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Abstract: Double emulsions show great potential for encapsulating active substances and protecting
them against external influences. However, they tend to become unstable during storage. Research
on double emulsions, therefore, focuses on maintaining their microstructure during their shelf life.
Optical measurement methods, such as Raman spectroscopy, have hardly been used to date to
analyze the microstructure of double emulsions, mainly due to multiple scattering effects. This study
investigates the influence of refractive index matching of double emulsion phases by measuring
the Raman signal strength of the inner water phase for different refractive index combinations.
Ammonium nitrate and glycerol are added to the inner and outer water phase, respectively, to change
the refractive indices of both phases. Additionally, polyvinyl alcohol serves as an emulsifier in the
outer water phase. The oil phase consists of silicone oil and Dowsil Resin XR 0497 as the emulsifier.
The refractive index of the oil phase is kept constant. For individual phase boundaries of single
droplets, the refractive index matching plays a minor role. However, if there are many droplets
with correspondingly numerous phase boundaries, which leads to multiple scattering during the
measurement, the matching has a significant influence on the signal strength of the inner phase.
When measuring double emulsions, the phases should always be matched, as this results in higher
signals and improves the sensitivity of the measurement.

Keywords: double emulsion; Raman spectroscopy; refractive index matching; multiple scattering;
glass capillary device; microfluidic; Fresnel’s formula; multiple linear regression

1. Introduction

Emulsions are widely used in food, pharmaceutical, and chemical industry [1]. Com-
pared to homogeneous systems, emulsions are more complex regarding their structure and
resulting properties [2]. Their higher complexity arises from various parameters, such as
the size distribution of the inner droplet phase and the interfacial properties, as well as the
compositions of each phase [3]. The requirements for the measurement techniques used
are therefore high. The interfaces between the phases can be especially challenging [4,5].

To monitor chemical reactions, optical measurement technologies are a widely used
tool [6]. Raman spectroscopy has started to play a more important role during recent
years [7]. In industry, Raman spectroscopy is used to monitor emulsion polymerization
processes [8], to ensure food quality [9,10] and for the development of new pharmaceuti-
cals [11].

One major advantage of Raman spectroscopy is its high selectivity for molecular
bonds [12]. Furthermore, the intensity of the Raman signal correlates with the concentration
of the sample [12]. Both characteristics suggest that Raman spectroscopy is ideally suited
for measuring heterogeneous systems such as emulsions.
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However, a special problem arises when measuring emulsions [13]. The interface
between the continuous phase and the dispersed phase leads to elastic scattering of the
incident light [14]. This is because the refractive indices of the disperse and continuous
phases differ. This results in refraction and reflection at the interfaces [15]. Due to these
effects, the light does not enter the emulsion droplets unhindered, but is scattered away
from the primary direction. Depending on the measuring device, this effect leads to
strong disturbances in the measurement process and makes interpretation of the results
more difficult.

The strength of the reflections can be quantified using the reflectance R [15]. To
calculate the reflectance, two cases, the reflectance of perpendicular polarized light Rper
and parallel polarized light Rpar, need to be considered. The equations for both parameters
can be derived from the Fresnel’s formula. In the following, the case of the same magnetic
permeability of the emulsion phases, which is generally valid for emulsions, is shown

Rper =
sin2(α − β)

sin2(α + β)
, (1)

Rpar =
tan2(α − β)

tan2(α + β)
. (2)

To determine the reflectance for non-polarized light, the mean value [15] of the per-
pendicular and parallel polarization needs to be calculated.

R =
Rper + Rpar

2
(3)

For the special case of perpendicular polarized light, α = β = 0◦, which results in cosine
functions of 1 and simplifies the formula [15] as follows:

R =

(
N1 − N2

N1 + N2

)2
. (4)

Due to the high disperse phase fractions of more than 70% commonly found in
emulsions [16], multiple scattering occurs caused by the numerous phase interfaces [13].
An important role is played by the refractive index difference: the phase ratio and the
droplet size distribution; and also by the geometry of the incident light, its focusing at the
focal point and other imaging conditions.

This challenge is increased further when the microstructure of double emulsions
has to be evaluated. Double emulsions are emulsions within emulsions, i.e., complex
multiphase systems in which both water-in-oil (W/O) and oil-in-water (O/W) emulsions
exist simultaneously [17]. The most common case is a water-in-oil-in-water (W/O/W)
emulsion, where one to innumerable water (W1) droplets are dispersed within oil (O)
droplets, which form an emulsion themselves by being dispersed within the second water
(W2) phase [18].

One key advantage of the double emulsion structure is the ability to encapsulate active
or sensitive substances [19], as e.g., enzymes, vitamins or crop protection agents. The
middle phase can be solidified and used as a protective shell [20]. In addition, the release
of encapsulated substances can be controlled precisely, which is particularly beneficial for
encapsulated active ingredients in drugs [21]. Furthermore, WOW double emulsions are
used to reduce the fat content in foods [22].

On an industrial scale, double emulsions are produced using classical methods, such
as rotor-stator machines [18]. Here, the inner emulsion is produced under high energy
input, resulting in very small W1 droplets [23]. The second emulsification step is carried
out at lower energy input so that the inner emulsion is affected as little as possible [24].
Industrial emulsification methods have the disadvantage of producing wide droplet size
distributions [25].
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Microfluidic systems offer the chance to provide nearly monodisperse droplet size
distributions [26]. It uses miniscule channels to produce emulsions in laminar flow pro-
files [27]. For double emulsions, glass capillary devices have proven to be very useful [28].
However, the fabrication of a single device is costly and difficult to reproduce [29]. There-
fore, an optimized glass capillary device has recently been developed [30]. It follows the
same emulsification principle but is much easier to manufacture and can also be modified
during operation [31]. It offers the possibility of producing double emulsions, having a
wide range of internal and external droplets in terms of size and degree of filling, both
parameters being independently variable [10].

Due to their complex structure, double emulsions tend to undergo various instability
mechanisms [32]. Besides diffusional losses of encapsulated water or actives, inner as well
as outer droplets may coalesce with each other, or inner droplets may coalesce with the
outer water phase.

Improving the stability of double emulsions is the focus of many research groups
today [18]. However, research is limited as e.g., real-time measurement of structure-
related parameters, as inner and outer droplet size distributions, and their filling degree, is
extremely challenging. Usually, to measure those parameters, non-real-time measurement
methods, such as dynamic and static scattered light methods [18], differential scanning
calometry [33], or nuclear magnetic resonance NMR spectroscopy [34], are used. Those
methods are usually performed offline and require sample preparation. Furthermore, the
measured emulsion sample is usually unusable for other measurements.

Therefore, there is a need for a new measurement method suitable for double emul-
sions, which can be performed in- or online to deliver real-time results without sample
preparation and which does not affect the double emulsion [35].

Raman spectroscopy fulfils these requirements. Furthermore, because of its high
selectivity and its suitability for water [36], it is expected that each double emulsion phase
can be detected individually. The only challenge for Raman measurements of double
emulsion, will be multiple light scattering, caused by different refractive indices of the
three double emulsion phases.

Thus, the scope of this work is to investigate whether the method of refractive index
matching creates the possibility to suppress the cross-influences resulting from phase
boundaries in Raman measurements of double emulsions and the effect of refractive
index differences between the three double emulsion phases on the Raman signal strength.
Therefore, the signal of the inner water phase is measured using Raman spectroscopy, while
the refractive indices of the inner and outer water phases are varied. It is expected that the
signal strength of the inner water phase increases as the differences between the refractive
indices of the inner water phase, the oil phase and the outer water phase, decrease.

Furthermore, the work investigates the possibility to compensate refractive index
differences by mathematical corrections via simple functional relationships.

We found one publication with a similar scope, which is about the molecular mapping
of multiple emulsions using coherent anti-Stokes Raman scattering (CARS) microscopy [37].

2. Materials and Methods
2.1. Emulsions System

With a view to Raman spectroscopy, ammonium nitrate (CarlRoth, Karlsruhe, Ger-
many) is additionally used as a tracer in the inner water phase. M10 silicone oil (CarlRoth,
Karlsruhe, Germany) serves as the oil phase. As the emulsifier, 2% Dowsil Resin XR 0497
(DowCorning, Midland, MI, USA) is added therein. The outer water phase consists of
2% polyvinyl alcohol Kuraray Poval 26–80 (Kovayal, Hattersheim am Main, Germany)
and glycerol.

In total, forty different W/O/W double emulsions are investigated. All of the different
emulsions phases are listed in Table 1. To achieve this, all eight outer water phases are
combined with all five inner water phases.
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Table 1. Summary of the refractive indices for each phase. Each mean value is based on three
measurements. Each set of measurements has a standard deviation of less than 0.0001. ∆N is the
difference between the refractive index of the oil phase compared to the water phases.

Phase Mean Value ∆N

W2

00.00% Glycerin 1.3385 0.0642
10.00% Glycerin 1.3513 0.0514
20.01% Glycerin 1.3635 0.0392
30.01% Glycerin 1.3782 00245
40.00% Glycerin 1.3917 0.0110
49.04% Glycerin 1.4044 −0.0017
60.00% Glycerin 1.4189 −0.0162
70.00% Glycerin 1.4317 −0.0290

O 2.02% Dowsil Resin XR 0497 1.4027

W1

16.33% Ammonium nitrate 1.3569 0.0458
24.50% Ammonium nitrate 1.3662 0.0365
32.46% Ammonium nitrate 1.3771 0.0256
48.91% Ammonium nitrate 1.4007 0.0020
61.25% Ammonium nitrate 1.4200 −0.0173

Table 1 lists the refractive indices of all emulsion phases. They were determined in
triplicate with a digital refractometer (Type: ORF 1RS, KERN Optics, Bahlingen, Germany).
The refractive index of the oil phase serves as a reference for the water phases. The smallest
deviation between all refractive indices is found for the combination of 49% ammonium
nitrate and 49% glycerol.

2.2. Raman Measurement

The RNX1-532 Raman spectrometer (Kaiser Optical Systems, INC., Ann Arbor, MI,
USA) is used for the Raman measurements. It is equipped with a laser at a wavelength of
532 nm and a laser power of 150 mW. The associated backscatter probe (Kaiser NCO-0.5-
VIS) irradiates the sample with a half-inch lens, producing a focal diameter of 55 µm with a
focal length of 500 µm.

Spectra of all phases have been measured, see Figure 1. These were measured at
1s integration time with 3 accumulations in a standard spectroscopy cuvette (Type: 100-
10-40, Hellma Analytics, Müllheim, Germany), allowing the spectra to be quantitatively
compared. Ammonium nitrate shows one dominating peak in the fingerprint region [38] at
1047 cm−1 [39], which is the highest peak of all phases in this area. The oil phase has only
minor peaks in the shorter shifted fingerprint region at 489 cm−1 and 707 cm−1 [40], while
the outer water phase shows multiple smaller peaks in the range between 800 cm−1 to
1200 cm−1 which are attributable to glycerol [41]. Specifically, there is a peak at 1060 cm−1

,
which overlaps significantly with the ammonium nitrate peak at 1047 cm−1. Therefore, a
baseline correction is applied in the evaluation to reduce the influence of glycerol.

For the different concentrations of both water phases, the linearity of the peak height
at 1047 cm−1 (ammonium nitrate) and 1060 cm−1 (glycerol) is investigated. The respective
Pearson coefficients are R2 = 0.992 (ammonium nitrate) and R2 = 0.983 (glycerol).

For the baseline correction, the two endpoints are determined from a spectrum of
ammonium nitrate solution. These are located at 1030 cm−1 and 1060 cm−1. First, the total
integral is calculated in this range. Subsequently, the slope of the baseline is determined
using the measured values at 1030 cm−1 and 1060 cm−1 and the integral between the x-axis
and the baseline is calculated. The difference of the two integrals gives the integral of the
baseline corrected ammonium nitrate peak.

To measure a significant number of droplets per experiment, each experimental set is
measured for 400 s in total. This time is divided into five individual measurements of 80 s,
which in turn are divided into 4 accumulations of 20 s. In the end, five spectra are obtained
of each experimental set, which are combined into one data point.
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Figure 1. Raman spectra of all phases. For the inner and outer water phase, only the lowest and
highest concentrations of ammonium nitrate and glycerol are shown.

2.3. Emulsification

The double emulsion was produced in a two-step process, using different emulsifica-
tion techniques. First, five different W1/O emulsion were produced with the rotor-stator
system “Megatron MT3000” (Kinematica AG, Malters, Switzerland) using a two row gear
ring at a rotational speed of 20,000 min−1 (circumferential speed = 27.2 m/s) for 90 s. These
emulsions serve as the inner emulsion in the subsequently produced double emulsions.

The droplet size distribution of the emulsions with 16%, 24%, 33% and 61% ammonium
nitrate was measured by static laser light scattering using a particle analyzer HORIBA
LA-950 (Microtrac Retsch GmbH, Haan, Germany). The Sauter mean diameter of the
inner emulsions are in the range of 2.07 µm (33% ammonium nitrate) to 2.67 µm (16%
ammonium nitrate). The respective droplet size distributions are shown in Figure 2. The
emulsion containing 49% ammonium nitrate in the water phase could not be measured as
a result of the similar refractive indices. Since all other emulsions show similar droplet size
distributions, it is assumed that the droplet sizes do not deviate in this set.

Figure 2. Droplet size distribution of the inner emulsions.
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Figure 3 shows the five different inner emulsions. The emulsions become more and
more transparent with the increasing concentration of dissolved ammonium nitrate. At the
best matching (∆N = 0.002 at 49% ammonium nitrate), the emulsion is optically clear. At
61% ammonium nitrate, the optimum is exceeded, and the emulsion appears milky.

Figure 3. The investigated W1/O emulsions with the respective ammonium nitrate (AN) concentrations.

In order to obtain monodispersed W1/O droplets in a double emulsion, these inner
emulsions were then emulsified in the outer water phase using a microfluidic glass capillary
system [30]. The glass capillaries used are placed in two Teflon blocks, which are connected
to each other by a plug-in connection. Syringe pumps (Legato 100, kdScientific Inc.,
Holliston, MA, USA) were used to inject the inner W1/O emulsions and the outer water
phases into the microfluidic device. The inner emulsion was pumped at 2 mL/h and the
outer water phase at 10 mL/h. This leads to a droplet breakup rate of 3 Hz to 5 Hz with a
droplet diameter of 1.15 mm. Figure 4 shows a double emulsion droplet flowing through
the larger squared capillary.

Figure 4. An individual double emulsion droplet flowing through the squared capillary. The scale
bar is equal to 1 mm.

The microfluidic device is designed in a co-flow system, i.e., the inner emulsion and
the outer phase flow parallel to each other. When both phases come into contact, the inner
emulsion breaks up into droplets in the outer phase. Since the breakup to the double
emulsion takes place in a round borosilicate glass capillary (ID: 1.12 mm, WPI, Sarasota, FL,
USA), a square quartz capillary (ID: 1.00 mm, CM Scientific Ltd., Silsden, UK) is connected
to the round capillary via an internally designed 3D-printed nylon adapter. For online
Raman measurements, a square quartz capillary was mounted. Thus, neither the capillary
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material nor its curvature has a negative influence on the Raman measurement. A schematic
of this setup is shown in Figure 5. On the right side, the conical, green, vertical bar indicates
the laser beam for Raman excitation. It is emitted by the backscatter probe, which also
detects the Raman signal.

Figure 5. Scheme of the capillary system including the measuring point.

2.4. Set of Experiments

Five sets of experiments have been carried out. In each set, a different inner emulsion
was investigated. The inner emulsions differ in their ammonium nitrate concentration and
filling degree. Both parameters are calculated to ensure that the same mass of ammonium
nitrate is present in the inner emulsion in all sets. The oil phase remains identical in its
composition during all measurements. Only its amount is adjusted depending on the filling
degree. The outer phase is varied during the test series by adjusting the glycerol content
between 0% and 70%.

Table 2 shows the individual experiments with the respective concentrations of ammo-
nium nitrate and filling degrees. In addition, the amounts of the inner phase, which are
emulsified in the Megatron, and the resulting mass of ammonium nitrate in the individual
inner emulsions are listed. Each emulsion contains almost exactly 6 g of ammonium nitrate,
thus fulfilling the fundamental idea of this set of experiments.

Table 2. Survey of the test series with corresponding weights and concentrations.

Set of Experiment
#1 #2 #3 #4 #5

Filling degree/w-% 8.17 10.21 15.31 20.40 30.61
Ammonium nitrate concentration/w-% 61.25 48.91 32.46 24.50 16.33

Amount W1/g 36.731 24.482 18.366 12.257 9.811
Amount ammonium nitrate/g 6.01 6.00 5.96 6.00 6.00

3. Results
3.1. Influence of the Refractive Index Matching on the Raman Signal

Figure 6 show the results of the set of experiments, each as a function of the refractive
index differences between the inner water and oil phase and the outer water and oil
phase, respectively.
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Figure 6. Results of the experiments presented as a function of refractive index differences between
the oil phase and the inner water phase (A) and the outer water phase (B).

In Figure 6A, each column of data points represents one ammonium nitrate concen-
tration. Thereby, the ammonium nitrate concentration decreases from left (61%) to right
(16%). The only exemption is the column at ∆N = 0.0173 (diamonds instead of circles). The
ammonium nitrate concentration of this column is 61%. For this column, the signals are
plotted over the absolute refractive index difference to illustrate the linear dependency
between the signal and the refractive index difference. The linear trend lines for each
glycerol concentration have Pearson coefficients of more than R2 = 0.95.

The emulsions with 49% ammonium nitrate, respectively the smallest refractive index
difference, show the highest signals within a constant glycerol concentration. When the
refractive index difference increases, in both positive and negative directions, the signal gets
weaker. Within one column, the signal increases with increasing glycerol concentration.
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In Figure 6B, each column of data points represents one glycerol concentration, and the
concentration decreases from left (70%) to right (0%). The signals decrease with decreasing
glycerol concentration. Within one column, the signal increases with increasing ammonium
nitrate concentration. The exception is the ammonium nitrate concentration of 61% (green
dots). It is past the point of best matching and the values are below the maximum. The
maximum is at 49% ammonium nitrate (orange dots) and is the best matching.

Furthermore, the measured values show a linear dependence on the glycerol concen-
tration. The Pearson coefficients of the linear trend lines of all glycerol concentrations are
all above R2 = 0.99.

3.2. Linear Multiple Regression

For emulsions whose refractive indices cannot be adjusted, a simple 2-parametric
function is computed to provide correction results. Therefore, a multiple linear regression
was performed using a spreadsheet. All measured data points, 200 in total, are included in
this regression. The result is the following equation:

I = 448595.53 − 3681943.73·∆NW2/O − 3499292.90·∆NW1/O. (5)

The Pearson coefficient of this equation is R2 = 0.99, with a standard error of 12,568.54.
Using Equation (6), the calculated results for the signal strengths of the inner water phases
are in the range of 51,947.13 (0% glycerol and 16% ammonium nitrate) to 548,373.31 (70%
glycerol and 49% ammonium nitrate), with most of the calculated signal strength being
above 100,000. That means, compared to the calculated signal strengths, the relative
standard error is between 24% and 2%, but mostly less than 10%. This, in turn, means the
discrepancy between the regression and measured values are mostly less than 10%, which
indicates a good correlation between the regression and measured values. Therefore, the
regression is suitable to compensate for refractive index differences, mathematically.

To further test the goodness of correlation, the relative residuals were considered in
relation to the corresponding measured values, see Figure 7.

In general, the residuals show larger values at low concentrations of ammonium nitrate
and glycerol. By far the largest deviation is found at 0% glycerol (∆N W2/O = 0.0642) and
16% ammonium nitrate (∆N W1/O = 0.0458). In Figure 6B, this data point is the lowest one
in the right column. In this column, the data point of 16% ammonium nitrate is too high
and overlaps with the data point of 25% ammonium nitrate. This means, the spread of the
ammonium nitrate concentration in this column is smaller compared to the other columns.
The correlation, in turn, assumes an approximately equal spread within the individual
ammonium nitrate concentrations. However, there is no justification for this deviation from
the raw data. The five individual measurements of this concentration combination have a
variance of 0.96%.

Overall, 80% of the relative residuals are in the range of −8% to +6%. The average
relative deviation of the individual residuals is 0.16% with a standard deviation of 7.15%.
Both underline the high accuracy of the correlation.
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Figure 7. Residues as a function of refractive index difference between the inner water and oil phase
(A) and the outer water and oil phase (B).

4. Discussion

The experiment is designed to measure the double emulsion droplets individually.
This means, one after another the double emulsion droplets pass through the laser, which
runs constantly during the measurement. This ensures that the measurement of one droplet
is not influenced by another one.

When light is irradiated into highly filled double emulsions, multiple scattering occurs
at the interfaces. This results in a weak signal of the inner phase. Figure 6 shows that
the light’s ability to reach the inner water phase, represented by the signal of ammonium
nitrate, depends on the refractive index matching.

To interpret the results, we start from a single droplet. The light enters the drop, which
acts as a converging lens when the refractive index of the outer phase is low. The more
the refractive index of the outer phase increases, and thus the refractive index difference
becomes smaller, the lower the reflectance at the phase interface. This can be calculated
using Equations (1)–(4).
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In the case of a double emulsion, the incident light is somewhat focused by the first
phase boundary. In the oil droplet, it strikes the inner phase, whose refractive index relative
to the oil phase was varied in the experiments. The experiments are designed so that
the total amount of ammonium nitrate is constant. If the inner phase always allows all
of the light to pass, the displayed ammonium nitrate signal should remain constant for
all measurements.

As expected, the ammonium nitrate signal increases with increasing ammonium
nitrate concentration, respectively lowering the refractive index difference and reaching its
maximum at 49% ammonium nitrate; the best matching. At 61% ammonium nitrate, the
refractive index difference is larger, and respectively, the signal is smaller.

A similar behavior is seen with the variation of the glycerol concentration. The
measured values increase with increasing glycerol content, respectively decreasing the
refractive index difference. However, they continue to increase above the best matching at
49% glycerol.

To explain both observations, the reflectance during each experiment are considered.
These are shown in Table 3. The reflectance at an incidence angle of 0◦ is calculated using
Equation (4), and for 45◦ using Equation (3).

Table 3. Reflectance between the water phases and the oil phase. For the inner phases, the reflectance
for multiple scattering of 1000 phase transitions is calculated.

Glycerol/w-% Single Interface Transition Multiple Scattering

0◦ 45◦ 0◦ 45◦

0% 0.05% 0.12%
10% 0.03% 0.08%
20% 0.02% 0.04%
30% 0.01% 0.02%
40% 0.00% 0.00%
50% 0.00% 0.00%
60% 0.00% 0.01%
70% 0.01% 0.02%

Ammonium nitrate/w-%

16% 0.03% 0.06% 24.08% 44.64%
24% 0.02% 0.04% 15.95% 30.74%
32% 0.01% 0.02% 8.13% 16.16%
49% 0.00% 0.00% 0.09% 0.10%
61% 0.00% 0.01% 3.69% 7.07%

To estimate the reflectance in the case of multiple scattering, the following equation,
derived by the authors, is used. It is assumed that reflected radiation is lost and one phase
interface is passed after the other.

Rms = 1 − (100% − R)nphase transitions . (6)

Each oil droplet contains numerous inner water droplets. Therefore, a correspondingly
large number of phase passes of the incident light occur here. With only 1000 water droplets,
the reflectance increases significantly. Table 3 shows that for 16% ammonium nitrate and
1000 phase passes, the reflectance is 24.08% (0◦) and 44.64% (45◦), respectively. In contrast,
for 49% ammonium nitrate, the reflectance is 0.09% (0◦) and 0.10% (45◦). In other words,
matching the refractive indices of the inner water and oil phases reduces the reflectance
by a factor of 279.95 (0◦) and 437.50 (45◦). Therefore, the matching of the inner phase
boundaries has a significant effect on the measurement signal.

There is only one phase boundary between the outer water phase and the oil droplet.
Accordingly, the reflectance is calculated for one phase transition. In the worst case, for
0% glycerol and a 45◦ angle of incidence, the reflectance is 0.12%. At 49%, practically no
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light is reflected at the phase interface. This indicates a negligible influence of the external
matching. In addition, Figure 6 shows that there is always approximately 100,000 counts
difference between 16% and 49% ammonium nitrate, regardless of the glycerol concentra-
tion. Accordingly, there is no influence of the external matching here either. Furthermore,
the signal increases linearly with increasing glycerol concentration. This can most likely be
explained by the overlap of the ammonium nitrate and glycerol peaks, which cannot be
completely separated using a baseline correction.

5. Conclusions

The presented results indicate that it is advantageous for the application of optical
spectroscopic measurement methods to match the refractive indices of the inner phase,
thus creating a beam of light of maximum power that enters the inner phase.

It should be noted that the conclusion on the matching of the outer phase is valid for
single drop measurements. If several double emulsion drops are measured simultaneously,
e.g., in a beaker, it can be assumed that the matching of the outer phase has a similar
influence as that of the inner phase.

This work shows that Raman spectroscopy offers an opportunity to determine mi-
crostructural parameters in double emulsions in situ. With the aid of this measurement
technology, the influences of formulation or process parameters on the structure and
stability of emulsions, for example, can be investigated quickly and easily in future.
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