring plastic cylinder to evaluate foamability and
foam stability.
For the steam injection approach, a Café Series EM6910

(Sunbeam, Australia) was used. About 100 mL of milk was poured
into a 250 mL graduated plastic container and then cooled to 5 °C
in an ice bath. The wand of steam (steam pressure 4 bars) was
positioned at an angle of 45° relative to the milk surface and the
tip of the steam wand was located about 2 mm under the milk
surface. During foaming, an adjustable stage, which had a round
holder to firmly hold the milk jug, was used to move the milk
jug down steadily to maintain an appropriate point of contact
between the steam wand tip and the milk surface (due to a rapid
change in the boundary between foam and liquid) until the milk
temperature reached 45 °C. Then, the steam wand tip was low-
ered into the milk to texturise and heat the milk to 65 °C. The milk
temperature was continuously measured using a digital ther-
mometer. The foam volume used for evaluating foamability and
foam stability was directly measured from the graduated plastic
container used for foaming.

Determination of foaming properties
Foamability and foam stability
Foamability was expressed as the volume of foam (in millilitres)
produced from 100 mL of milk samples. For both foaming
methods, foam volume was measured immediately after foaming
as the interfacial layer between liquid and foamwas observed.14 It
is noticed that for steam injection, as 100 mL of milk samples was
used for foaming, thus the measured foam volume was foamabil-
ity. Meanwhile, for mechanical mixing, 250 mL of milk samples
was used for foaming, thus foamability was converted to
100 mL of milk samples.
Foam stability at room temperature (25 °C) was measured by

the change in foam volume with time. Typically, cappuccino-style
drinks are consumed within 10 min of the processing; thus foam
stability was calculated as the percentage of foam volume reduc-
tion after 10 min of foam destabilisation (percentage reduction in
VF after 10 min) using Eqn (1) with VF and VF10 representing foam
volume (in millilitres) measured immediately after foaming (t = 0)
and after 10 min of the destabilisation process, respectively.

Percentage reduction in VF after 10 min=
VF−VF10ð Þ

VF
×100 ð1Þ

Foam structure
Due to technical limitations, mechanical mixing foaming method
required pouring the foam from the foaming system to another
suitable container (i.e., cylinder). However, it was observed that
the foam pouring process was detrimental to the foam structure.
Therefore, the foam structure evaluation was carried out only for
foam produced from the steam injection. An image of the foam
surface was taken using a microscope (Prism Optical, Eagle Farm,
Australia) fitted with a 5.0 MP camera system using TSView7 soft-
ware (Fuzhou Tucsen Image Technology Co., Fuzhou, China) and
connected to the video port of a computer. An Olympus LG-PS2
lamp (Prism Optical) was used to illuminate the foam. Images cap-
tured at 0 and 10 min of foaming were analysed in terms of the
diameter of air bubbles using Image-Pro Plus 6.0 software
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(Media Cybernetics, Bethesda, MD, USA). Because all air bubbles
are not spherical, the longest length was considered as the diam-
eter. For each foaming condition, the diameter of at least 1500 air
bubbles chosen from three foam images was determined. The
size distribution of the measured air bubbles was summarised in
terms of the smoothed distributions (histogramwith fit and group
function) of the log-diameter of air bubbles using Minitab 17®
software (Minitab Inc., State College, PA, USA), following the pre-
viously reported method.15,16

Design of experiment and statistical analysis
All samples were prepared in triplicate and at least two replicate
analyses were performed for each sample, if not stated otherwise,
resulting in a total of six measurements per sample and the results
are expressed as mean values (± standard deviation). One-way
analysis of variance (ANOVA) followed by post hoc Tukey's tests
were performed to differentiate the mean values. Statistically sig-
nificant differences were assessed for P < 0.05 at a confidence
level of 95% using the Minitab 16.0 statistical software
(Minitab Inc.).

RESULTS AND DISCUSSION
Properties ofmilk samples with varied free fatty acid levels
created by lipolysis with different shearing techniques
Particle size
Ultra-turraxing, homogenisation, and microfluidisation have been
used not only to induce lipolysis but also to reduce the particle
size of milk samples. As indicated in Fig. 1(a) and Table 1, raw milk
had an average particle size of 4.16 and 3.17 μm for D[3,4] and D
[2,3], respectively, and a single-peak particle size distribution
(PSD) curve (ranging from 1 to 10 μm), which represents the size
of milk fat globules. Shearing actions under ultra-turraxing,
homogenisation, andmicrofluidisationmarkedly reduced the par-
ticle size of raw milk to 1.49, 0.48, and 0.15 μm for D[3,4] and 0.25,
0.18, and 0.11 μm for D[2,3], respectively. The PSD curves of ultra-
turraxed and homogenised milk samples had two peaks repre-
senting the size of casein micelles (0.03–0.8 μm) and the size of
homogenised fat globules (0.8–10 μm). Meanwhile, the PSD curve
of microfluidised milk samples showed only one peak, which
could be the mixture of fat globules and casein micelles. It was
reported that in cow milk, the size of fat globules in their native
forms was 4.12 μm for D[3,4] and 3.10 μm for D[2,3],17 while that
of casein micelles was 0.13–0.16 μm,18 which were similar to
those found in this study. These results possibly indicate that
the fat globules and casein micelles in microfluidised milk sam-
ples shared a similar size. Compared with homogenisation and
ultra-turraxing, a much higher pressure level or shearing force
was utilised in microfluidisation so the latter yielded significantly
smaller fat globules. A similar observation was also reported by
Hayes and Kelly.19 Regardless of the shearing method, FFAs did
not affect the particle size of milk as milk samples with varied
FFA content had almost identical particle size and PSD curves.

The pH
As indicated in Fig. 1(b), ultra-turraxing, homogenisation, or
microfluidisation alone did not affect pH, while increasing the
FFA content from 1.5 to 3.5 μ-equiv. mL−1 slightly decreased
pH. It has been reported that during the storage (∼4 °C) of raw
and pasteurised whole milk, FFA content increased by 6.0 and
2.0 μ-equiv. mL−1, respectively, but pH values remained con-
stant.20 Similar observations were also reported by Ho et al.12 for

raw whole, raw skimmed, pasteurised whole, and pasteurised
skimmed milk during storage at 4 °C. It could be explained that
the acidity of milk caused by an increase in FFA content can be
neutralised by buffer systems naturally present in milk, and there-
fore pH was almost unchanged.20 In this study, the pH level of all
milk samples fluctuated between 6.6 and 6.8, which was in a ‘neu-
tral region’ of milk and thus could not affect foaming properties,
as reported by Huppertz9 and Borcherding et al.21

Zeta potential
From Fig. 1(c), it can be seen that unlike ultra-turraxing, which did
not affect the zeta potential of milk, homogenisation increased in
this value, while microfluidisation led to a decrease. Differences in
shearing forces and mechanisms in the breaking of fat globules
among these treatment approaches induce dissimilar interactions
of proteins and lipids on the surface of milk fat globules, and con-
sequently their surface charge.22 Moreover, for each shearing
method, increasing FFAs up to 3.5 μ-equiv. mL−1 did not cause
any alterations in zeta potential values (P > 0.05). Gallier et al.23

reported that negative zeta potential values of milk fat globules
increased with the presence of FFAs due to their accumulation
at the interface, and this formation of FFAs was accompanied by
a decrease in pH value. It was found by Yang et al.24 that the zeta
potential of milk was highly dependent on pH. However, in this
study, changes in pH and zeta potential values with an increase
in FFA content were marginal. This is possible because a high pos-
itive charge of milk fat globule membrane proteins produced in
shearing treatment steps can compensate for an increase in neg-
ative zeta potential values caused by the FFAs increase.

Surface tension
The surface tension of all investigated milk samples is shown in
Fig. 1(d). All shearing treatment methods resulted in a significant
increase in surface tension. Fox25 reported that the surface ten-
sion of homogenised milk samples was higher than that of unho-
mogenised milk samples if the milk samples were pasteurised
before homogenisation to inactivate the lipolysis process. Simi-
larly, Michalski and Briard-Bion26 found that homogenisation of
milk at higher than 10 MPa led to increased surface tension due
to the deposition of caseins onto the increased, newly formed
fat globule surfaces, resulting in a lack of caseins in the continuous
phase. Due to the smallest size of microfluidised milk samples
(Table 1), which had the highest surface area and the number of
fat globules, the surface tension of microfluidised milk samples
was much higher than that of ultra-turraxed and homogenised
milk samples at the same FFA level. Kamath14 also reported that
the surface tension of pasteurised homogenised whole milk and
ultra-heat-treated homogenised whole milk was higher than that
of raw whole milk. Regarding FFAs, as expected, for all shearing
methods there was a decline in surface tension with increased
FFA content. It was reported by Kamath et al.7 that there was a
good negative correlation between FFA content and the surface
tension of milk samples (R2 ≈ 0.92). However, in this study, corre-
lation between the surface tension and FFA content was low as
Pearson correlation coefficient (r) was 0.44. Due to the highly
active surface of FFA molecules, the surface tension of milk
decreases once they are adsorbed at the interface.7

Viscosity
The viscosity of all milk samples is shown in Fig. S2. The results
indicate that all shearing treatments led to increased viscosity of
milk samples. This could be the result of a reduction in fat globule
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Figure 1. Particle size distribution (a), pH (b), zeta potential (c) and surface tension (d) of raw and control samples and those with different free fatty acids
(FFAs) contents which were produced by lipolysis induced by ultra-turraxing (U), homogenisation (H) and microfluidisation (M). In all figures, R, C, 1.5F,
2.5F and 3.5F represent raw and control milk samples, and those containing 1.5, 2.5 and 3.5 μ-equiv. mL−1 FFAs, respectively. In (a), for each shearing
method, particle size distribution curves of milk samples at different FFA content (control, and 1.5–3.5 μ-equiv. mL−1 FFAs milk samples) overlapped.
The data in (b)–(d) are presented as mean values± standard deviation (n = 6). For each property and each shearingmethod (including rawmilk samples),
different letters indicate significant difference among samples (P < 0.05).

Table 1. Particle size of raw, control milk samples and those containing varied free fatty acids (FFAs) contents due to lipolysis induced by various
shearing methods

Particle size (μm)†

Samples D[3,4] D[2,3]

Raw 4.16 ± 0.11a 3.17 ± 0.14a

Ultra-turraxed Control 1.49 ± 0.44b 0.25 ± 0.01b

1.5 FFA 1.32 ± 0.18b 0.24 ± 0.02b

2.5 FFA 1.44 ± 0.23b 0.25 ± 0.02b

3.5 FFA 1.39 ± 0.23b 0.26 ± 0.04b

Homogenised Control 0.48 ± 0.06c 0.18 ± 0.01c

1.5 FFA 0.50 ± 0.09c 0.18 ± 0.01c

2.5 FFA 0.49 ± 0.08c 0.18 ± 0.01c

3.5 FFA 0.50 ± 0.08c 0.18 ± 0.01c

Microfluidised Control 0.15 ± 0.00d 0.11 ± 0.01d

1.5 FFA 0.15 ± 0.00d 0.11 ± 0.01d

2.5 FFA 0.15 ± 0.00d 0.11 ± 0.00d

3.5 FFA 0.15 ± 0.00d 0.11 ± 0.00d

† D[3,4], volumeweightedmeans; D[2,3], surface weightedmeans.a The data are presented in mean values ± standard deviation (n = 3). Superscript
letters indicate significant difference among samples (P < 0.05).
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size, and the aggregation and interaction of proteins (e.g., casein
micelles) and fat on the newly formed fat globules produced dur-
ing shearing.27 Compared with homogenised and microfluidised
milk samples, ultra-turraxed counterparts showed the highest
extent of a viscosity increase. The presence of large particles
and/or aggregates of milk fat globules, which are formed as a
result of coalescence and/or bridging flocculation, contributes to
increased viscosity.28 These phenomena likely happened during
ultra-turraxing of milk at high speed for a long time (27 000 × g
for 30 min in this study), while in homogenisation andmicrofluidi-
sation, clusters and/or aggregates of milk fat globules were bro-
ken up into individual fat globules in the second stage of
homogenisation or the second pass of microfluidisation. This is
supported by the PSD results shown in Fig. 1(a) in which ultra-
turraxed milk samples contained quite a high proportion of large
fat globules. Moreover, due to the inherent nature of the process,
it is difficult to achieve homogenous milk samples with ultra-tur-
raxing, especially ultra-turraxing of a high volume of milk (2 L in
this study); viscosity data of ultra-turraxed milk samples exhibited
high fluctuation (data not shown). For all shearing methods, the
viscosity of milk samples remained unchanged with increased
FFA content. An increase in the viscosity of milk samples slows
the diffusion rate of surfactants, which markedly decreases foam-
ability, and minimises the rate of liquid drainage in foam, which
increases foamability.29,30

Foaming properties of milk samples with varied free fatty
acid levels created by lipolysis with different shearing
techniques
Foamability and foam stability
As shown in Fig. 2, although both foaming methods exhibited a
similar trend in foamability and foam stability for all milk samples,
steam injection showed a lesser effect than mechanical mixing,
especially for milk samples containing high FFA content. The
foaming properties of milk were highly dependent on foaming
methods due to differences in the manner in which air was incor-
porated into the bulk liquid of milk and the foaming conditions
(e.g., milk volume used to foam, foaming temperature, and time),
which greatly affected the physical properties of milk and the
functionality of milk components (e.g., physical state of milk fat,
adsorption kinetics of surface-active substances and denaturation
of proteins). However, a comparison between the two foaming
methods was not in the scope of this study but has been reported
in several such studies.11,12,31,32

Compared with raw milk samples, all shearing methods
enhanced foamability and foam stability. The microfluidised milk
samples showed the highest foamability and foam stability, fol-
lowed by the homogenised milk samples. It is noticed that the
higher values of percentage reduction in VF after 10 min indicated
lower foam stability. As discussed earlier, all control ultra-turraxed,
homogenised, and microfluidised milk samples had similar FFAs
and pH values but were different in particle size, surface tension,
zeta potential, and viscosity. The reduction in the particle size of
fat globules and the changes in milk fat globule membrane com-
positions, which were induced during ultra-turraxing, homogeni-
sation, and microfluidisation, helped to improve the foamability
and foam stability of milk.14 Fat globule size controlled foamabil-
ity while alterations in the fat globule membrane composition
governed the foam stability.15 The extensive rupture of milk fat
globules under ultra-turraxing, homogenisation, and microfluidi-
sation resulted in a substantial increase in the surface area and
the number of fat globules, which led to a deficiency of

membrane materials available to stabilise the newly generated
surface of the fat globules. In this case, the newly formed surface
is reinforced by casein micelles and whey proteins. The dissocia-
tion of casein micelles into casein monomers or primary casein
particles, and the formation of casein–fat complexes on the newly
formed surface during shearing, could be the main reason for the
improvement in foamability and the foam stability of milk sam-
ples.33,34 In addition, higher foam stability observed for ultra-tur-
raxed, homogenised, and microfluidised milk samples are
probably due to the increased viscosity of these milk samples
(Fig. S2). High viscosity retards the destabilisation processes of
foam, such as drainage of liquid from the foam, coalescence of
air bubbles, and disproportionation of air bubbles, thereby
improving foam stability.9

It is difficult to correlate the zeta potential with the foaming
properties of the milk samples as the zeta potential of ultra-tur-
raxed, homogenised and microfluidised milk samples exhibited
a different trend to that of their foamability and foam stability
(Figs 1 and 2). The zeta potential of milk is not only dependent
on pH but is also determined by the interaction of proteins, fat,
and fat globule membrane components on the newly formed sur-
face of fat globules.22

Regarding surface tension, Kamath14 reported that homoge-
nised milk samples with high surface tension produced a higher
foam volume and more stable foam than raw milk samples with
low surface tension, which is highly compatible with the results
of our study. However, Kamath14 recommended that surface ten-
sion values of milk samples could not be used to predict foaming
properties because foaming properties are greatly dependent on
the presence of surface active components such as fat, proteins
and phospholipids, and FFAs.
As indicated in Fig. 2, the foamability and foam stability of all

milk samples in both foamingmethods significantly declinedwith
increasing FFA content. It is well known that FFA molecules are
more surface active than proteins and dominate the foam inter-
face at high concentrations but are unable to interact with their
neighbour molecules, subsequently interfering with the forma-
tion of intermolecular interactions of proteins and destroying
the integrity, cohesiveness, and viscoelastic properties of the
interfacial films.8 Similar negative effects of lipolysis products,
especially FFAs, on the foamability and/or foam stability of milk
were also reported.2,4,7,9

At the same FFA level, different shearing methods affected the
foaming properties of milk differently. For mechanical mixing
(Fig. 2(a)), at 1.5 μ-equiv. mL−1 FFAs, while ultra-turraxed and
homogenised milk samples were almost unable to produce foam,
microfluidised milk samples still exhibited very good foaming
properties as their foamability and foam stability just slightly
reduced compared with those of the control microfluidised milk
samples. However, at 3.5 μ-equiv. mL−1 FFAs, the microfluidised
milk samples could not produce a foam that could last for 10 min.
A similar phenomenon was also observed for the steam injection
foamingmethod (Fig. 2(b)). In response to an increase in FFA level,
microfluidised and homogenised milk samples showed a steady
decline in foamability and foam stability, with a higher rate being
observed for the latter, while the foamability and foam stability of
the ultra-turraxed milk samples sharply reduced, especially as the
FFA level was at 3.5 μ-equiv. mL−1. In a previous study, Deeth and
Smith5 reported increasing the FFA content from 0.8 to 1.2 μ-
equiv. mL−1 decreased the foamability by 60%. At concentrations
higher than 2.0 μ-equiv. mL−1 FFAs, the foamability of milk was
negligible. Similarly, Kamath et al.7 illustrated the negative effects
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of FFAs on the foamability and foam stability of milk. However, the
point at which the FFA level induced the negative effects on
foamability was different from those reported by Deeth and
Smith.5 A high volume of stable foam was still obtained at
FFA levels higher than 2.0 μ-equiv. mL−1, although the same
foaming method (steam injection at 65–70 °C) was employed.
The differences in the results of these reports were similar to those
in our study and are possibly explained by the dissimilarities in the
way in which lipolysis was induced, which affected the particle
size of fat globules, the composition and properties of the fat
globule membrane, and structural changes associated with pro-
teins. Under extremely high pressure, shear stress and high-speed
collision of milk droplets occur in microfluidisation and casein
micelles are likely to be disintegrated into casein monomers or
caseins particles, which can interact with each other or whey pro-
teins to form protein aggregates.35 In foaming, these protein
aggregates supposedly mask the negative effect of FFAs.

Foam structure
Images of the foam surface prepared from milk samples contain-
ing varied FFA levels induced by lipolysis with different shearing

methods are shown in Fig. 3. It is noticed that these images were
taken from foam produced by steam injection, and they were cap-
tured at a time of 0 and 10 min of the destabilisation process of
foam at room temperature (25 °C). Foam appearance in all milk
samples including raw milk samples (Fig. S3) was characterised
by polyhedric air bubbles. It is well known that destabilisation of
air bubbles due to the drainage of liquid film and coalescence of
air bubbles, which occurs immediately after the foaming process
is accomplished, results in the deformation of air bubbles from
spherical to a polyhedric shape.9

A comparison between rawmilk and control shearing-subjected
milk samples [e.g., ultra-turraxed-control (U-C), homogenisation-
control (H-C), and microfluidisation-control (M-C)] at both 0 and
10 min of the destabilisation process indicated that shearing
actions significantly reduced air bubble size in foam, especially
homogenisation and microfluidisation, which had very narrow
size distribution curves (Fig. 4).
Visual observation during foaming, along with Fig. 3, indicated

that FFAs greatly affected foam appearance and texture. Based
on the foam appearance which was described by Kamath et al.7

it can be concluded that foam with a smooth and creamy texture

Figure 2. Foamability and foam stability using two foamingmethods: mechanical mixing (a) and steam injection (b) of raw and control milk samples and
those with different free fatty acids (FFAs) contents which were produced by lipolysis induced by ultra-turraxing (U), homogenisation (H) and microflui-
disation (M). Foamability was calculated asmillilitres of foam per 100 mL of milk samples. Foam stability was expressed as the percentage of foam volume
(VF) reduction after 10 min of destabilisation. In all figures, R, C, 1.5F, 2.5F and 3.5F represent raw and control milk samples, and those containing 1.5, 2.5
and 3.5 μ-equiv. mL−1 FFAs, respectively. An asterisk (*) in (a) indicated missing values as the foam was too unstable for the measurements. The data are
presented as mean values ± standard deviation (n = 3). For each property and each shearing method (including raw milk samples), different letters indi-
cate significant difference among samples (P < 0.05).
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was only obtained from control shearing-subjected milk samples,
and foam became coarser and air bubble size in foam larger with
increased FFA level. At an FFA level of 1.5 μ-equiv. mL−1, only
microfluidised and homogenised milk samples could produce a

homogenous foam with a large proportion of small air bubbles.
The other milk samples produced two-layered foam with a coarse
foam layer on the top and a fine foam layer at the bottom. There-
fore, comparedwith the air bubble size distribution of control milk

Figure 3. Images of foam surface captured at 0 and 10 min of destabilisation process and prepared frommilk samples with varied free fatty acids (FFAs)
contents and different shearing methods using the steam injection foaming method. U, H and M denote ultra-turraxing, homogenisation and microflui-
disation, respectively. C, 1.5F, 2.5F and 3.5F denote control milk samples and those containing 1.5, 2.5 and 3.5 μ-equiv. mL−1 FFAs, respectively. Image of
U-3.5F at t = 10 min could not be captured because the foam was too unstable for the measurements. Scale bar = 1000 μm.
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samples, the air bubble size distribution of milk samples contain-
ing an FFAs level higher than 1.5 μ-equiv. mL−1 was much larger
(Fig. 4). These results were compatible with the findings reported
by Kamath.14 It is noticed that foam produced from ultra-turraxed
milk samples at an FFA level of 3.5 μ-equiv. mL−1 collapsed too
rapidly to capture the surface images at 10 min of the destabilisa-
tion process. During the destabilisation process, the air bubble
size of foam produced from milk samples containing an
FFA level of 1.5 μ-equiv. mL−1 became larger, while the air bubble
size of foam produced from the other milk samples (e.g., ≥ 2.5 μ-
equiv. mL−1 FFAs) was smaller. This is because of a quick collapse
of the coarse foam layer on the top. However, the analysis of the
Pearson correlation coefficient (r) between air bubble size at
t = 0 (Fig. 4) and percentage VF reduction (Fig. 2) revealed a high
degree of correlation between the size of air bubbles and foam
stability (r = 0.6).

CONCLUSION
Results in this study indicated that the foaming properties of milk
were highly dependent on not only FFA content but also lipolysis-
inducing methods which induced the changes in the physical
properties of milk samples. Microfluidised milk samples exhibited
the highest foamability and foam stability and the smallest air
bubbles, followed by the homogenised milk samples. The
changes in particle size, surface tension, zeta potential, and vis-
cosity of milk under high-speed shearing forces could be respon-
sible for the improvement in the foaming properties of milk. With
the same shearing method, increasing the FFA content led to sig-
nificantly low foamability, poor foam stability, and a coarse foam
structure. However, the effects of FFAs on the foaming properties
were different among the shearing methods. At the same
FFA level, the foaming properties of the microfluidised milk sam-
ples were less affected by an increase in FFA level than those of

Figure 4. Size distribution curves of air bubbles in foam captured at 0 and 10 min of the destabilisation process and prepared from milk samples with
varied free fatty acid (FFA) content and different shearingmethods using the steam injection foamingmethod. U, H andMdenote ultra-turraxing, homog-
enisation and microfluidisation, respectively. C, 1.5F, 2.5F and 3.5F denote control milk samples and those containing 1.5, 2.5 and 3.5 μ-equiv. mL−1 FFAs,
respectively.
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homogenised and ultra-turraxed milk samples. Regarding foam
structure, the foam produced from all milk samples containing
an FFA level higher than 2.5 μ-equiv. mL−1 had an unacceptable
appearance.
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