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Abstract.
Plant-based emulsions with increasing dry matter content show a large range of structural features from atomic
to macroscopic length scales, which may be examined with scattering techniques in reciprocal space and micro-
scopic techniques in real space. In this contribution, we focus on plan-based emulsions in terms of mesoscopic
structure, and report on the impact of temperature and humidity on the structure measured via environmental
scanning electron microscopy (ESEM) in real space. Small angle x-ray scattering in reciprocal space extends
the knowledge on structural properties on smaller length scales at different temperature. Decreasing the humid-
ity for the ESEM experiments revealed structural properties of different products. Temperature decrease from
room temperature to 5 ◦C showed emerging crystalline peaks during SAXS measurements.

1 Introduction

Plant-based emulsions have a huge potential in substitut-
ing classical milk products [1]. A lot of research focuses
on the implementation of novel plant proteins, and inves-
tigates the potential usage in plant-based emulsions with
increasing dry matter content like milk drinks, fermented
or heat-induced yoghurt or cheese like products [2, 3].

Imitating the texture and structure of dairy products
is a challenge [4]. The texture and structure of emulsion
products with different dry matter content is often ana-
lyzed via rheology, tribology and microscopy. Common
microscopy methods in use are: transmission electron mi-
croscopy [5] and scanning electron microscopy [6, 7], both
methods are used for studying casein micelles, confocal
laser scanning microscopy [8, 9]. However, most of these
methods have the disadvantage that an invasive sample
preparation (freezing, cutting, substitution of water, stain-
ing, dye labelling) is required. Environmental scanning
electron microscopy (ESEM) offers possibilities to inves-
tigate a range of samples in high resolution without inva-
sive sample preparation, for example in Ref. [10] for a
model cheese system. Varying pressure, temperature and
with this combination also the relative humidity opens new
possibilities in studying the morphology of food products
on length scales below 1 µm to 1 mm. With small an-
gle x-ray scattering (SAXS), complementary information
in reciprocal space are accessible from the µm range down
to atomic length scales (of the order of 0.1 nm)[11]. Also
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here, a rather natural environment with control parameters
such as temperature are accessible.

This contribution shows some examples of how real
space information obtained with environmental scanning
electron microscopy (ESEM), complemented by recipro-
cal space information from small angle x-ray scattering
(SAXS), can provide insight into plant-based emulsions
and food products with different dry matter. Series of
images with decreasing humidity in ESEM and scatter-
ing curves at two relevant temperatures are presented and
discussed. The last section shows perspectives of neutron
scattering to extend the range of scattering techniques for
the characterization of food products [12]. Neutron scat-
tering provides a view into these systems with different
contrast and hence can reveal new structural details.

2 Methods

2.1 Environmental Scanning Electron Microscopy

The environmental scanning electron microscope (ESEM)
provides the possibility to investigate surfaces with an
electron beam without further treatment or coating, i.e.
with almost no additional sample preparation, also for wa-
ter containing samples, since a partial pressure of up to
∼ 800 Pa can be tolerated, corresponding to 100% rela-
tive humidity (r.h) at temperatures of 1.5-5◦C. Reducing
the pressure results in water evaporation revealing sur-
face structural information of the non-water components
[13, 14].

ESEM images were obtained at JCNS MLZ using a
Thermo Fischer Quattro S ESEM (Thermo Fischer Sci-
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entific, Eindhoven, Netherlands) equipped with a 500µm
aperture gaseous secondary electron detector (GSED).
During observation, the temperature of the sample stage
was controlled with a Peltier cooling system. All observa-
tions were carried out at a constant temperature of 2-5◦C
of the sample stage and the temperature of the samples was
equilibrated for 15 min prior to any measurement. The rel-
ative humidity was controlled by changing the water vapor
pressure in the chamber. The relative humidity (r.h.) is
then 100% at a pressure of 800 Pa, shown as initial picture
of all series. Subsequently, the pressure is lowered in two
steps, to 350 Pa, corresponding to a r.h. of 50%, further to
105 Pa (r.h. 15%) and reversed to a r.h. of about 100%.

All ESEM experiments were carried out with the fol-
lowing operating conditions: 10 kV beam accelerating
voltage for the samples PD1 ”Drink1”, PD2 ”Drink1”,
PCC and PC, 5 kV was used for sample PY to dimin-
ish beam damage, spot size 3.0, sample working distance
6.7 +/- 1.2 mm, and and 5–10 us dwell time. The corre-
sponding sample currents (measured in the Faraday cup in
high vacuum) were 80 pA and 110 pA for 5 and 10 kV re-
spectively. Secondary electron images were acquired via
the integrated imaging software (xT microscope control)
at 500, 650, 1000, and 1200 magnifications.

2.2 Small angle x-ray scattering

SAXS experiments were performed by a laboratory based
SAXS beamline KWS-X (XENOCS XUESS 3.0 XL) at
JCNS MLZ. The X-ray source is a D2+ MetalJet (Excil-
lum) with a liquid metal anode operating at 70 kV and 3.57
mA with Ga-Kα radiation (wavelength λ = 1.314 Å). Sam-
ples were measured in a glass capillary at ambient pressure
(1.5 mm ID) that was kept at 25◦C or 5◦C in a tempera-
ture controlled peltier stage. The sample to detector dis-
tances from 0.1 m to 1.70 m which cover the scattering
vector Q range from 0.003 to 4 Å−1 (Q is the scattering
vector, Q=(4π/λ)sin(Θ), 2Θ is the scattering angle). The
SAXS patterns were normalized to an absolute scale and
azimuthally averaged to obtain the intensity profiles, and
the solvent background was subtracted.

2.3 Samples

We present results on two plant-based emulsions and three
plant-based products with different amounts of dry matter,
a yoghurt, a cream cheese and a cheese (all plant-based).
Details of the samples are provided in Ref. [15], where
plant-based and dairy emulsions and fermented emulsions
are compared with respect to their structural characteris-
tics. Here only the plant-based products are in the focus
of interest. Table 1 lists the names and basic state of the
sample.

3 Results and Discussion

3.1 SAXS and ESEM

Plant-based emulsions and gelated emulsions were ana-
lyzed with ESEM and SAXS, the latter with a broad Q-
range up to 4 Å−1.

Surface structures on micrometer length scales were
observed via ESEM by decreasing the r.h. from 100%
down to 50%, 15% and then back to 100%. This series

Short name Sample name State
Ref. [15]

PD1 Drink 1 Plant Drink 1
PD2 Drink 2 Plant Drink 2
PY Ferm. 1-Y Plant Yoghurt

PCC Ferm. 3-CC Plant Cream Cheese
PC Ferm. 2-C Plant Cheese

Table 1. Samples studied with ESEM and SAXS with short
names. More details on the composition of the samples can be

found in Ref. [15].

of images has been taken for two emulsions (PD1 and
PD2), and three types of plant-based food products (PCC,
creamy; PC, cheese like and PY, youghurt like). The series
of pictures are presented in Figures 1 and 2 for the liquid
emulsions and Figures 3, 4, and 5 for the plant-based food
products with higher amounts of dry matter. For the latter
two, all steps of the r.h. series are shown, for the first three
only the 100% and 15% r.h. steps.

The two types of emulsions, PD1 and PD2, showed
initially a smooth surface (as expected for a liquid), with
reduced humidity a surface structure became visible, best
at the lowest r.h. of 15% (Figures 1, 2). This process is re-
versible, an increase of r.h. leads to a fully smooth surface
again. The emerging surface structures are in our point
of view due to evaporation of water, and opposing water
capillary effects exposing the structuring phase at the sur-
face. The mobility of the low dry matter samples prob-
ably increases just enough to smoothen the surface again
at high r.h., it is therefore not considered a macroscopic
phase separation due to the soft environmental changes
and conditions. Due to the relatively high hydrophobic-
ity of the system, reducing the r.h. from 100 % to 15 %
does not expel the hydration shell at the interfaces and is
probably the reason for a certain reversibility upon rehy-
dration as well as the high amount of water in the sample
itself. The emerging structures of PD1 at low r.h. could
be salts (Potassium phosphate and sea salts present in the
solution) and fat droplets. A particle size analysis of 77
particles of the 15% r.h. sample showed a mean diameter
of 6 µm (with a standard deviation of 3 µm). For PD2,
structuring particle like elements seem to emerge at the
top part of the image with diameters of about 8 µm and a
rather broad distribution, difficult to assess because partly
hidden in the interface. The time constant for recovery
when going back to 100 % r.h. was about 5 min for PD1
and quasi-instantaneous for PD2.

The plant-based yoghurt (PY, yoghurt like) with low
dry matter (Figure 3) showed a similar low structuring at
the beginning at 100% r.h., which increased slightly upon
drying at 50% r.h. with no further change when reducing
the r.h. to 15%. Again, this process is reversible, increas-
ing the r.h. to 100% leads again to a completely smooth
surface. The associated length scales are of the order of
some 10-50 µm similar to a fractal surface.

Other in the case of the second low dry matter cream
cheese like product (PCC, Figure 4), where the structure
consisting mainly of globular particles of very regular size
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Figure 1. ESEM pictures at different relative humitidy of emul-
sion PD1, "Drink 1". From top to bottom, the r.h. was changed
from 100% to 15%. Arrows mark some of the particles identified
as most characteristic and discussed in the text.

of about 1.5 µm diameter (std dev. 0.3 µm, measured over
74 particles approximately at the same surface level in the
image), which became visible upon reduction of humid-
ity to 50% persisted also after re-hydration at the end of
the experiment, probably due to the less mobile dry matter
phase compared to the liquid drinks and the yoghurt like
sample.

The high dry matter plant-based cheese PC 5 was
much more solid and already well structured at 100% r.h.
on the length scales of the ESEM experiment. It showed
already at the initial 100% r.h. observation disperse globu-
lar structures of about 2-5 µm, and otherwise a rather frac-
tal surface structure. There was no significant effect of
changing the humidity.

With small angle x-ray scattering (SAXS) the three
plant-based products PY, PCC and PC have been studied at
two temperatures over a Q-range from 0.003-4 Å−1, cov-
ering the typical small angle area with mainly a power law
decay as well as the region where diffraction peaks from
crystalline domains can be visible. The SAXS results of
the two emulsions and the gels at room temperature have
been discussed elsewhere [15] in more detail. Here the fo-
cus is on the temperature dependence of the three products.
Figure 6 shows the full Q-range and a zoom into the high-
Q-area of PY, PCC and PC at 25 ◦C and 5 ◦C. The power
law decay is hardly affected by the temperature change,
while on very small length scales a significant increase in

Figure 2. ESEM pictures at different relative humitidy of emul-
sion PD2, "Drink 2". From top to bottom, the r.h. was changed
from 100% to 15%. Arrows mark some of the particles identified
as most characteristic and discussed in the text.

crystallinity could be observed. The softest sample (top
in Figure 6 is PY with low dry matter, as shown in the
hydration change series in Figure 3, which stayed intact
also when cooled down to 5 ◦C. PCC and PC showed an
increase in crystalline features upon cooling. The Bragg
peaks visible for the low (PCC) and high (PC) dry matter
fermented emulsions (middle and bottom of Figure 6) at
Q≃ 0.15− 0.17 Å−1 stem from aligned fat molecules from
either coconut oil [16] for PC or from rapeseed oil for PCC
(middle) [17] which is already present in a partly aligned
form at 25 ◦C but which increases in ordering at 5 ◦C.

At higher Q above 1 Å−1 local ordering also increased
with decreasing temperature significantly for PC, while for
PCC it was already initially in a partly ordered state and
only sharpened slightly.

The length scales covered by the SAXS experiments
here, d = 2π/Q, are approximately 2 µm to 2 Å. The
ESEM images shown here complement the length scale
range towards larger structures. The slope of the SAXS
intensities at low Q has been analyzed in Ref [15] with
I(Q) ∝ Q−3.2 to Q−3.9 indicating a surface fractal structure
on these length scales below the length scales of the ESEM
images, which seems quite consistent with the ESEM im-
ages at low relative humidity. While SAXS provides truly
a view into the bulk structure, with the property that an en-
semble average of the structures in the probed volume is
represented in the scattering curves, the ESEM technique
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Figure 3. ESEM pictures of PY, a plant-based yoghurt with low
dry matter, at r.h. of 100% (top) and 15% (bottom).

shows the surface morphology of a cut through the sam-
ple or of the liquid droplet surface, at different tempera-
ture/pressure conditions. From the images presented here
it is also obvious that the 100% r.h. images often do not
show any significant structuring in the cuts of the soft mat-
ter samples, but that contrast between parts with different
vapor pressure may be created by reducing the relative hu-
midity. It can therefore complement scattering informa-
tion with respect to larger length scales and with insight
into structuring elements emergent under vapor evapora-
tion.

3.2 Outlook: neutron perspectives

The main advantage for neutron scattering in the area of
food gels and emulsions is the possibility to investigate
thick and nontransparent samples, with less radiation dam-
age or heating as with x-rays due to the much lower ki-
netic energy of the neutron beam, and the possibility of
varying the contrast by partially deuterating components
of such multicomponent systems as the food emulsions.
Small angle neutron scattering (SANS) provides a broad
range of scattering vectors, and it can be extended to-
wards low Q with double crystal diffractometers or with
spin echo resolved SANS (SESANS)[18], or finally ra-
diography for real space information, and to high Q with
classical diffractometers. This also offers the possibility
to access length scales from millimeters to Angstroem,
but requires normally to generate model systems by partly
deuterating the samples, in the simplest case only by ex-

Figure 4. ESEM images of a plant-based cream cheese PCC with
low dry matter at a r.h. of 100% to 50%, 15%, back to 100% (top
to bottom). Arrows mark some of the particles identified as most
characteristic and discussed in the text.
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Figure 5. ESEM images of the plant cheese PC with high dry
matter at a r.h. of 100% to 50%, 15%, back to 100% (top to
bottom). Arrows mark some of the particles identified as most
characteristic and discussed in the text.

Figure 6. Top: Small Angle X-ray Scattering over a broad Q-
range. From top to bottom PY, PCC, PC, measured at 25 ◦C and
5 ◦C. Bottom: zoom into the region of larger Q.

changing the water contents with heavy water, or by more
advanced contrast variation methods, with deuterated oils,
lipids or proteins, which would fully exploit the strength
of neutron scattering. The results presented here were ob-
tained on commercially available food products. Study-
ing related model systems with selective deuteration and
contrast variation allows to address specific questions with
neutron scattering, such as details of the origin of different
features from the SAXS results.

4 Conclusion
This contribution briefly illustrates how combining scatter-
ing techniques as an ensemble average in reciprocal space
and microscopy such as ESEM as a high resolution tech-
nique without the need of extensive sample preparation
and modification can lead to interesting information about
structural features on length scales relevant for the texture,
for the rheological and stability properties of gels made
from plant-based food emulsions. ESEM provides the pos-
sibility to observe humid samples and to vary humidity in
the sample chamber and hence observe surface structures
during de-hydration and re-hydration in situ, but is mainly
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restricted to observations of the surface or cuts through
the bulk. SAXS is a complementary technique in recip-
rocal space, able to observe ensemble averaged structural
features from sub-nm to micrometer length scales. Crys-
tallisation of fat molecules on length scales of nanometers
as well as crystal structures possibly from salt crystals on
sub-nanometer length scales could be observed. A power
law decay from the larger scale structures can be observed.
More details are expected from further neutron scattering
studies, where the contrast between different domains and
areas in the sample can be modified by using partly deuter-
ated compounds such as deuterated water, oil, proteins or
lipids. This requires to prepare comparable samples to
the consumer products shown here in a controlled man-
ner in the lab. Linking the information on this important
range of length scales with macroscopic rheological prop-
erties might be the path of systematically improving food
based fermented emulsions such as plant-based cheese or
yoghurt. Since the study of plant-based emulsions and gels
is only at its very beginning, we think that these techniques
might contribute in the future significantly to further inves-
tigate and develop new products in this emerging sector.
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