Soft Matter
View Article Online

Open Access Article. Published on 31 October 2019. Downloaded on 1/8/2023 12:17:24 PM.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

PAPER

Cite this: Soft Matter, 2019,
15, 9474

View Journal | View Issue

Gravity-driven syneresis in model low-fat
mayonnaise†
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Low-fat food products often contain natural, edible polymers to retain the desired mouth feel and elasticity
of their full-fat counterparts. This type of product, however, can suﬀer from syneresis: densification due to
the expulsion of fluid. Gaining insight into the physical principles governing syneresis in such soft hybrid
dispersions remains a challenge from a theoretical perspective, as experimental data are needed to establish
a basis. We record non-accelerated syneresis in a model system for low-fat mayonnaise: a colloid polymer
mixture, consisting of oil in water emulsion with starch in the aqueous phase. We find the flow rate of
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expelled fluid to be proportional to the diﬀerence in hydrostatic pressure over the system. The osmotic
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because the soluble starch is lost to the expelled fluid. From these findings, we conclude that forced
syneresis in these systems can be described as a gravity-driven porous flow through the densely packed
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emulsion, explainable with a model based on Darcy’s law.

pressure of the added starch, while being higher than the hydrostatic pressure, does not prevent syneresis

1 Introduction
The acute awareness of the relationship between dietary fat and
hypertension, the development of cardiovascular diseases, and
obesity has stimulated the need among consumers for food
products with reduced fat content.1–3 To retain the desired
mouth feel and elasticity of their full-fat counterparts, low-fat
food products often contain natural, edible polymers.4 Upon
addition of these polymers, however, this type of products can
suffer from syneresis: densification due to the expulsion of fluid,
usually characterized by the appearance of the continuous phase
at the bottom of a scoop, while the scoop retains its initial shape
and does not flow on the macroscopic scale. Yet, on the microscopic scale, the material must undergo flow leading to progressive fluid accumulation at the bottom of the scoop, which is
considered undesirable. Understanding the physics that govern
this phenomenon is crucial to predict and control the properties
of such soft hybrid dispersions for product stability against
scoop syneresis.
Mayonnaise is an oil in water emulsion comprised of dispersed
sunflower oil droplets suspended in a continuous phase of
water, and stabilized by egg yolk proteins and phospholipids.
a
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The rheology of an emulsion depends strongly on the volume
fraction of the dispersed phase: at approximately 80 vol%
of the dispersed phase, typical of mayonnaise, oil droplets
pack together, causing deformation of their interfaces. This
repulsive force between the jammed droplets gives mayonnaise
its elastic, paste-like behavior. Syneresis does not occur in such
full-fat mayonnaise, as an expulsion of fluid requires an applied
pressure in excess of the droplet Laplace pressure to further
deform the close-packed individual droplets; the scoop-induced
hydrostatic pressure diﬀerence is a few orders of magnitude
lower than the droplet Laplace pressure. When decreasing the
volume fraction of the dispersed phase below a critical value,
however, the elastic modulus decreases significantly.5,6
To recover the elasticity at low volume fraction, water-soluble
(bio)polymers are added. Being an abundant, aﬀordable and
natural edible polysaccharide, starch is widely used to control the
stability and texture of many food products.7 Starch is a complex
composite system, composed of amylose and amylopectin,
occurring naturally as insoluble, semi-crystalline granules.8
After heating in water, the starch suspension converts into a
turbid viscoelastic paste, in which starch exists in various
forms: water-soluble individual polymers, water-swollen starch
microgels, and water-insoluble granules.9 At suﬃciently
high starch concentrations a network forms, consisting of an
amylose matrix with deformable swollen granule fillers.10 In
addition to the network constructed by starch, soluble starch
polymers induce depletion attraction between oil droplets.
When droplets are at high enough volume fraction, they may
form a space spanning, dynamically arrested network, which
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can form a colloidal gel.11–13 Both of these networks impart
elasticity to the low-fat mayonnaise. Yet, if this elasticity is of
insufficient magnitude or breaks down when stressed, the
product may experience syneresis. Syneresis is a dynamic
process that depends on the interaction forces between the
structural elements of the system and external driving forces,
such as hydrostatic pressure difference.14
While numerous studies have shown that syneresis of casein
gels in cheese is due to rearrangements of the network of casein
particles in response to internal stresses, forced syneresis
in colloid polymer mixtures like low-fat mayonnaise under
external stresses remains largely unexplored.15–17 A common
approach in studying syneresis is through accelerated measurements, such as centrifugation, which can be powerful for
certain types of instabilities of food emulsions.18,19 However,
the magnitudes of the forces involved in the force balance
governing syneresis are not necessarily accelerated proportionally, which may lead to different conclusions in accelerated
compared to non-accelerated tests.
In this study, we follow the syneresis of model low-fat
mayonnaise systematically under hydrostatic pressure diﬀerence
in a non-accelerated fashion. We explore the eﬀect of added
starch on the osmotic pressure and the elasticity of the material
and investigate the composition of the expelled fluid during
syneresis. Our results indicate that syneresis can be described as
a gravity-driven flow of fluid through a porous medium formed
by the hybrid colloid–polymer network.

2 Experimental
2.1

Scoop syneresis

Model low-fat mayonnaise is formulated with 52 vol%
sunflower oil and 48 vol% aqueous phase. The aqueous phase
contains 4 wt% native rice starch, 7 wt% egg yolk, 5 wt%
vinegar and 2.8 wt% NaCl. Native rice starch (4 wt%) (Sigma
Aldrich) is dispersed in Milli-Q water and heated at 90 1C for
5 min while gently stirring. The container is partially sealed with
parafilm to reduce evaporation during heating. Milli-Q water is
added afterward to compensate for evaporation, thereby retaining a 4 wt% starch suspension. Next, the starch suspension is
cooled and equilibrated to 50 1C. The starch suspension is
subsequently mixed with the egg yolk, NaCl and vinegar. The
model low-fat mayonnaise is produced by the slow addition of
oil into the aqueous phase while mixing with a Silverson L5M-A
Laboratory Mixer with Emulsor Screens at 5800 rpm. The model
low-fat mayonnaise is prepared in two batches with each batch
serving as one of the duplicates in the syneresis experiments.
To study scoop syneresis in model low-fat mayonnaise
systematically, we vary the hydrostatic pressure diﬀerence
between the mayonnaise surface and the bottom of the scoop.
To achieve this, we use 3D printed containers which have two
chambers, a smaller inner tube and a larger outer reservoir
(Fig. 1a–c). The inner tubes have a diameter of 2 cm with
different total heights, h: 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 cm.
The inner tubes are sealed at the bottom with filter paper with a
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Fig. 1 (a–c) Schematic depiction of the scoop syneresis experiment.
(a) Black, yellow, green and grey represent, the outer reservoir, the model
low-fat mayonnaise, the 3D printed inner tube and the filter paper,
respectively. (b) After one week, model low-fat mayonnaise is aspirated
from the inner tube. (c) Over time, fluid is expelled into the inner tube
through the filter paper, as depicted in blue. (d) Weight of the expelled fluid
in the inner tube as a function of storage time for different heights of the
inner tube, h. Error bars represent standard deviation (N = 2), which are
smaller than the marker size.

pore size of 4–7 mm. We pour the model low-fat mayonnaise
into the container both inside and outside the inner tube, see
Fig. 1a. After a week, model low-fat mayonnaise is aspirated
from the inner tube so as to make the scoop, inducing a height
difference between the surface of the model low-fat mayonnaise
in the outer reservoir and the bottom of the inner tube, see
Fig. 1b. The period of one week was chosen, because the sample
has reached a quasi-steady state after one week, based on
preliminary rheological measurements. During storage, the
container is covered with a screwed lid and sealed with parafilm
to prevent evaporation. We measure the fluid accumulated in the
inner tube as a function of time, see Fig. 1c and d. All syneresis
experiments are performed at room temperature.
2.2

Osmotic pressure measurement

To validate the osmotic pressure measurements, we use solutions of polyethylene glycol (PEG, 20 000 g mol1). PEG is
dissolved in Milli-Q water to obtain solutions of 0.55 wt%,
1.5 wt%, 1.85 wt% and 2.9 wt%. The solutions have osmotic
pressures of 1 kPa, 3 kPa, 5 kPa and 10 kPa correspondingly.
The relationship between the PEG concentration and the
resultant osmotic pressure has been calibrated previously.20
PEG solution of 1 kPa is transferred into the dialysis cassettes
(Slide-A-LyzerTM, 10 K MWCO, 30 ml, Fisher Scientific B.V.) and
immersed in PEG solutions with 3 kPa, 5 kPa and 10 kPa. The
weight change of the cassettes is then measured as a function
of time until equilibrium is reached.
Next, native rice starch suspensions with 2, 4 and 6 wt% are
prepared as described in Section 2.1. The starch suspensions
are transferred into the dialysis cassettes and immersed in
diﬀerent PEG solutions of 3 kPa, 5 kPa and 10 kPa. The weight
change of the cassettes with starch suspensions after 24 h of
dialysis is measured.
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Rheology measurement

Rheology measurements are performed on a stress-controlled
rheometer (Anton Paar MCR 501) with a concentric stainless
steel cylinder geometry which has inner and outer cylinder radii
of 8.33 and 9.04 mm, respectively, and a volume of 4.5 ml. Two
tests are carried out. An oscillatory strain sweep from 0.01% to
1000% at a frequency of 1 Hz and a stress sweep from 0.001 Pa
to 100 Pa is applied. In all cases, a solvent trap is used to
prevent solvent evaporation. All suspensions are rejuvenated
after loading by shearing (_g = 1 s1) for 5 min and left to relax
for 30 min before commencing the measurement. This procedure is to eliminate the history dependence of the results.

3 Results and discussion
3.1

Driving force for scoop syneresis

Our forced syneresis experiment is shown schematically in
Fig. 1. Model low-fat mayonnaise is poured into a 3D printed
container immediately after preparation; this container has two
chambers, a smaller inner tube of a total height h, and a larger
outer reservoir, see Fig. 1a. The sample is then left to set in the
container for one week which allows the microstructure to fully
form. After this equilibration period, the material in the inner
tube is removed by aspiration to establish a hydrostatic pressure diﬀerence, Dp, see Fig. 1b. This height diﬀerence mimics a
consumer scoop taken from mayonnaise. A gradual accumulation of fluid in the inner tube is seen, as shown in Fig. 1c, which
we monitor by carefully measuring the weight of the expelled
fluid as a function of time, see Fig. 1d. The fluid expulsion
continues for a long time and does not appear to be reaching an
equilibrium value, even after 105 days. After a certain period,
which is dependent on h, the weight of the expelled fluid
appears to be increasing at a near constant rate. This rate is
approximately proportional to the height diﬀerence h, as shown
in Fig. 2. Only for h 4 3.5 cm, we find the rate of syneresis to
decrease, which might be due to the bottom of the inner tube
being spatially close to the bottom of the outer reservoir (the total
height of the container is 4.75 cm). The initial linear increase with
h is in line with the hypothesis that syneresis in these experiments
is driven by the diﬀerence in hydrostatic pressure: considering the
process as the gravity-driven flow of fluid through a porous
medium formed by the droplets and starch network, we expect
from Darcy’s law a volumetric flux Qs = CDp, with the proportionality constant C dependent on the permeability of the sample, the
geometry of the flow field, and the viscosity of the fluid. Since
Dp B h, these results indicate that the proportionality constant C
is independent of the height.
To further test this, we normalize the expelled weight for
each tube height by the theoretical maximum of expelled fluid
for that height wm. The latter corresponds to the state where the
hydrostatic pressure diﬀerence has vanished completely and is
approximately proportional to the tube height h. The normalized syneresis curves indeed collapse for a range of tube heights
(2–4 cm), reflecting that they share the same normalized flow
rate Qs/Dp, see Fig. 3. For the two smallest heights, we see a
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Fig. 2 Flow rate of the expelled fluid (solid circles), calculated from the
weight of the expelled fluid as a function of the height of the inner tube.
The red line represents a linear fit to the data, excluding h 4 4 cm.
Predicted flow rate of the expelled fluid (open squares) based on the tworegion model later discussed in Section 3.4.

Fig. 3 Weight of the expelled fluid, wex, normalized by the maximum
weight of expelled fluid, wm, as a function of storage time for diﬀerent
heights of the inner tube. Error bars represent standard deviation (N = 2).
The normalized weight for the first 16 days is shown in the inset.

different behaviour: during the first couple of days, almost no
fluid is expelled and syneresis only starts after this delay time.
This suggests that there is an energy barrier for syneresis to
initiate, which is difficult to overcome if the driving force is
small. Nevertheless, after this initial phase, all samples show the
same normalized flow rate, which slowly changes over a period
of a few months. Note that the driving force Dp changes by at
most 25% during the first 100 days, since the amount of expelled
fluid after 100 days is about 25% of the maximum, see Fig. 3.

This journal is © The Royal Society of Chemistry 2019

View Article Online

Paper

Open Access Article. Published on 31 October 2019. Downloaded on 1/8/2023 12:17:24 PM.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

3.2

Soft Matter

Osmotic resistance against scoop syneresis

The picture of forced syneresis as hydrostatically driven fluid
flow through a porous medium ignores the presence of an
osmotic pressure diﬀerence between the expelled fluid and the
model low-fat mayonnaise. Fluid will be expelled only if the
hydrostatic pressure diﬀerence is larger than the osmotic pressure
diﬀerence. Conventionally, osmotic pressure is measured by
dialysis when at equilibrium, where there is no mass transfer
between inside and outside of a dialysis membrane. However,
starch is known to retrograde during storage,21 which may
complicate the determination of the osmotic pressure of starch
suspensions. We establish a method for determining osmotic
pressure under non-equilibrium conditions by dialysis for slurrylike materials, see the ESI† for method validation (Fig. S1). Starch
suspensions of 2, 4 and 6 wt% after 8 days of storage are dialyzed
against PEG solutions of known osmotic pressure: 1 kPa, 3 kPa
and 5 kPa. These pressures are used to limit the volume change of
the cassette, which may cause an error in determining the weight
change. The weight change of the cassette after 24 h of dialysis,
normalized by the initial weight as a function of the osmotic
pressure of the dialysis solution, is shown in Fig. 4a. The duration
of dialysis is chosen to be 24 h, a compromise between the
measurable quantity of weight change and the retrogradation rate
of starch. The osmotic pressure of the solution inside the cassette
can be found by extrapolation (red dash lines) to the point where
there is no weight change during the dialysis, indicated by the
grey dashed line in Fig. 4a. At this point, the osmotic pressures
inside and outside the cassette are equal. The extrapolated
osmotic pressure of 8 days old starch suspensions with 2, 4 and
6 wt% are depicted by the open symbols in Fig. 4a.
Utilizing this extrapolation method, we find that starch
suspensions after 24 h of dialysis show an increasing osmotic
pressure with increasing starch weight percentage, see Fig. 4b. The
osmotic pressure of starch suspensions decreases as the storage
time increases as shown in Fig. 4b; this is likely to be a consequence of starch retrogradation during storage.21 After 8 days, the
osmotic pressure of a 4 wt% starch suspension is approximately
1.1 kPa, which is larger than the largest Dp set by the height
diﬀerence in the scoop syneresis experiments, which is 0.45 kPa
for the 4.5 cm tube as depicted by the red dashed line in Fig. 4b.
This would imply that there should be no fluid expelled under the
hydrostatic pressure diﬀerence in the scoop syneresis experiment.
However, in our syneresis experiments, we do observe the
expulsion of fluid, which suggests that the actual diﬀerence
in osmotic pressure between the expelled fluid and the model
low-fat mayonnaise is much smaller. This can be explained if
the filter paper is permeable for the soluble component of the
starch suspension. Since the osmotic pressure is determined by
the number density of molecules, only the soluble fraction of
starch contributes significantly to the osmotic pressure of the
suspension, while the insoluble granules hardly aﬀect the
osmotic pressure. To validate this, we perform a series of tests
to investigate the composition of the expelled fluid. The purple
color during an iodine test indeed confirms the presence of
starch in the expelled fluid (Fig. S2, ESI†), while thermogravimetric
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Fig. 4 (a) Weight change of starch suspensions of 2, 4 and 6 wt% after
8 days of storage normalized by initial weight as a function of the osmotic
pressure of dialysis solution. Extrapolated points represent the osmotic
pressure, as shown in open symbols. Zero weight change is depicted as a
grey dashed line. The increase in starch weight percentage is indicated by
the darkening shade of green. (b) Extrapolated osmotic pressure of starch
suspension after 24 h dialysis as a function of weight percentage on
storage day 1 (K), day 8 (’) and day 15 (~). The hydrostatic pressure
diﬀerence, Dp, for h = 4.5 cm is depicted as red dashed line.

analysis (Fig. S3, ESI†) and gel permeation chromatography
(Fig. S4, ESI†) indicate that the majority of the soluble starch
leaves together with the fluid during the scoop syneresis
experiment. We, therefore, assume that the osmotic pressure
of the expelled fluid does not diﬀer significantly from that of
the model low-fat mayonnaise and that the osmotic pressure
does not influence the syneresis process.
3.3

Shear elasticity and yield stress

Another factor that could resist syneresis is the elasticity of
the starch network.22 As fluid is expelled, the volume of the
hybrid emulsion-starch network decreases, and the resulting
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Fig. 5 Storage moduli G 0 (K) and loss moduli G00 (~) of 4 wt% native rice
starch suspension (open symbols) and model low-fat mayonnaise (solid
symbols) as a function of shear strain amplitude.

Fig. 6 Shear rate of 4 wt% native rice starch suspension (open symbols),
model low-fat mayonnaise (black solid symbols) and aqueous phase (grey
solid symbols) as a function of shear stress.

compression could lead to an elastic restoring force. To measure the elasticity, we perform rheology experiments on 4 wt%
starch suspensions and on our model low-fat mayonnaise,
consisting of dispersed oil droplets with 4 wt% starch. For
both materials, storage moduli and loss moduli as a function of
shear strain are shown in Fig. 5; the storage moduli remain
constant, eventually decreasing when the material yields with a
corresponding increase in the loss moduli. These features
fit the behavior of a soft glassy material.23 Model low-fat
mayonnaise has an overall higher storage modulus compared to
a 4 wt% starch suspension, implying that an additional network
contributes to the elasticity of the model low-fat mayonnaise.
Additionally, the yield strain, where the storage modulus starts to
decrease, is smaller for the model low-fat mayonnaise than for the
4 wt% starch suspension, see Fig. 5. Indeed, colloidal gels have
been shown to be fragile in shear strain.15,24 These observations
thus suggest the presence of a space spanning colloidal network,
induced by a depletion attraction between the fat droplets
caused by the soluble fraction of starch in the model low-fat
mayonnaise.25–27 Alternatively, the higher storage modulus in
model low-fat mayonnaise compared to 4 wt% starch could be a
rigid filler effect for composite suspensions and gels due to the
small size and resultant high Laplace pressure of the oil
droplets.28 In this case, the relation between the shear moduli
and the volume fraction of oil would be described by the
empirical Krieger-Dougherty relation.29 However, experimental
G* results could not be fitted with this relation (see ESI†
Fig. S5), indicating that the increase in modulus is more likely
to be due to gelation of the oil droplets.
The presence of a colloidal droplet network could prevent
droplets from flowing together with the fluid during syneresis.
To verify this, we test whether the model low-fat mayonnaise
has a yield stress that resists the flow of low-fat mayonnaise as a
whole. A stress sweep is performed to model low-fat mayonnaise,

aqueous phase and 4 wt% starch suspension; the shear rate of
each material as a function of shear stress is shown in Fig. 6.
The yield stress of the material can be estimated as the stress at
which g_ C 103 s1 can first be measured in Fig. 6. The apparent
yield stress of model low-fat mayonnaise found in this way is
higher than that of 4 wt% starch suspension. Notably, both these
materials have a relatively low yield stress compared to full-fat
mayonnaise and low-fat mayonnaise with other added polymers.30
The smallest Dp in the scoop syneresis experiment, from the 1 cm
inner tube, is 100 Pa, which is much higher than the measured
yield stress of 0.3 Pa for the model low-fat mayonnaise, implying
that the model low-fat mayonnaise should flow even under the
smallest hydrostatic pressure diﬀerence.

9478 | Soft Matter, 2019, 15, 9474--9481

3.4

Two-region model for forced syneresis

The scoop syneresis experiment showed that the rate at which
fluid is expelled initially decreased and then reached a constant
value (Fig. 1d), with a final syneresis rate that is proportional to
the height diﬀerence h (Fig. 2). To explain these findings, we
consider a simple model for flow through a porous medium.
We assume that syneresis is driven by the hydrostatic pressure
diﬀerence Dp = rg(h  x) where x is the height of the expelled
liquid column in the inner tube. Since the hydrostatic pressure
diﬀerence in all our experiments is much larger than the yield
stress of the model low-fat mayonnaise, the emulsion will flow
as a whole towards the filter paper. While the continuous phase
is expelled, the oil droplets accumulate near the filter paper and
form a compacted zone of densely packed droplets. The Laplace
pressure of the droplets, g/2R B 104 Pa is much larger than
the hydrostatic pressure diﬀerence so that the droplets will not
deform significantly. We, therefore, assume that the volume
fraction of droplets in the compacted layer is around random
close packing, frcp E 0.64. As time progresses, the volume of
this compacted zone grows. Further syneresis proceeds by the
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flow of the continuous phase through this compacted porous bed
formed by the compacted droplets. We confirmed that the resistance of the filter paper is negligibly small and that no clogging of
the filter paper occurs (see ESI† Section S4) so that the syneresis
rate is determined completely by the flow rate of liquid through
the porous bed formed by the densely packed droplets.
The geometry of the experimental set-up leads to a confinement of the flow towards the filter paper. To account for
this geometrical eﬀect in a simplified manner, we develop a
1D-model, in which we divide the flow into two regions: (1) a
region right below the filter paper of length d and cross-section
Ain where the flow is mostly horizontal, and (2) a region of
length h and cross-section Aj  Ain that represents the top part
of the container, where the flow is mostly vertical (Fig. 7). Mass
balance implies that the velocities in the diﬀerent zones are
related as
:
Ainx = Ainqh = (Aj  Ain)qv
(1)
:
where x is the rate of change of the expelled liquid height and
qh and qv are the fluxes in the horizontal and vertical regions,
respectively, expressed in m s1. Note that (Aj  Ain) E 9Ain in our
experiments, so that qh c qv. The thickness of the compacted
region is indicated as y(t); this thickness grows as syneresis
proceeds. Depending on the magnitude of y(t), we consider two
diﬀerent stages of the process.
Stage 1: y(t) o d
If y o d, the compacted region is present only in the
horizontal region. The volume of the expelled fluid is equal
to the volume with which the sample has shrunk due to
compaction, so that x(t) = Dfy(t), with Df = frcp  f0 E 0.12
and f0 = 0.52 the initial volume fraction of oil droplets.
Assuming that the flow through the compacted layer can be
described by Darcy’s law, we get
qh ¼

krgðh  xÞ
Zy

(2)

with k the permeability of the compacted layer, Z the viscosity of
the expelled layer and rg(h  x)/y the pressure drop over the
:
compacted region. With qh = x and y = x/Df this can be
written as
x_ ¼

kDfrgðh  xÞ
Zx

(3)

In the scoop syneresis experiment, the height of the expelled
fluid column remains much smaller than h, so that h  x E h.
With this, the solution of eqn (3) is
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2kDfrght
xðtÞ ¼
(4)
Z
:
In this regime, the rate of syneresis x is very large initially
and then slows down. At time t = t*, the compacted layer
reaches the size of the horizontal region, y(t*) = d. The corresponding height of the liquid column is then x* = dDf; with d on
the order of Rin = 1 cm, this gives a value for x* on the order
of 1 mm.

This journal is © The Royal Society of Chemistry 2019

Fig. 7 (a) As fluid flows out of the model low-fat mayonnaise, two regions of
flow can be distinguished: a flow region of length d which is on average
horizontal, and a vertical region whose length equals the height of the
mayonnaise column. (b) The two-region model abstracts the 3D fluid flow
of the experimental geometry as a 1D flow through two separate regions with
unequal cross-section. The horizontal region of length d ends at the filter
paper of surface area Ain, thereby setting its cross-sectional area. The vertical
region has a cross-sectional area Aj  Ain, with Aj the total surface area of the
container, coinciding with the area of the mayonnaise column as seen from
the top. As the fluid is expelled, a layer of compacted mayonnaise with length
y(t) arises in the model low-fat mayonnaise. (c) Weight of the expelled fluid,
wex, normalized by the maximum weight of expelled fluid, wm, as a function
of storage time for h = 1 cm (yellow) and 3 cm (red). Dashed lines mark
w*/wm. Shading area represents stage 1. Solid linear lines are guides to the
data in stage 2. Error bars represent standard deviation (N = 2).

Stage 2: y(t) 4 d
Since x* { h, the compacted layer will grow further into the
vertical region. The flow now corresponds to two porous layers
in series, and the pressure drop is distributed between these
two layers. For the horizontal region of size d, Darcy’s law gives
qh ¼

krgðh  xÞw
Zd

(5)

where w is the fraction of the pressure drop over the horizontal
region. For the vertical region this becomes
qv ¼

krgðh  xÞð1  wÞ
Zðy  dÞ

(6)

Soft Matter, 2019, 15, 9474--9481 | 9479
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where y  d is how far the compacted region has grown into
the vertical region. From eqn (1) we see that qv { qh, since
Aj  Ain c Ain. It follows from this that most of the pressure
:
drop occurs over the horizontal region, w E 1. With x = qh, and
again taking x { h, we obtain
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x_ ¼

krgh
Zd

(7)

Hence, in this second stage, the syneresis rate is constant and
proportional to the height h. Obviously, the syneresis rate will
decrease further when x becomes comparable to h, leading to a
decrease in the driving force.
3.5

Comparison to experiments

This two-region model gives an explanation for the experimental findings. As long as the compacted region remains in
the horizontal region, the syneresis rate slows down due to the
growth of the compacted region (eqn (4)). However, when the
compacted region enters the vertical region, the syneresis rate
stabilizes, because the flow rate in the vertical region is much
lower than in the horizontal region. The cross-over between
the two stages occurs when x = x* = Dfd E 1 mm, which
corresponds to a weight w* = rx*Ain E 0.3 g. This is reasonably
close to the expelled fluid weight at which the experimental
syneresis rate stabilizes. w*/wm is calculated for h = 1 cm and
3 cm, shown in Fig. 7c as dashed lines. Compared with the
wex/wm data from the scoop syneresis experiment, it fits reasonably
well to where the flow rate starts to be constant, indicating that
around w* the transition from stage 1 to stage 2 happened. In the
second stage, the rate is proportional to h (eqn (7)). Experimentally,
:
we find x/h = (dwex/dt)/rAinh E 2  108 s1. The porosity of the
compacted region can be estimated from the Kozeny–Carman
equation for packed spheres:

k¼

3
 2 
R 1  frcp
45frcp 2

(8)

Using frcp = 0.64 and hRi = 3 mm (Fig. S8, ESI†), we obtain
k = 2  1014 m2. Since the expelled fluid comes from the
aqueous phase, we estimate the viscosity of the expelled fluid
as the low-shear viscosity of the aqueous/continuous phase,
Z E1 Pa s (Fig. 6). This estimate should be considered as an
upper bound, because the aqueous phase contains insoluble
components, e.g., water-insoluble starch granules, which are
not present in the expelled fluid. By applying the estimated k,
we can calculate the constant flow rate in stage 2 for all the
heights of the inner tubes based on eqn (7). The calculated flow
rates are shown in Fig. 2 as open squares and are in good
agreement with the experimental data, solid circles in Fig. 2.
Furthermore, using this estimate of Z, we find d E 1 cm, which
corresponds to the radius of the inner cylinder, Ain. The tworegion model thus gives a very good description of the experimental results utilizing the experimental dimensions and
known values.
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4 Conclusions
We have presented data and analysis which show that syneresis
in colloid polymer mixtures like low-fat mayonnaise can be
described as a gravity-driven flow of the continuous phase
through a densely packed region of particles. A simple 1D-model
based on Darcy’s law, which accounts for the geometry of the flow
field, gives a very good description of the final syneresis rate. For
small applied pressures, however, we find a delay period before
syneresis starts, indicating that there is an additional energy
barrier. This barrier could be related to a delayed collapse of the
colloidal network.31,32 It will be interesting to study how these
findings are modified for systems which have a yield stress that is
on the same order of magnitude as the pressure that drives
syneresis. These insights will help in the design of complex
soft materials and products with predictable stability.
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