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Abstract

CrossMark

From a physico—chemical point of view, most food is soft matter. Usually, these systems are
complex in the sense that they combine multiple ingredients with a wide range of structural
length scales and dynamics on various time scales. Amongst these systems, foams belong to
the well studied but less well understood systems. Particle stabilized foams are very common
in food systems. As a model system, we produced aqueous foams from silica nanoparticle
dispersions. The silica nanoparticles were hydrophobized by the in sifu adsorption of short-
chain alkyl amines of chain length Cs to Cg to render them surface active. We determined

the role of the particles in stabilizing the produced foams. It is shown that the depletion of
the bulk silica concentration during the foam formation can be quantified by precise density
measurements. In the case of nanoparticle aggregation, more particles are trapped in the foam
and will form a network in the foam channels. Diffusing wave spectroscopy was used to
study the different time and length scales of the composite system. We find that it is possible
to obtain the size of the particles within the foam by two different approaches. Additionally,
the dynamics of the foam network is analyzed and it is confirmed that the formation of an
aggregated particle network within the foam is responsible for a deceleration of the foam

structure evolution.

Keywords: foams, diffusing wave spectroscopy, nanoparticles, dynamics

(Some figures may appear in colour only in the online journal)

1. Introduction

Most of what we eat is soft matter [1]. Usually, food systems
are composed of a vast number of ingredients and often, the
samples are not transparent. Thereby, these systems are not
conveniently accessible for most optical techniques.

For systems with a high degree of multiple scattering, dif-
fusing wave spectroscopy (DWS) is a useful tool for investi-
gating the dynamics and structures at different time and length
scales. The theory can be regarded as well elaborated [2—7]
and has been applied in various fields of research, especially
in the soft matter community [8, 9] and food science [10-12].
Examples of systems whose parameters have become opti-
cally accessible by the use of DWS are highly scattering dis-
persions [13, 14], emulsions [15—-17] and foams [18].

The technique enables one to probe the diffusion processes
of the constituents in the sample by optical means. Therefore,

0022-3727/15/434003+9$33.00

contactless microrheological measurements can be performed
[19-21]. Changes in particle size and network formations can
be detected [22, 23]. Both approaches are used in the research
of food colloid systems. In the industry, mouth-feel and flow
properties are very important in food product design [24].
Hence, it is desirable to obtain information about the cor-
relation of microstructure and the sensory aspect of a food
product. Milk is one of the most investigated systems [25,
26], especially its response to changes in the environment
(pH, temperature, ionic strength) e.g. in the process of cheese
making [27, 28]. The temporal evolution of emulsified sys-
tems is another topic of interest that can be covered by DWS
[29]. Reviews of food systems studied by DWS can be found
in the literature [30, 31].

As an example of highly light scattering soft matter, foams
are suitable candidates to be studied by DWS [32-36]. Durian
et al extensively used diffusing wave spectroscopy to study the

© 2015 IOP Publishing Ltd  Printed in the UK
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temporal and structural features of classical surfactant foams
[18, 37, 38]. From the culinary point of view, foams can be
found as e.g. a molecular-kitchen-style gelled foam [39], coffee
crema, whipped cream, beer heads or milk-foams [40]. Many
of the food foams are stabilized by proteins or aggregates of
proteins. These can be regarded as particle stabilized foams
with proteins playing the role of the surface active ingredient.

In this kind of system, a fraction of the present particles
is used to stabilize the liquid/air interface. A large fraction of
particles remains in the bulk phase that is held up in the foam
structure (plateau borders, vertices) [41, 42]. Similar model
systems have recently been investigated using hydrophobic
aggregates of silica particles [43, 44]. These systems possess
features at different time and length scales. The nanoparticles
are very small compared to the large bubbles of the foam.
Likewise, the particle motion is orders of magnitude faster
than the dynamics of the foam structure [34, 36].

As a model system for particle stabilized foams, we use
foams created from silica nanoparticle dispersions. The nano-
particles are rendered hydrophobic by the in sifu adsorption of
short-chain alkyl amines of chain length Cs to Cg. Solutions
of the aliphatic amines themselves do not show any noticeable
foamability, in contrast to long-chain surfactants. Crassous and
Saint-Jalmes proposed a theoretical framework [36] to analyze
DWS data obtained from systems of mixed scatterers like nano-
particles and foam bubbles. We will show that this model can be
used to explain the experimental results of our nanoparticle sta-
bilized foams. It is shown that the particle and foam dynamics
are well separated. The particle sizes can be determined in the
foam with two different approaches with satisfactory agree-
ment. Additionally we will clarify the increased stabilization of
the foams found when particle aggregation occurs.

2. Experimental section

Stock solutions of the amines were prepared and adjusted to
pH 10.3 via the addition of 1M HCI. The stock concentra-
tions were 0.5M for pentyl amine and hexyl amine, 0.05M
for heptyl amine and 0.02M for octyl amine. For the longer
chain amines (C¢ to Cg), a clear solution was obtained when
adjusting to the final pH. A silica stock solution of 50g L~!
Ludox TMA containing 0.1 mol L~! methyl amine was pre-
pared. The methyl amine was used as a buffer to keep the pH
of the dispersion constant. A 1M methyl amine solution was
added dropwise to a silica dispersion which was previously
diluted with ultrapure water. During the preparation, the pH
was monitored. Small amounts of 1M HCI were added drop-
wise, when needed, to ensure that the pH did not increase
above 10.5. The final volume was adjusted in a volumetric
flask. The final adjustment of the volume did not affect the pH.
To prepare the samples, the amine stock solutions were
diluted to twice the desired final sample concentration and
then mixed 1: 1 with the silica dispersion to achieve the
desired amine concentration and a silica concentration of 5,
25g L' or 50g L' and a methyl amine concentration of
0.05M. Mixing was done on a vortex mixer which avoided
excessive foam production during the sample preparation.

2.1. Dynamic light scattering (DLS)

Samples of silica concentration 5g L' were used to study
the concentration dependent aggregation behavior. The sam-
ples were prepared and left to age undisturbed for three days.
Dynamic light scattering data were recorded using an ALV/
CGS-3 compact goniometer system equipped with an ALV-
7004/USB correlator. Temperature control was provided by a
Huber Compatible Control thermostat. The laser wavelength
was 632.8nm, and the laser light was polarized perpendicu-
larly to the scattering plane. Intensity autocorrelation functions
&,(7) were recorded at a scattering angle of 90°. The Siegert
relation was used to calculate the field autocorrelation function
&(7). Second order cumulant analysis was used to extract the
relaxation rates I" of the autocorrelation functions. With known
I" and scattering vector ¢, the particle diffusion coefficient D is
calculated by D = I'/q?. Applying the Stokes—Einstein equa-
tion yields the apparent hydrodynamic particle radius Ry

ksT

R —
" 6mD M

with the thermal energy kT and the dynamic dispersion vis-
cosity 7.

2.2. Particle extraction and foam volume

In order to quantify the amount of particles in the bulk dis-
persion, density measurements were performed with an Anton
Paar DMA 4100 density meter. Bulk density measurements
of silica dispersion samples with known mass concentra-
tion 3 revealed a perfectly linear dependence of bulk den-
sity on the mass concentration of particles. Sample volumes
of 6mL were used for the extraction experiments. The silica
mass concentration was 25g L~! for all experiments. Gentle
vortex mixing was crucial to avoid foam formation during the
mixing process. Subsequently, 3mL of the prepared sample
dispersion were separated and the dispersion bulk density was
measured. The remaining 3 mL of the sample in the test vial
were vigorously shaken by hand for 40 s. Immediately after
foaming, the produced foam volume was measured with the
help of the graduation on the vial. As the foam drained, 1.5 mL
of the dispersion was sampled from the bottom of the vial with
a syringe and needle. Again, the bulk density was measured.
The reference measurements with known mass concentrations
were used to determine the silica mass concentration 3 of the
unfoamed and foamed dispersion. Calculating the extracted
fraction «v of particles was straightforward

_ ﬂunfoamed - ﬂfoamed

2

/6 unfoamed

2.3. Diffusing wave spectroscopy (DWS)

For the experiments, 4mL of sample dispersion with a silica
mass concentration of 50g L~ were whipped for 60 s with a
hand-held milk frothing device. Afterwards, the sample was
quickly transferred to the sample cell. A flat cell of width Smm
was used. The cell was 50mm wide in order to ensure no light
escaped through the sides. Only samples with long enough
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Figure 1. Hydrodynamic radius of the nanoparticles as a function
of amine concentration. For all amine carbon chain lengths,
aggregation is visible above the critical amine concentration (CAC).
Silica concentration 5g L1,

foam life-times and proper handling properties (stiffness) could
be assessed. The sample cell was weighed after the sample
was inserted which allowed us to calculate the mean liquid
fraction ®; of the foam. Diffusing wave spectroscopy mea-
surements were performed using an ALV goniometer system
equipped with an ALV/LSE-5004 correlator. Temperature con-
trol was provided by a Huber Compatible Control thermostat.
The incident laser beam (Nd-YAG, 532nm) was expanded to
illuminate an area of approx. 4cm? All measurements were
performed in transmission geometry. Apertures were used to
collect scattered light from an area roughly corresponding to
a speckle. A photomultiplier tube connected to the autocorre-
lator yielded the normalized intensity autocorrelation function
& (7). Consecutive measurements of 120 s were performed
until either the foam collapsed or a maximum time of 30 min
was reached. Data analysis is heavily based on the model pre-
sented by Crassous and Saint-Jalmes. All samples were freshly
prepared and measured three times. The samples were mea-
sured within the first 10 min after preparation. As the transmis-
sion increased more than 30% from the starting value, the data
were not used for further analysis.

3. Results

The bulk behavior of the particle dispersions was assessed by
DLS measurements. The particle radius was determined as
a function of the amine concentration. As can be seen from
figure 1, the particle radii remain nearly constant up to a

Figure 2. Fraction of particles that are immobilized in the
produced foam, as a function of amine concentration and chain
length. Above the CAC, a lot of particles are trapped in the foam
due to aggregation and gel formation in the foam matrix. Silica
concentration 25g L.

concentration at which aggregation starts. This concentration
will be referred to as the critical amine concentration (CAC).
The volume fraction of silica used in these measurements was
chosen to be 0.005. Above the CAC, at higher silica volume
fractions of 0.05, strong aggregation occurs and the samples
form a gel within hours.

The particle extraction experiments clearly show that the
foaming process depletes the bulk phase of silica particles
as measured in the drained liquid. In figure 2, the fraction of
extracted particles « is plotted as a function of the amine con-
centration. Approximately linear dependencies are found for
the amount of particle depletion and the logarithm of amine
concentration. Particle dispersions without additional amines
show no foamability. As expected, no foam formation goes
along with no change in the particle concentration before and
after shaking. Above the CAC, the amount of particles in the
drained liquid is strongly decreased compared to the amounts
below the CAC. This means that more particles are trapped in
the foam above the CAC.

Figure 3 shows the dependence of the produced foam
volume on the extracted particle fraction «.. A roughly linear
dependence is found for low values of a. When large amounts
of particles are extracted, the foam volume decreases, this is
again coincident with the aggregation of silica particles. Above
the CAC, the produced foam volume is strongly reduced com-
pared to the foam volume close to the CAC.

The DWS autocorrelation functions show two temporally
separated decays/decorrelations as depicted in a lin—log rep-
resentation in figure 4(a). The decorrelation is caused by the
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Figure 3. Produced foam volume as a function of extracted particle fraction. The linear dependence indicates an approximately constant

number of particles per air bubble. Silica concentration 25g L.
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Figure 4. (a) lin—log plot of the field autocorrelation function g(7) of the transmitted light intensity. (b) log—lin plot of g(7) with an
exponential fit to extract the characteristic rearrangement time of the foam. (c) Field autocorrelation function gg(T) as calculated by (3) with
the corresponding fit to obtain the particle diffusion time. Silica concentration 50g L~".
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Figure 5. Brownian diffusion time of the particles as a function
of amine concentration and chain length. An increase can be seen
above the CAC which indicates aggregates. Silica concentration
50g L

dynamics of the scatterers and the matrix. Experiments on
foams with and without additional dispersed particles have
shown that the first (fast) decorrelation at small lag times 7 is
caused by particles diffusing within the foam matrix [34]. The
second (slow) decorrelation at larger lag times is caused by
pronounced dynamics of the foam matrix itself. In figure 4(b),
the data are plotted on a log—lin scale. It can be seen that the
second decorrelation is approximately exponential. The cor-
responding data region can be fitted by a single exponential
function gp(7) = gz exp(—7/m) leading to a respective decay
time 7y that is a measure for the dynamics of the foam matrix.
Additionally, the amplitude g;; is a measure for the magnitude
of the first decorrelation. Surprisingly, the first decorrelation
was almost absent for samples above the CAC.

The following data treatment is heavily based on the
approach demonstrated by Crassous and Saint-Jalmes [36].
For a detailed derivation of the theory and the corresponding
formulas, the reader may refer to the original paper. The
authors have shown that the first decorrelation signal can be
separated from the second decorrelation signal, leading to a
field autocorrelation function gg) that solely depends on the
signal caused by the particle movements. That signal ggB) is
calculated from the measured autocorrelation function gg(7)
and the fit values of 1 and g; through

8g(7)
gE exp(—7/ 7o) (3)

By
gp (1) = (g%
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Figure 6. Foam rearrangement times as a function of amine
concentration and chain length. Larger times reflect slower
dynamics of the foam matrix, namely bubble rearrangements and
film ruptures. Silica concentration 50g L.

An example is shown in figure 4(c). This calculated signal
can be fitted to extract a decay time 7 that is representative for
the motion of the particles in the foam. The fit function used is

) = [1 - exp(—l)]ﬁ- )
B T

Figure 5 summarizes the Brownian decay times 73 as a
function of the amine concentration and chain length. The
dominant decay time is ~0.23 ms for all the samples studied.
This decay time is almost independent of the amine concen-
tration until the CAC where a slight increase is visible. One
should keep in mind that the gg)(T) signal became compara-
tively noisy above the CAC. For further analysis, it is neces-
sary to perform further calculations regarding the slow decay
times 7y which are caused by the foam dynamics. In order to
gain comparable information about the foam, we have to cal-
culate the rearrangement time 7g which is a measure for how
fast the foam structure changes per unit time. Larger values
reflect a slower evolution of the foam structures. It can be cal-
culated from 7, as follows

_ ol
2(1*)2
with the sample width L and the transport mean free path

length I". The transport mean free path length /* can be cal-
culated from the transmitted intensity / of the sample. With

)

TR

a reference sample of known I, the sample [* is calculated
by I* = (I/l) - I;. We used latex particle dispersions of
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Figure 7. Logarithm of plateau value g* between the two decays
of the autocorrelation function g(7) as a function particle volume
fraction. The linear relation can be fitted to yield a measure of the
particle size. Silica concentration 50g L~!.

known particle size and concentration as the reference. The
[* value of these dispersions is calculated by Mie theory and
their transmitted intensity I’ is measured. In figure 6, the
rearrangement times 7g are shown as a function of the amine
concentration and chain length. The values are averages over
the total measurement time for every sample. With increasing
amine concentration, the rearrangement time increases and
reaches its maximum value at the CAC. This behavior is seen
for all amine chain lengths.

Theory predicts a linear dependence of the logarithm of
the plateau values gﬁ on the particle volume fraction ( in the
foam). That is, considering the apparent dilution of the bulk
particle concentration due to the presence of air bubbles.
Since the DWS samples were weighed, the mean liquid frac-
tion ®; is known at least at the start of each experiment. The
silica particle mass concentration in bulk (no foam) is also
known. Depletion effects which were discussed previously are
ignored due to their low impact on the bulk particle concentra-
tion. With known particle density, the particle fraction ®, in
the foam can therefore be calculated.

The theoretical linear dependence is confirmed in figure 7.
Samples above the CAC, where particle aggregation is likely
to occur, were not included in the analysis. When aggregation
was visible in the sample, the first decorrelation was absent in
most cases, as stated above.

Linear fits of the slopes for each amine chain length
are summarized in the following table. The mean value
of [§ for the corresponding samples is included for fur-
ther analysis. Here, [j represents the mean of the transport
mean free path length of the foam within the first 5 min

of the experiment. During this time, no substantial coars-
ening was observed.

C, Slope I (pm)
Cs 78+6 191+57
Cq 8645 209+68
Cy 107+6 174422
Cg 11148 154434

4. Discussion

It is clear from the results that the aggregation of the parti-
cles at the CAC has a pronounced influence on the structure
and dynamics of the foam matrix. We will discuss the bulk
behavior of the particle dispersions, how this influences their
foaming behavior and illustrate the efficiency of DWS in char-
acterizing the system.

It has been shown earlier that the adsorption of short-chain
amines onto silica particles obeys the same rules as clas-
sical surfactants [44, 45]. In the beginning, there are isolated
adsorption events. The adsorption of the hydrophobic amines
will render the particles surface active. Above a critical sur-
factant concentration, the amine adsorption becomes coop-
erative. This leads to hydrophobic interaction between the
particles and therefore, the particles aggregate.

When a dispersion of hydrophobic particles is foamed,
some of the particles will go to the interface. These particles
will therefore be removed from the liquid that drains out of
the foam. This depletion can be quantified with density meas-
urements, as demonstrated in this study. Boos et al showed
that the surfactant depletion for classical surfactant foams is
measurable [46]. The amount of particles removed from the
bulk phase depends on the concentration of the amines and
their chain length. With increasing hydrophobicity, the par-
ticles seem to be more capable of stabilizing a foam during
the foaming procedure. Below the CAC, the foam volume
increases when more particles are extracted from the bulk.
This means that the number of extracted particles per unit
volume of foam is constant. In turn, this supports an hypoth-
esis that the in-plane interaction of the adsorbed particles is
more important for their foaming behavior than simply the
number of adsorbed particles.

Above the CAC, a drastic decrease of foam volume is found
while simultaneously the number of particles that are trapped
in the foam strongly increases. The reduced foamability can
be explained with the reduction of free small particles, since
aggregation is taking place. In a previous study, we found that
aggregation significantly increases the foam life-time [44].
Large particle aggregates are easily trapped in the plateau bor-
ders and vertices [47]. These aggregates will not drain out of
the foam, so the draining liquid is strongly depleted of parti-
cles. Additionally, these particles can form a gel, which slows
down the dynamics of the foam.

As stated before, the following DWS data analysis is based
on the model published by Crassous and Saint-Jalmes [36].
We will see that the model applies very well to our presented
composite particle-foam system. In order to discuss the DWS
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Figure 8. Theoretical values of the (transport) mean free path
lengths /. and [ as a function of particle radius at constant silica
mass concentration of 10g L™'. The [, values are the mean distance
between two scattering events in an unfoamed dispersion. The [
values represent the step length after which the photon direction has
been randomized in the same system.

data, it is convenient to briefly sketch the parameters of the
studied system. Diffusing wave spectroscopy relies on mul-
tiple scattering of the photons travelling through the sample.
The idea is that photons travel through the sample in random
walk steps, like in a diffusion process. An important parameter
is the transport mean free path length /* which is the distance
after which a photon has randomized its direction with respect
to the incident direction. It corresponds to the random walk
step length.

For unfoamed particle dispersions, the transport mean free
path length can be calculated in the framework of Mie scat-
tering theory. First, the mean free path of the colloidal dis-
persion [, is calculated via /. = 1/po with the particle number
density p and the particle scattering cross-section o. The
transport mean free path length is calculated as I = /(1 — x)
with the asymmetry parameter x. The size of the asymmetry
parameter Y is between O and 1. The larger the value of x, the
more directed the scattering towards certain scattering angles
is. Figure 8 displays /. and [ as a function of the particle
radius at constant mass concentration. With increasing radius,
the particle number density p decreases but the scattering
cross-section ¢ increases leading to a decrease in the mean
free path /.. For Rayleigh scatterers, the direction of a photon
is randomized after a single scattering event. In this case the
relation is simply I = I.. In the Mie scattering regime, [ is
always larger than /.. Multiple scattering events are necessary
in this regime to randomize the photon direction because a
single scattering event is strongly directed.

For the dispersion used in this study, we use the hydro-
dynamic radius determined by DLS and the mass concentra-
tion to calculate the transport mean free path [, ~ ' = 13 mm.
This is the mean distance between two scattering events in
the unfoamed dispersion. The foams in this study have a void
fraction of 80% which will increase the effective colloidal
transport mean free path length to [ = 65 mm due to apparent
dilution of the dispersion. We see that 65mm is large com-
pared to the cell width L = 5Smm. It is instructive to compare
the transport mean free path length of 65 mm to the length of
the photon path through the foam sample. The photon path
length can be calculated from the scattering properties of the
foam and the thickness of the sample cell. The l’; of the fresh
foam is in the order of 200 um and small compared to the
cell width. There are two different transport mean free path
lengths [ and l;'i in the system. The effective transport mean
free path lengths [” is calculated via

1 1 " 1

In our study, the 1/ can be neglected and it follows [* ~ l?.
We will refer to the effective transport mean free path lengths
as [* in the following discussion.

In general, the [* depends on the bubble size and increases
as coarsening of the foam matrix proceeds. Knowing the
liquid fraction of ~20%, we can estimate the mean bubble size
to be in the order of 100 pm [48], which is reasonable for the
used foaming method. A photon travelling through the sample
will be randomized mainly by refraction on the foam bubbles.
It is possible to estimate the dominant path length of a photon
through the sample by L?/[* = 125 mm. Comparing this path
length to [} = 65 mm, it is clear that a noticeable fraction of
the transmitted photons will have been scattered by a particle.
At the same time, it is unlikely that one will see multiple scat-
tering caused by particles. In other words, the foam bubbles
produce an isotropic field of incident photons which are likely
to be scattered once from a particle before eventually exiting
the sample cell.

Paths that include a particle scattering event also lead to
fluctuations in the transmitted intensity on the timescale of
the particle diffusion. This is the reason for the first decor-
relation in figure 4(a). The second decorrelation is caused
by bubble rearrangement and coalescence events. The larger
the second decorrelation time, the slower the evolution of the
foam matrix.

From the first decay time 73 of ~0.23 ms an apparent par-
ticle radius can be calculated via

_ 8mmkT ;
h 3)\2,'7 ( )

with the laser wavelength A and the liquid dynamic viscosity
7. This yields an apparent radius of 28 nm. Within the experi-
mental accuracy, this is in acceptable agreement with the DLS
radius of 20nm. For amine concentrations above the CAC, the
particles start to aggregate while the mass concentration is con-
stant. This should lead to a larger decay time. Slightly larger
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decay times that indicate larger particles are observed which
confirm the presence of aggregates in the foam channels.

The second decay time 7z increases with increasing amine
concentration which indicates that the foams evolve more
slowly. This can be interpreted as a stiffening of the system
which is also qualitatively observed when handling the pre-
pared foams. Foams with strongly aggregated particle net-
works show a time dependent increase in the #g value, as the
systems ages and gels.

We will follow up by discussing the plateau values g;.
Theory predicts the following dependence

I? o

S = == L g
®8) = 2 = e

(®)

with the measured transport mean free path length
Is denoted in the table above. The right-hand side of (8) can be
used to evaluate the fits in figure 7. If both the cross-section o
and the diameter d of the particles are unknown, it is straightfor-
ward to calculate the ratio o/d? from the slope of the curves and
find e.g. the diameter by comparison with data calculated by
means of Mie theory. When this is applied to the measured data,
we find particle radii r,p, as summarized in the following table.

C, old3 (1/m) Fapp (M)
Cs 5617 28.8
Cs 6776 30.8
o) 7019 30.9
Cy 6444 30.3

These values are larger than the hydrodynamic radii probed
by DLS. Nonetheless, it should be noted that they compare
very well to the apparent radii of 28 nm extracted from the
73 values. Both methods which were presented to obtain a
measure for the particle size in the foam are different in their
approach. One uses information from the decorrelation time,
the other one is based on the total amount of decorrelation.
Modelwise there is no correlation between that information.

Another aspect of the information in the g* values shall be
addressed. If we assume that the silica particles in the foam chan-
nels start to aggregate, their /. value would decrease as depicted
in figure 8 and explained earlier. Equation (8) shows the depend-
ence of the plateau value gE on /.. It turns out that aggregation
should lead to a decrease of the plateau value gE. In our experi-
ments, this decrease is not observed. The opposite is found, in
samples with strong aggregation the plateau is nearly absent. An
easy explanation is the gelation or settling of the aggregates in
the foam structure. As these large aggregates do not move any
longer, they cannot cause any decorrelation in the transmitted
beam intensity. Only freely diffusing particle (aggregates) con-
tribute to the fast decorrelation signal in figure 4(c).

5. Conclusion

We investigate the structure and dynamics of an aqueous
particle stabilized foam. Our data suggest that the foam

structure and dynamics depend on the interfacial particle
interaction as well as the particle aggregation state in the
bulk foam liquid.

For all studied alkyl chain lengths, there exists a charac-
teristic amine concentration that leads to immediate particle
aggregation. Below this threshold concentration, particles
become more efficient foam stabilizers as the amine concen-
tration is increased. The amine adsorption leads to increased
hydrophobicity of the particles. A decrease in the foam rear-
rangement time is found, as the hydrophobicity of the parti-
cles is increased. The nanoparticle diffusion can be probed
by DWS and their size can be determined in the foam. When
two of the three parameters particle mass concentration, par-
ticle size and foam liquid fraction are known, the third can be
conveniently determined by means of DWS. Two independent
approaches to determine the particle size in the foam were
validated successfully.

When the particle hydrophobicity is increased to a degree
at which bulk aggregation starts, the foam structure gels as
reflected by the long foam rearrangement times. The arrest
of single particle dynamics is seen by the absence of a strong
particle induced fast decorrelation in the autocorrelation
function.

The present paper illustrates the power of the diffusing
wave spectroscopy technique to characterize complex com-
posite materials that include several largely separated length
scales. It illustrates how a component of the matrix can be
probed optically without the need for the sample to be trans-
parent or optically homogeneous.

We hope this study stimulates further research in the field
of food and soft matter science to yield a better understanding
of particle stabilized foams.

Acknowledgments

Financial support by the Deutsche Forschungsgemeinschaft
in the framework of CRG-TR63 ‘Integrierte chemische
Prozesse in fliissigen Mehrphasensystemen, TP B6’ is grate-
fully acknowledged. We thank Stefan Wellert for fruitful
discussions.

References

[1] Mezzenga R, Schurtenberger P, Burbidge A and Michel M
2005 Understanding foods as soft materials Nat. Mater.
4729-40

[2] Maret G and Wolf P E 1987 Multiple light scattering from
disordered media. The effect of brownian motion of
scatterers Z. Phys. B 65 409-13

[3] Maret G 1997 Diffusing-wave spectroscopy Curr. Opin.
Colloid Interface Sci. 2 251-7

[4] Pine D J, Weitz D A, Zhu J X and Herbolzheimer E 1990
Diffusing-wave spectroscopy: dynamic light scattering in
the multiple scattering limit J. Phys. 51 2101-27

[5] Brown W 1993 Dynamic Light Scattering: The Method and
Some Applications vol 49 (Oxtford: Oxford University
Press)

[6] Cipelletti L and Weitz D A 1999 Ultralow-angle dynamic
light scattering with a charge coupled device camera


http://dx.doi.org/10.1038/nmat1496
http://dx.doi.org/10.1038/nmat1496
http://dx.doi.org/10.1038/nmat1496
http://dx.doi.org/10.1007/BF01303762
http://dx.doi.org/10.1007/BF01303762
http://dx.doi.org/10.1007/BF01303762
http://dx.doi.org/10.1016/S1359-0294(97)80032-5
http://dx.doi.org/10.1016/S1359-0294(97)80032-5
http://dx.doi.org/10.1016/S1359-0294(97)80032-5
http://dx.doi.org/10.1051/jphys:0199000510180210100
http://dx.doi.org/10.1051/jphys:0199000510180210100
http://dx.doi.org/10.1051/jphys:0199000510180210100

J. Phys. D: Appl. Phys. 48 (2015) 434003

A Carl et al

based multispeckle, multitau correlator Rev. Sci. Instrum.
70 3214-21
[7] Pine D J, Weitz D A, Chaikin P M and Herbolzheimer E 1988
Diffusing wave spectroscopy Phys. Rev. Lett. 60 1134
[8] Oelschlaeger C, Schopferer M, Scheffold F and
Willenbacher N 2009 Linear-to-branched micelles
transition: a rheometry and diffusing wave spectroscopy
(dws) study Langmuir 25 716-23
[9] Cohen-Addad S and Hohler R 2001 Bubble dynamics
relaxation in aqueous foam probed by multispeckle
diffusing-wave spectroscopy Phys. Rev. Lett. 86 4700-3
[10] Schmitt C, Bovay C and Rouvet M 2014 Bulk self-aggregation
drives foam stabilization properties of whey protein
microgels Food Hydrocolloids 42 139-48
[11] Hemar Y, Pinder D N, Hunter R J, Singh H, Hébraud P and
Horne D S 2003 Monitoring of flocculation and creaming
of sodium-caseinate-stabilized emulsions using diffusing-
wave spectroscopy J. Colloid Interface Sci. 264 502—8
[12] Hemar Y and Horne D S 1999 A diffusing wave spectroscopy
study of the kinetics of Ostwald ripening in protein-
stabilised oil/water emulsions Colloids Surf. B
12 239-46
[13] Knaebel A, Bellour M, Munch J-P, Viasnoff V, Lequeux F and
Harden J L 2000 Aging behavior of laponite clay particle
suspensions Europhys. Lett. 52 73
[14] Kaplan P D, Dinsmore A D, Yodh A G and Pine D J 1994
Diffuse-transmission spectroscopy: a structural probe of
opaque colloidal mixtures Phys. Rev. E 50 4827-35
[15] Marze S, Choimet M and Foucat L 2012 In vitro digestion
of emulsions: diffusion and particle size distribution using
diffusing wave spectroscopy and diffusion using nuclear
magnetic resonance Soft Matter 8§ 10994—-1004
[16] Schwenzfeier A, Helbig A, Wierenga P A and Gruppen H
2013 Emulsion properties of algae soluble protein isolate
from tetraselmis sp Food Hydrocolloids 30 258—63
[17] Cardinaux F, Mason T G and Scheffold F 2013 Elasticity
and glassy dynamics of dense emulsions AIP Conf. Proc.
1518 222-6
[18] Gopal A D and Durian D J 2003 Relaxing in foam Phys. Rev.
Lett. 91 188303
[19] Mason T G and Weitz D A 1995 Optical measurements of
frequency-dependent linear viscoelastic moduli of complex
fluids Phys. Rev. Lett. 74 1250-3
[20] Eliot C, Horne D S and Dickinson E 2005 Understanding
temperature-sensitive caseinate emulsions: new information
from diffusing wave spectroscopy Food Hydrocolloids
19 279-87
[21] Wu X-L, Pine D J, Chaikin P M, Huang J S and Weitz D A
1990 Diffusing-wave spectroscopy in a shear flow J. Opt.
Soc. Am. B7 15-20
[22] Scheffold F 2002 Particle sizing with diffusing wave
spectroscopy J. Dispersion Sci. Technol. 23 591-9
[23] Ruis H G M, van Gruijthuijsen K, Venema P and
van der Linden E 2007 Transitions in structure in
oil-in-water emulsions as studied by diffusing wave
spectroscopy Langmuir 23 1007-13
[24] ten Grotenhuis E, Paques M and van Aken G A 2000 The
application of diffusing-wave spectroscopy to monitor the
phase behavior of emulsionpolysaccharide systems
J. Colloid Interface Sci. 227 495-504
[25] Chappellaz A, Alexander M and Corredig M 2010 Phase
separation behavior of caseins in milk containing flaxseed
gum and carrageenan: a light-scattering and ultrasonic
spectroscopy study Food Biophys. 5 138-47
[26] Sandra S, Ho M, Alexander M and Corredig M 2012 Effect
of soluble calcium on the renneting properties of casein
micelles as measured by rheology and diffusing wave
spectroscopy J. Dairy Sci. 95 75-82

[27] Sandra S, Alexander M and Dalgleish D G 2007 The rennet
coagulation mechanism of skim milk as observed by
transmission diffusing wave spectroscopy J. Colloid
Interface Sci. 308 364-73

[28] Sandra S, Cooper C, Alexander M and Corredig M 2011
Coagulation properties of ultrafiltered milk retentates
measured using rheology and diffusing wave spectroscopy
Food Res. Int. 44 951-6

[29] Vincent R R R, Gillies G and Stradner A 2011 Simple
transmission measurements discriminate instability
processes in multiple emulsions Soft Matter 7 2697-704

[30] Corredig M and Alexander M 2008 Food emulsions studied by
dws: recent advances Trends Food Sci. Technol. 19 67-75

[31] Alexander M and Dalgleish D G 2007 Diffusing wave
spectroscopy of aggregating and gelling systems Curr:
Opin. Colloid Interface Sci. 12 179-86

[32] Durian D J, Weitz D A and Pine D J 1991 Multiple light-
scattering probes of foam structure and dynamics Science
252 686-8

[33] Vera M U, Saint-Jalmes A and Durian D J 2001 Scattering
optics of foam Appl. Opt. 40 42104

[34] Stocco A, Crassous J, Salonen A, Saint-Jalmes A and
Langevin D 2011 Two-mode dynamics in dispersed systems:
the case of particle-stabilized foams studied by diffusing
wave spectroscopy Phys. Chem. Chem. Phys. 13 3064-72

[35] Marze S, Langevin D and Saint-Jalmes A 2008 Aqueous
foam slip and shear regimes determined by rheometry and
multiple light scattering J. Rheol. 52 1091-111

[36] Crassous J and Saint-Jalmes A 2012 Probing the dynamics
of particles in an aging dispersion using diffusing wave
spectroscopy Soft Matter 8 7683-9

[37] Durian D J, Weitz D A and Pine D J 1991 Scaling behavior in
shaving cream Phys. Rev. A 44 R7902-5

[38] Gopal A D and Durian D J 1997 Fast thermal dynamics in
aqueous foams J. Opt. Soc. Am. A 14 150-5

[39] Vilgis T 2007 Die Molekularkiiche (Wiesbaden: Tre Torri)

[40] Qian S and Chen J J J 2015 Effect of liquid fraction and
bubble size distribution on the polarised light scattering
characteristics of casein foam Chem. Eng. Sci. 122 250-69

[41] Arriaga L R, Drenckhan W, Salonen A, Rodrigues J A,
iﬁiguez—Palomares R, Rio E and Langevin D 2012 On the
long-term stability of foams stabilised by mixtures of nano-
particles and oppositely charged short chain surfactants
Soft Matter 8 11085-97

[42] Carn F, Colin A, Pitois O, Vignes-Adler M and Backov R 2009
Foam drainage in the presence of nanoparticle—surfactant
mixtures Langmuir 25 7847-56

[43] Stocco A, Garcia-Moreno F, Manke I, Banhart J and
Langevin D 2011 Particle-stabilised foams: structure and
aging Soft Matter 7 631-7

[44] Carl A, Bannuscher A and von Klitzing R 2015 Particle
stabilized aqueous foams at different length scales:
synergy between silica particles and alkylamines Langmuir
311615-22

[45] Studart A R, Libanori R, Moreno A, Gonzenbach U T,
Tervoort E and Gauckler L J 2011 Unifying model for the
electrokinetic and phase behavior of aqueous suspensions
containing short and long amphiphiles Langmuir
27 11835-44

[46] Boos J, Drenckhan W and Stubenrauch C 2012 On how
surfactant depletion during foam generation influences
foam properties Langmuir 28 9303-10

[47] Carn F, Colin A, Pitois O and Backov R 2011 Foam drainage
study during plateau border mineralisation Soft Matter
861-5

[48] Hohler R, Cohen-Addad S and Durian D J 2014 Multiple light
scattering as a probe of foams and emulsions Curr. Opin.
Colloid Interface Sci. 19 242-52


http://dx.doi.org/10.1063/1.1149894
http://dx.doi.org/10.1063/1.1149894
http://dx.doi.org/10.1063/1.1149894
http://dx.doi.org/10.1103/PhysRevLett.60.1134
http://dx.doi.org/10.1103/PhysRevLett.60.1134
http://dx.doi.org/10.1021/la802323x
http://dx.doi.org/10.1021/la802323x
http://dx.doi.org/10.1021/la802323x
http://dx.doi.org/10.1103/PhysRevLett.86.4700
http://dx.doi.org/10.1103/PhysRevLett.86.4700
http://dx.doi.org/10.1103/PhysRevLett.86.4700
http://dx.doi.org/10.1016/j.foodhyd.2014.03.010
http://dx.doi.org/10.1016/j.foodhyd.2014.03.010
http://dx.doi.org/10.1016/j.foodhyd.2014.03.010
http://dx.doi.org/10.1016/S0021-9797(03)00453-3
http://dx.doi.org/10.1016/S0021-9797(03)00453-3
http://dx.doi.org/10.1016/S0021-9797(03)00453-3
http://dx.doi.org/10.1016/S0927-7765(98)00079-4
http://dx.doi.org/10.1016/S0927-7765(98)00079-4
http://dx.doi.org/10.1016/S0927-7765(98)00079-4
http://dx.doi.org/10.1209/epl/i2000-00406-6
http://dx.doi.org/10.1209/epl/i2000-00406-6
http://dx.doi.org/10.1039/c2sm26334c
http://dx.doi.org/10.1039/c2sm26334c
http://dx.doi.org/10.1039/c2sm26334c
http://dx.doi.org/10.1016/j.foodhyd.2012.06.002
http://dx.doi.org/10.1016/j.foodhyd.2012.06.002
http://dx.doi.org/10.1016/j.foodhyd.2012.06.002
http://dx.doi.org/10.1063/1.4794571
http://dx.doi.org/10.1063/1.4794571
http://dx.doi.org/10.1063/1.4794571
http://dx.doi.org/10.1103/PhysRevLett.91.188303
http://dx.doi.org/10.1103/PhysRevLett.91.188303
http://dx.doi.org/10.1103/PhysRevLett.74.1250
http://dx.doi.org/10.1103/PhysRevLett.74.1250
http://dx.doi.org/10.1103/PhysRevLett.74.1250
http://dx.doi.org/10.1016/j.foodhyd.2004.06.005
http://dx.doi.org/10.1016/j.foodhyd.2004.06.005
http://dx.doi.org/10.1016/j.foodhyd.2004.06.005
http://dx.doi.org/10.1364/JOSAB.7.000015
http://dx.doi.org/10.1364/JOSAB.7.000015
http://dx.doi.org/10.1364/JOSAB.7.000015
http://dx.doi.org/10.1081/DIS-120015365
http://dx.doi.org/10.1081/DIS-120015365
http://dx.doi.org/10.1081/DIS-120015365
http://dx.doi.org/10.1021/la062001w
http://dx.doi.org/10.1021/la062001w
http://dx.doi.org/10.1021/la062001w
http://dx.doi.org/10.1006/jcis.2000.6888
http://dx.doi.org/10.1006/jcis.2000.6888
http://dx.doi.org/10.1006/jcis.2000.6888
http://dx.doi.org/10.1007/s11483-010-9154-3
http://dx.doi.org/10.1007/s11483-010-9154-3
http://dx.doi.org/10.1007/s11483-010-9154-3
http://dx.doi.org/10.3168/jds.2011-4713
http://dx.doi.org/10.3168/jds.2011-4713
http://dx.doi.org/10.3168/jds.2011-4713
http://dx.doi.org/10.1016/j.jcis.2007.01.021
http://dx.doi.org/10.1016/j.jcis.2007.01.021
http://dx.doi.org/10.1016/j.jcis.2007.01.021
http://dx.doi.org/10.1016/j.foodres.2011.02.018
http://dx.doi.org/10.1016/j.foodres.2011.02.018
http://dx.doi.org/10.1016/j.foodres.2011.02.018
http://dx.doi.org/10.1039/c0sm00779j
http://dx.doi.org/10.1039/c0sm00779j
http://dx.doi.org/10.1039/c0sm00779j
http://dx.doi.org/10.1016/j.tifs.2007.07.014
http://dx.doi.org/10.1016/j.tifs.2007.07.014
http://dx.doi.org/10.1016/j.tifs.2007.07.014
http://dx.doi.org/10.1016/j.cocis.2007.07.008
http://dx.doi.org/10.1016/j.cocis.2007.07.008
http://dx.doi.org/10.1016/j.cocis.2007.07.008
http://dx.doi.org/10.1126/science.252.5006.686
http://dx.doi.org/10.1126/science.252.5006.686
http://dx.doi.org/10.1126/science.252.5006.686
http://dx.doi.org/10.1364/AO.40.004210
http://dx.doi.org/10.1364/AO.40.004210
http://dx.doi.org/10.1364/AO.40.004210
http://dx.doi.org/10.1039/C0CP01152E
http://dx.doi.org/10.1039/C0CP01152E
http://dx.doi.org/10.1039/C0CP01152E
http://dx.doi.org/10.1122/1.2952510
http://dx.doi.org/10.1122/1.2952510
http://dx.doi.org/10.1122/1.2952510
http://dx.doi.org/10.1039/c2sm25526j
http://dx.doi.org/10.1039/c2sm25526j
http://dx.doi.org/10.1039/c2sm25526j
http://dx.doi.org/10.1364/JOSAA.14.000150
http://dx.doi.org/10.1364/JOSAA.14.000150
http://dx.doi.org/10.1364/JOSAA.14.000150
http://dx.doi.org/10.1016/j.ces.2014.09.038
http://dx.doi.org/10.1016/j.ces.2014.09.038
http://dx.doi.org/10.1016/j.ces.2014.09.038
http://dx.doi.org/10.1039/c2sm26461g
http://dx.doi.org/10.1039/c2sm26461g
http://dx.doi.org/10.1039/c2sm26461g
http://dx.doi.org/10.1021/la900414q
http://dx.doi.org/10.1021/la900414q
http://dx.doi.org/10.1021/la900414q
http://dx.doi.org/10.1039/C0SM00166J
http://dx.doi.org/10.1039/C0SM00166J
http://dx.doi.org/10.1039/C0SM00166J
http://dx.doi.org/10.1021/la503321m
http://dx.doi.org/10.1021/la503321m
http://dx.doi.org/10.1021/la503321m
http://dx.doi.org/10.1021/la202384b
http://dx.doi.org/10.1021/la202384b
http://dx.doi.org/10.1021/la202384b
http://dx.doi.org/10.1021/la301140z
http://dx.doi.org/10.1021/la301140z
http://dx.doi.org/10.1021/la301140z
http://dx.doi.org/10.1016/j.cocis.2014.04.005
http://dx.doi.org/10.1016/j.cocis.2014.04.005
http://dx.doi.org/10.1016/j.cocis.2014.04.005

