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Abstract

Hydrogen peroxide is a promising oxidizer and monopropellant for space propulsion,
offering a green alternative to conventional propellants. In combination with microen-
capsulated hydrocarbon fuels, a new type of monopropellant can be formed that unites
the high specific impulse of a bipropellant with the efficient hardware of a monopropel-
lant. However, the stabilization of these microcapsule/hydrogen peroxide mixtures is
problematic as they tend to separate after a short period of time. This work uses organic
gelling agents to stabilize these mixtures by creating hydrogen peroxide gels. For this,
the compatibility of hydrogen peroxide with several gelling agents was investigated and
found to be suitable. Next, the dispersion stability of microcapsule/gel dispersions was
examined and showed no sign of destabilization over four weeks or at high accelerations
at 50x g in the centrifuge, even with gelling agent concentrations as low as 0.1%. A for-
mulation with a polyacrylic acid-based gelling agent at a concentration of 0.3% showed
favorable characteristics and good processability. Together with a subsequent rheological
characterization of the gels, these results are critical for the further development of the
fuel-filled microcapsule/hydrogen peroxide monopropellant. The hydrogen peroxide gel
formulations developed in this study could also have potential applications beyond the
scope of this work.

Keywords: hydrogen peroxide; green propellant; gel; microencapsulation; monopropellant;
gelled propellant

1. Introduction
1.1. Hydrogen Peroxide and Hydrogen Peroxide Gels in Space Propulsion

Hydrogen peroxide is becoming an increasingly important propellant for space propul-
sion systems, especially in applications where environmental considerations are critical [1].
Compared to conventional storable oxidizers, hydrogen peroxide is non-toxic and easy
to handle, and is considered a highly capable green oxidizer [2-4]. Highly concentrated
hydrogen peroxide (>80%, high test peroxide, HTP) can be either used as a monopropellant,
with its decomposition products being water vapor and oxygen, or as the liquid oxidizer
component for a bipropellant in combination with a suitable fuel [4-7].

To enhance the characteristics of liquid propellants, a gelling agent can be added that
forms a three-dimensional network, immobilizing the liquid phase. Gelled propellants, in
general, have been known for some time and are of high interest for chemical propulsion
systems since they are able to combine the advantages of liquid and solid propellants [8,9].
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They can be throttled and restarted similarly to liquid propellants, but have the ease of
handling and storage similar to solid propellants [8]. In a low shear state, gels show a
semi-solid behavior and are less susceptible to leakage or spilling during storage [10]. This
also allows for the suspension of solid particles, such as metal powders, which can increase
density and energetic performance [8,11]. During loading or pumping through tubes, the
gel is subjected to elevated shear rates (1072 to 103 1/s), where shear-thinning behavior is
essential to facilitate flow. Even higher shear rates are expected during the injection and
atomization processes (up to 10° 1/s), hereby the viscosity can decrease over several orders
of magnitude [10]. The type of interaction responsible for the formation of the network can
vary from chemical interactions, such as covalent bonding, to physical interactions, such
as the entanglement of polymer strands. Gels are a type of non-Newtonian fluid and are
typically characterized by rheological properties such as shear-thinning behavior and the
presence of a yield point [12]. For fuels such as hydrocarbons, a variety of gelling agents,
both organic and inorganic, are known [13,14]. Also, many conventional oxidizers, such as
nitric acid and even liquid oxygen, can be gelled [15,16]. Typical challenges with gelled
propellants are poor pumpability, difficult atomization, injector clogging, and generally
lower burning rates compared with liquid fuels [10,17].

Hydrogen peroxide gels, in general, are moderately well studied; most of the literature
focuses on low-concentration hydrogen peroxide for cosmetic and dental applications [18].
For gelled high-test peroxide (GHTP), there are only a few examples described in the
literature. These include silica [19-23], sodium alginate in combination with calcium
cations [24] and cellulose [25] as gelling agents. However, most of the described procedures
require a gelling agent concentration higher than 5% to achieve successful gelation. In
order to affect the rheological properties and combustion efficiency of the final mixture
as little as possible, it would be beneficial to utilize a minimal amount of gelling agent.
Ideally, the selected gelling agent should be an organic compound that can burn without
residues, reducing the risk of clogging or particle deposition on external surfaces of the
spacecraft [26].

1.2. Utilization of Gelled Hydrogen Peroxide with Microencapsulated Hydrocarbon Fuels

Current research efforts in our group concern the development of a new type of high-
performance monopropellant. For this, hydrocarbon-filled microcapsules as fuel are mixed
with hydrogen peroxide as an oxidizer. The encapsulation keeps the fuel and oxidizer
separate and allows them to be safely stored together in one tank [27-29]. This approach is
able to combine the advantages of a mono- and bipropellant, namely a high specific impulse
paired with efficient hardware [27,30,31]. In our previous research, we were already able to
show that the preparation of these hydrocarbon-filled microcapsules is low in cost, easy,
and reliable. The produced propellant has a high density (1.27 g/cm?) and an Isp of up to
330 s. In addition, the compatibility of the polyamide capsule membrane with hydrogen
peroxide was demonstrated, with the result that neither the membrane was affected by the
hydrogen peroxide, nor did the capsules enhance the hydrogen peroxide decomposition
rate [27].

The preparation of the hydrocarbon-filled microcapsules is performed by interfacial
polymerization with n-decane as a model substance for a hydrocarbon fuel. For this, a
reactive monomer (terephthaloyl chloride, TCL) is dissolved in the hydrocarbon, which
is then emulsified in water with the help of a surfactant, whereupon a second monomer
(diethylenetriamine, DETA) is added to the aqueous phase. Both monomers react at once at
the hydrocarbon/water interface and form a polyamide membrane, enveloping the fuel
droplets [32,33]. The size of the microcapsules can hereby be influenced by the stirring
speed during the emulsification, with higher stirring speeds leading to a lower average
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diameter of the capsules [31]. In this work, capsules with an average size of 150 pm and
25 pm with respective standard deviations of 28 pm and 6.4 um are used [31]. A depiction of
the production process and an optical microscopy image of the resulting microcapsules are
shown in Figure 1. The detailed experimental procedure for the synthesis of n-decane-filled
polyamide microcapsules can be found in the Supporting Information.

2. Addition of
@DETA in water

Optical microscopy image of
n-decane-filled microcapsules
with polyamide shell

n-Decane and
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n-Decane-filled
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Figure 1. Depiction of the preparation process of n-decane-filled polyamide microcapsules (left) and
optical microscopy images of the capsules in water (right, 150 pm average diameter).

One of the challenges we faced when developing this propellant was to obtain a
homogeneous mixture of the microcapsules in the hydrogen peroxide with sufficient
resistance to segregation over long periods of time to allow for practical application [2].
This is due to the density difference between the hydrocarbon in the capsule core and
the hydrogen peroxide (0.70-0.75 g/cm? for typical hydrocarbons and up to 1.44 g/cm?
for HTP [34]). Therefore, the microcapsules tend to settle on top of the mixture after a
short time, a process called creaming. The creaming velocity U can be described by Stokes’
law (Equation (1)). It depends on the gravity due to acceleration g, the radius of the
particle r, the density of the continuous and dispersed phase p; and p; and the viscosity
of the continuous phase 7 [35]. Stoke’s law suggests that creaming can be suppressed
by different approaches, some of which have already been investigated in previous work
by our group [31]. The majority of our previous experiments were conducted with water,
which was chosen as a substitute for hydrogen peroxide because it is much cheaper, easier
to handle, and has similar properties in terms of polarity, which is important for the
preparation of gels [34]. This is also a common approach in the literature [36,37].

2912 (p2 — p1)
U=t 27 A1) 1
I @

Our first approach to stabilize the dispersion of fuel-filled microcapsules in water
was to decrease the size of the microcapsules, since creaming should be slower for smaller
capsules. The capsule size can be varied by adjusting the stirring speed during the emulsifi-
cation process. However, using microcapsules with a smaller diameter (as small as 4.6 pm
on average), creaming was slower but could still be observed [31]. Another approach was
the use of different surfactants (Span 80, Tween 80, Triton X-100, and polyvinyl pyrroli-
dine). However, neither of those surfactants showed a significant stabilizing effect on the
dispersion [31].

Therefore, it is inevitable to consider other methods to stabilize the dispersion of the
microcapsules in the hydrogen peroxide. This problem is analogous to the metallization of
fuels, which has to overcome the same difficulties, stabilizing a dispersion of small particles
in a continuous phase with a high-density difference. It has been proven that gelling the
continuous phase is an effective method of stabilizing such mixtures [14].
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In this work, we anticipate transforming the continuous phase (HTP) into a gel using
organic gelling agents. Out of these, we selected the most promising ones for compatibility
tests with HTP and characterized the rheological behavior of the gels. Furthermore, we
prepared mixtures of the fuel-filled microcapsules in the gels, demonstrating that these dis-
persions are stable, even with low concentrations of gelling agents, which are very valuable
results for further developing this hydrogen peroxide/microcapsule monopropellant.

2. Results and Discussion
2.1. Screening of Gelling Agents

In order to be able to identify suitable gelling agents, the gelling properties of
24 different compounds were investigated in water as a model substance for hydrogen
peroxide. Some of these gelling agents were adapted from the literature examples with
interest in technical applications of hydrogen peroxide gels, many of which also used
water as a simulant. These included synthetic polymers, such as polyacrylic acids (trade
name Carbopol, CP) [21,38,39], polysaccharides, such as Xanthan gum [40,41] and silica-
based (Aerosil) gelling agents [23]. The experimental procedure for the preparation of
the gels and an overview of all screened gelling agents are given in the Supporting Infor-
mation (Table S1). The most favorable results were achieved with polyacrylic acid and
polysaccharide-based gelling agents. In order to achieve gelation for the CP-based gels,
the pH value has to be adjusted by adding a sodium hydroxide solution. A pH value
of 4.5 was identified as optimum to ensure good gelation and hydrogen peroxide stability
in the following experiments, since hydrogen peroxide tends to decompose faster at higher
pH values [42,43].

2.2. Gelling Agent Compatibility with Hydrogen Peroxide

The gelling agents that showed the most promising results in the screening tests with
water were investigated further, regarding their effect on the decomposition of hydrogen
peroxide, a process known to be accelerated by a variety of different compounds. This is a
general challenge with propellants that contain hydrogen peroxide because they are sensi-
tive to environmental factors, such as temperature, and traces of contaminants [42]. After a
preliminary test round with 20% hydrogen peroxide, which already showed good compati-
bility, the tests were repeated with 98% hydrogen peroxide over a duration of 4 weeks. The
final hydrogen peroxide concentration of each sample is listed in Table 1 and compared
to a sample of the same, non-gelled hydrogen peroxide stored under the same conditions.
The detailed experimental procedure and general remarks about the handling of hydrogen
peroxide and thereupon based propellants are given in the Supporting Information.

Table 1. Results of the compatibility tests of the gelling agents with highly concentrated hydrogen
peroxide after 4 weeks, as described in detail in the Supporting Information, the initial concentration
was 97.3%.

Sample Hydrogen Peroxide Concentration After 4 Weeks
Reference (ungelled HyO,) 91.4%
0.3% CP 934 94.2%
0.2% CP 980 93.3%
0.3% CP ETD 2691 92.9%
0.3% Konjac gum 93.8%
1.0% Xanthan gum 93.8%
1.25% Guar gum 93.4%

1.75% Tara gum 93.9%
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The hydrogen peroxide concentrations of the samples containing gelling agents were
consistently higher than those of the reference sample. This supports the assumption that
all the gelling agents investigated generally have good compatibility with hydrogen perox-
ide and do not significantly increase its decomposition rate under these conditions and time
frame. A comparison between the gelling agents based on polyacrylic acid and polysaccha-
rides shows no trends or significant differences between the two substance classes.

2.3. Centrifuge Dispersion Stability Tests

Materials used in space have to be designed to withstand the gravitational and vibra-
tional forces to which they are exposed during liftoff. According to the Payload User’s
Guide published by SpaceX, materials have to be able to withstand a continuous grav-
itational force of 11x g [44]. This also applies to any propellant that is transported in
the spacecraft. To test the ability of the hydrogen peroxide gels to stabilize the dispersed
microcapsules at elevated g-forces, tests in a centrifuge were carried out. Additionally, this
accelerated creaming process can be used to simulate a longer storage time at 1x gina
shorter timeframe, since, according to Stokes’ law (Equation (1)), an increase in g accelerates
the creaming process.

An experimental setup was conceived that allowed the visualization and qualitative
observation of the creaming process and the subsequent evaluation of dispersion stability.
For this, n-decane-filled microcapsules were stirred carefully inside the gel, and the mixture
was then centrifuged at 50x g for one hour. Water was used as a hydrogen peroxide
simulant. The mixture was photographed before and after centrifugation in front of a
black-colored background. Due to the diffuse reflection of the microcapsule surfaces, an
accumulation of capsules is indicated by an increase in brightness, which is then plotted
against the position in the tube. If creaming is occurring, a difference in the brightness
distribution should be visible. This proved to be valuable help in addition to merely visually
analyzing the pictures. The detailed procedure for the centrifuge tests and the analysis
of the results is described in the Supporting Information. The mass ratio of oxidizer to
fuel (ROF) for a mixture of hydrogen peroxide and the n-decane-filled capsules at Iy yax
has previously been calculated to be 6.1 [27]. However, initial tests conducted at this ROF
showed that the concentration of the capsules had to be decreased to a ROF of 20 in order
to avoid an oversaturation of the pictures. Although these are very lean mixtures, the
results should be applicable to thicker mixtures with a lower ROF because of the “hindered
settling” phenomenon, where particles in a dispersion typically move more slowly in the
presence of other particles [45,46]. The centrifuge tests were conducted with both 150 um
and 25 um diameter microcapsules.

Figures 2 and 3 show exemplary pictures of the microcapsule/water gel mixtures
before and after the centrifugation, together with the corresponding brightness profile. In
Figure 2, it can be seen both in the pictures and in the resulting profiles that no creaming
has occurred during the centrifugation, which means the dispersion is considered stable. In
contrast, Figure 3 shows the result of a centrifuge test with an unstable dispersion, which
can be observed in both the brightness profile and the pictures.

In order to find the minimal concentration needed to stabilize the dispersion, the
centrifugation tests were started with a concentration of 0.1%. If capsule creaming was
observed, the gelling agent concentration gradually increased until a stable dispersion was
obtained, which was then verified by repetition. The results are shown in Table 2; the bright-
ness profiles of the mixtures considered stable are given in the Supporting Information.
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Konjac gum 0.1 wt.%
with 25 ym capsules

60 min\

0 min

T T T T
0.65 0.70 0.75 0.80 0.85 0.90
Relative brightness

Figure 2. Centrifuge test of a dispersion which is considered stable (25 pm capsules in 0.1% Konjac
gum water gel); on the left, the centrifuge tube before and after centrifugation for 60 min at 50x g, on
the right is the corresponding brightness profile, the dashed lines mark the relevant part of the tube
that was analyzed.

CP ETD 0.1 wt.%
with 25 ym capsules

60 min

0 min

T
05 06 07 08 09 1.0
Relative brightness

Figure 3. Centrifuge test of a dispersion which is considered not stable (25 pm capsules in 0.1% CP
ETD 2691 water gel); on the left, the centrifuge tube before and after centrifugation for 60 min at
50x% g, on the right is the corresponding brightness profile, the dashed lines mark the relevant part of
the tube that was analyzed.

Table 2. Minimal gelling agent concentration needed for a stable capsule dispersion after centrifuga-
tion at 50 x g for 60 min.

Minimal Gelling Agent Minimal Gelling Agent

Gelling Agent Concentration (150 pm Concentration (25 pm
Capsules, in %) Capsules, in %)

CP 980 (with NaOH) 0.1 0.2
CP ETD 2691 (with NaOH) 0.3 0.2
CP 934 (with NaOH) 0.3 0.2
Konjac gum 0.3 0.1
Xanthan gum 1.0 0.75
Guar gum >2.0 1] 1.25
Tara gum >2.0 [2] 1.75

[l These mixtures become increasingly cloudy with higher concentrations of the gelling agent, which makes
tracking brightness difficult.

It can be seen that all gelling agents tested, except Guar and Tara gum, were able
to stabilize the dispersion of the microcapsules. Especially the Carbopol-based gelling
agents and Konjac gum stand out for requiring notably low concentrations, as low as
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0.1%. These findings may also be relevant for other applications concerning GHTP that
may require low organic gelling agent concentrations. Furthermore, the concentration of
gelling agent required to stabilize the dispersions depends on the size of the microcapsules.
Smaller capsules tend to require a lower gelling agent concentration to result in a stable
dispersion, which is in accordance with Stokes” law. To conclude these tests, an exemplary
centrifugation test with a CP ETD GHTP was carried out. For water, the amount of gelling
agent required is the same per mass as per volume. Due to its higher density, this is not the
case for hydrogen peroxide. Therefore, hydrogen peroxide gels with 0.3% gelling agent,
both mass per mass (w/w) and mass per volume (w/v), are of interest. The brightness
profile of a 0.3% (w/v) hydrogen peroxide gel centrifuge test is shown in Figure 4 and
suggests a similar ability to stabilize the microcapsule dispersion as the corresponding
water gel.

CP ETD 0.3% (w/v) in 98% H,0,
with 150 pm capsules

0.0

0.5

N
o
1

0 min~,

N
3]
1

~——60 min

N
S
1

Position in tube (cm)
&
1

g
o
1

3.5

4.0

06 07 08 09 10

Relative brightness
Figure 4. Brightness profile of a centrifuge test with 150 um capsules in 98% GHTP with 0.3% (w/v)
CP ETD.

2.4. Long-Term Dispersion Stability Tests

If a dispersion shows no signs of creaming or phase separation during the centrifu-
gation process at 50x g for 60 min, it will likely remain stable at 1x g over an extended
period. However, due to the non-Newtonian nature of the gels and a potential degra-
dation of the gelling agent or gel structure by the hydrogen peroxide, such projections
remain uncertain without validation through actual long-term storage [47]. To address this,
microcapsule/water gel mixtures were stored under ambient conditions for four weeks.
Photographs were taken weekly, and the corresponding brightness distribution was used
to identify potential destabilization. The experiments were conducted with water due to
the inevitable formation of gas bubbles caused by the decomposition of hydrogen peroxide
when stored at room temperature, which would interfere with the brightness distribution
measurements. An example of the brightness distribution of a 0.3% CP ETD-water gel is
shown in Figure 5; the data for all samples are provided in the Supporting Information.
Overall, the long-term storage results regarding the minimum gelling agent concentration
required for stable dispersion are consistent with the findings of the centrifugation tests and
show no sign of a potential degradation of the gel network. In general, CP ETD-based gels
at a concentration of 0.3% showed an excellent balance between the ease of gel preparation,
their dispersion stability with both 150 pm and 25 pm microcapsules, and good hydrogen
peroxide compatibility. This makes it the primary candidate for further development of
this propellant system.
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Figure 5. Brightness distribution of a long-term storage test of a 0.3% CP ETD-water gel with 150 pm

microcapsules.

2.5. Rheological Characterization

In addition to the centrifugation tests, the rheological characterization is essential for
understanding the flow and deformation behavior of the gels, particularly when these
materials are going to be doped with particles. They can also deliver important information
on the pumpability and spray dynamics of the fuel [48,49]. In Figure 6, the viscosity curves
of CP ETD-water gels, measured with an Anton Paar (Graz, Austria) MCR 102e rotational
rheometer, with different concentrations of the gelling agent are shown. They show a strong
shear-thinning behavior, and the viscosity can be very well regulated by the amount of
gelling agent added. A detailed description of the rheological measurements can be found
in the Supporting Information.

H,O with CP ETD

100,000

10,0004

1000

Viscosity (mPa-s)

100

T T T T
0.001  0.01 0.1 1 10 100 1000
Shear rate (1/s)

Figure 6. Viscosity curves of CP ETD-water gels with different amounts of gelling agents.

As the gels with 0.3% CP ETD are of particular interest, measurements with a Rosand,
RH2000 (Malvern Panalytical, Malvern, UK) capillary rheometer were performed up to a
shear rate of 1,180,000 1/s. The viscosity curve (Figure 7) shows further shear-thinning be-
havior with a plateau forming at the highest shear rates at 8.9 mPa-s. This plateauing can be
observed for many shear-thinning substances [50,51]. This data can be useful for designing
suitable delivery and injection systems where similar high shear rates can be encountered.
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H,O with 0.3% CP ETD
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Figure 7. Viscosity curve of a 0.3% CP ETD-water gel up to a shear rate of 1,180,000 1/s, measured
with a rotational and a capillary rheometer.

To measure the rheological behavior of 0.3% CP ETD GHTP samples (both w/w and
w/V), a special geometry was manufactured from an aluminum alloy (AIMgSil, plate—plate
50 mm). This was done to prevent the rapid decomposition of hydrogen peroxide that
occurs when standard steel rheology materials are used. The resulting viscosity curves are
shown in Figure 8. The numerical values of the viscosity measurements of Figures 6-8 are
shown in the Supporting Information (Tables S2 and S3) together with the corresponding
derived values of kinematic viscosity. Kinematic viscosity might be relevant for the design
of a delivery system for this propellant when inertia-related phenomena and turbulent flow
become a factor. However, by selecting appropriate pipe diameters and pump mechanisms,
predominantly laminar flow conditions can be established [10]. The apparent viscosity
curve of the 0.3% (w/w) CP ETD GHTP is very similar to the curve of the 0.3% CP ETD
water gel (also measured with the aluminum geometry for comparison). However, the
0.3% (w/v) gel has slightly lower viscosity over the entire shear rate area but shows similar

shear-thinning properties.

228,

0

_~H,0 with 0.3% CP ETD

=

100,000

v g 0,
= '\\;i/ H,O,with 0.3% (w/w) CP ETD
E\&_j ““
£ 10,0004
= \\
@
Qo
O
£ 1000 .
s H,O,with 0.3% (w/v) CP ETD '»}55&
\‘l‘i
g 5
*w.
100 \\
v
T T T T T T T
0.001  0.01 0.1 1 10 100 1000

Shear rate (1/s)

Figure 8. Viscosity curves of a hydrogen peroxide gel with 0.3% (w/v and w/w) CP ETD and a
comparison to the corresponding water gel.

In Figure 9, amplitude sweep measurements of the water and hydrogen peroxide CP
ETD gels are shown. The yield point, defined by the intersection of the storage modulus
(G') and the loss modulus (G”), reflects the critical stress at which the gel transitions
from elastic to plastic deformation. A higher yield point indicates a stronger gel network,
providing greater resistance to sedimentation and creaming over time. The obtained
values for viscosity and yield point are in the range of other CP-water gels reported in the
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literature [50,52]. Higher concentrations of the gelling agent were found to lead to a higher
yield point. GHTP with 0.3% (w/w) CP ETD was found to have a very similar yield point
to the corresponding water gel. This affirms the similarities between the two gels, which
were also observed in the viscosity curves (Figure 8) and the centrifuge test (Figure 4).
This leads to the conclusion that the ability of the water-based gel to stabilize dispersed
hydrocarbon-filled microcapsules is transferable to hydrogen peroxide-based gels. The
use of CP ETD as a gelling agent with a concentration of 0.3% has proven to be very
promising for the further development of gelled hydrogen peroxide and thereupon based
propellant formulations.
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Figure 9. Amplitude sweep measurements for determining the yield point of water and hydrogen
peroxide CP ETD gels with different amounts of gelling agents.

3. Conclusions

In this work, a crucial step in the development of a new type of monopropellant
that consists of fuel-filled microcapsules dispersed in hydrogen peroxide was taken by
stabilizing these dispersions with organic gelling agents. For this, several gelling agents
were screened for their gelling properties using water as a model substance. The most
promising candidates were then selected for compatibility tests with hydrogen peroxide
and showed no evidence of potential incompatibility. It has also been shown that the
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References

microcapsule/gel dispersions with gelling agent concentrations as low as 0.1% are stable
over periods of four weeks and under elevated accelerations in a centrifuge. In addition,
a first rheological characterization of the gels was conducted, including viscosity curves
and amplitude sweeps. Together, these results can form the basis for future development
of hydrogen peroxide gel-based propellant formulations. A formulation containing 0.3%
polyacrylic acid-based gelling agent has proven useful for our development of a high-
performance monopropellant consisting of hydrogen peroxide gel and microencapsulated
hydrocarbon fuels.
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