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The influence of WPI heat treatment on the continuous production of food foams was investigated using a
model food including xanthan. The temperature of heat treatment was increased up to 90 �C using a plate
heat exchanger; a rotor–stator unit was used for aeration purpose. The aim was to determine the inter-
play between heat-induced protein denaturation and aggregation, and the process parameters of aeration
operation: namely, rotation speed, residence time and operating pressure. Microstructure, texture and
stability of 200% overrun foams were analysed. Experimental results demonstrated that foam microstruc-
ture, namely overrun and bubble size distribution, was governed by the process parameters of aeration
and depended only slightly on thermal treatment. Conversely, foam stability was strongly improved by
heat treatment. These trends agreed roughly with results obtained in a batch kitchen mixer, but batch
methods remained unable to predict quantitatively the behaviours observed in continuous aeration
operation.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Many food products possessing an aerated structure are pro-
duced by beating air in a whipping device, i.e. using aeration. The
main applications of aeration in the food industry include dairy
and egg white-based products. Dairy products match mainly three
classes: acid such as spreadable cheese and yogurt mousses, frozen
such as ice cream and derivatives, and neutral such as whipped
cream and sorbets. Egg white-based products include in particular
meringue and nougat, but also cakes (sponge cake, angel food
cake . . .) and biscuits (lady finger biscuit . . .). In aerated foods,
the gas phase (usually air, but sometimes nitrogen), in forms of
tiny bubbles, modifies not only the microstructure, but also the
mouthfeel properties of the matrix in which it has been dispersed.
Indeed, aeration may contribute to provide, for example, a specific
textural character, such as brittleness in confectionary, lightness in
whipped cream, or scoopability in vegetable and fish mousses (Bee,
Clement, & Prins, 1987). However, bubbles also modify the visual
aspect of foods that appear usually more bright and homogeneous,
e.g. for duck liver mousses. In particular, for ice cream, aeration is
coupled to freezing and, both simultaneously enhance the partial
coalescence of fat droplets that governs creaminess (Marshall, Goff,
& Hartel, 2003). Similarly, the quality of gas phase dispersion is a
key element during the cooking of meringue or soufflés (Foegeding,
ll rights reserved.
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Luck, & Davis, 2006). As a conclusion, gas acts as a functional ingre-
dient in aerated food products.

Bubbles in food are usually stabilised by proteins, mainly egg
white proteins, but also milk proteins, in particular whey proteins.
This explains the growing interest for the use of whey protein iso-
late (WPI) as a food ingredient in aerated food (Zhu & Damodaran,
1994). Contrary to low-molecular-weight surfactants, proteins in-
crease only moderately surface pressure, but are able to form cohe-
sive and viscoelastic membranes at the air/water interface that
prevent bubble coalescence (Saint-Jalmes, Peugeot, Ferraz, &
Langevin, 2005). Proteins play therefore a key role, both on bubble
breakup and stabilization, which is a strong function of their inter-
facial properties; however, these depend widely on the thermal
treatments that have been applied to the recipe before aeration.
For example, due to heat treatment, native b-lactoglobulin, the
main protein in WPI, dissociates from a dimer to a monomer,
exposing its thiol group and interior hydrophobic residues, and en-
abling thiol/disulfide exchange reactions; thus, denatured proteins
may polymerise and form protein aggregates (Kazmierski &
Correding, 2003). The resulting interfacial and foaming properties
will therefore be a complex combination of the respective proper-
ties of aggregates, native and non-aggregated denatured proteins
(Damodaran, 1997; Davis & Foegeding, 2004; Nicorescu et al.,
2008b, Nicorescu et al., 2009a, Nicorescu et al., 2009b; Rullier,
Novales, & Axelos, 2008; Schmitt, Bovay, Rouvet, Shojaei-Rami, &
Kolodziejczyk, 2007; Unterhaslberger, Schmitt, Shojaei-Rami, &
Sanchez, 2007). Zhu and Damodaran (1994) advocated that non-
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Nomenclature

DLS dynamic light scattering
DSC differential scanning calorimetry
Eff effectiveness of aeration (%)
G gas flow rate (atmospheric pressure, Nm3/s)
G0, G00 viscoelastic shear moduli (Pa)
L liquid flow rate (m3/s)
RS rotor–stator device
SEC size-exclusion chromatography
t time (s)

V mixing head volume (m3)
WPI whey protein isolate

Greek letters
U overrun (%)
qF foam density (kg/m3)
qL solution density (kg/m3)
s apparent residence time (s)
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polymerised proteins contribute to foam formation as they diffuse
more rapidly to the interfaces, while the aggregates act on foam
stabilization because they can induce the subsequent formation
of a viscoelastic network at the interface and even in thin films.
According to Rullier, Novales, and Axelos (2008) and Nicorescu
et al. (2008b), Nicorescu et al. (2009a), Nicorescu et al. (2009b), sol-
uble protein aggregates with a size lower than 200 nm are mainly
responsible for the enhancement of the foaming properties of
whey proteins. Conversely, insoluble WPI aggregates were
reported to impair these properties (Nicorescu et al., 2008b,
Nicorescu et al., 2009a). This agrees roughly with the data of Zhu
and Damodaran (1994) and Davis and Foegeding (2004): these
authors claimed that only a limited heat treatment improved the
foamability of protein solutions and foam stability, i.e. the foaming
properties of WPI passed through a maximum as a function of the
temperature of heat treatment and also as a function of the fraction
of polymerised proteins.

The above-mentioned results are of utmost importance for the
food industry that has always in mind the development of new
innovative products. However, their practical applicability remains
reduced. First, the foaming properties of proteins have usually
been studied on the basis of ‘‘dry” foams in which the gas volume
fraction is so high that bubbles are polyhedral and foam stability
depends only on interfacial properties (i.e. thin-film properties),
but this does not always match the situation encountered in the
food industry: indeed, gas volume fraction is about 20–30% in liver
mousses, 50% in ice cream and sorbets (Marshall et al., 2003), and
50–60% in whipped cream (Jakubczyk & Niranjan, 2006; van Aken,
2001); bubbles remain therefore spherical (although this can
change during storage) and complementary mechanisms are nec-
essary to ensure the shelf-life of the aerated structure: e.g. partial
coalescence of fat droplets in whipped cream (Walstra, 2003), par-
tial coalescence and freezing in frozen desserts (Marshall et al.,
2003), cooking in meringue, viscosifiers and gelling agents in fruit
fools and mousses . . . The second key point is that batch heat treat-
ment and aeration in kitchen mixers under atmospheric pressure
are the rule in the literature, whereas dynamic heat treatment in
plate heat exchangers and continuous aeration under pressure pre-
vail in the food industry. However, only a few studies investigated
either dynamic heat treatment (Nicorescu et al., 2008a, 2008b,
Nicorescu et al., 2009a, Nicorescu et al., 2009b) or continuous aer-
ation under steady state conditions (see, e.g. Djelveh & Gros, 1995;
Hanselmann & Windhab, 1999; Thakur, Vial, & Djelveh, 2003;
Müller-Fischer & Windhab, 2005; Indrawati, Wang, & Narsimhan,
2008b; Indrawati, Wang, Narsimhan, & Gonzalez, 2008a; Narchi,
Vial, & Djelveh, 2007). In the food industry, aeration is typically
carried out in axial rotor–stator mixers, using rotor and stator fit-
ted with rows of pins (Hanselmann & Windhab, 1999; Labbafi
et al., 2005; Müller-Fischer & Windhab, 2005), except for ice cream
for which scraped surface heat exchangers prevail. From a practical
point of view, rotor–stator devices are usually operated at high
speed under pressure in the industry, although there is no proof
that such a high shear and an energy input are required for
aeration. Several attempts to establish a quantitative relationship
between the operating conditions of continuous aeration (rotation
speed, residence time . . .), foam properties (overrun, bubble size
distribution, stability . . .) and mixer geometry have been reported
in the literature (Djelveh & Gros, 1995; Narchi et al., 2007; Thakur,
Vial, & Djelveh, 2005; Thakur et al., 2003), but the validity of their
results is usually limited to the particular recipe studied in each of
these works, and upstream heat treatment was not accounted for.

The objective of this work is therefore to investigate the influ-
ence of a dynamic heat treatment applied to WPI on the continu-
ous production of a model aerated food, using a pilot-scale
rotor–stator device that is representative of aeration equipment
found in the food industry, in relation to the operating conditions
applied during aeration: namely, rotation speed, residence time
and operating pressure. The aim is to determine to which extent
process parameters can or must be modified when heat-treated
WPI are used in the recipe so as to ensure desired food properties,
i.e. overrun, stability and texture. To approach a typical situation
encountered in the food industry for WPI, overrun was limited to
200% (i.e. 66% gas volume fraction); xanthan was therefore added
to WPI in the recipe to enhance the stability of the gas phase.
2. Materials and methods

2.1. Preparation of whey protein solutions

Commercial WPI Promilk� (83.35% w/w total protein, 2.9% min-
erals, <1% fat) was provided by IDI Ingredients (Arras, France) with-
out further purification. The WPI powder contained 68% w/w b-
lactoglobulin, 26.5% a-lactalbumin, 3.24% immunoglobulins and
0.69% bovine serum albumin. The powder was initially hydrated
in deionised water for 2 h at 40 �C under mechanical stirring in or-
der to prepare 3% w/v whey proteins solutions. pH was adjusted to
7.0 by a minute addition of a 1 M NaOH solution. The solution was
then kept at 4 �C for 12 h to complete protein solubilisation. Then,
the protein solutions were heat-treated at three different temper-
atures, 70 �C, 80 �C and 90 �C, respectively (as protein denaturation
was negligible at 60 �C or below), in a 10-plate version of an EXEL
2A brazed plate heat exchanger based on a parallel flow configura-
tion (CIAT, France). A single tube of 10 mm internal diameter was
used as the holding section. The heat exchanger was fed using a
peristaltic pump; the flow rate was 5 L/h and the length of the tube
was adjusted to ensure 300 s holding time. The pH shift due to heat
treatment was checked to remain always negligible. Similarly,
clogging was never observed during heat treatment for these tem-
peratures (i.e. up to 90 �C) and the amount of proteins lost in the
plate heat exchanger was negligible. After heating, the samples
were dynamically cooled at 15 �C using a 14 plate version of an
EXEL 2A heat exchanger (CIAT, France). The required amount of so-
dium chloride was added to obtain the desired ionic strength
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(50 mM). Unheated WPI solutions, denoted ‘‘native 3%-50 mM”,
could therefore be used as reference samples to analyse the influ-
ence of dynamic heat treatment. Measurements for the character-
isation of proteins properties were immediately carried out. Then,
0.35% w/v xanthan gum was added under gentle agitation before
storage at 4 �C. Viscosity measurements on the xanthan/protein
solutions were carried out just before starting aeration
experiments.
2.2. Micro-differential scanning calorimetry

Micro-differential scanning calorimetry (lDSC) was used to as-
sess the degree of denaturation of whey proteins after heat treat-
ment. lDSC thermograms of WPI solutions before and after the
heat treatment were obtained using a Setaram III calorimeter
(Setaram Instrumentation, France). Samples (700 mg) of the WPI
solutions were hermetically sealed in a 1 mL hastelloy C276 pan.
A closed pan filled with deionised water was used as the reference.
The heating rate was fixed at 1.2 �C min�1 from 20 �C to 120 �C. All
samples were analysed in duplicate. The degree of denaturation
was calculated as a function of the surface area of the denaturation
peak, i.e. it was estimated using the ratio between the specific en-
thalpy induced by the denaturation of the heated samples and the
specific enthalpy value measured on the native sample.
2.3. Particle size analysis

2.3.1. Laser light diffraction
The size of protein aggregates larger than 50 nm can be mea-

sured by laser light diffraction, using a Mastersizer S apparatus
(Malvern Instruments, UK) equipped with a 300 reverse Fourier lens
and a He–Ne laser. The analysis requires the relative refractive in-
dex of the continuous (water) and the dispersed phase (whey pro-
tein aggregates): 1.33 and 1.52, respectively. Native and heat-
treated WPI solutions were diluted with deionised water in the
sample dispersion unit under stirring (1500 rpm). Volume-
weighted particle size distributions of the protein aggregates were
obtained using the Mie theory; measurements were carried out in
triplicate.
cooling fluid 
aerated food

rotor 

jacket 
pins 
2.3.2. Centrifugation step
To investigate the effect of the heat treatment on WPI solutions

on the formation of soluble heat-induced aggregates, 20 mL of each
sample were centrifuged at 10,000g for 30 min at 20 �C in a 2K15
centrifuge (Sigma Laborzentrifugen GmbH, Germany). This proce-
dure ensured that the size of protein aggregates was lower than
1 lm in the supernatants, while aggregates larger than 1 lm re-
mained in the solid. As a result, the soluble protein aggregates
were separated from the insoluble fraction. This result was first
validated by laser light diffraction (data not shown), which agrees
with the data from Bench, Johnson, Hamilton, Gooch, and Wright
(2004). After centrifugation, the soluble fractions were recovered
for subsequent analysis and dry matter measurements were car-
ried out after drying for 12 h at 102 �C in an oven, so as to quantify
the amount of insoluble protein aggregates formed by heat
treatment.
cooling fluid 

air 
+continuous 

phase

Fig. 1. Experimental set-up: axial rotor–stator unit.
2.3.3. Dynamic light scattering (DLS)
The hydrodynamic diameters of soluble protein aggregates

were measured in the supernatants by dynamic light scattering
(DLS) using a Zetasizer Nano ZS Instrument (Malvern Instruments,
UK). 2 mL of each sample of the WPI supernatants were thermo-
stated to 20 �C before measurement in the Zetasizer. Experiments
were carried out in triplicate.
2.4. Size-exclusion chromatography (SEC)

Twenty-five microlitres of the soluble protein fractions recov-
ered from the supernatants of the centrifugation procedure were
analysed by size exclusion chromatography (SEC) on a HPLC sys-
tem (Waters Corp., MA, USA) equipped with a TSK 6000 column
of 30 cm length (Tosohaas, PA, USA). Proteins were eluted with a
pH 7 solution containing 0.05 M Tris and 0.1 M NaCl; the eluted
proteins were detected using UV absorption at 280 nm; the
amounts of non-aggregated proteins and aggregates were calcu-
lated on the basis of peak area measurements using the analysis
software PeakFit (Jandel Scientific Software, USA).
2.5. Surface tension and viscosity

The surface tension r of the protein solutions (2% w/v) was
measured with a K12 tensiometer (Krüss GmbH, Germany) using
the Wilhelmy’s plate method at 10 �C for 3 h. The viscosity of the
xanthan/protein mixtures was determined using an AR-1000 rhe-
ometer (TA Instruments, USA) using a Couette geometry (internal
and external cylinder diameter: 2.76 cm and 3.00 cm, respectively)
at 20 �C. Shear rate ranged between 50 s�1 and 1000 s�1. Measure-
ments for r and viscosity were conducted in triplicate.
2.6. Continuous manufacturing of protein foams

A rotor–stator unit (RS) was employed for the continuous man-
ufacturing of aerated food (Fig. 1). This unit consists of a 35 mm
diameter stator and a 15 mm diameter rotor, both fitted with seven
rows of squared pins (5 mm width). The length of the pins is
7.5 mm, which results in a pin-to-wall gap of 2.5 mm. The axial
distance between rotor and stator rows of pins is also 2.5 mm
and the volume available for the fluids is V = 180 mL. This geome-
try corresponds therefore to the scale-down of typical aeration
equipment found in the food industry. Operating parameters con-
sist of the flow rates of the liquid and the gas phases (L and G), the
rotation speed of the rotor (N) and the operating pressure (P).

The xanthan/protein solutions based on native and heat-treated
proteins, respectively, were used as the liquid phase. Gas and li-
quid phases were introduced separately from the bottom of the
column. The liquid phase was fed using a peristaltic pump (Cole-
Parmer Instr. Corp., USA); a mass flowmeter was used for the gas
phase (Emerson Brooks Inst., USA). Rotation speed was varied from
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400 to 1600 rpm using a speed-controlled IK LaborTechnik RE-16
engine (Ika-Werke, Germany). Gauge pressure in the RS unit could
be controlled between 0 and 2 bars, using a backpressure valve
placed on the outlet stream. For the liquid phase, the inlet temper-
ature was kept constant at 4 �C; the RS unit was jacketed, so as to
avoid heating by mechanical power dissipation (Balerin, Aymard,
Ducept, Vaslin, & Cuvelier, 2007) and maintain the outlet temper-
ature close to 4 �C; a WKL-600 thermocrysotat (Lauda GmbH, Ger-
many) was used for circulating cooling fluid through the cooling
jacket.

In this work, the gas-to-liquid flow rate ratio was kept constant
at G/L = 2, expressing G values under atmospheric pressure. This
defined the maximum foam overrun that could be achieved under
steady state conditions, provided the gas phase was totally incor-
porated into the continuous one. Maximum overrun was therefore
200% (see Section 2.7 for details), which corresponds to a gas vol-
ume fraction of 66%. Consequently, only the apparent residence
time s (defined on G value at atmospheric pressure) was varied
at constant G/L ratio:

s ¼ V
Lþ G

ð1Þ

With the assumption of total gas incorporation, foam residence
time was varied between 40 s and 120 s, which correspond to L
values between 30 and 90 mL/min (G values between 60 and
180 N mL/min, respectively).

2.7. Methods for foam characterisation

2.7.1. Overrun
The foaming ability of proteins was deduced first from overrun

(U) measurements. The U values were derived from density mea-
surements. Indeed, overrun can be expressed as follows:

U ¼ 100 � qL � qF

qF
½%� ð2Þ

using the respective density of the solution (qL) and the foam (qF).
The density of the foams was measured as the mass-to-volume ratio
of the foam (sampled directly from the outlet stream of the RS unit)
in a glass cup of known volume. Overrun was also used to check
whether steady state conditions were achieved. Under continuous
flow conditions, maximum overrun is equal to 100 G/L. The effec-
tiveness of aeration Eff can therefore be defined as:

Eff ¼ U � L
G
½%� ð3Þ
2.7.2. Microstructure
The foaming ability of proteins was also deduced from the anal-

ysis of the bubble size distribution immediately after aeration. This
was obtained on the basis of image analysis. Using a quartz cell
placed on the outlet stream (Labbafi, Thakur, Vial, & Djelveh,
2007), photomicrographs were taken on-line using an inverted
phase-contrast optical microscope (Axiovert-25, Carl Zeiss Jena
Table 1
Properties of the WPI solutions before and after heat treatment.

Sample Denaturation
degree by DSC (%)

Protein fractions (% w/w)

Soluble aggregates formed
by heat treatment (SEC)

Inso
(cen

Native – – 1.1
70 �C 47 8 2.1
80 �C 97 14 8.8
90 �C 98 12 8.4
GmbH, Germany) equipped with a CCD video camera (Kappa
Opto-Electronics GmbH, Germany) and transferred to a computer.
Then, the images were analysed using a dedicated analysis soft-
ware, Image ProPlus 4.0 (MediaCybernetics, MD, USA). For each
sample, at least 500 bubbles from several micrographs were de-
tected and treated. This number was shown to be sufficient for sta-
tistical analysis, so that bubble size distribution and the average
bubble size could be estimated automatically. The surface-average
or Sauter mean diameter (d32) was used to estimate the average
bubble size (Labbafi et al., 2007).

2.7.3. Stability
Foam destabilization results from several phenomena, among

which the most important are the gravitational drainage of the li-
quid phase and bubble coalescence. If bubble coalescence always
contributes to foam collapse, foam drainage has a more ambiguous
role because it can favour the formation of stable dry foams, whilst
film thinning enhances bubble coalescence. In this work, foam col-
lapse and liquid drainage were analysed independently. Drainage
rate was determined by recording all the 10 s for a 3 h cycle the
mass of liquid drained from a 127 mL glass cup filled of foam in
a cylinder using a balance (Sartorius AG, Germany) connected to
a computer. The kinetics of foam collapse was measured by follow-
ing the evolution of foam height for 72 h in graduated 10 cm3

tubes. These tubes were filled with foam using the outlet stream
of the RS unit; they were stored at 4 �C and height measurements
were carried out after 18, 48 and 72 h, respectively. All the foam
drainage and collapse experiments were done in triplicate.

2.7.4. Texture
Rheological measurements were performed using a stress-con-

trolled SR-5 rheometer (Rheometric Scientific, NJ, USA) equipped
with a Peltier circulator for temperature control. The rheological
characterisation of protein foams was carried out at 4 �C using a
parallel plate geometry with 2 mm gap. Mechanical spectra in
the linear viscoelastic domain were obtained from frequency
sweep tests on foams in the 0.1–20 Hz range at 0.5% strain in order
to analyse the texture of foams on the basis of the viscoelastic
shear moduli, G0 and G00. All the experiments were done in
triplicate.

3. Results and discussion

3.1. Influence of heat treatment on proteins solutions

First, the degree of denaturation of proteins due to heat treat-
ment in the plate heat exchanger has been quantified using lDSC.
Experimental results (Table 1) shows that thermal treatment at
80 �C resulted in a nearly complete denaturation of the protein
solutions, whereas samples heat-treated at 70 �C registered only
47% denaturation. This differs from the data of Nicorescu et al.
(2009a) in which protein denaturation was negligible below
80 �C; these discrepancies may result first from a different protein
content (2% w/v in Nicorescu et al. (2009a), vs. 3% w/v in this
Surface tension values
at 3 h (mN/m)

Hydrodynamic
diameter by DLS (nm)

luble aggregates
trifugation)

39.6 122
46.0 78
47.0 107
47.4 122
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work), but also from the difference between the technologies used
for heat treatment (a tubular heat exchanger in Nicorescu et al.
(2009a) vs. a plate heat exchanger in this work).

Secondly, the insoluble protein fraction was quantified by cen-
trifugation; data confirmed that the amount of insoluble aggre-
gates increased suddenly when the temperature of the heat
treatment was 80 �C and then did not vary significantly between
80 �C and 90 �C (Table 1), which is in good agreement with data
on denaturation. Indeed, for 80 �C, protein denaturation was nearly
complete, which favoured undoubtedly the interaction between
denatured proteins via irreversible thiol-disulfide reactions, and
thus the formation of larger protein aggregates. It is however wor-
thy of note that some insoluble aggregates are already present with
native proteins in Table 1, which shows that the solubilisation of
WPI powder was nearly, but not totally complete. Laser light dif-
fraction measurements on protein solutions confirmed the pres-
ence of a few insoluble aggregates in the native protein solutions
with an average diameter of 30 lm, but Fig. 2 shows also that they
were progressively overshadowed in the volume-weighted particle
size distributions by soluble aggregates when the temperature of
heat treatment was increased: beyond 70 �C, only soluble aggre-
gates can be seen in Fig. 2, even though centrifugation shows an in-
crease of the fraction of insoluble protein aggregates in Table 1. The
average size of the soluble aggregates increased from about 200 to
600 nm with the temperature of heat treatment between 70 �C and
90 �C, and the peak narrowed at the same time, as expected. It can
be pointed out that, contrary to protein denaturation, similar re-
sults had been observed by Nicorescu et al. (2009a) on protein
aggregation in this range of temperature, even though protein con-
tent was lower and the technology used for thermal treatment
differed.

Thirdly, DLS and SEC data on supernatants confirmed the for-
mation of soluble protein aggregates due to heat treatment at
70 �C and above (Fig. 3). On the basis of peak area, the fraction of
soluble aggregates was estimated from SEC data as in Nicorescu
et al. (2008a) and is reported in Table 1: as it can be seen in
Fig. 3a, the peaks moved progressively towards shorter elution
times with the temperature of heat treatment, i.e. the proportion
of soluble aggregates increased and reached 12–14% of the total
protein content for a thermal treatment at 80 �C. As before for
insoluble aggregates, this proportion varied only slightly between
80 �C and 90 �C. Complementary information from DLS curves
(Fig. 3b) is that native whey proteins dimers presenting typically
an average diameter of 8 nm (Mourouzidis-Mourouzis & Karabelas,
2006) could be clearly identified only for native protein solutions:
their peak is progressively overshadowed by soluble aggregates
formed by heat treatment and vanishes at 80 �C in Fig. 3b. DLS
curves give also access to an estimation of the hydrodynamic
diameter of soluble protein aggregates (reported in Table 1). This
increased with heat treatment, while the width of the peak de-
creased, in qualitative agreement with Fig. 2. However, average
diameters differed between Figs. 2 and 3b, DLS providing always
the lowest values. A simple explanation is that laser light diffrac-
tion truncates the size distribution below 50 nm, which leads to
an overestimation of the average size, whereas centrifugation be-
fore DLS measurements truncates the size distribution above
500 nm, which leads on the opposite to an underestimation. Again,
these trends were similar to those observed by Nicorescu et al.
(2008a), despite the differences between the conditions applied.

Finally, surface tension curves vs. time (data not shown) con-
firmed that native proteins always presented a lower surface ten-
sion than the heat-treated samples, in agreement with previous
works (Nicorescu et al., 2008a, Nicorescu et al., 2009a), which con-
firms that the affinity of protein aggregates towards air interfaces
is weaker. This behaviour is illustrated in Table 1 by r values mea-
sured after 3 h and has always been attributed to the slower diffu-
sion-controlled adsorption of protein aggregates coupled to their
higher difficulty to undergo conformational changes at air/water
interfaces (see, e.g. Davis & Foegeding, 2004; Miller et al., 1998).

As a conclusion, dynamic heat treatment promotes simulta-
neously the denaturation and the aggregation of whey proteins.
For the degree of denaturation, this work starts from native pro-
teins up to nearly complete denaturation at 80 �C or above. For
aggregation, both the fractions of soluble and insoluble aggregates
increase with the temperature of thermal treatment, but both tend
to a plateau value between 80 �C and 90 �C. Conversely, surface
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tension rises sharply when heat treatment is applied, but does not
differ significantly when temperature is increased from 70 �C to
90 �C. As aggregate size increases at the same time, this explains
why the effect of heat treatment on protein properties is quite
complex and why contradictory results can be found in the litera-
ture. Now, the objective is to analyse and better understand the
evolution of the performance of continuous food aeration on the
basis of these results.

3.2. Analysis of continuous aeration

As a preliminary result, the viscosity of the xanthan/protein
mixture was shown to be similar for all the recipes, regardless of
the heat treatment applied to proteins. Indeed, viscosity was gov-
erned by the presence of 0.35% w/v xanthan, while the influence of
protein aggregation and denaturation was insignificant on
viscosity.

3.2.1. Overrun
For the conditions used in this work, overrun was independent

of the heat treatment applied; consequently, ‘‘blow-by” character-
ised by a slug flow regime in the outlet stream appeared only as a
function of the operating conditions of aeration. Table 2 summa-
rises typical results obtained for native proteins that illustrate gen-
eral trends. At atmospheric pressure, when residence time s was
equal to 120 s, overrun reached always 200%, which corresponded
to a complete incorporation of the gas phase, whatever the rotation
speed between 400 and 1600 rpm and heat treatment. First, a
reduction of residence time at constant G/L ratio required higher
rotation speed to achieve U = 200%. If one considers that the
mechanical energy required for dispersing the gas phase is intrin-
sically linked to the recipe and to the geometry of the mixing head,
lower s values enforce higher power and therefore higher N values,
which agrees with observations. Then, for P = 2 bars, blow-by was
always observed for s = 120 s, except for N = 1600 rpm; however,
when s was decreased to 40 s, 100% aeration efficiency was again
achieved. Actually, pressurised conditions have three counterbal-
ancing effects: firstly, they decrease the effective volume of the
gas phase in the mixing head which should favour gas dispersion,
secondly, they increase the actual residence time in the mixing
head (it is about 9s/5 in this work when gauge pressure is 2 bars)
which can simultaneously enhance bubble breakup and favour
bubble collision and recoalescence, and thirdly, the aerated struc-
ture can collapse rapidly due to gas expansion downstream to
the backpressure valve. For s = 120 s, the negative effects prevail.
This behaviour corresponds apparently to the continuous version
of the ‘‘overwhipping” phenomenon, described in batch aeration
when whipping time is too long (Jakubczyk & Niranjan, 2006;
van Aken, 2001), which is mainly due to bubble recoalescence
when the actual residence time is 9s/5. Consequently, the positive
influence of high N values at s = 120 s stems probably from the fact
that bubble recoalescence is overshadowed by bubble breakup at
high N values, as already observed for droplets (see, e.g. Vinckier,
Table 2
Evolution of the aeration efficiency Eff for native proteins as a function of operating
conditions of aeration.

N (rpm) Atmospheric pressure P = 2 bars

s = 120 s s = 40 s s = 120 s s = 40 s

400 100% 55% BB 100%
800 100% BB

1200 100% BB
1600 100% 100%

BB: blow-by is so high that accurate density measurements could not be carried
out.
Moldenaers, Terracciano, & Grizzuti, 1998). For s = 40 s, Eff was
100%, mainly because the increase of the actual residence time
due to pressurised conditions is counterbalanced by the decrease
of the apparent residence time s from 120 s to 40 s. This result is
in perfect agreement with data already reported by Labbafi et al.
(2005) on aerated dairy desserts: under pressure, gas dispersion
in the RS unit is easier, but must be achieved at a lower apparent
residence time in order to avoid overwhipping.

Finally, heat treatment seems to have no effect on these trends.
The loss of foamability, often reported in the literature when pro-
tein denaturation is complete on the basis of proteins foams
formed in batch kitchen mixers (see, e.g. Nicorescu et al., 2009a)
or bubbling techniques (see, e.g. Nicorescu et al., 2009b) does not
seem to play any role on overrun under steady state conditions
with U = 200% as the objective. Aeration in the RS unit appears
therefore to be robust and flexible, as it can be achieved in a large
range of operating conditions and it is possible to increase produc-
tivity by working under pressure at lower s values.

3.2.2. Microstructure analysis
Only conditions for which U = 200% will be considered. Con-

trary to overrun, bubble size distributions after aeration depend
both on aeration conditions and upstream heat treatment. The ef-
fect of aeration parameters, especially rotation speed, is however
the most important, regardless of heat treatment, as can be seen
from a comparison between Fig. 4a1 and Fig. 4b1. Increasing N al-
ways contribute to decrease sharply the average bubble size and to
narrow the bubble size distribution. This result is in good agree-
ment with those obtained by Indrawati et al. (2008a, 2008b). Sim-
ilarly, pressurised conditions lead to a further decrease of Sauter
diameter and provided more uniform size distributions (see
Fig. 4b2 vs. Fig. 4a1). Conversely, increasing s lead to larger d32 val-
ues and size distributions (see Fig. 4b3 vs. Fig. 4(b2)), regardless of
static pressure and heat treatment. Finally, for thermal treatment,
a progressive decrease of d32 was observed, together with a nar-
rowing of the size distribution when temperature was increased
(Fig. 4a), although this remained limited in comparison to the
respective effects of N, P and s. It should also be mentioned that
no significant difference emerged between micrographs taken after
80 �C and 90 �C heat treatments, which agrees with the evolution
of protein properties in Table 1.

As a conclusion, bubble size is more sensitive than overrun to
aeration conditions and heat treatment. Data obtained by continu-
ous foaming on the RS unit are in good agreement with those ob-
served usually reported in batch whipping (see, e.g. Nicorescu
et al., 2009a) for the heat treatment of proteins: this contributes
to the increase of the number of bubbles in the aerated microstruc-
ture at constant overrun, leading to smaller bubble sizes and more
uniform size distributions. These trends suggest that important po-
sitive changes should be observed, both on foam texture and foam
stability against drainage. However, the influence of aeration con-
ditions remains predominant on d32: rotation speed is the key
parameter, while pressure enables a further decrease of bubble size
and an increase of productivity, as it must be accompanied by a de-
crease of s.

3.2.3. Foam stability
The strong effect of aeration conditions on bubble size suggests

that the stability of the aerated structure would depend mainly on
aeration parameters. This is partly true, i.e. when d32 higher than
200 lm, e.g. due to low rotation speed, foam stability fell. When
operating conditions ensured that d32 was lower than 200 lm,
the analysis of foam collapse experiments appeared more complex.
For example, Fig. 5a highlights that the strong effect of pressurised
aeration on bubble size when N = 1600 rpm in Fig. 4 does not really
prevent foam collapse, contrary to expectations. Conversely, the
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Fig. 4. Foam micrographs: (a) as a function of the heat treatment temperature (N = 1600 rpm; s = 120 s); (b) as a function of operating conditions for native proteins.
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Fig. 5. Analysis of foam collapse vs. time (s = 120 s, N = 1600 rpm).
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positive impact of heat treatment on foam collapse is striking in
Fig. 5, although overrun was constant and d32 varied only slightly
in Fig. 4a. In Fig. 5b, foam stability increased progressively with
treatment temperature up to 80 �C, while results at 90 �C were
similar to those at 80 �C (data not shown). The data of drainage
experiments exhibited the same pattern, with only a few differ-
ences. In particular, the stabilizing influence of operating pressure
appeared to be more marked in Fig. 6 on the delay before which the
first drop drained was detected.

Finally, all these results agree with numerous recent data that
emphasise the key role of soluble protein aggregates of b-lacto-
globulin and WPI produced under thermal treatment on bubble
stability in foams (Davis & Foegeding, 2004; Nicorescu et al.,
2008b, Nicorescu et al., 2009a; Rullier et al., 2008; Zhu &
Damodaran, 1994), even though they all used batch aeration. As
before, they contradict surface tension measurements that predict
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a decrease of foam stability after heat treatment (Table 1). Two dif-
ferent possible and coexisting mechanisms have been proposed to
explain these trends: (1) protein aggregates adsorb at the interface
and increase the interfacial viscoelasticity, thus enhancing foam
stabilization (Davis & Foegeding, 2004; Rullier et al., 2008); (2)
the aggregates which do not adsorb to the interface can become
confined into foam films and promote a percolation process, lead-
ing to the formation of a gel-like network which might slow down
liquid drainage (Schmitt et al., 2007). Our results cannot allow a
clear identification of which effect prevails. However, the high
liquid content of our aerated products (33% v/v) and the strong dif-
ference between the drainage curves of foams obtained under
pressurised conditions in Fig. 6 indicate that protein aggregates
may act both in the continuous phase and at the interface, as d32

was nearly identical for both products (81 lm and 87 lm for
native and 80 �C treatment, respectively). It is however clear that,
as the foam becomes dryer, the influence of interfacial viscoelastic-
ity increases and that it probably governs the effect of heat treat-
ment on the collapse curves in Fig. 5.

As a conclusion, experimental data highlight that protein heat
treatment is able to improve the stability of aerated food manufac-
tured in a continuous process under steady state conditions, both
against drainage and collapse. In particular, an amount of about
10–15% soluble aggregates (Table 1) seems to improve drastically
foam stability. This confirms laboratory experiments from the liter-
ature, based classically on 600% to 1000% overrun foams. However,
the impact of heat treatment cannot be predicted quantitatively
from batch experiments because this remains intrinsically linked
to aeration conditions, first rotation speed, and to a lesser extent
operating pressure: indeed, it seems that bubble size must be low-
er than a critical value before the influence of heat treatment be-
comes effective, which depends mainly on aeration conditions.
3.2.4. Foam texture
In this work, foam texture was estimated using the viscoelastic

shear storage modulus (G0), which is a bulk texture parameter of
the aerated structure. G0 values at 1 Hz and 0.5% strain were used
for comparison purpose. Roughly, G0 increased with rotation speed
(Fig. 7) and decreased when residence time decreased (data not
shown) for native and heat-treated proteins. This was clearly ex-
pected, as G0 depends on bubble size d32 at constant overrun. In-
deed, in dry surfactant foams, G0 scales as 1/d32. Although this
exact behaviour cannot be expected in complex real foods and/or
when U = 200%, the increase of G0 when d32 decreases remains a
rule in the literature not only for protein foams (Nicorescu et al.,
2008b, Nicorescu et al., 2009a), but also for complex food (e.g. an
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Fig. 7. Analysis of the texture of aerated food on the basis of the shear storage
modulus G0 at 1 Hz and 0.5% strain (s = 120 s, atmospheric pressure).
aerated white sauce in Thakur et al., 2003). The effect of operating
pressure on G0 is more complex, as it favours blow-by when
s = 120 s, which does not allow to compare all the conditions stud-
ied at constant overrun. As a result, G0 was far lower at P = 2 bar for
foams with native proteins up to N = 1200 rpm, whereas G0 had the
same order of magnitude for both pressure conditions when
N = 1600 rpm, which correlates to the occurrence of blow-by up
to 1200 rpm in Table 1.

More interesting is the influence of the thermal treatment on G0,
plotted in Fig. 7 as a function of rotation speed. G0 was significantly
higher at constant rotation speed and overrun when the tempera-
ture of heat treatment was 80 �C or 90 �C for N values above
800 rpm, i.e. when d32 became smaller than 200 lm. This was
accompanied by an increase of the uncertainty on G0 values, mainly
resulting from the increased difficulty for sample set-up on the
rheometer plate as far as the solidity of the sample increased. This
result is in good agreement with literature data on heat-treated
proteins in dry WPI foams formed under batch conditions. For
example, Nicorescu et al. (2009a) had shown that G0 strongly in-
creased for WPI heat-treated above 80 �C containing 10% soluble
aggregates; similarly, Davis and Foegeding (2004) had reported
an increase of yield stress, a rheological parameter strongly linked
to G0 for foams, when heat treatment was applied, but they ob-
served also a maximum of yield stress at about 50% polymerised
WPI, which has not been confirmed for G0 in the literature.

However, it appears clearly that the strongly improved elasticity
of protein-stabilised foams emerging from laboratory data cannot
be extrapolated to continuous aeration because the increase of G0

in Fig. 7 remains rather limited in comparison to that reported for
dry foams. This behaviour is not surprising if one considers that
the main role of protein aggregates is to enhance the interfacial vis-
coelasticity; this governs G0 in dry foams with overrun above 1000%
(Nicorescu et al., 2009a), but when overrun is only 200%, the role of
proteins aggregates on bulk rheology and foam texture is necessarily
weaker. This explains also why the effect of heat treatment appears
only when d32 is lower than 200 lm, i.e. when the interfacial area is
high enough so that interfacial rheology may act on bulk rheology.

As a conclusion, upstream heat treatment of protein solutions en-
hances the elasticity and the solidity of foams. In relation to previous
works, this may be related to the proportion of soluble aggregates
(Table 1). However, in continuous aeration, this behaviour depends
widely on the desired overrun and on the bubble size that can be
achieved, i.e. on the aeration conditions, as the influence of N is as
high as that of heat treatment in Fig. 7. Indeed, contrary to batch pro-
cess, overrun is fixed a priori by the G/L ratio; similarly, residence
time is usually low in continuous aerators and bubble size is there-
fore a strong function of rotation speed and pressure. As heat-treated
proteins act mainly on the air/water interface, a high interfacial area
at constant U is therefore required, i.e. low d32 values, which can be
obtained only by optimizing N and P in the RS unit.

3.2.5. Discussion on heat treatment
Despite the abundant literature on the thermal denaturation

and aggregation of whey proteins, there is still much to understand
on the influence of heat treatment on the properties of aerated
foods, especially when aeration is carried out in continuous de-
vices. Using a plate heat exchanger for thermal treatment and a ro-
tor–stator device with the objective of 200% overrun, similarities
and discrepancies have been highlighted with results obtained
from laboratory experiments based on batch heaters, kitchen mix-
ers or bubbling techniques. In summary, the trends observed in
this work correspond roughly to those reported for dry foams in
the literature, but they are always highly attenuated, except for
stability against drainage and collapse. In practice, heat treatment
seems to play a key role only when bubble size is below a critical
value. This value is probably linked to interfacial area, and it should
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therefore decrease as far as the desired overrun is lower. This
strongly links the effect of heat treatment to the performance of
the mixing head and to the aeration conditions, which also high-
lights the complex interplay between the process parameters of
aeration and recipe variables on the properties of aerated food
products.
4. Conclusions

The continuous aeration of a WPI/xanthan mixture, with WPI
heat-treated dynamically using a plate heat exchanger, has been
investigated using a rotor–stator unit in order to gain a better under-
standing of the influence of protein heat treatment on aeration per-
formance. The interplay between the heat treatment acting on the
foaming properties of the continuous phase and the process param-
eters of aeration has also been analysed with the objective to manu-
facture an aerated food that does not have the structure of a dry foam
(U = 200%). The key role of aeration conditions on overrun, bubble
size, foam stability and foam texture, was emphasised. Indeed, over-
run and bubble sizes were governed by the operating conditions of
aeration, which influenced also widely texture and stability. Rota-
tion speed emerged as the key parameter, but the complex interplay
between residence time and operating pressure was also high-
lighted. For heat treatment, the same trends as in dry foams were ob-
tained, i.e. bubble size reduction and texture enhancement, but they
were highly attenuated, except on the stability of the aerated struc-
ture. These positive effects were attributed to the presence of soluble
protein aggregates. As already reported in the literature, a dynamic
80 �C–300 s heat treatment with about 10% soluble protein aggre-
gates corresponded to the best compromise, as no improvement
could be obtained by a further temperature increase. Although a per-
colation mechanism could not be excluded, the effect of heat treat-
ment seemed to stem mainly from the presence of the soluble
protein aggregates at the air/water interfaces. These effects were
therefore enhanced by the decrease of the average bubble size at
constant overrun, i.e. when the operating conditions of aeration
were optimised in order to reduce d32. This result highlights that
the role of ingredients can be varied by acting on aeration parame-
ters, which explains why batch experiments in a kitchen mixer are
unable to predict quantitatively the effect of ingredients in continu-
ous aeration. Finally, the complex interplay between process and
recipe variables also explains partly why contradictory results can
be found in the literature.
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