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Preface

"If I have seen further it is by standing on the shoulders of giants"

Sir Isaac Newton

This thesis report is written as a part of the master degrees Nanomaterials Science (Utrecht University)
and Aerospace Engineering (Delft University of Technology). Part of the research was conducted at SolvGE,
a spin-off of Delft University of Technology, which specializes in the purification of hydrogen peroxide. They
were kind enough to supply their Research Grade Printer to conduct experiments with concentrated hydro-
gen peroxide in the lab in Utrecht.

This work focuses on the issues that hamper implementation of a green space propellant, hydrogen per-
oxide. Here I have tried to combine my two expertises by applying intricate knowledge on chemistry (partic-
ularly catalysis) to solve a pressing issue in the space industry. I hope my work will contribute to making the
world just a bit better for the generations to come.

On a personal level, this research learned me that done is done, even when it is not: scientific studies are
paved with shortcomings and offer many interesting side-roads that are worth exploring. Unfortunately, we
are merely passersby on this world, and hence can solely see the shadows of the Truth. This discomforting
experience served as a personal mirror and taught me the humbleness necessary to appreciate the art of
science to its full extent.

A.B. de Roos
Delft, July 2022





Layman’s abstract

The European Union is planning to ban the currently most used satellite fuel, since it is both very toxic and
carcinogenic. Therefore the space industry needs an alternative fuel to propel their satellites. Hydrogen
peroxide is non-toxic and yet offers similar performance. Because of three main reasons it has still not been
widely implemented.

First of all, peroxide is well-known for its strong bleaching power. This bleaching is in fact a chemical
reaction that breaks apart the peroxide molecule. Controlled destruction of very pure peroxide produces hot
gasses that can propel a satellite. However, the destruction reaction needs a chemical stimulus to start, which
is given by a so-called catalyst. Such a catalyst should not burn up during the lifetime of a satellite, which
is very challenging because of these hot gasses. Therefore no satellites are currently equipped with such a
catalyst to start peroxide destruction. We have found a new type of catalyst for this purpose. They are formed
by mixing ceramic materials with a manganese oxide pigment. These result in strong ceramics after firing in
a kiln. We have tested several of these dyed ceramics for their ability to enhance the destruction reaction of
peroxide. Our research shows that pink alumina ceramics offer both high performance and long lifetime with
a limited amount of pigment. This research is an important step required for the acceptance of peroxide as a
space fuel.

Secondly, this strong bleaching power on its own results in a limited shelf-life. This is caused by the pres-
ence of pollutants, which are (inevitably) introduced during manufacturing or storage. The peroxide reacts
with these pollutants, which decreases the mileage of the satellite. And since there are no gas stations in
space, this decreases the satellite’s lifetime. This problem can be solved when the tanks are furnished with a
stabilizing coating. We have tested such a coating (based on tin) that removes the pollutants from the perox-
ide. Our research shows that these coatings indeed increase the shelf-life of peroxide. Over time though, we
have seen that the peroxide attacks the tank wall material and that the coating detaches. Thus, the adhesion
of the coating needs to be improved before it can be applied in tanks.

Lastly, watered down peroxide is available at every pharmacy, but satellites require highly concentrated
peroxide. This pure peroxide is not widely available or very expensive. A novel machine developed by SolvGE
can purify watered down peroxide so that it can be used in satellites. This new machine can still be improved,
because the waste contains peroxide. We have found a way to recycle this waste without polluting the per-
oxide. Our tests showed that by simply cooling down the exhaust, we can recover highly pure peroxide. The
company has used the gathered knowledge and our results to improve its product.



Abstract

The European Chemical Agency is planning to ban the use of the currently most used space propellant, hy-
drazine, due to its high toxicity [31, 32]. As a response, the EU-funded GRASP research consortium nominated
high concentration hydrogen peroxide (HP) as a suitable non-toxic replacement [5]. However, to date still
several issues impede the implementation of HP as a space propellant, which have been addressed in this re-
search. First of all, high concentration HP is either poorly available or only at high cost. SolvGE has invented
a safe and user-friendly method to carry out purification of easily available low concentration to propellant-
grade HP [54]. Even though this purification process already has an acceptable efficiency, the waste stream
still contains HP. Since the efficiency of the concentration process itself is limited by Raoult’s law, it is only
possible to increase the overall process efficiency by recuperation of HP from the effluent flow. The company
desired that the proposed solution would not affect the current process, and would add minimal complexity
to the system. In addition, the solution should not affect neither the passive nature of the system nor the
system’s autonomy. It was found that subsequent cooling and condensation of the waste stream would be
the optimum approach to achieve this goal. In order to gain fundamental understanding of this process, a
theoretical model was set up that would predict the required condenser properties. Then, experiments were
conducted that supplied evidence to validate both the key assumptions in the model and the model itself.
Though, it was found that the model would considerably underestimate the required condenser size, which
can be attributed to both the relatively low concentration of HP in the waste stream and the relatively low
turbulence in the flow, as well as the large uncertainty in the actual flow rate. Ultimately, the research efforts
did not culminate into a detailed design solution, yet they did provide SolvGE with further understanding of
the problem and a starting point for further development.

Secondly, at this time no catalyst is available that can ignite HP - ethanol mixtures and withstand the
environment (up to 2000°C and over 20 bar) in a rocket engine for prolonged periods of time. Current research
efforts have focused on the synthesis of a HP decomposition catalyst: the hence liberated heat then serves to
ignite ethanol. Generally, when manganese oxide (MnOx) catalysts would be operated under these conditions
the active phase will rapidly deactivate. Yet, Serra Maia’s group has shown that properly supported MnOx
catalysts can be operated in decomposition for twenty-five minutes without noticeable degradation [7–9].
Though, these catalysts most likely cannot withstand the operation conditions of a HP - ethanol engine.

This research utilized drop-testing to investigate reactivity and deactivation behavior of MnOx catalysts
on different supports. Drop-testing is a common method to investigate hypergolicity, as opposed to engine
testing. It can also be employed to study decomposition behavior, for instance of HP. Even though the resem-
blance to decomposition chamber conditions is poor, this method allows for a fast screening of catalysts. In
addition, it mimics repeated engine starts, and can thus simulate long-term deactivation behavior. In drop-
testing a drop of HP is released from a set height onto the catalyst, and the subsequent reaction is monitored.
Here the reactions were monitored using high speed imaging and a fast thermal data recorder. Ceramic cata-
lysts pellets (cercaps) were prepared by mixing 1.5 wt.% MnO2 with different metal oxides and subsequently
firing at high temperature. Of the tested support materials (i.a. silica, titania, kaolin and magnesium spinel),
only yttria-stabilized zirconia (YSZ) and γ-alumina (yAl) showed measurable activity in drop-testing with
98% HP. The latter would still be sufficiently reactive with only 0.30 wt.% MnO2. Based on the utilized char-
acterization methods (Raman, total diffuse reflectance and energy-dispersive X-ray spectroscopy, and X-ray
diffraction) it was found that the reactive manganese phase in yAl is most likely Mn3O4; other cercaps do not
allow identification of any MnOx. The formation of Mn3O4 in yAl is both in line with literature ([11, 12, 17])
and the results of this research: all tested yAl catalysts seemed to require an activation step (possibly to con-
vert to more reactive MnO2). Despite the comparatively low loading of yAl, it showed both higher decom-
position temperatures (sufficient to ignite ethanol) and longer catalytic lifetime than YSZ until (temporary)
water poisoning would set in. After drying of the catalysts, their reactivity would be restored; no clear further
deactivation effects were measured spectroscopically. Other experiments showed for both cercaps a total life-
time of over 300 decomposition events. Further, YSZ displayed higher mechanical rigidity and lower porosity
(which can lead to higher stability in a combustion engine). To conclude, despite the relatively small num-
ber of experiments conducted on these cercaps, it is clear that they offer unsurpassed mechanical stability
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in combination with good catalytic reactivity. The results obtained in this investigation will pave the way
towards catalytically ignited HP rocket engines.

Lastly, in contrast to commonly used space propellants, HP has limited storage life, which reduces its
applicability for long-duration space missions. Therefore stabilizers are added to HP, but these do not stabi-
lize propellant-grade HP sufficiently or are incompatible with (catalytic) propulsion system elements. This
research sought to physically support tin oxide stabilizers to mitigate these shortcomings. By dispersing vary-
ing amounts of colloidal tin oxide in 90 and 95% HP and monitoring the concentration over seven months,
their stabilizing ability was shown. Similar loadings were deposited on hard anodized aluminum strips by
dipcoating and subsequent calcination, which were tested equivalently. The results indicate that high load-
ings of tin oxide lead to enhanced stability with respect to low loadings, while still performing worse or equal
than HP that is not additionally stabilized. Perhaps this effect is caused by an interaction of the tested stabiliz-
ers with stabilizers already present in the acquired HP. Characterization performed at the end of the research
indicated that the aluminum was severely damaged by the HP, leading to both release of (decomposition
inducing) metal contaminants into the solution and removal of the stabilizers. The deterioration was most
likely originating from both the nature of the passivation process and the coating procedure. To conclude,
these tin oxide stabilizer coatings are a promising method to stabilize HP.
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1
Introduction

Due to the success of commercial spaceflight enterprises, space itself continuous to become more accessi-
ble. As an example, private companies are launching thousands of satellites to deliver worldwide high speed
internet even in remote areas. Even though space appears vast and rather empty, there is quite some (parts
of) decommissioned spacecraft orbiting Earth. Each of these debris can impact a working space system. In
order to assure that the space mission will not be ended prematurely due to a collision with space debris,
(almost) each spacecraft is equipped with a propulsion system to evade these1. Other uses of the spacecraft’s
propulsion system are to change its position around Earth or to lose rotational momentum.

This research will focus on chemical rocket motors, also known as combusting rocket motors, because
these engines are still widely used in industry and here the largest advancements in environmental impact
can be made. In combusting rocket motors (see Figure 1.1), the energy required to propel a spacecraft is
provided by the bond energy in the propellant or the combination of propellants. In the combustion cham-
ber part of the energy contained in the propellant molecules is released when they fall apart into the most
thermodynamically stables molecules (exothermy). This residual energy is manifested in a large increase of
temperature (and accordingly, pressure), while the (usually) larger number of molecules result in an addi-
tional increase in gas pressure. This thermal and barometric potential is expanded and accelerated in the
nozzle. The momentum of the exhaust flow adds to the spacecraft’s original momentum, and hence propels
the spacecraft.

Figure 1.1: Typical satellite thruster system, with relevant parts in-
dicated. Adapted from ArianeGroup [20].

Chemical propulsive systems can subdivided by
the nature of the propellants, which on itself has a
large impact on the possible applications. If only
one or a few high thrust burns are required, a solid
propellant rocket (see Figure 1.2a) might be selected.
Here, the propellant is cast into a predetermined
shape, which largely determines the burning profile
(and consequently the delivered thrust) of the rocket
motor. Two considerable disadvantages of conven-
tional solid rocket motors are that after ignition they
cannot be extinguished and that they cannot be ac-
tively throttled. To that end, a lot of research has
been put into hybrid systems where only either the
fuel or the oxidizer is cast. This is believed to miti-
gate some of the disadvantages of conventional solid
systems. The only known commercial application is
in the (non-orbiting) rocket stage of Virgin Galactic’s
SpaceShipTwo [126].

Liquid propellant systems are used when throt-
tling is required. For low thrust operations, such as the dumping of rotational momentum, and for maneu-
vers that require high reliability, often monopropellant systems (see Figure 1.2b) are employed. The thrust in
these engines is generated by decomposition of the propellant, which is often brought about by passing the
propellant over a catalyst bed (often consisting of physically immobilized porous pellets, which are coated
with a catalytically active substance). It can be understood that the simple design of these systems results
in high reliability. If both throttling and high(er) thrust are required, bipropellant systems can be selected
in which a separate fuel and oxidizer are combined in the combustion chamber. Bipropellant systems can
be subdivided based on their means of initiating combustion, as is illustrated in Figure 1.2c: igniter-based,

1Historically cubesats did not have a propulsion system, their popularity however led to the development of dedicated micropropulsion
systems.
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2 1. Introduction

hypergolic or using a catalyst bed. Often used igniters are of pyrotechnic (explosion of a small charge) or
electric nature (comparable to an automotive spark plug). More reliable are hypergollants, which are propel-
lant combinations that display hypergolicity, that is they spontaneously combust upon contact. When the
propellants do not degrade over time, this hypergolic ignition is also extremely reliable over long periods of
time; this is important for e.g. deep-space missions and missiles. Because only a limited amount of propel-
lant combinations display this hypergolicity, it can also be opted to induce this hypergolic behavior to ensure
reliable ignition. In so-called quasi-hypergolic systems one of the propellants is decomposed over a catalytic
bed, and its decomposition heat is used to heat the other propellant to its autoignition temperature, leading
to combustion of the propellant mixture. Although a lot of research has been conducted on these induced
hypergolic systems over the past decades, no working prototype of a catalytic ignition system can be found in
current literature. This is most likely caused by the hostile conditions occurring in the combustion chamber,
as will be elaborated upon later.

To conclude this section, the total propulsion system mass can sometimes be reduced if a mono- and
bipropellant system are combined in one rocket motor. This system can then run merely on monopropellant
for low thrust operations, whereas the second propellant can be injected if more performance is necessary.
Such propulsion systems are commonly referred to as dual-mode rocket motors. Especially quasi-hypergolic
systems are suited for this operation mode: any quasi-hypergolic system can be used in monopropellant
mode by only emitting the decomposing propellant into the combustion chamber [34, 67, 117]. It can be
understood that such a system is very attractive for weight-critical space missions.

1.1. State-of-the-art and challenges in space propulsion
Rocketry has been a field of rapid developments ever since the start in the early 20th century; Nazi Germany’s
development of the revolutionary V-2 rocket weapon was a true turning point. After the Second World War,
the V-2 served as a solid foundation for the space programs of both the USA and USSR. During the early Cold
War, performance of rocket propellants was considered more important than their toxicity or cost, because
of which the hypergolic propellants hydrazine and dinitrogen tetroxide (NTO) became the standard. Another
benefit of hydrazine, next to its hypergolicity, is that it can also be used as a monopropellant: hydrazine easily
decomposes when it is brought in contact with e.g. iridium. This decomposition results in a mixture com-
posed of i.a. highly flammable, but high impulse providing hydrogen [34, 67, 73, 117]. Yet, these conventional
hypergollants also have serious disadvantages. Most prominently, both the propellants themselves and their
combustion products (among other things nitrous oxides) are very toxic to humans and the environment
[102, 124, 125]. Because of the high risks thus associated with assembly, storage and launch of spacecraft
loaded with hydrazine and NTO, extensive safety measures are required, which result in high associated cost.
As a result of the continuous tightening of regulations for the handling of hydrazine, NASA’s costs associated
with the procurement of hydrazine have increased tenfold from 1990 to 2006 [5]. More urgently, due to the
displayed toxicity and suspected carcinogenicity, the European Commission is considering to ban the use of
hydrazine on all its territory (including French Guyana, which hosts Guyana Space Center) [31, 32].

Space launchers, or commonly known as rockets, have mainly relied on more benign propellant combi-
nations, such as kerosene or liquid hydrogen (LH2) and liquid oxygen (LOX), that offer comparable perfor-
mance. Yet, long-term storage of these cryogenic propellants is disadvantageous due to boil-off, resulting in
considerable propellant loss over time, which makes them unsuited for use in satellites. Because of the high
costs associated with the development and launch of a spacecraft, the choice for a novel and less-proven
propellant induces extra risk and is thus unappealing. Therefore, without a creditworthy alternative, space
contractors often still choose to incorporate hydrazine (and NTO) in satellites.

Due to the severe disadvantages associated with the use of hydrazine in space propulsion, there has been
a search for benign alternatives. A large part of the research in literature has focused on high concentration
(>87% m/m) hydrogen peroxide (HP), either as a monopropellant or as quasi-hypergollant in combination
with for instance ethanol (EtOH). Bioethanol is often designated as a green propellant, not only due to its
ease of (environmentally friendly) manufacturing using e.g. fermentation, but also due to its low toxicity
and harmless reaction products [68]. Some prominent advantages of HP over hydrazine are its low toxicity
and considerably higher liquid range (from -50°C to 150°C), which relaxes the requirements on the thermal
control system [19, 22, 67, 85, 109]: temperatures in space can vary between -150°C in darkness and +150°C
in full sunlight.

Unfortunately, several factors still impede its widespread implementation as a propellant in the space in-



1.2. Spacecraft propellant type comparison 3

(a)

(b)

(c)

Figure 1.2: Different common propellant systems available for space propulsion, categorized on propellant type. a) Typical solid propellant
rocket system. b) Typical monopropellant rocket system. These usually rely on decomposition of the monopropellant over a catalyst, as is
shown. c) Typical bipropellant rocket system, with three possible ignition methods illustrated. Active ignition systems are widely used in
space launchers, whereas hypergolic ignition is mostly found in satellites. Catalytic ignition systems have not been reported in literature.

dustry. The most prominent challenge is that HP does not show hypergolic behavior with ethanol and thus
requires a catalytic ignition system. A second challenge is that the procurement of high concentration HP is
difficult and expensive. Another major challenge is its autodegradation, which decreases its long-term perfor-
mance. However, as will be shown in the next section, HP-based propellant systems show to be a promising
alternative to current propellant systems if these challenges are overcome.

1.2. Spacecraft propellant type comparison
This section will qualitatively evaluate the differences between the earlier mentioned chemical rocket en-
gine types and their propellants using a typical system engineering tool, a trade-off matrix. In a trade-off
matrix all concepts are listed, together with several selection criteria on which these concepts are evaluated.
This method tries to, as objectively as possible, judge these concepts on their ability to solve the problem as
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outlined above, in the realm of this research project. Hence, each of these criteria has been attributed a spe-
cific weight factor to discern factors deemed more important from less influential ones. These weights have
been awarded based on pairwise comparison of the criteria, e.g. cost is more important than handling safety,
therefore cost is weighted as 2 and handling safety as 1. Scores are then given to each concept based on its
performance with respect to the respective criteria, i.e. if a concept clearly does not satisfy a certain require-
ment, it is awarded a "−1". Similarly, if the concept fulfills a requirement or outperforms a requirement it will
be attributed the score "0" or "+1", respectively. When these scores are combined with the weights a total
score results, which identifies the best concepts in the trade-off. Since the trade-off can unjustly designate
the best concept, here it was chosen to employ a more advanced trade-off method, the Pugh matrix [99]. In
addition to the above, in a Pugh matrix also the sum of underperforming criteria (Σ(−1)) etc. are displayed;
hence it can easily be seen that e.g. the highest scoring concept shows more weak points than the runner-
up. Evaluation of these weak points may then lead to the final selection of the runner-up at expense of the
original winning concept.

1.2.1. Propellant evaluation criteria
Several key criteria have been identified that can be used to score different propellants and propellant sys-
tems: reliability, performance, storage stability, cost, greenness and handling safety. From Table 1.1 it can
be seen that reliability and performance are rated equally important. This has been done since these are of-
ten key requirements in propulsion system design [117]. Of medium importance are the storage stability of
the propellant, the associated costs and the greenness. Greenness has not been awarded the highest weight
factor: even though environmental impact is increasingly important in society, spaceflight represents only a
minor fraction of all greenhouse gas emissions and environmental pollution. The handling safety was rated
at the lowest importance, because propellant handling only represents a small fraction of the space mission
life and impact.

Reliability Reliability is here defined as the inverse of the chance of long-term propellant ignition failure:
ignition should be successful even for long-duration space missions, such as deep-space exploration mis-
sions. Since conventional hypergolic systems do not require an ignition system, as do both monopropellant
and the green induced hypergolic bipropellant systems, these have been awarded the maximum score for
reliability. Conventional solid propellant systems can not be extinguished after ignition. Since their ignition
system thus only needs to function once, it can be designed with sufficient margin, due to which their reliabil-
ity is considered nominal. Because non-hypergolic bipropellant and hybrid solid propellant systems require
a separate ignition system, that has to be able to work several times, which introduces additional risk, these
have been awarded lowest reliability.

Performance Performance has been evaluated using the mass specific impulse (Isp ), a short background
on rocket performance can be found in chapter B. Hydrazine decomposition can deliver a specific impulse
of 199 seconds, whereas HP can deliver only 165 seconds (at 87.5% concentration, both at 7 MPa chamber
pressure) [34]. This difference decreases when the concentration is increased to 98%; then the mass spe-
cific impulse increases by at least 12 seconds to 177 seconds [42]. If HP is combined with ethanol, a mass-
based specific impulse of around 325 seconds can be achieved [68]. When hydrazine is combined with NTO
a slightly higher mass-based specific impulse results: 330 s [67]. It should be noted that although the mass-
based specific impulse is lower for HP, the density-normalized impulse is higher, which means that for the
same total delivered impulse less volume is required (which correlates to the tank mass) [42]; yet, the mass-
normalized specific impulse will be used in this comparison due to its omnipresence in space engineering
literature. Non-hypergolic propellant combinations such as kerosene with LOX can reach a mass specific
impulse of around 350 s. Although their specific impulse is similar to hypergolic systems, these engines can
deliver much more thrust (up to 7 MN) and are thus sometimes preferred. Solid rocket motors systems per-
form comparably to the former, but deliver even more thrust (up to 15 MN) [34, 67].

Storage stability Some propellants can be stored indefinitely, whereas other propellants degrade or evap-
orate over time; this is quantified in the storage stability. It also encapsulates additional requirements the
propellants pose onto the storage system. Even though cryogenic propellants are intensely insulated, they
still suffer from boil-off that causes a quick loss of propellant (on the order of % per day). In contrast, the
quality of hydrazine and NTO does not decrease over time, but the limited liquid range of NTO (approxi-
mately -11 to 22°C [128]) stresses the need for proper thermal control of the oxidizer tanks. It should be noted
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that hydrazine has a melting point of 2°C [128], but this can be easily mitigated by using alkylated hydrazines.
Hydrogen peroxide on the other hand does degrade over time (on the order of % per year [33, 125]), although
this has a limited impact on performance (please refer to the discussion on performance), but its large liquid
range (up to −60°C [19, 109]) does not impose as high requirements on storage. Ethanol is stable over time
and solidifies only below -117°C [128] and hence does not negatively influence the storage stability. Finally,
solid propellant grains do not suffer from degradation over time. However, they have been penalized for the
fact that they pose extreme danger in storage (conventional solid propellants cannot be extinguished after
ignition).

Cost The cost of a propellant is not limited to its procurement, but also the loading into the spacecraft
may induce considerable costs. For instance, due to the high toxicity of hydrazine and NTO, extensive safety
measures are required, which lead to a strong increase in total propellant operation cost. Although this has
been already accounted for, the associated costs for the safety measures are so large that they are taken into
consideration for the cost criterion as well. In addition, procurement costs are high and rising for these pro-
pellants. Cryogenics are generally not considered expensive, but pose specific demands on storage, and can
only be loaded shortly before launch. Hydrogen peroxide and ethanol can be purchased at low cost; yet,
propellant-grade (high concentration) HP is currently as expensive as hydrazine. However, with the use of
SolvGE’s patented HP purification technique (see section 1.4) propellant costs promise to decrease drasti-
cally. Further, both ethanol and HP can be handled relatively safely, stored under atmospheric condition and
loaded well ahead of launch. Single grain propellant systems can traditionally be made at low cost, since
they are rather uncomplicated systems, whereas hybrid systems need additional systems for handling of the
liquid oxidizer. As was already indicated, the conventional solid propellant systems demand elaborate safety
precautions, but this has already been accounted for under the criterion storage stability.

Greenness Another aspect that gains importance in the space industry is the ill-defined concept of green-
ness. In this context it is interpreted as the environmental impact of the propellants and their combustion
products. As was discussed above, conventional hypergolic propellants and their combustion products are
both extremely toxic and have a large impact on the environment. Conventional (non-hypergolic) bipropel-
lants, such as kerosene with LOX, can be partially green (due to the low toxicity) or fully green if kerosene is
replaced with (green) LH2. HP and ethanol posses low toxicity and can nowadays be produced via sustainable
production processes; upon reaction they form a mixture of water, oxygen and carbon dioxide. Additionally,
their intrinsic environmental impact is negligible too, due to their fast decomposition under UV irradiation.
Finally, due to the wide range of compositions of solid rocket propellants, no unambiguous judgment can be
given. Nevertheless, it can be said that the combustion products are most often not environmentally benign,
which is caused by incomplete combustion or (metallic) additives.

Handling safety The final criterion considered in this trade-off is the handling safety of the propellants.
This does not include the impact the propellants have on the environment, it merely represents the dangers
that occur during transportation and loading of the propellants. Since hydrazine is both very toxic and spills
can lead to explosion risks, it is given the lowest score; the same applies for the hypergolic combination with
NTO. Because of the mentioned factors loading of these propellants is always postponed to the last possible
time before launch, which induces programmatic risk. HP on the other hand is not toxic. As with hydrazine
spills can cause danger, but due to the low vapor pressure of HP explosive risks are significantly lower, and
therefore is awarded a nominal score. Since ethanol does not cause any major dangers, the combination with
HP is awarded a higher score. This is justified when the handling safety is compared with that of (partly)
cryogenic propellants: not only the can the cryogenic liquids cause embrittlement of materials and human
skin damage, liquid oxygen spills are extremely dangerous because they can cause spontaneous ignition. Yet,
toxicity of these propellants is low. Hybrid solid propellant systems are rather safe to handle, since fuel and
oxidizer are handled separately; though hazard may arise depending on the oxidizer used. In contrast, in
conventional solid propellants fuel and oxidizer are mixed and hence must be handled with extreme care.
Though, since this has been penalized earlier this has not been accounted for twice.
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8 1. Introduction

1.2.2. Trade-off outcomes
When all these factors are taken into account in a trade-off, as visualized in Table 1.1, it is clear that HP
promises the best overall compliance, both when it is used as a monopropellant and when it is operated in a
bipropellant system. For monopropellant systems, this is mainly because it does not feature hydrazine’s high
toxicity (which induces high costs). Though, it should be noted that HP does not offer the same storage life.
Further, the decomposition of HP offers slightly lower performance when compared to hydrazine; this can
only be resolved with higher combustion chamber pressures or more efficient nozzles, which can increase
system mass and cost.

If bipropellant systems are considered, the HP-EtOH system does not present deficiencies in this trade-off
table. Besides, not considered in above trade-off are the comparatively low vapor pressures of HP (0.66 kPa)
and ethanol (6.1 kPa) when compared to hydrazine (1 kPa) and NTO (96 kPa) [128]. Storage tanks need to be
vented to prevent pressure buildup, thus high vapor pressures thus result in higher vapor losses, especially
in bipropellant systems [53, 85, 112]. Additionally, these high vapor pressures pose additional explosion and
toxicity risk while handling these propellants on Earth, hence further strengthening the argument for HP. Yet,
a very prominent disadvantage is that at the present time no commercial HP-EtOH engines are available.
Further, as was elaborated above, performance is lower for (quasi-)hypergolic systems when compared to
non-hypergolic systems. Conversely, these hypergolic systems offer improved long-term storage and (igni-
tion) reliability. Hybrid solid propellant systems do not exhibit many uncorrectible deficiencies either, but
are not further considered in this research. Not only because these often need an ignition system (which
decreases reliability), but also because, due to the quasi-random nature of grain burning, their thrust behav-
ior is difficult to predict. Finally, sensitivity analysis of this trade-off shows that altering the weights or the
complete removal of one or two criteria will not result in a different conclusion.

All things considered, it is imperative that more research should be carried out to aid the development of
HP-based rocket engines, not only to make space more accessible and economical, but also to decrease the
environmental impact of spaceflight. This research hopes to make a (minor) contribution in achieving this
goal.

1.3. Hydrogen peroxide as propellant
As was shown in the previous section, HP-based propellant systems display some remarkable advantages
when compared to the current state-of-the-art. In addition, the challenges that withhold their implementa-
tion have been introduced shortly. This section will evaluate several methods that can be used to decompose
HP and subsequently induce hypergolicity in HP-ethanol mixtures.

1.3.1. Inducing decomposition and hypergolicity in hydrogen peroxide
Because HP does not form hypergolic combinations, the combustion with ethanol must be triggered either
using an (electric) ignition system or catalytically. The relatively low onset temperature of H2O2 autodecom-
position (400°C at atmospheric conditions [49]) means that little energy is required for starting its thermal
decomposition to oxygen, water and heat. This heat could facilely be supplied by e.g. an electric discharge
[14]. When ethanol is injected accordingly, the decomposition heat from HP (-2884.5 kJ/kg for anhydrous HP
[94]) can easily raise the mixture temperature to above the fuel’s autoignition temperature (369°C at atmo-
spheric conditions [16]). Though, it should be noted that at this time no records can be found in literature on
electric ignition systems for HP.

Further, two concepts are researched to passively ignite HP - ethanol mixtures. The first method aims
to mimic true hypergollants by dispersing a compound in the fuel that intensely reacts with HP and hence
causes ignition of the ethanol; this can be either a strongly oxidizing or reducing compound or a catalytically
active material. Examples of the former are organic manganese(III) salts [50, 112] and sodium borohydride
[56]; an example of the latter are dispersed copper(II) salts [50, 86, 112]. Even though tests with these com-
pounds show very good ignition behavior, their use poses significant downsides. First of all, gravity causes
these compounds, even though properly dispersed, to settle out over time, hence losing ignition capability.
These compounds thus need to be properly dispersed to allow extended storage on Earth (the effect of space
and its reduced gravity environment on the stability of dispersions is still an active field of research). Another
intrinsic factor that leads to degradation of ignition behavior especially for redox-active compounds is their
reactivity. This causes the additives to react slowly with the ethanol fuel, hence reducing the concentration of
the active compound and thus making successful ignition increasingly difficult over time [23, 50, 55, 56, 91].
It can be understood that this method does not function in absence of the fuel; this method is thus only suit-
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able for single-mode bipropellant systems. Though, this concept will still be considered in this trade-off due
to the amount of research conducted.

The second concept aims to decompose HP over a supported catalyst in the combustion chamber and
use this decomposition heat to ignite the fuel. A direct consequence hereof is that the catalytic material is
exposed to high temperatures and pressures (over 2000°C and 40 bar [83]). Mostly because of these hostile
conditions, extensive research efforts over the past decades have not produced a stable decomposition cat-
alyst. Nevertheless, some spacecraft have incorporated HP decomposition catalysts (based on MnO2 pellets
or platinum gauzes [67, 117, 124]), yet these catalysts degrade quickly due to the experienced reaction condi-
tions, and hence are not suitable for long-term space missions.

1.3.1.1. Comparison of ignition methods for HP-EtOH mixtures
Several ignition mechanisms for inducing hypergolicity in HP-EtOH mixtures have been described above.
Using the same system engineering method as in section 1.2, a trade-off matrix, these methods are compared
for their compliance on four criteria: reliability, performance stability, their ability to operate in pulsed mode
and in monopropellant mode. The weights have again been determined based on pair-wise comparison of
these criteria, resulting in the weights as given in Table 1.3.

Reliability Most important for an ignition system is its reliability, that is, does it operate as it should at the
time required. To exclude degradation effects from the this criterion, only the reliability at the start of the
mission will be analyzed. Electric igniters generally have a low reliability and therefore induce high operation
risk. Both fuel additives and supported catalysts initially show excellent performance.

Performance stability The decrease in ignition reliability over the lifetime of the mission is captured in
the performance stability. As elaborately discussed above, dispersed fuel additives tend to settle out of the
solution or react with the fuel, hence losing ignition ability. Electric ignition systems, even though they have
overall low reliability, suffer from performance degradation to a much lesser extent than fuel additives [117].
Properly designed catalytic beds barely suffer from deactivation effects over time, or the degradation can
easily be accounted for by design, without affecting propellant properties.

Pulsed operation Not discussed above is the ability of an ignition system to support pulsed operation. Dur-
ing pulsed operation (>10 Hz) short thrust bursts are generated to execute precise maneuvers without mass
flow controllers. Electric ignition systems in rocket engines usually cannot cope with the associated precise
timing requirements, due to which normally decomposing or hypergolic propellants are used [42, 117]. Due
to the absence of additional mechanisms, both passive ignition methods perform rather well in pulsed oper-
ation mode.

Monopropellant mode Above it was mentioned that dual-mode operation of a thruster is often an advan-
tage. Since all these ignition methods are mainly intended for bipropellant operation, this criterion evaluates
how well an ignition system can induce decomposition of pure HP, in absence of ethanol. A rocket motor
dependent on ignition from the fuel additives can simply not operate in absence of the fuel. As mentioned
above, electric ignition systems could be used to trigger HP decomposition. The supported catalyst however
is designed to catalyze H2O2 decomposition and thus will perform fully conform specification in monopro-
pellant mode.

1.3.1.2. Trade-off outcomes
When above considerations are taken into account and put in the trade-off matrix (Table 1.3), it is clear that a
supported catalyst would be the best option to induce hypergolicity in HP-EtOH mixtures. Removal of any of
the criteria does not lead to another concept performing better in the trade-off. From the above discussion is
clear that the settling of fuel additives is an uncorrectable deficiency, whereas the reliability leads to exclusion
of electric ignition systems. Therefore this research aimed to develop a supported catalyst to decompose HP
that has the potential to ignite HP-based propellant mixtures for space propulsion.

1.3.2. Hydrogen peroxide decomposition catalysts
Many catalytic materials have been researched for their reactivity with HP, but none of the currently tested
catalysts can withstand the harsh conditions as present in the combustion chamber for prolonged time
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Table 1.3: Trade-off on ignition methods.

Criterion
Weight Electric ignition Fuel additive Supported catalyst

e.g. NaBH4

Reliability 3 −1 +1 +1
Performance stability 2 +1 −1 +1
Pulsed operation 1 0 +1 +1
Monopropellant mode 1 0 −1 +1

Σ(+) 1 1 4
Σ(0) 2 1 0
Σ(−) 1 2 0
Total −1 1 7

(please refer to the excellent review by Guseinov and coworkers [42]). The best results have been obtained
with manganese oxides and metallic platinum; therefore these metals have found sparse applications over
the past decades as decomposition catalysts.

1.3.2.1. Active catalytic metal trade-off
The choice of the active element in a catalyst is essential for its proper functioning. Some elements are cat-
alytically active, but will remain so only for very short times. Therefore, in order to increase the chances that
this research will produce a properly functioning catalyst, different chemical elements were compared based
on i.a. their reactivity with HP. Since little research has been conducted up to now into achieving hypergolicity
with supported catalysts, this trade-off will compare these catalytically active metals solely on their perfor-
mance in HP decomposition. Other criteria are the lifetime such a catalyst would display in the combustion
environment, the (relative) exhibited technological readiness level, costs associated with fabrication of the
catalyst, and the amount of research conducted so far. As before, the weights have been determined based on
pair-wise comparison of these criteria. Table 1.4 displays several metallic elements that have been researched
at least two times in the past, i.e. silver, gold, iridium, manganese, ruthenium, palladium and platinum.

Reactivity The most important criterion to evaluate different catalytic metals is their reactivity. Even though
no single research has compared all of the evaluated metals simultaneously, the results obtained in these
investigations can be globally combined to give a fair comparison of the reactivity of all of the here listed
elements [2, 5, 15, 27, 42, 57, 63, 71, 97, 105, 106, 108, 116]. It is evident that expensive materials as silver,
ruthenium and platinum seem to offer the highest catalytic performance. Iridium on the other hand, which
is commercially used in hydrazine decomposition engines, has only low reactivity with HP. Gold, manganese
and palladium all are rather reactive, but less than the aforementioned metals.

Expected lifetime Almost equally important as the catalytic reactivity is the lifetime of the catalyst. Up until
now, only little research has been conducted in a representative environment, that is, in a (small scale) rocket
motor. Therefore, due to the importance of an extended lifetime of the catalyst, it is tried to compare the
candidates based on results obtained in HP decomposition research, and basic physicochemical information.
For instance, it is known that both iridium and ruthenium are very resistant to oxidative environments, even
at elevated temperatures, which is why iridium has found such widespread use in hydrazine rocket motors.
Further, it is known that silver, manganese and platinum have been used for HP decomposition in spaceflight
[85, 124]. Yet, due to either swift sintering, evaporation or oxidation their catalytic lifetime is limited; because
of their flight heritage this is deemed acceptable performance. The largely similar properties of palladium
when compared to platinum result in palladium being awarded the same score. Lastly, it has been shown
that gold catalysts only show very low stability due to poor adhesion to common catalyst support materials
[15].

Cost The aim of these research efforts is the development of a combustion catalyst that should be operated
in space. Yet, the space industry is becoming more and more competitive. To increase the attractiveness of
the developed catalyst for industry, it is important to focus on cost already early in the development. The
platinum group metals (Pt, Pd, Ru) and the noble metals gold and silver are known to be very expensive, with
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the same applying to iridium. The price of these metals is expected to increase steeply in the coming decades
due to the increased demand because of their use in green energy solutions [46]. Of the considered materials
manganese is (and most probably will remain) readily available in large quantities due to its abundance on
Earth.

Technological readiness Less important at this stage than the costs associated with the catalytic metal is the
technological readiness of the active metals under scrutiny. As has been stated earlier, only silver, manganese
and platinum have found prior use in HP decomposition engines. In addition, iridium has been awarded with
acceptable performance due to its heritage in hydrazine engines. The remaining elements have no recorded
use in spaceflight.

Amount of research conducted The final evaluation criterion is the amount of research that has been con-
ducted in the past on these elements with respect to HP decomposition. This aspect has been included, since
prior knowledge can serve as an easy starting point for further catalyst development. Most research efforts
have focused on the development of platinum- and manganese-based catalysts, while less have focused on
incorporating palladium. The other here reported catalytic metals have received only little attention in the
past.

Table 1.4: Trade-off to find the most promising active elements to use for the catalysts in this research.

Criterion
Weight Active element

Ag Au Ir Mn Ru Pd Pt
Reactivity 3 +1 0 −1 0 +1 0 +1
Expected lifetime 2 0 −1 +1 0 +1 0 0
Cost 2 −1 −1 −1 +1 −1 −1 −1
TRL 1 −1 −1 0 +1 −1 −1 +1
Amount of research conducted 1 −1 −1 −1 +1 −1 0 +1

Σ(+) 1 0 1 3 2 0 3
Σ(0) 1 1 1 2 0 3 1
Σ(−1) 3 4 3 0 3 2 1
Total −1 −6 −4 4 1 −3 3

Trade-off outcomes
The results of the trade-off can be found in Table 1.4; it is evident that both manganese and platinum are
the most promising metals to investigate. The costs associated to the incorporation of platinum appear to
form an incorrectable deficiency. Yet, when this catalytic material is dispersed on a nanoscopic scale, the
total costs can be seriously reduced without severely influencing the overall reactivity. It might be argued that
this would then also be applicable to other catalytic metals that display this same deficiency. Though, due
to the even higher predicted increase in demand for these material the costs associated to manufacturing
of the catalyst would increase even more than for platinum. The trade-off further shows that, based on its
score, ruthenium could be considered as well in this research. Beside the disadvantageous costs associated
with ruthenium, it has not been used before in spaceflight, nor has received much attention in literature.
Hence it will not be further considered here. Finally, a sensitivity analysis performed on this trade-off and its
criteria shows that only removal of the cost aspect from the comparison results in a different conclusion, i.e.
ruthenium and platinum would be most promising. Yet, as has been mentioned above, the competitiveness
of space industry impedes a strong focus on cost minimization, hence justifying the original outcomes of the
trade-off.

1.3.2.2. Manganese oxide catalysts
Manganese oxide (MnOx) catalysts do not only display good reactivity in the reduction of H2O2, they are
also rather economical. Their catalytic behavior is believed to function in a cycle between the +4 and the
+3 oxidation state (see Equation 1.1 − 1.5 [49]). An intrinsic problem with these MnOx catalysts however is
the is that the metal ion undergoes a sequential phase transition from Mn(IV) to inactive Mn(II) at elevated



12 1. Introduction

temperatures, starting above 525°C [42, 49].

Mn4+ + H2O2 H+ + Mn3+ + HO2 Initiation (1.1)

HO2 + H2O2 H2O + O2 + HO Propagation (1.2)

HO + H2O2 H2O + HO2 Propagation (1.3)

HO + Mn3+ Mn4+ + OH– Regeneration (1.4)

HO2 + HO H2O + O2 Termination (1.5)

It is thus fundamental to stabilize the +4 and +3 oxidation states to retain the catalytic performance at
the operating conditions; this can be achieved by a meticulously chosen catalyst support material. To illus-
trate, Russo Sorge’s research group has been investigating supported MnOx catalysts for HP decomposition
for some time [5, 7–9, 84, 108]. They have managed to postpone the undesired mentioned phase transition
to higher temperatures by means of a proper catalyst support material: yttria-stabilized zirconia (YSZ; zirco-
nia with 10 wt.% yttria). No catalyst degradation was noticed after multiple cold starts nor after more than
twenty-five minutes of HP decomposition above 650°C. Yet, even though the catalyst shows excellent stabil-
ity behavior at 650°C, at the earlier mentioned combustion conditions the catalyst will most likely completely
transform into the inactive Mn(II) phase. To conclude, MnOx catalysts are suited for use in HP decomposition
engines, but a better support is necessary for their successful implementation in quasi-hypergolic engines.
In subsubsection 1.3.2.4 more information will be supplied on support materials and their preparation.

1.3.2.3. Platinum catalysts
Platinum has been used in spaceflight to decompose HP in the form of metallic gauzes; unfortunately these
sinter rapidly due to the occurring temperatures in the decomposition chamber. More sustainable and eco-
nomical than these gauzes is the application of a fine dispersion of nano-scaled platinum particles, or nanopar-
ticles (NPs) [80, 81]. Unfortunately, NPs suffer from additional deactivation phenomena, such as Oswald
ripening. This requires extensive anchoring in or to the support material. These deactivation effects are less
prominent for larger NPs, which also show a higher activity in H2O2 decomposition [110]. It must be consid-
ered though that the use of larger NPs often implies a higher catalyst weight loading, and thus higher cost.

A group of support materials that has a very strong interaction with platinum NPs is formed by so-called
metal oxide perovskites, as is elaborated upon in chapter C. Research has shown that these supports almost
completely impede the deactivation of the platinum phase (see e.g. [62]). Consequently, the use of metal
oxide perovskitic supports can can potentially enable the use of platinum catalysts in HP decomposition or
even quasi-hypergolic engines. Nevertheless, both due to the complexity associated with the synthesis of
such materials and the high cost of platinum catalysts, this research will merely discuss MnOx catalysts for
HP decomposition.

1.3.2.4. Catalyst support materials and synthesis
The discovery of a well-performing catalytic phase is merely the start of a long process before a catalyst can
be put into practice. Among the most prominent causes is the choice of a proper catalyst support material.
As was already illustrated above, the right catalyst-support combination is essential for maintaining integrity
of the active catalytic phase. Other important motives in the development of a support are cost, stability (e.g.
when a compound has a low transition temperature to another inactive oxidation state, such as MnO2), or
activity (most often a pure catalytic compound is too reactive). Metal oxides are commonly utilized support
materials, for instance alumina (Al2O3) and titania (TiO2). Each metal oxide has different interactions with
the catalytic phase, due to their intrinsically differing electronic properties. These properties can be further
altered by doping or mixing with different metal oxides. In this manner, the behavior of both the catalytically
active phase and the support can be adjusted for each application. Unfortunately, despite extensive research,
prediction of the right catalyst-support combination is still difficult: the optimal support composition for a
certain catalytic phase still needs to be found by elaborate research.

Parallel to the choice of the metal oxide is the selection of the support class of the catalyst. Namely, two
general classes of supported catalysts can be discerned: bulk catalysts, in which the catalytic phase is homo-
geneously mixed with the support material, and impregnated catalysts, where (a precursor of) the catalytic
phase is impregnated into a porous support material. In bulk catalysts, the mechanical properties of the car-
rier are influenced by the presence of the catalytic phase, for instance it can lead to sintering of the support
material. Further, the full embedding of the catalytic phase will often result in different interactions with the
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Figure 1.3: Typical catalyst support structures; monoliths (back) and a wide range of catalyst pellets [24].

support when compared to impregnated catalysts. Thus, a well-performing support material in a bulk cat-
alyst does not necessarily perform equally well when the active phase is loaded by impregnation. A distinct
advantage of the homogeneous dispersion of the active phase, is that erosion of the bulk catalyst surface does
not immediately lead to loss of catalytic performance. On the other hand, because of this dispersion, the ef-
fective use of catalytic material is low. Therefore bulk catalysts are often only used for inexpensive catalytic
metals, such as iron or nickel. Another distinct disadvantage is that during the preparation of such catalysts
often undesired crystalline compounds are formed, by reaction of the active phase with the support material
[25, 107].

Impregnation is commonly used for the loading of precious metals or unstable materials [107], of which
platinum and manganese oxide, respectively, are adequate examples. The active catalytic phase is applied
by exposure of the support to a solution containing the catalyst precursor. The adsorption of the catalytic
compounds occurs spontaneously or is brought about by a change in solubility. This step is followed by
calcination, during which intricate bonds are formed between the catalytic compound and the support ma-
terial. Almost without exception, this changes the electronic energy levels of the catalytic phase, which on
its turn influences the binding interaction with the reactants and products, which influences the catalytic
performance. Since all chemical elements possess different electronic properties, it can be understood that
some support materials may have a positive effect on the catalytic performance whereas others could totally
nullify catalytic activity. Further, in contrast to bulk catalysts the mechanical properties of impregnated cata-
lysts are only marginally affected by the application of the active phase. This allows an ab-initio focus on the
support properties, such as thermal operation limits, whereas for bulk catalysts these properties can change
considerably during their preparation. From the above discussion it is clear that a support can have profound

influence on the catalytic properties. This investigation will thus mainly focus on the effects of the support
material on the catalytic properties of manganese oxide.

1.4. Hydrogen peroxide procurement
Generally available solutions of HP are between 30 to 50% concentration, whereas for propulsion purposes
>98% is desired. Due to the increased explosion risk associated with high purity HP, these concentrations are
often only available on special demand, which increases cost and induces long waiting periods associated
with its acquisition. In addition, these risks also lead to high transportation cost. Furthermore, national and
international regulations on the shipment of propellant-grade HP may even prohibit procurement from spe-
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cific supplier [22, 30]. These disadvantages associated with the acquisition of high concentration HP could
make purification of easily available HP on-site attractive. Typical processes that are used in industry to re-
move water from peroxide solutions are water sorbents, membrane separation, vacuum distillation et cetera
[33]. Unfortunately these methods are either too inefficient, time consuming, costly or complicated to be
carried out on-site by the space contractor itself, which up to now necessitates procurement of expensive
propellant-grade HP.

Recently, SolvGE has developed a process that has the poten-
tial to allow safe and on-site purification of low concentra-
tion HP. Additionally, this process does not require additional
chemicals. This technique promises to largely decrease the
cost and waiting time associated with the procurement of HP
for space propulsion. Pivotal in this process is a fundamen-
tal difference in physical properties between water and H2O2.
SolvGE has exploited this physical phenomenon by thermo-
dynamically stimulating the continuation of water removal,
which consequently leads to an increase of the HP concen-
tration in the residue [54]. Since this process is carried out at
atmospheric conditions and with only a source of inert gas,
process costs and complexity are low. Also, because there is
no additional contact with foreign substances (such as con-
densers or adsorbents) introduction of pollutants is minimal:
the purity grade of the final product is dependent on the initial
solution quality. Implementation of this method can greatly
decrease cost and delays associated to HP procurement for
spacecraft manufacturers.

Figure 1.4: SolvGE Research Grade Printer.

Until recently the purification equipment developed by SolvGE was only available at laboratory scale, as
can be seen in Figure 1.4. At this scale it was already clear that the efficiency of the process is limited by ther-
modynamics: as the purification process progresses, the contribution of HP to the gas phase increases, which
is consequently vented off. Thus, in order to increase the economics of an industrial sized setup, HP must
be recovered from the waste stream. Based on the results of this work, the company has recently launched a
product that can generate up to 1 kg of high concentration HP, and is suitable for chemical process develop-
ment.

1.5. Hydrogen peroxide storage
Hydrogen peroxide is commonly believed to be an unstable chemical. This is however only conditionally true,
as very pure and concentrated HP is almost infinitely storable, but highly expensive [22, 125]; less pure (and
thus more economical) high concentration HP typically decays with several % per year [109]. The acceler-
ated decomposition is triggered by metal ions and organic contaminations that have been introduced during
manufacturing and storage; current manufacturing techniques can limit the concentrations of these contam-
inants to the ppm-level. For the implementation in space, this still does not offer sufficient long-term stability,
which raises the need for additional stabilizers. Several types of stabilizers are used in industry, based on dif-
ferent approaches. For instance, with a decrease of pH the concentration of the reactive OOH– ion is reduced,
which has been shown to increase the lifetime of HP [33, 70, 109]. Yet, in this realm it must be considered
that a more stable H2O2 molecule requires a more active catalyst. On top of that, acidic solutions can have
a corrosive effect on the propulsion system and the catalyst itself, and are therefore not preferred. Chelating
compounds are another type of stabilizers; examples are phosphates and multidentate organic phosphorus
complexes. These compounds strongly bind reactive metal ions and hence increase the storage life of HP. Yet,
because most phosphorus compounds have a poisoning effect on catalysts, they are not suitable for stabi-
lizing HP for space propulsion [30, 47, 97, 100]. The last group of stabilizers used for HP are dispersed metal
oxides, tin oxide being used most often for the stabilization of propellant-grade HP [19, 51, 70, 109]. It has
been posed that upon dissolution of stannate (Sn(OH) 2–

6 ), tin oxide colloids are formed [109]. These tin oxide
colloids present a negatively charged surface to the solution and hence bind the positively charged metal ion
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impurities. As all colloids, these tin oxide colloids will settle over time, thereby not only reducing stabilizing
performance, but also possibly causing propulsion system blockage. Hypothetically, it is possible to prevent
settling of these colloids by mechanically fastening, for instance to aluminum tank walls. This supporting of
tin oxide colloids has been researched for use in battery electrodes [61, 75]; yet, no report can be found in
literature on the use of supported SnO2 for HP stabilization.

1.6. Research questions and objectives
The rest of this thesis report will explore the current difficulties that impede incorporation of HP as a space
propellant, that is its availability, instability and the lack of a hypergolicity inducing catalyst. In order to reach
that goal, the main research question around which this research revolves was formulated as:

How can the implementation of HP as a space propellant be promoted, i.e. by increasing its avail-
ability, the development of a catalytic ignition system and improvement of its stability?

As indicated above, the problem will be divided in three different research directions; the first being the
increase of efficiency of the SolvGE HP production process, as can be found in subsection 1.6.1. The second
topic is the development of a suitable supported catalyst that can decompose HP with enough vigor to poten-
tially induce hypergolicity in HP-EtOH mixtures, as will be discussed shortly in subsection 1.6.2. The research
into the stability of stored HP will be outlined in subsection 1.6.3.

1.6.1. Purification of propellant-grade H2O2
The first aspect this research will focus on is the procurement of propellant-grade HP. SolvGE has devised a
technique to carry out purification of low concentration HP to concentrations above 90%, i.e. suitable for
space propulsion. Since this technology is relatively new, large improvements in efficiency can still be made.
The goal of this part of the thesis, as elaborated on in chapter 2, was to increase the efficiency of the purifica-
tion process of propellant-grade HP with the company’s Research Grade Printer (RGP) setup without affecting
the quality of the HP. The research question that aided in the development was formulated as follows:

RQ-CND How can HP be recovered from the waste stream of SolvGE’s purification process, without affect-
ing its purity?

1.6.2. Support effect on the decomposition of H2O2 over MnOx catalysts
Up until now, all research into inducing hypergolicity in HP-based propellant mixtures has focused on cata-
lysts (or related compounds) that are dispersed in the fuel. Yet, these additives will either settle over time or
slowly react with the fuel and thus lose their hypergolicity. In the above it was shown that supported MnOx
catalysts are an affordable candidate for use in HP decomposition engines. Therefore, the main focus of this
work was to find a MnOx-support combination that would decompose HP vigorously enough to potentially
induce hypergolicity and simultaneously posses high mechanical strength. The results of these research ef-
forts can be found in chapter 3. As a guidance, below the research questions formulated for this part of the
thesis research can be found, which will be shortly introduced and answered in aforementioned chapter.

RQ-CAT-1 What is the effect of the support on activity and stability of MnOx for H2O2 decomposition in
drop-testing?

RQ-CAT-1-1 What is the nature of the active site of the catalyst?
RQ-CAT-1-2 What is the influence of the support material on the transition temperature of MnOx?
RQ-CAT-1-3 What phenomena cause deactivation of the MnOx catalyst during drop-testing?
RQ-CAT-2 How can drop-testing be used for decomposition testing of HP over a supported catalyst?
RQ-CAT-3 Is the decomposition of HP over the catalyst vigorous enough to induce hypergolicity?

1.6.3. Stabilizing propellant-grade H2O2

As introduced above, long-term storage of HP is one of the major hurdles that inhibit its use in space. Thereto,
as described in chapter 4, several stabilizing methods were compared and the concentration of the exposed
HP was monitored over several months. To aid the research, the below research questions had been posed,
which are introduced and answered in chapter 4.
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RQ-STA-1 How does the concentration of HP affect its stability?
RQ-STA-2 What is the influence of the surface-to-volume ratio of stored HP on its stability?
RQ-STA-3 How can aluminum be treated such that it is suitable as a stabilizer support?
RQ-STA-4 What effect does immobilization have on the stabilizing action of the colloids?
RQ-STA-5 How do different types of stabilizers interfere with each other?

1.7. Outlook
To conclude, this thesis report will set out to investigate the most pressing issues currently impeding the
implementation of HP in spaceflight. Thereto it hopes to contribute to the availability of propellant-grade
HP by further improving the efficiency of the SolvGE HP purification process. Further, this work will attempt
to develop a catalyst that can decompose HP so efficiently that the resultant heat can potentially be used to
ignite ethanol and hence induce hypergolicity. Additionally, the developed catalyst should remain active for
a considerable amount of time. Finally, this thesis will investigate the stability of HP and whether it can be
stabilized without negatively affecting its propulsion characteristics.



2
Purification of propellant-grade H2O2

SolvGE’s current hydrogen peroxide purification setup is limited in efficiency by physics, not by design: the
vapor pressure of a component is linearly dependent on its concentration in the liquid phase (Raoult’s law).
That is, with increasing HP concentration the vapor will accommodate higher amounts of HP and lower
amounts of water. This means that when the vapor above the fluid is replenished, more and more HP is lost
over the course of the purification process,. In order to counter this physical barrier that limits the process
efficiency, the HP must be captured from the concentrator outflow. Several methods can be used to perform
this extraction: absorption, membrane separation, high pressure gas distillation or condensation. The first
two methods suffer especially from low selectivity for H2O2 over H2O, due to the large similarities between
both molecules. An additional difficulty with absorption it the extra step required to regenerate the absorbant
and hence release the HP and water. High pressure gas distillation is used on an industrial scale to separate
air in its constituents, but this process is rather complicated and only viable on such a large scale. Thus the
only remaining option is condensation [54, 121]. The objective of this part of the research was to investigate
if propellant-grade >90% HP can be recuperated from the waste stream of the SolvGE RGP without negatively
affecting the efficiency and simplicity of the process. The following research question was used as a support
in the design:

RQ-CND How can HP be recovered from the waste stream of SolvGE’s purification process, without affect-
ing its purity?

Motivation: For the implementation in space industry it is of utmost importance that no contaminants are
introduced into the HP, since this may negatively effect its storage life or combustion perfor-
mance. In addition, regulations put a limit on the allowable concentration of stabilizers for its
use as propellant.

The contents of this chapter have been based on several standard works on heat exchanger design [74, 95,
111, 120, 121]. This chapter will first describe the design concept and its background, followed by the theory
behind condensation and a description of the model used to predict the required properties for the recuper-
ator. Afterwards, the results obtained with different recuperator designs will be presented and discussed.

2.1. Recuperator design concept
Two main requirements were posed to the HP recuperation system design by SolvGE. The first requirement
(REQ-CND-1) demands that the designed recuperator will separately produce pure HP and pure water. The
second requirement (REQ-CND-2) puts a threshold on the efficiency of the recuperator system. Based on the
data as supplied by the company (Table 2.1a), Figure 2.1b was constructed, which shows the efficiency of a
typical concentration experiment with the RGP. When this data is combined with REQ-CND-2 it shows that
the cumulative HP loss must be decreased to below 10%. Concretely this means that the designed recupera-
tion system should produce over 30 mL of pure HP.

REQ-CND-1 The designed recuperation system shall selectively remove HP and water from the SolvGE RGO
outflow.

REQ-CND-2 The designed recuperation system shall recover over 80% of all evaporated HP when starting
from an initial volume of 300 mL HP of 30% concentration with the SolvGE RGP.

From Figure 2.1b it can be clearly deduced that the purification follows an exponential trend towards
100% concentration. Further, when taking into account the cumulative loss (defined as percentage loss of
the originally present amount of HP), it can be seen that most losses occur during the purification from 60 to

17
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Time [h] Conc. [%] Total solution mass [g] HP mass [g]
50 mL 300 mL 300 mL

0 30% 56.71 340.3 102.1
4.5 60% 25.41 152.5 91.48
8.5 90% 11.78 70.68 63.61

10.5 95% 8.02 48.12 45.71

(a)

(b)

Figure 2.1: Input data as received from SolvGE, based on experiments with the RGP.
a) Experimental data used as input for model; the first three columns were supplied by SolvGE. They consist of time, initial concentration
and total solution mass at the start of that step for a concentration procedure of approximately 50 mL. The last two columns are an extrap-
olation of this to the intended 300 mL volume and the total mass of present HP.
b) Variation of HP concentration during a typical purification experiment with the RGP. Also indicated is the cumulative HP loss during
this experiment.

90%. Furthermore, the efficiency of the final purification stage is low as well, while the residue only increases
with 5 mass percent point (mpp). The largest increase in overall process efficiency can thus be obtained in
these two stages.

Figure 2.2: Schematic representation of the
chosen approach to extract HP from the
SolvGE RGP outflow.

Since the purification is carried out under atmospheric condi-
tions, the purification gas (nitrogen) can only contain relatively small
amounts of both water and HP (up to 2 wt.% of water and 0.2 wt.% of
HP at 20°C). However, at lower temperatures these amounts become
even smaller [127]. Note that one kilogram of atmospheric air con-
stitutes 816 liters; this indicates that large volumes are necessary to
carry off the water and HP. This phenomenon is the key to the here
proposed design: when the mixture is cooled, the surplus molecules
in the gas phase are inclined to condense to restore equilibrium in the
vapor phase.

The cooling can be brought about by a liquid cooling loop (such
as in a refrigerator) or with a solid state cooling system (Peltier ele-
ments). The former offers higher efficiency, but at expense of higher
complexity, increased maintenance frequency and risks (such as leak-
age). As the entire HP recuperator should be kept as simple and re-
liable as possible, it is therefore chosen to employ solid state cooling,
specifically using Peltier elements. Because the efficiency of Peltier ele-
ments is very strongly dependent on the applied current and potential,
a (switching) temperature controller is essential to maintain a decent
power efficiency. A direct consequence hereof is that the entire condenser will be forced to be at the same
temperature. In the case that the condenser will be fabricated of aluminum (due to ease of manufacturing
and HP compatibility), the heat distribution over the condenser will be further equalized due to its high heat
conductivity.

2.2. Theoretical condensation model
This section will give a description of the fluid dynamics that underlie the predictive model that was set up.
For the reader with less experience in fluid dynamics, first some important concepts are explained that are
fundamental for proper understanding of the following.

A boundary layer is the shear layer between free flow and the stagnant wall of the fluid. That means that
there is a velocity gradient from zero to the flow velocity, parallel to the flow. With increasing flow velocity,
the thickness of the boundary layer increases, as well as the friction it imposes on the flow. At some point this
friction becomes so high that the boundary layer detaches from the wall. This is the onset of turbulent flow.
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The simple velocity gradient then disappears and is replaced by a random velocity field.
A key parameter in fluid dynamics is the Reynolds number of the flow, which describes the ratio of inertial

forces to viscous forces, given by Equation 2.1, where ṁ is the mass flow [kg/s], µ is the kinematic viscosity
[kg/s2] and Dh is the hydrodynamic diameter in [m], which is the diameter of a circular duct with equal cross
sectional area as the tube under consideration.

Re = ṁ

4πµDh
(2.1)

For low Reynolds numbers, the flow remains laminar. In laminar flow, heat transfer to the condenser
wall is minimal due to limited mixing between bulk gas and gas present in the boundary layer, thus resulting
in a longer required condenser length. For high Reynolds numbers, the flow is turbulent which results in
increased mixing between the bulk fluid and the boundary layer; this on its turn causes heat transfer to be
more efficient. It is thus opted to induce turbulent flow.

In between these two regimes a transition regime (often referred to as transient flow) exists in which be-
havior is very difficult to predict. Transitions between laminar and turbulent flow can be brought about by
increasing the Reynolds number; ergo, by increasing the mass flow or decreasing the channel diameter. This
transition can also be triggered by (im)properly produced inlet manifolds, rough edges, sharp kinks in flow
ducts et cetera. Since the mass flow is a given parameter for the system at hand, the only variable is the chan-
nel diameter. As explained further below, there is a lower limit to this channel diameter to prevent (partial)
fluid obstruction of the tube, which results in large pressure drops.

2.2.1. Condensation-based recuperator model assumptions
In order to allow computational modeling of complex phenomena as fluid and heat flow, some simplifications
have to be made to the problem laid down above. These have been divided in assumptions with regard to the
flow behavior (subsubsection 2.2.1.1) and vapor characteristics (subsubsection 2.2.1.2), and the boundary
conditions necessary for solving the equations in subsubsection 2.2.1.3.

2.2.1.1. Flow behavior assumptions
As already introduced above, the assumption of transient flow (ASP-CND-FLO-1) has far-reaching conse-
quences with respect to heat transfer. Because of the setup of the process and experiment (see section 2.3),
it is safe to assume that the flow leaving the purification vessel is not anymore laminar, and thus is at least
partly turbulent.

Further, all condensers used in the experiments (see section 2.4) were either extruded aluminum profiles
or hot rolled metal sheets, which therefore exhibited extremely smooth surfaces (ASP-CND-FLO-2). One
could argue argue that it would be beneficial to have rough condenser walls (introducing more turbulence,
hence resulting in higher heat transfer). Yet it must be considered that a higher roughness will on its turn lead
to a larger pressure drop over the condenser, which then leads to higher pump power. Therefore both in the
model and in the experiments it was chosen to maintain the current wall smoothness.

In the conducted experiments, as described in section 2.4, the smooth-corner assumption (ASP-CND-
FLO-3) is heavily violated. This will lead to increased flow turbulence, thus increasing condenser efficiency,
and reducing condenser size and hence reducing cost. Yet, since this property is very difficult to parameterize,
the effects of the violation of the assumption will not be considered directly.

The last two assumptions have a similar outcome, although they are not physically related. When a flow is
developing through a channel, the boundary layer thickness increases to a steady-state value. The boundary
layer decreases the available space for the flow, leading to a higher flow speed, which increases the boundary
layer thickness up until equilibrium is established. It can be understood that this negatively influences flow
characteristics such as the pressure drop. Assumption ASP-CND-FLO-4 is applied to the model, since in the
transient flow regime fluid behavior is difficult to predict.

A similar reasoning applies to the last assumption (ASP-CND-FLO-5). The presence of condensate, either
in the form of droplets or a film, decreases the effective diameter of the channel. It can be understood that
the presence of the condensate reduces the effective diameter of the flow, which on its turn causes a higher
pressure drop. Further, it is not improbable that, at some point, the condensate might fully block the con-
denser channels and hence impede operation of the entire system. Therefore a minimum diameter of 5 mm
is chosen, so that the size of drops becomes relatively small with respect to the channel diameter.

ASP-CND-FLO-1 The incoming flow is in or above the transient regime.



20 2. Purification of propellant-grade H2O2

ASP-CND-FLO-2 The condenser walls are smooth.
ASP-CND-FLO-3 Bends and curves in condenser have no effect on flow behavior.
ASP-CND-FLO-4 The boundary layer does not cause choking of the flow.
ASP-CND-FLO-5 The condenser inner hydrodynamic diameter is larger than 5 mm.

2.2.1.2. Vapor characteristics assumptions
This section will explain the assumption made on the thermodynamic properties of the fluids involved, which
can be found below.

ASP-CND-VAP-1 The condensation is a two-phase process (first HP condenses, then water).
ASP-CND-VAP-2 The system is assumed to be in continuous equilibrium, hence the mass flow of HP and water

are constant.
ASP-CND-VAP-3 The mass flows of HP and water are negligible compared to that of N2.

Since HP is a more valuable chemical than water, this design will merely focus on the recuperation of HP.
Also, since the vapor pressure of HP is roughly one-fifth of that of water (see chapter A), HP will be much more
inclined to condense out of the vapor phase. These two considerations lead to the two-stage condensation
assumption (ASP-CND-VAP-1). Effectively this means that the heat contribution from condensing water can
be ignored. Yet, it is theoretically impossible to achieve a two-stage condenser design, since water and HP
will, due to their high affinity, always condense partially together: no 100% HP can be achieved by single-step
distillation (note that repeated distillation is used in industry for HP purification). Concretely this means
that it is impossible to satisfy requirements REQ-CND-01 and REQ-CND-02 simultaneously. A fundamental
design decision is thus necessary: the process will either recover only part of all HP and achieve a high con-
centration, or the majority of HP will be removed from the flow, but at a low concentration. Of course, both
approaches have an influence on the required cooling power and thus the length of the condenser. Due to
the exploratory nature of this research project, it was chosen by SolvGE to postpone this design decision, and
base the predictive model on two-stage condensation. Note that in later design iterations the recuperated HP
concentration can be easily adjusted by changing the temperature difference between flow and condenser
wall to give the desired concentration.

Even though recent SolvGE experimental evidence clearly shows that the gas phase composition changes
over time (as can be deduced from Figure 2.3), for a first order estimate it was assumed that the mass flow of
HP and water are constant and in equilibrium during the considered purification phase (ASP-CND-VAP-2).
Because of this, the resulting heat flow to the condenser will be constant over time. This assumption will
most likely lead to an underestimation of the required condenser size. However, due to the limited knowl-
edge about the process at this point, no more data are available to quantify this error. Note that when the
condenser would be operated with constant heat dissipation (taking into account the increasing HP concen-
tration over time), at the start of the purification process primarily water would condense from the vapor.

From Table 2.1a the mass flow of HP and water can be calculated. When these mass flows (2.5 ·10−3g/s
and 6.5 ·10−3g/s, for HP and water, respectively) are then compared to the nitrogen flow (1.56 g/s), it is clear
that there is a difference of approximately three orders of magnitude. For a first order estimate this justifies
neglecting of the former two mass flows (ASP-CND-VAP-3).

2.2.1.3. Boundary conditions
This section describes some further conditions that are necessary for solving the flow equations in the model,
which are formulated below.

ASP-CND-BC-1 The condenser inlet and outlet are 20°C and 0°C, respectively, leading to a ∆T of 20°C.
ASP-CND-BC-2 The condenser wall has a constant temperature along its length, viz. 0°C.
ASP-CND-BC-3 The condenser wall temperature is constant over time.

Since the SolvGE concentration setup is operated under standard atmospheric conditions, it was chosen
to let the inlet temperature of the system equate to normal room temperature (ASP-CND-BC-1). The outlet
temperature is kept fixed at 0°C as a first estimate, since at that temperature HP has a vapor pressure of only
a few pascal [109], whereas water still has a considerable vapor pressure.

The second boundary condition (ASP-CND-BC-2) requires further explanation. In condenser design gen-
erally two different condensation situations are discerned: constant temperature and constant heat dissipa-
tion. As explained above, the condenser will consist of a single piece of aluminum, to which Peltier elements



2.2. Theoretical condensation model 21

Figure 2.3: Concentration of vapor over HP as a function of solution concentration as measured by SolvGE. The liquid concentration has an
error of 1.13%; the errors in the vapor concentration is indicated by the dimensions of the data-points (σ = 1.6%). The dashed line indicates
a clear exponential trend with function y = 7.054+0.08593e7.069x , r2=0.954

are attached. When combined with a thermal controller, this gives a constant temperature over the entire
condenser due to the high heat conductivity of aluminum. As all channel walls are in direct contact with each
other, constant heat dissipation might be difficult to realize, also since heat may flow from one channel to
another. As a consequence, it has been decided to assume a constant wall temperature along the condenser.
At this stage of development, it has been opted to let the wall temperature remain constant over time as well
(ASP-CND-BC-3). This not only eases the computational efforts, but also the operation of the power sup-
ply for the Peltier elements. Yet, a well-defined condenser temperature profile not only aids in optimizing
both the quantity and concentration of the recuperated HP, it also can lead to higher power efficiency of the
recuperator. The implementation hereof is left for a future design iteration.

2.2.2. Condensation model description
This section will supply the equations required to calculate the thermodynamic and fluid dynamic properties
of the condenser flow. A schematic illustration of the model can be found in Figure 2.4. In order to find the
heat that needs to be removed from the gas flow, taking into account above assumptions, only the heat is
considered that is released by cooling of nitrogen, condensation of HP, and cooling of liquid HP from 20°C to
0°C. The required power Q̇ [W] can be calculated using Equation 2.2, where∆0

v H is the standard vaporization
enthalpy [J/g], ṁ the mass flow in [g/s], Cp the specific heat at constant pressure [J/g·K] and∆T the tempera-
ture difference between wall and flow [K]. When required heat is calculated for condensation between 60 and
90% (5.8 W) and 90 and 95% (6.5 W), it shows that the latter stage has a higher power requirement. Thus, the
design will be sized for the recuperation of HP during the purification from 90 to 95%.

Q̇ = ṁN2Cp,N2∆T +ṁH2O2

(
∆0

v H +Cp,H2O2∆T
)

(2.2)

The power absorption from a gas stream is given by Equation 2.3. Here A is the contact area in [m2], Nu
is the Nusselt number, which is the ratio of convective over conductive heat transfer in a boundary layer, k is
the heat conductivity of the fluid in [W/m·K], and Dh and ∆T are again the hydrodynamic diameter and the
temperature difference, respectively.

Q̇ = ANu
k

Dh
∆T (2.3)

Is is immediately clear that the heat transfer is highly dependent on the value of Nu: a larger convective heat
transfer will lead to a lower required contact area and thus a smaller condenser. Over the years there have
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been significant improvements in flow behavior predictions. Nevertheless, most equations to predict flow
behavior are still based on empirical relations, which is also true for calculation of the Nusselt number. Using
Equation 2.7, the Nusselt number in the laminar regime (Re<2300) can be calculated for varying (relative)
location along the flow path x in [m], normalized by the local hydrodynamic diameter d in [m]. In order to
have an average Nusselt number for the entire flow path, it is normalized by integration. From this equation
it can be seen that Nu itself is dependent on the dimensionless Prandtl number (Pr), which is a measure for
how easily heat is transported by the movement of mass elements compared to heat diffusion between mass
elements. Further it can be noted that the condenser length occurs implicitly, which necessitates incremental
solving.
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Similarly, the average Nusselt number in the turbulent regime (Re>4000) is given by Equation 2.9; here ξ
is an intermediate factor with no physical meaning. Since flow behavior in the transition regime is still a very
active field of investigation, and currently little is known about the flow behavior in this regime, Gnielinksi
advises to interpolate between the boundaries of the laminar and turbulent regime [95]. As was mentioned
in subsubsection 2.2.1.1, in this design the incoming flow is assumed to be at least transient.

ξ= (1.8+ log(Re)−1.5)−2 (2.8)
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As was stated above, the flow channels are assumed to be smooth. Following Gnielinski, the total pressure
drop is found by integrating Equation 2.12 over the entire condenser [95, Ch. G1]. Here, ζ is the dimensionless
friction coefficient, ρ is the average density of the gas flow [kg/m3] and v is the flow velocity [m/s].

∆P = ζ
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1

2
ρv2 (2.10)

Re < 2300 ζ= 64
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Re > 2300 ζ= 0.3164

Re
1
4
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The next section will present and discuss the results from the model calculations, based on the above
discussed relations.

2.2.3. Condensation model results
The solution of the model as described in the previous section can be found in Figure 2.5, based on the
process conditions of the RGP. It is immediately visible that at small diameters the required condenser length
(Lr eq , for "nom", the nominal case) decreases but the pressure drop (∆P) increases largely. This large pressure
drop is caused by the implausible flow speeds occurring in the channel (∼160 m/s, see Figure 2.5b). At the
earlier assumed 5 mm minimum diameter the predicted flow speed is circa 6 m/s. With increasing channel
diameter the effective flow velocity decreases and hence also the Reynolds number. The sudden change
around 13.5 mm is caused by the change from turbulent to transient flow; similarly, the drop around 24 mm
is caused by the transition from transient to laminar flow. Both these phenomena are caused by the step-
wise implementation of Equation 2.7 and Equation 2.9. To substantiate: at 24 mm channel diameter the flow
reaches a (transition) Reynolds number of 2300, whereas at 13.5 mm the flow reaches a (transition) Reynolds
number of 4000.
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Figure 2.4: Schematic representation of the condensation model, indicating the inputs, outputs and assumptions.

As a sensitivity analysis, also included are the results given the situation that the flow rate is five times
higher ("5x") than initially assumed, corresponding to a 2.2 times higher flow velocity. The transition from
turbulent to transient is then postponed to large duct diameters (not shown here), which is in line with reality:
since the flow speed is higher, the duct must be larger to reduce the speed and thus bring the flow in the
transition regime. Furthermore, from the sensitivity analysis it can be deduced that the pressure drop behaves
as expected: for a higher flow rate, the pressure surge with decreasing channel diameter starts at a larger
channel diameter, thus showing behavior according to Equation 2.12. Yet, although Gnielinski does not state
limits on the valid Reynolds numbers [95], it can be assumed that his relations for the turbulent regime are not
valid at the large Reynolds numbers shown here. Therefore the actual pressure drop at small diameters thus
may be different in reality. However, since other factors are more influential in determining the minimum
channel diameter, no further efforts were spent in refining the pressure drop results for small diameters and
high flow rates. More detailed plots omitting the behavior below 5 mm can be found in Figure E-1.

From the here presented results and the earlier discussion it is clear that the final design diameter should
be chosen as small as possible, i.e. 5 mm; the associated pressure drop and required condenser length are 70
Pa and 0.51 m, respectively.

(a) (b)

Figure 2.5: Results of model calculations for both the nominal case ("nom") and the sensitivity analysis, with a five times higher flow rate
("5x"). a) Figure showing the predicted pressure drop (∆P) over the condenser and minimally required condenser length (Lr eq ). b) Figure
showing the predicted Reynolds number (Re) and occurring flow speed (v) in the condenser.

2.3. Experimental setup
The section shortly describes the setup (see Figure 2.6) of the experiments used to investigate different re-
cuperator concepts. The HP-enriched vapor was produced in a glass vessel containing HP, by impinging a
nitrogen flow perpendicularly on the fluid surface, as can be seen in Figure 2.7a. The emanating flow, con-
taining gaseous HP and water, was then fed into the tested condenser. The diameter of the transport tube was



24 2. Purification of propellant-grade H2O2

chosen such that the gas flow would be less than 25% of that in the nitrogen supply line to minimize gas leak-
age. As has already been introduced above, during these experiments, primarily due to the exploratory nature
of this research, use has been made of extruded heatsinks to serve as condensers. An example of a heatsink
as used in these experiments can be seen in Figure 2.7b. These heatsinks were closed of with 3D-printed
caps, placed on top to guide the flow along all individual cooling blades. The heat would be removed from
the condenser using Peltier elements, connected to a PID power controller, which measured the temperature
inside the condenser using a thermocouple. The heat was discharged from the Peltier elements through large
aluminum heatsinks that were submerged in ice to maximize cooling efficiency. After the experiments the
condensers would be disassembled and the concentration of the condensate would be determined using a
refractometer, as can be seen in Figure 2.8.

(a)

(b)

Figure 2.6: Basic testing setup for the condensation experiments. a) Schematic representation indicating all elements. The flow leaves the
purification vessel and is fed into the heatsink condenser. The Peltier elements are controlled based on the temperature in the condenser,
which is measured using a thermocouple. b) Test setup with relevant parts indicated. Visible behind the condenser is the purification vessel.
Clearly noticeable is the aluminum foil used to protect sensitive surfaces.

2.3.1. Calibration efforts
In this research three main instruments have been used: thermometers, a refractometer (to determine the
HP concentration) and a scale. As is clearly visible in Figure 2.10a, two thermometers have been used. One
thermocouple was attached to the power controller, while the other was attached to a handheld digital ther-
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(a) (b)

Figure 2.7: Individual parts as used in the test setup for the condensation experiments. a) Condenser heatsink as used during the experi-
ments. The outflow location can be clearly seen (bottom left). b) Simulative purification vessel as used during the experiments, based on
the design of the RGP.

Figure 2.8: Refractometer used during all experiments in this research. The inset shows a typical reading in brix-%.

mometer unit. The description of the calibration efforts of all these instruments can be found in section D.2.

After the research had been completed, a calibrated mass flow controller was purchased; this controller
showed that the flow rates as determined with the anemometer were in fact five times higher. This large factor
can be explained considering that the gas would emanate from a small tube (3.5 mm inner diameter), while
the anemometer is merely intended for undisturbed air flows, e.g. in a wind tunnel.

2.4. Recuperation experiments
As mentioned earlier, due to the high manufacturing cost of a custom made aluminum condenser, most
experiments were conducted with aluminum heatsinks, with different flow patterns. Since the geometry
of these here tested condensers is substantially different from a simple tube condenser, from which most
theoretical equations are deduced, these experiments did not provide enough evidence to verify the model
itself. Yet, evidence was supplied in favor of both the assumption of constant wall temperature (ASP-CND-
BC-2) and two-stage condensation (ASP-CND-VAP-1).

2.4.1. Heatsink-based recuperators
For the first set of experiments, the flow guides were designed such that the flow would travel in a zigzag
motion through the whole condenser (serial flow, subsubsection 2.4.1.1). Later experiments were set up such
that the flow would be divided between the heatsink channels, as described in subsubsection 2.4.1.2.
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(a) (b)

Figure 2.9: Setup and results of condenser experiments using a 100 x 100 mm heatsinks. a) The heatsink used in the experiments, featuring
pilot holes. All relevant parts have been indicated. The indicator strip is sensitive to HP and hence can detect its presence in the condenser
outflow. b) Results from condensation using a 100 x 100 mm heatsink. The green arrows indicate the flow direction through the heatsink. At
various locations the flow temperature was measured. At spots where sufficient fluid had condensed, concentrations could be determined.
The results clearly show that the concentration of the condensed HP decreases towards the exit and that the second half of the condenser is
at the same temperature.

2.4.1.1. Serial flow condenser

Several design iterations were performed before a working recuperator could be tested; early iterations suf-
fered from i.a. limited sealing capability due to manufacturing tolerances.

The third major iteration was based on a 100 x 100 mm heatsink, which featured channels with a hydro-
dynamic diameter of 30 mm and total channel length of 0.9 m. When this is compared to Figure 2.5a, it is
clear that this setup gives a total condenser length more than one third lower than required for this channel
diameter (1.42 m); it was thus expected that condensation would be suboptimal. Further, this iteration in-
cluded improved tube fittings, so that the pressure drop over the recuperator entrance would be less and gas
leakage was largely eliminated. This design was further improved by sealing of the recuperator with silicone
sealant, and the placement of a thermocouple (attached to the PID controller) near the gas flow condenser
exit. With the PID controller the flow could now be kept at an almost constant temperature. Initial testing
only utilized two Peltier cooling elements, but it quickly appeared that more cooling power was required, due
to the slow equilibration time of the system around the set value. Also a large temperature difference (± 7°C)
was visible between the gas outlet and the location of the thermocouple, despite their small separation. This
difference might be explained by the location of the thermocouple (on the top, instead of near the base of the
condenser); atmospheric heat may thus have influenced the thermal readings. Unfortunately the location of
the thermocouple could not be changed due to physical limitations. Another major issue was that the con-
densed phase could not be accessed inside the condenser. Thereto pilot holes were drilled in the top casing
and closed off with bolts, as can be seen in Figure 2.9a.

In the experiment 60 g of HP was concentrated from 79.5 to 87.2% and the emanating vapors were con-
densed inside the discussed condenser. After the experiment concentrations of the condensate were deter-
mined as visible in Figure 2.9b. Unfortunately not all channels could be sampled due to the limited amount of
condensed liquid, but still a clear trend can be seen in Figure 2.9b: the concentrations of HP decrease towards
the end of the condenser. The first channel showed a lower HP concentration (75%) when compared to the
bulk liquid, whereas the channels towards the end of the condenser showed even lower concentrations.

Counter-intuitively, the relatively low concentrations in the condensed liquid (as compared to those in the
purification vessel) can be explained as proper functioning of the recuperator. Namely, it should be consid-
ered that the vapor concentration above the liquid is not equal to the liquid concentration itself (as displayed
in Figure 2.3). In this case (with a concentration in the purification vessel increasing from 79.5 to 87.2%),
the emanating vapor increases in HP concentration from 34.0% to 48.5%. The fact that the concentrations
as measured in the condenser are much higher indicates that the HP in the exhaust vapor is more inclined
to condense than the water. The lower concentrations towards the end of the recuperator then indicate that
most HP had been condensed out of the vapor. Though, as was mentioned above, the actual length of the



2.4. Recuperation experiments 27

(a) (b)

Figure 2.10: Setup and results of the condenser experiments using two 100 x 100 mm heatsinks, thus effectively having nine parallel 200
mm long channels. a) Condenser setup with transparent cap. b) Schematic top view of the parallel condenser setup; the arrows indicate
the flow direction. At spots where sufficient fluid had condensed, concentrations could be determined as indicated in the figure. The
temperature was determined at the outlet to be 5°C.

condenser was lower than predicted by the theoretical model, thus it was expected that condensation would
be suboptimal. In that light it is remarkable that in the last compartment only low concentration HP (15.1%,
σs 6.2%, n = 4) had condensed, whereas one would expect higher concentration HP. Alternatively, the low con-
centrations at the end might be the result of inflow of cooling water from the Peltier cooling side. It should be
considered here that only a small part of all evaporated HP was recovered; this is attributed to gas leakage at
tube connections and in the condenser.

Furthermore, Figure 2.9b also shows the temperature distribution over the recuperator, which due to in-
sufficient means had not been measured at all locations. It is clear that the assumption of constant tempera-
ture is not strictly true, although the temperature rapidly decreases from around 20°C to 7°C (within 50 mm
in the first channel), after which the temperature remains constant over the last half of the condenser.

2.4.1.2. Parallel flow condenser

The former test clearly showed that the highest concentration of HP was collected in the first segment of
the condenser. In order to investigate whether this phenomenon could be exploited to enable recuperation
of merely high concentration HP, it was chosen to utilize a parallel flow setup. Because of the distribution
of the flow over nine channels, the flow rate per channel decreased with 89%. According to the model (see
Figure E-2) the required length for each channel would still be 0.87 m, whereas the actual length of each
channel is only 0.2 m. Because of this, it was expected that only a small amount of high concentration HP
would condense. Further, it was chosen to glue a transparent top onto the plastic flow guides. This would
enable visual monitoring of the condensation process, and additionally aid in recovery of trapped HP by
simply removing the top cap, as can be seen in Figure 2.10a.

The parallel condenser setup was tested while concentrating 165 g of 81.7% HP to 87%. The experiment
resulted in the collection of less than 1 mL of condensate; because of this, not enough liquid could be sam-
pled inside the recuperator to draw definite conclusions with respect to its performance. The available data
can be found in Figure 2.10b, which show that the majority of the sparse data seems to be in line with the
expectations. Firstly, the measured concentrations seem to suggest that the vapor emanating from the pu-
rification vessel behaves as it should: HP condenses sooner than water, giving higher concentrations at the
condenser entrance and lower concentrations near the exit. This experiment further adds to the earlier given
evidence in favor of the two-stage condensation assumption (ASP-CND-VAP-1). Namely, when the concen-
trations measured in the recuperator (see Figure 2.10b) are compared with those in the vapor (38 to 41%), it is
clear that the concentration of all condensate has a higher concentration (>60%). Remarkably, the data fur-
ther show that most vapor condenses at the first two and last two channels, and almost nothing in the center.
Perhaps this is caused by flow phenomena related to the inlet design; flow dynamics simulations need to be
performed to elucidate these matters and result in an optimal design.
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Figure 2.11: After application of concentrated
HP onto a pristine heatsink, it immediately
started to react, as can be seen from the bubble
formation. The surfaces that had been in con-
tact with HP have been permanently discolored.

Secondly, as was predicted by the earlier discussed model results,
it is clear that the condenser is too short to extract all HP from the
waste stream. Conversely, this means that this condenser length
only recovers high concentration HP. N.B. as was discussed in sub-
subsection 2.2.1.2, it was chosen to postpone the design decision
with regard to the extent of the two-stage condensation. Neverthe-
less, the here obtained results clearly indicate the effects of this de-
sign choice. A direct consequence of the relatively short condenser
channel length is that the temperature had not reached the required
exit value (∆T = 20°C). That means that assumption ASP-CND-BC-2
is violated, and that results obtained from the model cannot be di-
rectly translated to this setup. For a further design stage it is thus rec-
ommended to either increase the cooling power or alter the model
taking into account this discrepancy.

The limited amount of HP that was collected was predominantly
caused by leakage, even though the recuperator had been properly
tested for leakage before operation. An initial indication of this leak-
age was given by strong discoloration of the Peltier cooling heatsink.
The liquid present on top of this cooling heatsink had a HP concen-
tration below 30%, which was lower than could be expected based on the earlier presented results. This
might have been caused by dilution with water surrounding the cooling heatsink. Alternatively, the paint
of the heatsink had reacted with the HP, causing discoloration and a drop in concentration of the HP. This
reactivity of the paint with HP was proven by application of a small amount of concentrated HP onto a pris-
tine heatsink, as can be seen in Figure 2.11. Immediately following the application bubbles started to form,
indicating the decomposition of HP. After a few minutes, the entire exposed area was totally discolored.

A replication of the experiment did not result in larger amounts of condensate. During this experiment it
was noticed that large amounts of vapor had condensed on the side of the enclosing plastic container: only
little vapor had condensed inside the heatsink. Contrarily, the location where the exit flow impinged on the
enclosing container featured high concentration (>65%) HP. This lead to the development and testing of the
setup as elaborated upon in the following section.

2.4.2. Direct impact condenser
Based on the aforementioned findings a new setup was con-
structed, where the flow impinged perpendicularly on a (one
Peltier) cooled flat plate (see Figure 2.12), hence inducing high
flow turbulence at the condenser surface. The concentrat-
ing of 120 g 84.9% HP to 90.6% (vapor: 44 to 55%) resulted
in collection of several milliliters of 54.5% HP; drops on the
condenser itself varied between 54.5 and 61.3%. These con-
centrations are lower than obtained with the heatsink-based
setups, but are still slightly higher than the concentrations in
the vapor phase. The difference with respect to earlier con-
ducted experiments might be explained by almost complete
condensation of the vapor due to the induced high turbulence,
hence giving concentrations in the condensate similar to that
in the vapor. The comparably low concentrations and large
amounts might also be explained by the lack of atmospheric
sealing, thus leading to atmospheric water condensation. To
conclude, even though still only part of the HP from the waste
stream is recuperated, the total amount of condensate is con-
siderably higher than collected with the previous experiments.
In order to strengthen these interesting findings more experi-
ments should be conducted.

Figure 2.12: Direct impact condenser setup. Encircled
are clearly visible condensate drops.
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2.5. Conclusion
This chapter set out to increase the efficiency of the SolvGE HP purification process by recovering HP from
the process’ waste stream. The developed theoretical model relied heavily on the assumptions of constant
temperature along the condenser and two-stage separation of water and HP. Experiments supplied evidence
for validity of these assumptions in the case of serial flow. More research is necessary to fully prove these key
model assumptions. Further, the model should be adapted for the use of parallel condensers that recover
only high concentration HP, since it was proven that the constant wall temperature assumption is violated in
this setup.

Since the design problem was more difficult than initially assumed, this work has not resulted in a final de-
sign solution. However, the experiments have proven the viability of using a solid state condenser to remove
HP from the RGP outflow. Combined with the theoretical knowledge acquired in this work, the conducted
research will aid SolvGE in the further development of their HP purification products.

Requirement REQ-CND-01 turned out to be too strictly formulated. Although HP and water can be sep-
arated to a large extent from the waste stream, recovered HP concentrations never reached 100%. Also the
second requirement (REQ-CDN-02) cannot be fulfilled. Even though HP was condensed, this was only in
small amounts: drops instead of tens of milliliters. Yet, this research showed that the direct impact condenser
proved to be more efficient than the heatsink condenser; though, more research is required to substantiate
these observations.

2.6. Recommendations
Further research is required to validate all assumptions that underlie the theoretical model. At this time,
only a little evidence was collected that would support the validity of these assumptions. For later design
stages, the model should be adapted to better model different flow phenomena that are related to condenser
geometry. Especially the flow behavior at the inlets seems to play a vital role. In addition, the model should
take into account the temperature gradient along the condenser, up until the point that the temperature
remains constant. Furthermore, the model should allow the distinction between recuperating all HP and
recuperating high concentration HP; as was shown, the latter requires a shorter condenser (or equivalently a
lower heat dissipation).

Further, the optimal position for the power controller’s thermocouple should be investigated. Here it was
either placed at the outlet, leading to too severe cooling, or half-way in the condenser, which appeared to
result in too little cooling. Additionally, the optimal operation conditions of the Peltier elements should be
investigated, such that they dissipate the maximum amount of heat, while producing as little heat as possible.

More importantly, it is fundamental for future design iterations to decide whether all HP in the RGP out-
flow should be condensed, or that it is desired to recuperate HP at an as high as possible concentration. As
was shown here, this decision has a large influence on the design of the condenser.

To conclude, the direct impact condenser concept should be further investigated. Even though the HP
concentration of the condensate is not as high as with the heatsink-based condensers, the total volume is
much higher and could be collected with lower power consumption. Here it was postulated that the lack
of atmospheric sealing might have lead to dilution of the recuperated HP. Unfortunately, due to the lack of
appropriate manufacturing equipment no closed direct impact recuperator could be fabricated at this time.
Though, it is believed that a properly designed and manufactured direct impact condenser will result in the
most efficient and economical condenser design.





3
Support effect on the decomposition of

H2O2 over MnOx catalysts

This chapter will present the results of the research efforts directed at the development of a supported catalyst
that can decompose high concentration hydrogen peroxide, and has the potential to induce hypergolicity in
HP - ethanol mixtures. Supported decomposition catalysts for HP have been widely investigated, for instance
in relation to the EU-wide GRASP project which investigated i.a. HP decomposition for space propulsion [5].
Catalytically induced hypergolicity has also been reported in literature, however only with dispersed catalysts
which degrade over time. Due to the complexity of developing such a catalyst, this work merely focused on
achieving decomposition of HP. The here presented combination of experimental research with extensive
literature survey and elaborate spectroscopic measurements aims at answering the research questions as
formulated below.

RQ-CAT-1 What is the effect of the support on activity and stability of MnOx for H2O2 decomposition in
drop-testing?

RQ-CAT-1-1 What is the nature of the active site of the catalyst?
Motivation: As already introduced in subsubsection 1.3.2.2, manganese-based catalysts are believed to

operate via a catalytic cycle involving the IV and III oxidation state.
RQ-CAT-1-2 What is the influence of the support material on the transition temperature of MnOx?
Motivation: Can a proper selection of support material postpone the deactivation of MnOx into MnO?

And does this also apply during drop-testing?
RQ-CAT-1-3 What phenomena cause deactivation of the MnOx catalyst during drop-testing??
Motivation: Knowledge of the deactivation phenomena can be utilized to enhance the catalyst.

RQ-CAT-2 How can drop-testing be used for decomposition testing of HP over a supported catalyst?
Motivation: Drop-testing has found wide use in the investigation of hypergolic propellants, and has been

used to investigate induced hypergolicity for HP. Yet, no records in literature can be found that
have used drop-testing for either decomposition testing or the evaluation of supported cata-
lysts. It is important to investigate whether the catalyst body can withstand the repeated fast
heating-cooling cycles.

RQ-CAT-3 Is the decomposition of HP over the catalyst vigorous enough to induce hypergolicity?
Motivation: The objective of this research is to develop a catalyst that can induce hypergolicity. Thereto

a highly reactive catalyst is required that releases enough energy from HP decomposition to
ignite ethanol.

The starting point of this investigation was formed by the manganese oxide on yttrium-doped zirconia
catalyst as developed by Russo Sorge’s research group [7–9]. Its poor stability during drop-testing led to the
preparation of several MnOx bulk catalysts, based on the work by Wu and coworkers [129]. Hence, different
support materials were successfully tested for their ability to stabilize and promote the reactivity of MnOx
with concentrated HP in drop-testing. This chapter will first supply a short background on several concepts
fundamental in this investigation. This is followed by a description of the experimental setup, and an elabo-
rate discussion of the obtained results.
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3.1. Background
This section will supply an extensive background on some of the key aspects in the development of a decom-
position catalyst for HP, in addition to the concise theory that has been supplied earlier. First, subsection 3.1.1
will shortly touch upon the harsh environment to which the catalyst is exposed, and what effects this could
have on the catalyst. Then, subsection 3.1.2 will elaborate on one of the key requirements of catalytic decom-
position systems, the decomposition delay. Since directed design iterations require a thorough knowledge
of the used catalyst preparation processes, subsection 3.1.4 and subsection 3.1.5 will scrutinize the synthesis
methods used in this realm of this research. Finally, the requirements that serve to aid in selection of a proper
catalyst will be posed and briefly discussed.

3.1.1. Catalyst operation conditions
Since the catalyst as designed here should ultimately induce hypergolicity, the related operating conditions
should be considered already at this stage of the development. The first challenge in the design of this cat-
alyst is the thermal environment as manifested in the combustion chamber. Namely, temperatures during
decomposition of HP can reach 954°C (for 98% HP [27]), whereas during combustion with ethanol temper-
atures can reach over 2000°C (under stoichiometric conditions [83]; under lean operation temperatures will
drop while performance only slightly decreases). Further, it is important to note that this gas environment is
mainly composed of oxygen and ethanol: a mixture that is both strongly reducing and oxidizing simultane-
ously. Obviously, this will put high stress on the catalyst materials; most catalysts will be rapidly deactivated in
such an atmosphere. The catalyst as is the subject of this research should not degrade noticeably under these
circumstances. This represents a large challenge from a chemical perspective: very few catalysts are used in
temperatures above 800°C, and thus little knowledge is available of catalysts exposed to such conditions.

The large temperature fluctuations form another major challenge: virtually all catalysts that operate at
such high temperatures are operated under constant conditions to prevent the disastrous effects of tem-
perature shocks. The relevance of these thermal shocks becomes clear when the operation of the engine is
considered. Namely, many rocket motors (especially when intended for orbit corrections et cetera) are of-
ten operated in pulsed mode; this enables simpler engine design as throttling is carried out by varying the
amount of pulses instead of throttling the flow [1, 117]. Consequently, multiple times per second both the
temperature and pressure sharply increase, resulting in heating rates within the combustion chamber (and
thus also within the catalyst) of 200 to 300°C/s [42, 108].

3.1.2. Decomposition delay
A very important parameter in the design of a combustion system is the ignition delay (ID). The ID is mea-
sured as the delay between contact of fuel and oxidizer until the moment of ignition or the attainment of
combustion [73, 86]. Equivalently, for engines relying on propellant decomposition a decomposition delay
(DD) can be defined. In the current discussion, the DD is defined as the period from the moment of contact
between propellant and catalyst up until attainment of steady-state decomposition. It should be noted that
little investigations in propellant decomposition have been published that focus on the evaluation of such
operational parameters. Even more, the term ID is often erroneously used to indicate the DD [1]. The follow-
ing discussion is therefore based on the literature available on hypergolicity, and thus on the ID. Though, the
same concepts apply to the design of decomposition catalysts.

Unfortunately, prediction of DD values is difficult, due to the large number of parameters involved, rang-
ing from ambient temperature to viscosities (both of the liquid and gas phase, which are also dependent on
temperature). In addition, the introduction of a supported catalyst further complicates prediction of the DD
values [52]. Aspects known to have a decreasing effect on the DD of HP decomposition are e.g. the concen-
tration of HP and the dispersion of the catalytic phase [55, 73]. Dismally, due to the large number of factors
involved, DD values still have to be determined experimentally. This also applies to the ID in hypergollants;
these ID values are still commonly determined using drop-testing (please refer to subsection 3.2.3), even
though the obtained results are not representative of real-world performance [23]. Due to the widespread
use of drop-testing in hypergolicity research, it will be used here to determine DD values for supported cata-
lysts. Though, it should be noted that no record in literature can be found on the usage of drop-testing to test
the decomposition behavior of supported catalysts.

Knowledge of these delay values is fundamental in engine design. Namely, for rocket motors the DD de-
termines to a large extent the dimensions (especially the length) of the combustion chamber [117]. A larger
combustion chamber results in a higher total system mass which is undesired; thereto it is aimed to decrease
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the DD as much as possible. Furthermore, accurate knowledge of the DD (and its spread) is essential for safe
operation of the engine: if the DD is larger than the motor is designed for, reactive gasses will accumulate in
the combustion chamber, which can lead to catastrophic failure by a sudden pressure spike [35]. Conversely,
a too short DD results in cooling down of the exhaust gasses in the aft part of the combustion chamber (before
the nozzle), thereby wasting part of the propellant’s energy. Lastly, the DD is also important from an oper-
ational point of view. Since the future application of a HP-ethanol motor is primarily in orbital maneuvers
and maintenance, a short DD (and corresponding ID) is important to ensure high precision in the delivered
impulse [1]. To illustrate, a commonly used guideline is a maximum ignition delay of 100 ms. This is believed
to satisfy most requirements in rocket motor design [6, 42, 108].

The total decomposition delay can be divided in two parts: a physical delay and a chemical delay. The
physical delay comprises injection, atomization, evaporation, spreading of the propellant over the catalyst
and heating of the propellant to the activation temperature, if applicable. It should be noted that the defi-
nition as will be used in this experimental context slightly differs from the generally used definition; in the
experiments conducted here no closed reactor was used. Instead, here the physical delay is defined as the
time between droplet impact on the catalyst up until the moment that evaporation is completed. The chem-
ical delay is then defined as the delay from the attainment of the conditions required for the decomposition
reaction until the overall attainment of decomposition. That is, the chemical decomposition delay can be
used to assess how fast the heat liberated by the reaction of the first few molecules can be absorbed by the
remaining propellant to escalate into full decomposition [36, 52, 86]. Hence, it can be understood that the
physical delay is usually longer than the chemical delay [36], especially at engine start-up when the system
is relatively cold. In that situation, more energy needs to be supplied to heat and evaporate the propellants.
To reduce the start-up time of the engine (and thus the DD), the liquid phase reactivity of the catalyst with
HP should be high. It is worth noting that for evaporation and heating of the propellants energy is required,
so that strictly speaking the physical and chemical delay are convoluted. Stated in the realm of this research:
decomposition heat is necessary to start decomposition, while decomposition heat is required to sustain
decomposition. Therefore precise determination of either of these is ambiguous; only the overall decompo-
sition delay can be determined with certainty.

3.1.3. Requirements
In order to judge the scientific and practical value of the developed catalyst, several requirements on its per-
formance were formulated, which can be found below.

REQ-CAT-1 The catalyst shall induce decomposition in 87% HP in the liquid phase during drop-testing.
REQ-CAT-2 The measured maximum catalytic decomposition temperature of 98% HP during drop-testing

shall be above 369°C.
REQ-CAT-3 The catalyst shall endure at least 200 decomposition cycles before the maximum measured

decomposition temperature drops below 50°C during drop-testing with 87% HP.
REQ-CAT-4 The measured decomposition delay shall be below 200 ms in drop-testing with 87% HP.

It is easily understood that the reactivity of a catalyst is higher when the reactants are in the vapor phase,
where the molecules are finely dispersed and no additional energy is required for evaporation. Yet, as has
been mentioned in the proceedings, the developed catalyst should also function well under cold-start condi-
tions, where the reactants are in the liquid phase and at relatively low temperature. More energy, or a more ef-
ficient catalyst, is required under these circumstances to initiate decomposition. Hence, the cold-start phase
is the main design driver in HP decomposition catalyst development. Drop-testing then replicates this cold-
start behavior when the delay between incoming drops is chosen, so that the catalyst has sufficient time to
cool down to the initial temperature. Further, the catalyst should perform well with the required concentra-
tion of HP; a lower concentration will result in a less intense reaction due to the higher water content (which
needs to evaporate during the decomposition). These considerations are all captured in requirement REQ-
CAT-1.

The ultimate aim of this research is to produce a catalyst that can induce hypergolicity in HP - ethanol
mixtures. Therefore, the decomposition catalyst should be able to decompose HP with such vigor, that the
released heat is sufficient to evaporate and ignite ethanol (REQ-CAT-2). A simple criterion to judge whether
this is possible, is if the temperature during decomposition reaches the autoignition temperature of ethanol
(369°C [16]). Even though this does not prove that the catalyst is able to induce hypergolicity, it can at least
serve as a preliminary assessment of this ability. In this early stage it is merely desired to prove that the catalyst
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itself is able to deliver this performance. It is therefore chosen to evaluate this criterion using 98% HP; later
design stages may show that lower concentration HP can also suffice.

The third catalyst demand (REQ-CAT-3) puts a minimum on the lifetime before deactivation occurs. Es-
pecially in a space environment where no maintenance is possible, the lifetime of the catalyst should be high
enough to operate during an entire mission. Drop-testing can give an indication of this lifetime by replicat-
ing repetitive cold-starts, which usually put large stress on the catalyst. The maximum temperature attained
during decomposition is used as a criterion to evaluate the extent of catalyst deactivation. At this point, the
threshold value is considered too lenient for future practical applications, even more so since deactivation is
an advancing process. Thus, already before the required number of cycles is achieved, the catalyst will most
likely have deteriorated too much to still induce hypergolicity. Nevertheless, concerning the early stage of
development this limiting value is deemed appropriate.

Finally, a requirement is put on the time from the moment of contact between catalyst and propellant, and
the attainment of steady-state decomposition. Requirement REQ-CAT-4 sets a maximum acceptable delay
for this phenomenon. As was elaborately discussed above, this value is a pivotal parameter in rocket motor
design. It should be noted that the threshold value here is considerably larger than is deemed acceptable for
a functioning attitude control thruster. Yet, this value can be justified by considering the large discrepancies
between the testing setup and an actual rocket motor.

3.1.4. Solid state synthesis of bulk catalysts
Bulk catalysts are commonly synthesized using wet synthesis methods, such as co-precipitation or sol-gel
synthesis. In co-precipitation the precursors are dissolved in water and by changing their solubility (e.g. by
pH increase) they precipitate out of the solution, as used by e.g. Bulavchenko et al. for the preparation of
manganese oxide catalysts [12]. An excellent overview of sol-gel synthesis is given by Danks et al. [21]. A
prominent advantage of wet synthesis methods is that the precursors are mixed on an atomic level, which
results in high dispersion of the active phase and intimate contact with the support material. A direct conse-
quence hereof is that the interaction of the active phase precursor with the support material is often brought
about relatively facile (i.e. already at a low calcination temperature). Yet, the simplicity of this process is
deceiving: many factors have an influence on the final product, such as choice of precursor, gelling agents
(for sol-gel), level of cleanliness et cetera. A successful synthesis is thus not guaranteed, and the adaption
of process conditions to change the properties of the catalyst is often not straightforward [21]. Furthermore,
often metal nitrates (e.g. [12]) or alkoxides (e.g. [4, 114]) are used, which are not only toxic and dangerous,
but often also expensive.

In solid state synthesis (SSS) the precursors are usually metal oxides which are neither toxic nor expensive.
Yet, due to the stability of the oxides their reactivity is low. In addition, the precursors are separated in large
clusters (crystals). And, since the reactants are in the solid state throughout the reaction, diffusion is very
limited, which hampers the establishment of their mutual interactions. Therefore often high temperatures
are required to increase the mobility of the ions in the reaction mixture and hence facilitate the reaction
between the precursors. These high temperatures do not only induce high costs related to synthesis, but also
can result in the formation of inactive compounds or crystal phases [25].

There are several solutions to this problem. A first possibility is to use pretreat the precursors with highly
energetic impacts to enforce solid-state diffusion in a small volume. These impacts can be brought about
under atmospheric conditions for instance by using a ball mill [29, 72, 90]. This leads to a prominent decrease
in the calcination temperature [3, 40], which mitigates the major disadvantage of conventional SSS. Yet, as
stressed by Dulian, proper choice of milling parameters is difficult, but essential to achieve success [29].

Less involved is the addition of a dispersant, which acts as a shielding cocoon around a small cluster
of precursors. Hence sintering is hampered and the interaction between different precursors is promoted
[62, 129]. This can be carried out be mixing the precursors and a proper dispersant with an inert solvent.
Ultrasonication can then be used to break up larger clusters into smaller ones, which causes the desired
intimate contact between the reactants. It can be understood that similarly as for ball milling this has a
beneficial effect on the final synthesis temperature.

3.1.5. SSS of supported manganese oxide catalysts
For MnOx catalysts that rely on the Mn(IV) or Mn(III) oxidation state, it is counter-intuitive to utilize SSS, be-
cause of their (commonly believed) relatively low transition temperature to MnO. Yet, by proper choice of the
supporting oxide material, this oxidation state change can be postponed to considerably higher temperatures
(see e.g. [11]). Though, as was mentioned above, the preparation of a bulk catalyst can result in the formation
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Figure 3.1: Simplified mechanism of the phase-mixing of Mn3O4 and Al2O3. The boxes separate the different species. Three dashed arrows
indicate migration of atoms. Dotted arrows indicate unfavorable transitions.

of (undesired) compounds. For instance, when calcining a mixture of MnO2 and γ-alumina a mixed phase
arises; it turns out that these display excellent catalytic performance, a.o. in CO oxidation [12, 119] and per-
oxysulfate decomposition, a chemical analog of H2O2 [129]. In addition, these mixed-phase catalysts display
high mechanical rigidity. The high thermal stability of this mixed phase would make it attractive to use in a
HP-based rocket motor.

These alumina-manganese mixed-phase compounds have attracted interest over the years, with researchers
studying the effect of calcination temperature on reactivity [12] and on the occurring phase transformations
[11, 17, 122, 122]. It turns out that the transition of MnO2 into Mn3O4 (hausmannite, a mixed valence com-
pound, with average charge 2 2

3
+

) is essential for the formation of this mixed compound. Normally, haus-
mannite forms when manganese dioxide is heated to temperatures above 400°C. The formation of the mixed
phase, as illustrated in Figure 3.1, is thought to be dependent on the both isomorphous and isothermal phase
transitions of γ-Al2O3 and Mn3O4. During these phase transitions, atoms from both oxides are moving around
and can end up in the "wrong" crystal, ultimately forming only one mixed equilibrium phase. Yet, presum-
ably due to the difference in average charge between the aluminum and manganese ions, the mixed oxide
disintegrates upon cooling in air, forming one phase consisting predominantly of alumina (>85%, depending
on the Mn-content) and one which is mainly composed of Mn3O4. The presence of a small amount of the
other metal leads to an "incorrect" average valency, which results in loosely bound oxygen atoms that are
believed to be responsible for the measured enhanced catalytic activity. Besides, the addition of a fraction of
manganese oxide also results in a lowering of the phase transition temperature of several metal oxides, for
instance for the transition of γ- to α-alumina [17, 129].

This phase-mixing behavior also occurs for other support materials, such as titania [114] and zirconia
[10]. Similarly as for γ-Al2O3, the presence of MnOx here leads to a decreased phase transition temperature.
In addition, the resulting mixed oxides show enhanced catalytic activity. It is important to note that in the
here presented research yttria-stabilized zirconia was used. The addition of yttria is known to prevent the
phase transition of zirconia, thus, no simultaneous phase transition of MnOx and YSZ takes place. This may
have an effect on the incorporation of manganese in the zirconia lattice.

Since the phase transitions in these materials have been shown to occur already at lower temperatures, it
is not certain how this phase-mixing effect will apply to the catalysts synthesized in this research due to the
here used calcination conditions. Furthermore, assuming that this phase-mixing takes place, it is unknown
how stable the resulting phases will be at the operation temperatures of a HP engine. To the best knowledge of
the authors, no previous research has been performed on the catalytic activity in HP decomposition of these
manganese-based catalysts. This research thus hopes to add to the body of science by investigating these
catalysts in the decomposition of HP.

3.2. Experimental
This section will start by elaborating upon the synthesis of the catalysts in this research, which is followed
by a short description of the employed characterization techniques. Then, the experimental setup as used
during the activity measurements is introduced. Lastly, the calibration and data analysis efforts will be shortly
touched upon.
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Figure 3.2: Schematic representation of the synthesis procedure of the cercaps.

3.2.1. Catalyst preparation
The manganese-based ceramic catalyst pellets (cercaps) in this research have been synthesized based on the
work by Wu and coworkers [129]. Accordingly, cercaps based on different metal oxides were synthesized as
illustrated in Figure 3.2, i.e. titania (TiO2), γ-alumina (γ Al2O3), magnesium spinel (MgAl2O4), silica (SiO2),
kaolin (Al2Si2O5(OH)4, known as porcelain clay), and YSZ. Appropriate amounts of these materials were mixed
with 1.5 wt.% MnO2, 1.5 wt.% glycerol and 1.0 wt.% PVA (all Sigma Aldrich, 99%). For the alumina-based
cercaps, also 0.30 wt.% MnO2 samples were prepared in a similar fashion. All the precursors were first ground
in a mortar, after which to each an equal mass of water was added; subsequently the samples were sonicated
for 30 minutes and dried overnight at 80°C. Then, the undissolved PVA was sieved out and the samples were
all ground to a fine powder using a mortar, and pressed into pellets with 620 MPa pressure. Release of the
pellets was troublesome and was achieved using carefully applied mechanic shocks. Afterwards the pellets
were first dried at 80°C for two hours prior to firing at 1050°C for 6 hours, with heating and cooling rates of
5°C per minute.

3.2.2. Catalyst characterization
Both the origins of the catalysts’ activity and possible deactivation effects were scrutinized using different
non-destructive analysis techniques. Heavily was relied on X-ray diffraction (XRD, Bruker D8 phaser, using
CuKα radiation, operated at 40mA, 40kV) to characterize crystal phases. All catalysts were scanned from
15 to 90° 2θ in 0.025° intervals with 0.4 s integration time. Further, scanning electron microscopy (SEM,
Thermo Fisher Phenom ProX, 15 kV) was conducted to observe topological variations. The integrated energy-
dispersive X-ray spectrometer (EDX) was used to show the elemental dispersion on the catalyst surface. Ra-
man spectra were recorded at 785 nm (unless noted otherwise) using a Renishaw inVia confocal Raman mi-
croscope, with a 50x Leica objective. Raman shifts were recorded from 120 to 2000 cm−1 with 90 s total ac-
quisition time at 5% laser power. Total diffuse reflectance spectra (TDR spectra, or TDRS) were recorded with
a Perkin Elmer Lambda 950S spectrophotometer, equipped with InGaAs integrating sphere. This was used
to capture all reflected light, i.e. both diffuse and specular, to maximize signal intensity. TDR spectra were
recorded from 320 to 1200 nm with 2 nm resolution (0.2 s integration time).

3.2.3. Activity measurements
Drop-testing is an established method to determine whether certain propellant combinations display hyper-
golicity. As mentioned earlier, it is also often used to measure ID values; however, due to the large number
of variables (e.g. drop volume, impact speed, temperature) these values only offer limited practical value in
engine design [56]. One of the most prominent causes is that in drop-testing the propellants exist most of the
time in the liquid phase, which limits diffusion speeds and thus impedes propellant mixing and hence ham-
pers ignition [18, 23, 52]. Thus, IDs measured using drop-testing will most likely be noticeably larger than in a
real engine. Besides investigation of hypergolicity, drop-testing can potentially be used to investigate the de-
composition of HP over heterogeneous catalysts, as was done in this research. Drop-testing can hence serve
as a quick tool to determine the activity and deactivation of a catalyst in a controlled environment. In ad-
dition with accurate temperature measurements a prediction can be given of a catalyst’s potential to induce
hypergolicity. Since the activity of the catalyst is correlated to the decomposition temperature, monitoring of
the temperature evolution during the drop-testing can give an indication of catalyst lifetime.

3.2.3.1. Safety precautions
Strict precautions were required, since strongly oxidizing chemicals (H2O2) pose high risk of undesired de-
composition or even ignition. Decomposition can be triggered with catalytic metal contaminants and cat-
alysts. This necessitated working exclusively with compatible materials, such as aluminum, stainless steel,
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(a)

(b) (c)

(d)

Figure 3.3: a) Schematic representation of the drop-testing setup. b) Close-up of test setup as used during the experiments. c) Test setup
during the testing phase; clearly visible is the bracket constraining the lateral movements of the cercap. d) Complete overview of the drop-
testing, including the syringe pump, DAQ, lighting equipment and HSC.
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silicone and borosilicate glass. Both before and after use all materials were meticulously cleaned with DI wa-
ter to remove trace metal impurities. When organic solvents were used for cleaning, the respective objects
were subsequently rinsed rigorously with DI water. In order to avoid build-up of HP fumes, the experiments
were conducted in a well-ventilated fumehood. To ensure a clean workspace and to prevent damage thereto,
a large part of the fumehood was covered in aluminum foil. HP that would be left after the experiments was
diluted to 3% before disposal.

3.2.3.2. Test setup and testing procedure
This section will elaborate on the procedures used during the testing phase. Schematic representations can
be found in subsection D.1.6 and checklists can be found in subsection D.1.5. For each sample, the procedure
described below was repeated three times, as can be found schematically in subsection D.1.6.

In these decomposition experiments, low concentration HP (Sigma Aldrich Perhydrol 30%) was used,
which had been concentrated to the desired concentration using SolvGE’s RGP. The concentrations were de-
termined using a calibrated refractometer, which was shown in Figure 2.8. Before the testing, the drop-testing
setup was flushed with HP into a thoroughly cleaned receptacle. In a typical decomposition experiment (as is
visualized in Figure 3.3), a predetermined amount of HP (approximately 100 µL) was released using a syringe
pump from 158 mm height; the pump would ensure an approximately constant flow rate (i.e. 2.40 mL/h), and
thus drop rate (once per 11 seconds). The drops were generated using a 21G (0.50 mm inner diameter) sy-
ringe needle. Following their release, they would impact the catalyst in the receptacle and start decomposing.
Simultaneously with starting of the pump, data acquisition was started, which consisted of both thermal and
visual data. The high speed camera (HSC) footage was used to determine i.a. the moment of impact of the
drop on the catalyst; this video footage was recorded using a GoPro Hero 8 camera (240 frames per second).
Thermal data was gathered using a set of four thermocouples (Omega CHAL-003 K, 0.075 mm diameter, ther-
mal range: -180 to 1360°C). They were positioned at 2, 15, 23 and 33 mm (h0 to h3) from the catalyst surface,
and were sampled at 40 kHz and read out at 50 Hz average using a digital data acquisition system (DAQ, DataQ
DI-2008). As discussed above, the maximum temperature achieved during decomposition could be used to
assess the decrease of the catalytic power, or equivalently catalyst degradation. The hence determined de-
composition temperatures are not absolute values due to the physical limitations of the thermocouples: their
intrinsic thermal capacity causes both temporal and thermal peak smoothing in the measurements. In ad-
dition, the DAQ has only a limited time resolution. Nonetheless, these peak temperatures can be used to
compare the performance of different catalysts in a semi-quantitative manner.

The administering of HP would continue up to the moment that the observed bubble formation would
be almost diminished and the catalyst pellet would remain wet. When sufficient liquid was present, its con-
centration was determined using the refractometer. The sample was allowed to cool down and dry before it
was stored in an non-airtight container (to prevent gas build-up from unreacted HP). Additionally, the con-
centration of the HP in the syringe was determined to check for degradation effects during the testing.

By monitoring the thermal and visual behavior of the catalyst during the addition of series of drops, degra-
dation effects could be noticed by a decrease in maximum temperature. All catalysts were first screened in
this manner using a few drops of HP. If their performance clearly did not satisfy the requirements already
in this short test (especially the DD, REQ-CAT-4), it was not expected that behavior would improve with ex-
tended testing, and hence testing of these samples was discontinued.

3.2.4. Data analysis and calibration
This section is dedicated to elaborate on the manipulations performed on the measurement data, and the
subsequent analyses conducted thereon. First, a short summary will be supplied on the calibration efforts.

3.2.4.1. Calibration
All used laboratory equipment is yearly calibrated by external parties. This includes standard laboratory
equipment, e.g. scales, but also analysis equipment. Additionally, these apparatuses, such as the X-ray
diffractometer and Raman spectrometers, are inspected regularly by qualified technicians. Further, the re-
sults obtained from the analyses were validated with reference data from the Crystallography Open Database
(COD) [41] or from the RRUFF Project [64].

Much effort was put into calibration of all equipment used during the reactivity testing, which is elabo-
rately described in section D.2. During the experiments it was noticed that the pump speed would fluctuate
over time, resulting in a standard deviation of 5% in the drop delays. The drop volume had been determined
using deionized water instead of concentrated HP, due to the similar viscosity and surface tension as HP,
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yielding a standard deviation of 3.7%. Validation of the drop size during the experiments based on visual data
gave a 50 times higher volume, which can be attributed to both the properties of the camera and the lensing
effect caused by the droplets. Yet, the spread in the thus measured drop size was only 2%. Further, the ther-
mocouples would have a typical standard deviation of 0.18°C. They were calibrated against both 0 and 100°C
water and a calibrated handheld thermometer (with an error of 0.1°C). Additionally, to validate the test setup
itself, decomposition experiments were conducted with manganese(II) acetate, resulting in similar readings
as the decomposition experiments with the developed catalysts. Further, to validate the compatibility of sy-
ringe, tubing and syringe needle that would come in direct contact with concentrated HP, these were left filled
overnight with 98% HP without showing a decrease in concentration.

3.2.4.2. Data analysis
From the video data, only every two other drops were analyzed. This was done to limit analysis efforts, while
limiting the effect on the data quality: logically, two subsequent decomposition events should behave sim-
ilarly; outliers should be more easily detectable in this manner. Even though 120 drops were administered
in each experiment, only the first 70 drops were analyzed as such, due to the early onset of complete surface
wetting of the cercaps. Part of the analysis tried to find the start of bubble formation (SBF), since this could
correlate to the start of the HP decomposition. Since the size of the bubbles was approximately equal to one
pixel, it was decided to classify one such pixel as a bubble when it would remain for more than three subse-
quent frames (or 13 ms); otherwise it was classified as noise. An example hereof can be found in Figure D-8.
The image analysis was further hampered by the anti-aliasing algorithm of the camera, which sometimes
would change the sampling area in between frames. The time from the moment of drop impact up until the
last bubble would disappear (end of bubble formation, EBF) was determined similarly in order to find a sim-
ple measure for the reaction duration. The presence of smoke caused an additional challenge to observe the
possible bubbles.

3.3. Results and discussion
The high exothermic nature of the decomposition reaction combined with the gas development (volume ex-
pansion) and the mechanic force of the drop impact put high demands on the mechanical integrity of a cat-
alyst body. Therefore several design iterations were performed before a suitable support method was found
for manganese oxide. Among the tested support methods are deposition precipitation (DP) on powdered
YSZ (giving Mn/YSZ), dropcasting of Mn/YSZ and DP on fused alumina, silica and YSZ and on washcoated
alumina. For details and results please see subsection E.2.2.

Since the Mn/YSZ powder could not be stabilized on top of another support, it was chosen to prepare an
intimate mixture of MnO2 and the respective metal oxide support material and calcine this at a high temper-
ature. With the proper choice of metal oxides this could lead to extensive sintering between the manganese
oxide and the metal oxide support, as described in subsection 3.1.5. Besides, it was hypothesized that if the
cercap would still be active after calcination, it should also be able to withstand the typical conditions in a HP
decomposition engine.

Cercaps based on kaolin, titania, silica, magnesium spinel, (gamma-)alumina (further referred to as yAl)
and YSZ were successfully prepared. All originally white metal oxide precursors turned gray upon addition of
black MnO2; as is clear from Figure 3.4, calcination lead to notable color changes for spinel, kaolin and yAl.
Following calcination, the mentioned cercaps were tested for their activity with 87% HP. Of these cercaps only
YSZ (YSZ-1.5) and yAl (yAl-1.5) showed observable reactivity. Even more, for the γ-alumina-based cercap
the MnO2 concentration had to be decreased to 0.30 wt.% to maintain mechanical integrity during drop-
testing. As a control, a Mn/YSZ pellet was calcined under the same conditions. Even though the MnO2 loading
was 10 wt.%, its decomposition behavior was much less than that of the YSZ-1.5 cercap. It appears that
the high dispersion as obtained by deposition precipitation negatively influences the thermal stability of the
active catalytic phase. The cause of inactivity of the inactive cercaps could not be found using the available
spectroscopic techniques; please refer to subsubsection E.2.3.1 for spectroscopic details of these cercaps. The
high reactivity of the YSZ-1.5 and yAl-0.30 lead to a more in-depth investigation as will be laid down in the
following sections.

3.3.1. Thermodynamic characterization
In order to investigate the oxidation state changes of MnO2, which is generally reported to be the oxidation
state that is reactive with HP, thermodynamic equilibrium calculations were performed using HSC Chemistry
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Figure 3.4: Cercaps after calcination. N.B. the large irregularities had been caused by undissolved PVA; therefore this was later sieved out.
a) Kaolin; b) Magnesium spinel; c) Silica; d) Titania; e) yAl-1.5; f) YSZ-1.5.

6.0. Here, manganese dioxide (1.5 wt.%) was mixed with various metal oxides (viz. alumina, titania, silica and
YSZ) and the equilibrium phase content up to 1200°C in air was evaluated as can be seen in Figure 3.5 and Fig-
ure 3.6. As a control, pure manganese dioxide was evaluated as well. Care must be taken not to overinterpret
these results: these calculations merely show the equilibrium concentrations, and do not take into account
the time required for the associated transformations. Thus, it might as well be that the shown compounds
do not occur in practice, or only under very special synthesis conditions. Additionally, compounds that form
during calcination may transform into another (more stable) form upon cooling.

Nevertheless, the thermodynamic analysis yielded several remarkable results. First of all, the believed
transformation of (pure) manganese dioxide to (catalytically inactive) monoxide only takes place to limited
extent. Though, this transformation seems to be favored by the presence of particular metal oxides; especially
YSZ appears to favor this phase transition. When manganese dioxide is instead mixed with aluminum oxide
and subsequently heated in air, it will not transform in MnO, but instead it will form a mixed oxide with the
alumina, MnO · Al2O3, as has been reported in literature (see subsection 3.1.5). The same applies to titania
and silica, forming MnTiO2 and MnO · TiO2, and MnSiO2 and Mn2SiO4, respectively. Similar mixed-oxide
compounds are formed if for instance kaolin (Al2(OH)4Si2O5) is used as a precursor. If one would merely look
at the oxidation state of manganese in each of these mixed-oxide compounds, it would seem that these show
low to no reactivity with HP. Yet, as was explained above, these mixed oxides decompose during cooling into
i.a. hausmannite. Further, drop-testing experiments proved the high reactivity of YSZ and yAl.

3.3.2. Prereaction characterization of yAl and YSZ cercaps
Prior to conducting extensive reactivity testing, both yAl-0.30 and YSZ-1.5 were thoroughly analyzed with
diverse analytical techniques. The results will be presented in this section. As was already clear from vi-
sual inspection, both cercaps have a rather homogeneous surface composition when compared to the other
cercaps (see Figure 3.4). Additionally, it appeared that the yAl-0.30 cercap has a more rough surface than YSZ-
1.5; close inspection of these cercaps with SEM substantiates this observation (representative images can be
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Figure 3.5: Equilibrium concentration of MnOx at different temperatures, as calculated with HSC Chemistry 6.0.

Figure 3.6: Equilibrium concentrations of different mixed oxides at varying temperatures, as calculated with HSC Chemistry 6.0.
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(a) (b)

Figure 3.7: Comparison of the surface topography of the YSZ-1.5 (a) and yAl-0.30 (b) cercaps. These electron micrographs show the higher
surface roughness of yAl-0.30.

found in Figure 3.7). Even more, these micrographs seem to indicate that the yAl-0.30 cercap has a higher
porosity than the YSZ-1.5. This is relevant for future application of the catalyst, since high porosity may be
disadvantageous when the catalyst is operated in a rocket engine. Namely, highly reactive gaseous H2O2 may
then penetrate into the bulk of the cercap and react there, leading to explosive decomposition and most likely
deterioration of the catalyst body. To substantiate the presumed porosity, a yAl-0.30 cercap was placed on a
paper tissue, and a drop of water was put on the cercap’s surface: the tissue immediately became moist. The
YSZ-1.5 cercap would behave similarly, yet this can be attributed to the severe surface cracks present on all
YSZ-1.5 samples. Unfortunately no further porosity data could be gathered at this time.

3.3.2.1. yAl cercaps

Figure 3.9: Magnified image of
pristine yAl-0.30 cercap showing
dark spots on its surface.

As was already mentioned above, the yAl cercaps turned pink during calcina-
tion, with the color intensity increasing with higher manganese concentration.
This is also evident from the TDR spectra (Figure 3.10a): the adsorption in-
creases with increasing manganese loading. Note that this material is also used
as dye material, known as Pigment Red 231. Close examination of the surface
shows the presence of dark spots (spaced ca. 500 µm apart, see Figure 3.9 for
yAl-0.30), which is most prominent for the yAl cercaps. These could have been
caused by the size of the manganese precursors; presumably to aid elemental
dispersion, most authors resort to wet chemical methods for the synthesis of
these manganese-alumina catalysts (e.g. [12, 129]). Analysis of these spots and
the surrounding material with Raman spectroscopy substantiates this hypoth-
esis: while the spots give a strong Mn3O4 signal, the lighter surrounding mate-
rial almost exclusively gives intense fluorescence from α-Al2O3, with no sign of
MnOx. Though, the overall pink shade of the cercaps indicates that manganese
is spread over the entire volume, but apparently not evenly. The global presence
of hausmannite is confirmed by XRD.

Further investigation of the yAl cercaps shows that the MnOx serves as a sin-
tering or phase-transformation aid for the γ-alumina precursor: with increas-
ing manganese concentration, the γ-Al2O3 intensity clearly decreases in XRD,
Raman and TDR, see Figure 3.8 and Figure 3.10. Additionally, the total Raman
intensity decreases with increasing manganese loading; this can be explained by the transformation to α-
alumina, which gives a much lower Raman intensity. This is confirmed by the XRD data, which show an
increase in the maximum peak intensity of α-Al2O3 of approximately 5 times when comparing yAl-0.30 with



3.3. Results and discussion 43

Figure 3.8: Comparison of CuKα X-ray diffraction data for yAl cercaps with increasing MnO2 loading; all signals have been scaled to the
maximum peak intensity. The vertically dashed lines indicate the location of α-alumina according to COD 96-230-0449. (H) indicates the
hausmannite phase which is shifted with respect to the reference (COD 96-151-4116 [41]). ( | ) indicates the locations of the supposed Mn-Al
mixed phase, according to [12]. The left inset shows the shift to lower 2 θ of the α-alumina signals with increasing manganese loading. The
right inset shows the decrease in γ-alumina content with increasing manganese loading.

yAl-10. Thus, a higher concentration of MnOx leads to more crystalline α-alumina. In addition, the observed
Raman intensity is further decreased by the (predicted) formation of a mixed manganese-aluminum oxide
phase (MnxAl2–xO4, known as galaxite) and its subsequent decomposition into hausmannite upon cooling.
Namely, variations in elemental content of the galaxite (and thus the resulting hausmannite), caused by i.a.
a non-uniform MnO2 dispersion during calcination, will cause broadening of Raman signal and thus a lower
observed intensity.

Surprisingly, Figure 3.10b hints at the presence of galaxite in yAl-0.30 and most notably in yAl-10 [133]
(its presence could not be detected with Raman in yAl-1.5, which could depend on the investigated area),
while its formation is reported in literature only when the compounds are cooled in an inert atmosphere.
XRD cannot directly prove this formation of galaxite, not even in yAl-10, even though the baseline signal
increases (with an intensity comparable to the noise level) at the predicted peak positions [43]. Perhaps
this is caused by the fact that XRD measures the composition of the entire cercap, in combination with the
probably localized nature of the galaxite and its varying composition. Additionally, the formed crystallite
phase is reported to possess low crystallinity [12], which would even further decrease the signal intensity in
both Raman and XRD. Nevertheless, when the here observed XRD patterns are compared to those obtained
by Bulavchenko and coworkers [12], some peaks in the here presented XRD patterns appear to indicate the
formation of galaxite at low Mn-loadings. Though, those reported peak positions are notably different from
galaxite spectra reported elsewhere (e.g. COD 96-900-0877). The agreement to the XRD patterns as reported
by Bulavchenko et al. is surprising, both because they used 12 wt.% MnO2 loadings and since they calcined
the catalysts in an inert atmosphere. Perhaps then the formation of galaxite is favored at low Mn-loadings
due to the excess of alumina. Further analysis should be performed to confirm the formation of galaxite.

Next, evident from XRD is that the peak positions shift to lower 2θ angles with increasing manganese
loading, as can be seen in the left inset in Figure 3.8. While this shift is not prominent for yAl-0.30, it increases
to -0.125° (at 68.2° 2θ) for yAl-10. This implies that Mn ions are being incorporated in the octahedral α-
alumina lattice: due to the larger size of a Mn ion in an octahedral position the crystal unit cell expands,
leading to diffraction at lower angles. Conversely, the hausmannite phase is shifted with +0.3° (at 64.9° 2θ),
indicating a shrinkage of the unit cell, hinting at the incorporation of the smaller aluminum ions, as was
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shown by Bulavchenko et al. [12].
To conclude, the thermodynamic analysis predicted the formation of some 20% MnO, which should give

a very prominent signal in both Raman spectroscopy and XRD; yet, no traces of MnO could be detected. This
might mean that the phase-mixing phenomenon takes place faster than does the reduction to MnO. It could
again also indicate the high dispersion and low crystallinity of this phase.

(a) (b)

Figure 3.10: Optical spectroscopy conducted on yAl cercaps with varying MnO2 loading. a) TDR spectra for yAl cercaps with varying MnO2
loading. The increasing manganese content has a strong effect on the α-Al2O3 peak at 390 nm, and on the overall reflectance.
b) Raman (785 nm) shifts originating from the different yAl cercaps. Clearly visible is the increasing α- and decreasing γ-alumina content
(indicated by α and γ, respectively). The peak at 750 cm−1 hints at the formation of galaxite. The hausmannite spectrum is taken from
RRUFF R110179 [64].

Figure 3.11: Simplified mechanism of formation of solid solution of MnO in YSZ. The boxes separate the different species. Three dashed
arrows indicate migration of atoms. Dotted arrows indicate unfavorable transitions.

3.3.2.2. YSZ cercaps
Examination of the XRD data of the YSZ-1.5 cercaps (see Figure E-14) learns that not any manganese oxide
phase can be discerned. Though, the thermodynamic analysis above showed that approximately 1/3 of the
MnOx should be present as Mn2O3, whereas the majority of the MnO2 should have been converted to MnO
in the vicinity of YSZ. Perhaps this phenomenon can be explained by the nature of the YSZ. It is known that
the addition of yttria to zirconia results in increased stability of the cubic zirconia phase, which is ordinarily
only stable at high temperatures. This stabilization is probably induced by the comparatively large atomic
radius of Y(III) ions (104 pm) when compared to Zr(IV) (86 pm) in the cubic lattice, which prohibits the phase
transformation back to the stable phase at atmospheric conditions [128]. It can be understood that the ad-
dition of a considerable fraction of these larger yttrium ions leads to the formation of interstitial positions in
the YSZ lattice. Further, it is known that MnO can already easily migrate into ZrO2, which can lead to a Mn
content of 25 at.% [10, 28, 37, 38]; this favorable migration can be explained by the similar size of Mn2+ and
Zr4+ ions [128]. It could then be assumed that in the presence of YSZ, with its interstitial positions, this mi-
gration is even more favorable. Perhaps the thus occurring removal of MnO from the reaction mixture during
calcination leads to an equilibrium shift, due to which the remaining MnOx will be again partially converted
to MnO, which on its turn migrates again into the YSZ et cetera, as is schematically illustrated in Figure 3.11.
If this proposed migration would take place, the YSZ-1.5 cercap should be inert for the decomposition of HP,
assuming no other (electronic) effects arise. Besides, the fact that the host lattice does not need to accommo-
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date for the presence of manganese ions can explain why no peak shifts are noticeable in the XRD patterns
for YSZ-1.5.

Further, SEM-EDX shows that the manganese ions have a high degree of dispersion on the cercap’s sur-
face. This dispersion would cause large peak broadening of the already weak signals from MnOx (applicable
to both XRD and Raman), and hence decreases the signal intensity below the noise level. Note that this
observed dispersion does not necessarily substantiate the oxide-mixing theory as described; prove for this
theory should be given by spectroscopic methods that are sensitive to the oxidation state (and electronic lev-
els) of manganese, such as XPS. Neither Raman (see Figure E-10) nor TDR spectroscopy (see Figure E-12b)
were able to detect any MnOx. In addition to the possible spectral broadening of the manganese signals,
the former also suffered from high fluorescence by the YSZ, whereas the latter merely indicated the same
two (unidentified) peaks as are found in all cercaps but yAl. Further spectroscopy should be conducted to
elucidate the oxidation state of manganese in the YSZ-1.5 cercaps.

(a) (b)

(c)

Figure 3.12: Temperature traces from experiments with an unconstrained YSZ-1.5 cercap with 87% HP. Note that thermocouple h0 was not
mounted in these experiments due to physical constraints; only h1 is plotted for clarity. Further a dashed line indicates the deactivation
temperature threshold set by REQ-CAT-3. Experiment a) and b) were conducted seven days apart, during which the catalyst was stored
in a closed vial. b) and c) were conducted two hours apart, during which the cercap was allowed to dry in open atmosphere. Hence,
these figures demonstrate the both good restartibility and excellent endurance of the YSZ-1.5 catalyst when no reactants and products are
allowed to accumulate. Clearly visible in all figures is the temperature variation attributed to the constantly varying position of the cercap
with respect to the thermocouples, and the results of improved alignment in c).
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(a) (b)

(c)

Figure 3.13: Temperature traces from experiments with an unconstrained yAl-0.30 cercap. Note that thermocouple h0 was not mounted in
these experiments due to physical constraints.
a) The once occurring high temperature peak during testing with 98% HP. Evident is the low correlation in temperature between the different
heights.
b) and c) show the thermal traces of two experiments conducted one hour apart with 87% HP, during which the catalyst was allowed to
dry in open atmosphere. Here only the lowest available thermal trace (h1) is plotted for clarity; in addition a dashed line indicates the
deactivation temperature threshold set by REQ-CAT-3. During the comparably longer experiment in c), the drop-testing was halted at
several instants (indicted with the arrows) to investigate restarting behavior. This clearly shows that the yAl-0.30 cercap displays both good
restartibility and excellent endurance when no reactants and products are allowed to accumulate. Additionally, both b) and c) clearly
exhibit the temperature variations attributed to the constantly varying position of the cercap with respect to the thermocouples.

3.3.3. Catalyst activity testing
The catalysts were tested for HP decomposition in the setup described in subsection 3.2.3. Since the decom-
position reaction is highly exothermic, the activity was evaluated by measuring the temperature rise during
subsequent decomposition events. During the experiments it was found that the cercaps would move around
in the receptacle, which caused large fluctuations in the measured temperatures. Typical temperature traces
can be found in Figure 3.12 and Figure 3.13 for YSZ-1.5 and yAl-0.30, respectively. Despite the large uncertain-
ties in the temperature, these figures show the excellent lifetime of both catalysts: both were able to convert
over 300 drops of 87% HP without a losing their reactivity. In addition, in contrast to other tested catalysts
(see subsubsection E.2.2.1), no deactivation was noticed upon halting the addition of HP. Afterwards though,
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Figure 3.14: Typical smoke development during a decomposition event for yAl-0.30 (top) and YSZ-1.5 (bottom); for the former circles have
been included to indicate the areas where smoke is visible. A comparison of the smoke generation by both cercaps clearly shows that the
reaction over YSZ-1.5 leads to a larger amount of darker smoke.

the two tested YSZ-1.5 cercaps had decreased in mass by 0.4%, which might explain the formation of compa-
rably dark smoke (see Figure 3.14). No change in mass could be found for the yAl-0.30 cercaps due to minute
crumbling of the edges, but since the smoke was much less intense, it could be assumed that the yAl-0.30
cercap is more resistant to the decomposition conditions.

Then, in an attempt to increase the maximum temperatures attained during the reaction, and hence
speed up and better simulate catalyst degradation, the concentration of HP was increased to 98%. During
one experiment on a yAl-0.30 catalyst, a peak temperature of 460°C was measured at h1, as can be seen in
Figure 3.13a. This shows that the temperatures attained during decomposition can be high enough to poten-
tially induce ignition of ethanol fuel.

Subsequently, the cercaps were constrained in an aluminum bracket in order to limit their lateral move-
ment; this also allowed to measure the temperature at 2 mm from the catalyst surface (h0). Unfortunately,
the immobilization in the bracket lead the cercap to rapidly accumulate both reactant water and unreacted
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HP, which consequentially lead to quick deactivation. This deactivation can be explained by both the known
competing adsorption of water and HP on MnOx [65] and flooding of the active sites. Therefore the bracket
was equipped with a drainage channel (please refer to Figure 3.3c), which enabled part of the reactants to
spread into the receptacle. Yet, this only increased the time until complete flooding and subsequent loss
of activity to an average of 47 drops for yAl-0.30 and 28 for YSZ-1.5 (as can be derived from Figure 3.17).
Though, this flooding merely resulted in temporary deactivation of the catalyst: when the cercaps were left to
dry, either at atmospheric conditions or at 80°C, no decrease in reaction vigor was noticed. Unfortunately not
enough time was available to conduct further experiments with a more advanced reactor that would not suf-
fer from reactant and product accumulation. However, since the cercaps did not show signs of degradation,
either physically (by spectroscopy) or in reactivity, and based on the earlier experiments, it can be assumed
that extended testing with an adapted setup will not lead to different overall conclusions.

3.3.3.1. Thermal analysis of sequential HP decomposition events
Representative pictures of a single decomposition reaction of 98% HP over YSZ-1.5 can be found in Fig-
ure 3.15. Only very few drop impacts (viz. Figure 3.15a) are discernible in the thermal data, which can be
understood from Figure 3.15f: here the temperature decrease at the drop impact corresponds to only 2.7
standard deviations of the noise intensity (i.e. the chance is lower than 0.5% that this decrease originates
from thermal noise). From this point on, the first H2O2 molecules start to react, which leads to a release of
heat, which speeds up decomposition of other H2O2 molecules. This can be seen as a rapid increase in tem-
perature at h0 (Figure 3.15b). Then, due to the spreading of the reaction heat, more and more molecules start
absorbing the generated heat, which is visible as a short dip. Consecutively, the main decomposition event
occurs (Figure 3.15c), soon followed by dissipation of heat to the environment, reaching a maximum at Fig-
ure 3.15d. The spatial separation of the thermocouples is reflected in the temporal spacing of the maxima;
one might notice that the required time for heat transport decreases with height. This is partially caused by
the gas development on the catalytic surface, propelling the above smoke further upwards, but most likely
also by the high air circulation in the fumehood. Finally, the decomposition comes to an end (approximately
at Figure 3.15e) and all heat is further dissipated, visible as steam (possibly incorporating solid catalyst matter,
hence forming smoke).

Because with increased surface wetting not all present HP would decompose at once, secondary peaks
could occur after the main decomposition event had already taken place. Therefore the peak data from the
several heights could not be simply overlaid, but some data manipulation was required. The peak tempera-
tures were found as illustrated in Figure 3.16 for yAl-1.5. First, the maxima were found in the raw temperature
dataset at h0 using Matlab’s ’findpeak’ algorithm (minimum peak prominence: 0.7, minimum peak distance:
8 seconds). Based on the location of the peak at base height, a search window was constructed, from -1.00
to + 3.00 seconds after occurrence from the base (i.e. at h0) peak. Then, based on these search windows, the
higher located datasets were evaluated for the maximum occurring temperature. As is visible in Figure 3.16,
near the end of the experiment the peak intensities would become more or less equal to the baseline or noise,
impeding detection of the remaining decomposition events. This effect was present for all cercaps quickly
after the full wetting of the surface occurred. Therefore, and since from the video data only the first 70 drops
were analyzed, the dataset was confined to the first 70 decomposition events.

Clear from Figure 3.17 is that all measurements show an increasing base temperature and decreasing peak
intensities with the number of administered drops. This is most likely related to the increased wetting of the
catalyst, and the associated deactivation with product water. In addition, the increasing baseline seems to
suggest that the cercap is slowly heating over time. Further, the attained peak temperatures at h0 are lower
than at higher locations, indicating a persistent thermocouple alignment error. Additionally, these figures
clearly show that the temporal delay of the peak at higher distances from the catalyst is not constant with
time for all tested samples. For the catalyst shown here, YSZ-1.5-1, the peaks at h1 and h2 seem to gradually
proceed the temporal location of the base peak, that is, the decomposition heat is measured earlier at larger
distances from the catalyst. Perhaps this is caused by the low intensity and the signal broadening of the base
temperature, so that the highest occurring temperature at h0 is falsely attributed to the main decomposition
event. For the other tested cercaps (as can be found in subsubsection E.2.3.3) this behavior is present but not
as consistent.
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(a) (b) (c)

(d) (e)

(f)

Figure 3.15: Comparison of visual and thermal data for a prototypical decomposition event of 98% HP over YSZ-1.5, for the fourth ad-
ministered drop. Illustrated on the temperature trace (f) are the drop impact (a), the onset of decomposition (b, the retraction of the fluid
layer is visible in the inset), the maximum vigor of decomposition (c), the approximate moment of maximum heat dissipation (d) and the
approximate end of the reaction (e). Further, the thermal trace (f) shows the delay between the maximum heat dissipation at increasing
height, indicated by the colored dashed lines.
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Figure 3.16: Schematic representation of the thermal data analysis for the drop-testing experiments. First the peak positions at the lowest
point were found in the raw data (top). Search intervals were created with these peak positions (bottom, left) to find the matching thermal
peaks at 15, 23 and 33 mm (fLTR), h1 to h3, respectively. The arrow indicates the 70th drop. Not the different scale on the temperature axis
for h0 compared to h1 to h3.
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Figure 3.17: Temporal evolution of decomposition peak temperatures for YSZ-1.5-1 at the four measured heights. The temperatures are
plotted with respect to the time of occurrence of the peak at h0. It is evident that after some 30 drops the peak temperatures at h1 to h3
swiftly decrease.
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Figure 3.18: Peak temperature data for yAl-0.30 (left) and YSZ-1.5 (right). The onset of wetting is indicated by the vertically dotted line,
whereas the fully wetted state is indicated by the shaded area. It can be seen that around the moment of full wetting all peak temperatures
decrease.
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Peak temperatures Figure 3.18 is a simplified representation of Figure 3.17 for all tested catalysts, showing
the maximum attained temperatures at all heights, hence allowing an easy comparison. Immediately visible
from Figure 3.18 are the (on average) higher attained and longer sustained (with respect to the number of
decomposition events) temperatures for yAl-0.30. Also evident is a large spread in behavior between equiv-
alent samples, refer to e.g. yAl-0.30-3. Further, the thermal data for yAl-0.30 can be easily discerned from
those for YSZ-1.5: the latter have a higher maximum base temperature (all above 40°C), but overall achieve
a lower temperature at h1 to h3. In addition, the peak temperatures fluctuate less at these higher points for
YSZ-1.5. Since the YSZ-1.5 cercaps had a higher density, and thus were thinner, aluminum foil (pressed flat
with 500 MPa) was placed underneath these cercaps to compensate for the height difference. It might be
that, even though the piece was pressed flat, slight warping may have caused the YSZ cercaps to be located
a little higher than the yAl-0.30 cercaps. This on its turn decreased the distance to the base thermocouple,
hence decreasing the effect of dissipation on the measured heat. Further, the consistently higher achieved
base temperatures of YSZ-1.5-1 may be caused by a coincidental better alignment to the sensitive area of the
base thermocouple.

Further, while all base temperatures appear to peak around the moment of full surface wetting, the max-
ima at h1 to h3 have all decreased considerably already before that. Even more, the latter all quickly go to zero
after the onset of full wetting. Three fundamentally different phenomena might be responsible for this ob-
served behavior. First of all, the present water effectively decreases the concentration of HP as experienced
by the catalyst, thus leading to lower heat generation. This lower heat generation on its turn hampers the
evaporation of product water, which further decreases the catalyst’s activity. Secondly, the presence of wa-
ter in the catalyst changes the transport mechanism of the reactant to the slower diffusion. Thus, less H2O2
molecules will be present at the active site and the replenishment takes longer, due to which less heat is gen-
erated. Lastly, the concurrent adsorption of water and H2O2 at the active sites might explain the decreasing
heat generation: with increased wetting, more water is present, and less sites are available to decompose HP.
If this would be the case, it can be posed that the interaction strength with the active site is similar for water
and H2O2: if water would block the active sites, the catalyst activity should already decrease after the first
signs of wetting (as indicated in Figure 3.18 by the dotted line). Instead, the base temperatures of all sam-
ples continue to increase after the first signs of wetting; no such trend can be spotted in the effect of wetting
initiation on the temperatures measured at h1 to h3. Yet, it can be seen that the higher water content in the
sample has a (temporary) deactivating effect on the cercap, hinting at a similar interaction strength with the
active site for water and HP.

Bubble formation Figure 3.19 shows the spread in SBF and EBF. Next to that, the average moment of full
wetting is indicated. Most likely because determining the end of the bubbling became ambiguous at some
point, due to the limited video quality, the average time until full wetting (marked area) and the EBF do not
coincide. In addition, the large SBF for one of the YSZ-1.5 cercaps (almost 600% higher than for the other
two YSZ-1.5) is probably caused by the same video quality. When the data are inspected more closely, it
is evident that the moment of total flooding of the cercap does not have a distinct effect on the SBF. One
would expect that when the cercap is continuously exposed to (deactivating and diluting) water, the time
required for the reaction to start would increase, and thus the time required for the formation of the first
reactant gasses, and consequentially the first bubble. On the one hand this could mean that the triggering of
decomposition (Figure 3.15b) is not dependent on the number of available active sites or the concentration
of HP; this could be proven by repeated testing with different HP concentrations and cercaps with varying
manganese loadings. More likely though, these results seem to indicate that the SBF is merely a measure for
bubble formation kinetics, not so much for reaction kinetics. The slight downward trend in SBF for yAl-0.30
seems to support this hypothesis: bubble formation is easier when liquid is already present. So, when a larger
fraction of the surface is already wet, the time to bubble formation should decrease, which is exactly what is
shown by yAl-0.30. This effect is not as much present in YSZ-1.5; only after some 55 drops this effect seems
to take place. This is presumably caused by the presence of cracks in the YSZ-1.5 cercaps, which can serve as
seeding points for bubble formation already at the start.

Further, the aforementioned differences in vertical alignment do not explain the smaller fluctuation in
peak temperature at h1 to h3 for YSZ-1.5. A correlation between the EBF (see Figure 3.19) and the reaction
length might explain these fluctuations. Namely, when the the time it takes to convert one drop of HP in-
creases, so will the time of heat generation. The cercap thus will stay warm for a longer time, which on its
term leads to a higher heat release on the next decomposition event (since less heat has to be used to warm
up the entire cercap to the required activation temperature), and thus the measured temperatures will be
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Figure 3.19: Results from the video data showing the start of bubble formation (SBF, top) and the end of bubble formation (EBF, bottom),
both for yAl-0.30 (left) and YSZ-1.5 (right). The shaded area indicates the fully wetted state of the cercaps. The dashed lines are intended as
a guide for the eye.

higher. Though, when the individual EBFs are directly compared to the temperature traces of YSZ-1.5, there
is clearly no such correlation. Nevertheless, even though there does not seem to be a correlation between the
(visually observed) EBF and the observed phenomenon, this does not necessarily mean that the extended re-
action length cannot explain the increasing base temperature. Namely, the YSZ-1.5 cercaps appear to posses
a much lower porosity. While the yAl-0.30 cercaps seem to absorb the entire drop, for the YSZ-1.5 cercaps is
was obvious that part of the HP would end up next to the cercap. This barely visible "reservoir" of HP could
then allow the cercap to continue decomposition and hence remain warm until the next drop of HP arrives.
The presence of this reservoir might also explain the lower peak temperatures as found for YSZ-1.5: when less
HP is converted, less heat is generated and thus a larger fraction is dissipated in surroundings, which leads to
a lower detected peak temperature at larger distances from the catalyst.

3.3.3.2. Activation effects
Close inspection of the first two decomposition events, as is displayed in Figure 3.20, shows that the second
decomposition event for yAl-0.30 consistently results in a higher heat dissipation; while this is not so much
visible for YSZ-1.5. These observations indicate that the yAl-0.30 cercaps seem to require activation to liberate
their full catalytic potential. This section will investigate this phenomenon in more detail and try to explain
it based on the samples’ composition.

yAl-0.30 activation effects First of all, based on the present manganese phase in yAl-0.30, Mn3O4, it is sur-
prising that the catalysts show such high reactivity: authors usually report that this manganese oxide is only
slightly more active than the rather inert MnO with concentrated HP, see e.g. Guseinov [42]. The reactivity
might be explained by the charge deficiency in the mixed (II)-(III) valence manganese phase, which is caused
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Figure 3.20: Comparison of the thermal trace of every first two droplets for all tested (constrained) cercaps. For yAl-0.30 it is evident that
the heat released to the surroundings is higher for the second drop; this hints at a possible activation effect.
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by doping with Al3+ ions, as is discussed in subsection 3.1.5 and shown by Wu and coworkers [130]. Concretely,
this charge deficiency will lead to a partial oxidation of the Mn2+ ions, and may also divert some charge away
from the Mn(III) ions (the latter effect will not be intense though, due to the almost equal electronegativity
of aluminum and manganese: ∆EN = 0.06). This means that the doped Mn3O4 probably behaves similarly
as Mn2O3, which is known to be more reactive with HP (although less than MnO2). If it is assumed that the
catalytic cycle given in subsubsection 1.3.2.2 is correct, this could explain the peculiar behavior as is visible
in Figure 3.20. Namely, this figure seems to show that the yAl-0.30 cercaps require an activation step, i.e. the
present MnOx phase first needs to be converted into a (more) reactive phase. It is thus possible that the first
drop with HP leads to a true oxidation of hausmannite to the more reactive Mn2O3 or even MnO2. The large
EBF at the first decomposition event as displayed by all three yAl-0.30 samples seems to be in favor of this
hypothesis.

As was already mentioned above, the proposed conversion is not persistent: after the reaction both XRD
and Raman spectroscopy show that still only hausmannite is present. If the mentioned oxidation does take
place, it would mean that during or after drop-testing, the back-reduction to hausmannite has to occur. Per-
haps hausmannite (or a in-situ formed derivative) is not even involved with the observed reactivity. Rather,
the reactivity is caused by an undetected compound, of which only a relatively small amount is present. This
compound could go unnoticed due to the qualitative nature of the available characterization techniques.
Hence, further characterization of the yAl cercaps is essential to find the active manganese phase.

Further, during the experiments conducted on yAl-0.30, a clear black line would appear at the fluid front
after 16 to 39 drops, as can be seen in Figure 3.21. The emergence of the black front does not seem to corre-
late with the onset of wetting. This black area would move together with the fluid front to the other edge of
the cercap where it would disappear. The presence of this black line did not seem to influence the thermal
data, nor the EBF and SBF. Its movement along with the fluid front suggests that the species responsible for
the dark color is poorly soluble in water. In addition, Figure 3.21 suggests that the concentration of this com-
pound increases with time (or surface wetting). Since this phenomenon would disappear during the testing,
no spectroscopy could be conducted on this specific area. Additionally, its occurrence did not reflect in the
chemical characterization performed after the experiments. Several explanations can be supplied to eluci-
date this phenomenon. Either this chemical is soluble in HP, but not in water, which explains why it is only
visible after HP has reacted. Alternatively, the reaction heat may have converted a soluble into an insoluble
species. The movement of the fluid front might then have gradually removed it from the cercap. It could also
be that some species had washed out of the cercap itself during the reaction. This could be carbonized PVA
or glycerol (as are claimed to be present by Wu et al. [129]); yet, pre-reaction characterization did not show
detectable amounts of carbon. Another explanation of this phenomenon might be the formation of a different
phase of MnOx at the water-air interface. This conversion might be permanent, but then only a small amount
of the hausmannite had been converted, since no changes in composition could be found. Conversely, the
hausmannite is reformed upon drying of the cercap. Further testing and (in-situ) spectroscopy should thus
be conducted to explain this observation.

YSZ-1.5 activation effects While the YSZ-1.5 cercaps contain five times more manganese than the yAl-0.30
samples, their catalytic activity appears comparable. A physical factor contributing to this observation may
be the observed lower porosity, due to which not only less active sites are exposed, but also transportation of
reactants to the active sites can be influenced. Alternatively, this observation can indicate that the catalytic
phase is simply less active, or that only part of the added MnO2 is converted into an active species. Due to
the lack of knowledge on porosity and on the present oxidation states of manganese in YSZ-1.5, no definite
conclusions can be tied to the observations. A similar activity enhancing electronic effect as described above
for yAl-0.30 is most likely not present for YSZ-1.5: manganese has a higher electronegativity than both yttrium
(∆EN = 0.33) and zirconium (∆EN = 0.22). This would put a higher electronic charge on manganese, hence
stabilizing lower (less reactive) oxidation states.

Even though in the above it was postulated that most manganese would be present as the inactive MnO,
drop-testing clearly proved the catalytic activity of the YSZ-1.5 cercaps. This could be caused by the presence
of a certain amount of Mn2O3, as was predicted by the thermodynamic calculations. When compared to
hausmannite, Mn2O3 should already be more active initially. While the first EBF values for YSZ-1.5 seem to
be in favor of this hypothesis, this is not unambiguously evident from Figure 3.20. This may indicate that the
mechanism as posed in subsubsection 3.3.2.2 is correct, i.e. most manganese is present in a finely dispersed
MnO phase. The YSZ-1.5 cercaps would then either require more HP to be oxidized into an active catalytic
phase or remain less reactive (which is compensated for by the relatively high weight loading).
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Figure 3.21: Development of a black front on the yAl-1.5 cercaps, here shown for yAl-0.30-3.
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To conclude this section, in order to elucidate the origins of the reactivity of both cercap materials, more
advanced spectroscopy is required; for yAl-0.30 to determine the effects of doping on the electronic properties
of manganese ions and correlate this to the observed catalytic activity, for YSZ-1.5 to determine the present
oxidation state of manganese.

3.3.4. Post-reaction characterization
As has been mentioned above, the inadequate sensitivity of the available analysis equipment severely ham-
pered the identification of MnOx phases. This is also true for the spent cercaps. Due to the high background
signal of the YSZ, XRD and Raman spectroscopy could not be used for the identification of manganese in
YSZ-1.5. Further, the Raman spectra taken of a spent yAl-0.30 sample (Figure 3.22) showed some remarkable
features. No hausmannite can be detected in the first probed (comparatively dark) location, whereas earlier it
was found that these dark spots were enriched with hausmannite. The dark shade is most likely caused by the
presence of carbon deposits, as can be concluded from the typical carbon peaks at 1310 and 1600 cm−1. As
was reported above, these carbon species most likely originate from carbonization of PVA and glycerol. The
highly localized nature of Raman measurements might explain why no carbon could be found in the pris-
tine cercaps. The second probed (dark) location seems to show a rather disturbed hausmannite spectrum. It
is known that the orientation of a crystal with respect to the laser source has a large effect on the observed
spectrum [98]. Perhaps then the here observed location features highly crystalline hausmannite in a single
orientation. This hypothesis is supported by the XRD data (see Figure 3.23) that show the post-reaction pres-
ence of hausmannite in yAl-0.30. Comparison with reference Raman spectra for other manganese phases
does not result in further identification of the clearly present compound in this location.

Figure 3.22: Raman spectra showing a comparison between fresh yAl-0.30, and two different locations of a spent yAl-0.30 cercap. Included
for reference is a hausmannite signal recorded from a large number of randomly oriented crystal grains (RRUFF R110179).
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Figure 3.23: XRD patterns of both pristine and spent yAl-0.30 catalyst. The vertically dashed lines indicate the position of hausmannite.
Comparison of the diffraction patterns shows that the hausmannite has remained unchanged.

3.4. Conclusion
First of all, the here used solid state synthesis method produced mechanically rigid catalyst bodies. In con-
trast to what is commonly accepted [42, 49], the exposure of manganese oxide catalysts to high temperatures,
such as used here for calcination, does not necessarily lead to permanent deactivation of the catalyst. It was
shown here that this thermal deactivation can be avoided with a properly selected support material. Of the
here tested metal oxides, only γ-alumina and YSZ displayed satisfactory catalytic activity with 87% HP dur-
ing drop-testing (REQ-CAT-1). Spectroscopic information indicated that the dominant manganese phase in
yAl-0.30 is Mn3O4, as is reported elsewhere [11, 12, 17]. The manganese phases present in YSZ-1.5 could
not be determined using the carried out characterization efforts. Based on thermodynamic calculations, it is
proposed to consist primarily of (supposedly inactive) MnO and Mn2O3.

Further, this research has successfully demonstrated that drop-testing with concentrated HP can be used
to probe the catalytic activity of heterogeneous catalysts. The carried out investigations showed that both
yAl-0.30 and YSZ-1.5 are active for a prolonged time. During experiments in which the catalysts were allowed
to move laterally, it was shown that even after 300 decomposition cycles with 87% HP, the decomposition
temperatures would not drop below 50°C for both catalysts (REQ-CAT-3). When the catalyst bodies were
constrained, deactivation due to flooding occurred already after an average of 28 (YSZ-1.5) or 47 (yAl-0.30)
decomposition reactions. It was also shown that this deactivation by product water was temporary and the
catalyst could be easily regenerated by simply drying to the atmosphere (this should occur readily in the vac-
uum atmosphere as present in space). These findings indicate that an improved reactor design will mitigate
most experienced problems.

During testing of yAl-0.30 it was noticed that the catalytic reactivity would not be maximal already at the
first decomposition event. Instead it would require one or two drops of 98% HP to considerably increase
the measured decomposition temperatures. This behavior hints at the in-situ formation of an active phase.
Yet, post-reaction characterization merely showed the presence of Mn3O4; thus, the active phase is either
not stable and converts back to Mn3O4 or is present in too low quantities. In contrast, the YSZ-1.5 catalysts
did not exhibit such behavior, moreover these showed consistently lower catalytic performance. This was
attributed to both the nature of the active phase and its supposedly lower porosity (causing reactant transport
limitations).

Additionally, it was shown that decomposition of 98% HP over the yAl-0.30 catalyst can potentially induce
hypergolicity with ethanol: the maximum reached temperature was 460°C (REQ-CAT-2; threshold: 369°C).
For YSZ-1.5 such a peak temperature was not observed; further research should serve to validate REQ-CAT-2
for both catalysts. Unfortunately the equipment used for reaction monitoring was not sensitive enough to
investigate the decomposition delay accurately. Requirement REQ-CAT-4 can thus not be validated at this
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time.
Further, to enable successful implementation in rocket engines, more practical aspects must be consid-

ered as well. From an economic point of view, a lower loading of active phase would be more beneficial,
especially if this does not influence the catalyst’s reactivity. It is clear that the yAl-0.30 cercap offers an advan-
tage here. It must also be considered that when a catalyst must operate in a very harsh environment, physical
durability and low porosity are important. Even though both materials displayed surprisingly high mechani-
cal strength, the yAl-0.30 catalyst exhibited a higher brittleness. In addition, visual observations indicate that
this cercap possesses notable porosity, which could lead to accelerated physical degradation in a representa-
tive combustion environment. Due to its brittleness, it was not possible to quantify the physical degradation
of the yAl-0.30 cercap, which hinders a direct comparison with YSZ-1.5. The relevant physical and experi-
mentally probed catalytic properties of the yAl-0.30 and YSZ-1.5 cercaps are summarized in Table 3.2.

Table 3.2: Qualitative comparison of the physical and catalytic properties of the tested cercaps. A higher performance has been marked
with a (+) whereas lower performance has been marked with a (-). Deficiencies in the research have been indicated with a (?).

yAl-0.30 YSZ-1.5
Manganese loading + -
Mechanical strength - +
Observed porosity - +
Active phase deactivation + ?
Peak temperatures + -
Lifetime + +
Hypergolicity potential + ?

3.5. Recommendations
This chapter will conclude by supplying recommendations for further research. These will be split into rec-
ommendations with respect to testing equipment and to the materials. As many researches, this investigation
suffered large delays due to the COVID-19 pandemic. This not only reflected in delayed delivery of materials,
but also absence of personnel. The long-term absence of knowledgeable technicians required the author to
construct the drop-testing setup from scratch, contributing to the misalignment errors.

3.5.1. General recommendations
First and foremost, due to time constraints this research was only able to focus on the decomposition of HP.
The here presented results indicate that the decomposition heat is high enough to induce hypergolicity with
ethanol. Future experiments should be aimed at proving this important feature.

At this time, the catalyst loading was too low to evaluate with the available spectroscopic tools. This led to
the inability to determine the catalytic phases that are responsible for the catalysts’ reactivity for all samples.
Thus, more sensitive analysis equipment should be employed to clarify this matter. Namely, it is essential to
know what is causing the reactivity in order to improve the overall catalyst behavior. Further, in-situ testing
(e.g. in-situ TEM) could not only elucidate activation phenomena, but also show early signs of deactivation.

Because drop-testing in this form does not continuously expose the catalyst to high temperatures, and the
use of a test engine is most often too involved, it is imperative to test the catalysts in a controlled environment
(a flow cell) at high temperatures in order to monitor long-term deactivation phenomena. To exclude the
dangers associated with handling gaseous high temperature HP, it should be considered to employ chemicals
with a comparable effect on the catalyst, such as nitrous oxide.

Lastly, according to Bulavchenko et al., the best catalytic results are obtained with impregnated alumina
and even more so for coprecipitated manganese oxide and alumina [12]. It is not sure to what extent this is
also applicable to the decomposition of HP. Though, in this research it was shown that a YSZ cercap loaded
by by deposition precipitation (10 wt.% MnO2) showed low reactivity when compared to the SSS cercaps.

Parallel to the investigation of the MnOx catalysts, a platinum catalyst supported on a metal oxide per-
ovskitic matrix was synthesized. As is elaborated upon in chapter C, this catalyst - support combination
promises high suitability for use in HP-ethanol engines. The results of this investigation can be found in sub-
section D.1.1. In the available time-frame, this platinum-based catalyst could not be sufficiently reduced into
the active form, and hence it did not display catalytic activity with HP. Yet, the promising results as have been
shown in literature necessitate more research of this ReMOP.
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3.5.2. Reactor design
As is clear from the above, the current test setup showed severe shortcomings. First and foremost, the activity
measurements could only be run for short periods due to the rapid wetting and consequential deactivation of
the cercaps. Additionally, the high air circulation speed in the fumehood quickly carried away the hot decom-
position gasses, due to which the measured temperatures were low. In addition, this may have contributed
to the inadequate alignment of the thermocouples. Further, as was mentioned in subsection 3.2.3, current
drop-testing setups suffer from both poor reproducibility and poor resemblance to the combustor environ-
ment. This could be resolved by proper design of a closed drop-testing setup, while simultaneously allowing
drainage of reactant water and surplus HP. Alternatively, standardized laboratory analysis equipment could
be used to simulate the effects of decomposition or combustion on the catalysts.

Other factors that increase the applicability of drop-testing to rocket engine design are:

• Decreasing the drop size (propellant atomization). This would remove part from the measured ignition
delay which is caused by spreading of the HP over the catalyst surface. Additionally, finer droplets
would spread the reaction over the catalyst, which would also occur in a gaseous environment.

• A hollow shaped catalyst body would be more representative of the actual combustion environment.
Additionally, this would help in preventing the wetting of the catalyst.

• When the catalyst would be kept at a constant temperature, the reproducibility of the experiments will
increase. Gradual heating of the cercap, due to decomposition events, should be avoided. In addition,
keeping the catalyst at an elevated temperature would aid in the evaporation of both hydrogen peroxide
and produced water. In addition, heating of the catalyst will aid in achieving hypergolicity.

3.5.3. Recommendations with respect to instrumentation
The quality of the results can be considerably improved. As was noticed during the experiments, the time
between drop impacts would deviate, even though the same flow rate was used, indicating the need for a
more precise syringe pump. The fluctuating drop delay most likely has an influence on the equilibrium tem-
perature of the catalyst, which on its turn affects its decomposition behavior. Further, this decomposition
behavior could be monitored in more detail when a more sensitive camera is used that also has a higher time
resolution, which also applies to the data recorder: with the current time resolution the different phases in
a decomposition event can barely be distinguished. With increased temporal resolution of the instruments
also the DD could be determined; for yAl it will probably remain troublesome to determine the DD from
visual data due to its porosity.





4
Stabilizing propellant-grade H2O2

As has been elaborately discussed in section 1.5, the storage life of hydrogen peroxide is limited: over time
the molecules will fall apart into water and oxygen. When HP is used as a space propellant, this degeneration
effectively reduces the amount of propellant and thus the lifetime of the spacecraft. Of course, this decrease
in concentration can be accounted for by increasing the amount of HP stored in the spacecraft. Yet, since
only the launch costs of one additional kilogram can already easily add over 10,000$ to the project cost [104],
it is always aimed to minimize spacecraft weight. To be able to present HP as a suitable alternative to current
toxic fuels (such as hydrazine) its stability must be improved. In this research it was aimed to develop a
new stabilizer that does not degrade over time and does not negatively influence the combustion system. To
support the research effort, the following research questions were formulated.

RQ-STA-1 How does the concentration of HP affect its stability?
Motivation: Theoretically, higher concentrations of HP are more stable. Can this be reproduced here? Also,

do the stabilizers work better or worse with higher concentrations of HP?
RQ-STA-2 What is the influence of the surface-to-volume ratio of stored HP on its stability?
Motivation: Since decomposition of HP mainly occurs on surfaces [109], more relative surface area would

result in a higher decomposition rate. Also, does the addition of an anodized aluminum strip,
ergo extra surface area, accelerate the decomposition?

RQ-STA-3 How can aluminum be treated such that it is suitable as a stabilizer support?
Motivation: Aluminum is compatible with HP; aluminum oxide is a often used support material. Anodizing

produces such a layer on top of the aluminum. Does the presence of the oxide layer influence
the compatibility of the aluminum with HP? Does the hard anodized aluminum interact suffi-
ciently with the tin oxide colloids, or are they removed over time?

RQ-STA-4 What effect does immobilization have on the stabilizing action of the colloids?
Motivation: Is the mobility of the stabilizers fundamental for their stabilizing action, or does the calcination

affect the stabilizing performance in any other way?
RQ-STA-5 How do different types of stabilizers interfere with each other?
Motivation: Already a small amount of stabilizers is often present in HP; some manufacturer supply a prod-

uct with more stabilizer (e.g. Sigma Aldrich), whereas e.g. Solvay barely stabilizes their product.
Do these added stabilizers interfere with the tested stabilizer strips?

First a concise background of H2O2 decomposition mechanisms and the state-of-the-art of stabilizers
will be presented. This will be followed by the experimental description, and a discussion of the results.
Some concluding remarks will be given in section 4.4; recommendations for future research will be supplied
afterwards.

4.1. Background
This section will first provide a short summary of the decomposition mechanisms of H2O2, since knowledge
of the process enables rational design of a novel stabilizer. This is followed by a description of the currently
used stabilizers for HP in subsection 4.1.2. Then subsection 4.1.3 explains how the TOCs will be supported,
and afterwards the used immobilization process will be touched upon.

4.1.1. Decomposition mechanisms of H2O2
The instability of HP is caused by two degradation mechanisms that both result from the weak peroxide
(O O) bond: autodecomposition and catalytic decomposition. Both forms have a different behavior over
time, which can be explained by the reaction taking place. Whereas the autodecomposition reaction requires
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two H2O2 molecules to commence, catalytic decomposition requires only one [49, 110]. One can imagine
that when the concentration of HP molecules decreases, it is increasingly more difficult for a H2O2 molecule
to encounter a catalytic particle. Yet, it turns out that it is even more difficult to encounter and interact with
another H2O2 molecule. It can thus easily be understood that the prominence of the autodecomposition
reaction is less and decreases faster over time or concentration than that of the catalytic decomposition.

4.1.1.1. Autodecomposition

The degree of autodecomposition, which is generally several factors lower in intensity than catalytic decom-
position, is dependent on several factors, of which most prominent are temperature, acidity and concentra-
tion. Temperature is a measure for the average thermal energy of a molecule. Thus, when the temperature
is increased, more molecules will be able to overcome the activation energy barrier, or: more molecules will
react. Conversely, if the temperature is decreased, fewer molecules will react: the chemicals can be consid-
ered more stable. While on Earth temperature fluctuations are generally relatively small and can be easily
managed, in space temperatures fluctuate between -150 and +150°C: at such high temperatures thermally
enhanced autodecomposition becomes more prominent.

Acidity also has an influence on the decomposition rate. The perhydroxide anion (HOO–), which is thought
to be the the reactive phase [33], increases in concentration at higher pH. To that extent many manufacturers
choose to decrease the pH of the HP. It can be understood however that a too low acidity will negatively effect
metallic propulsion system components, thus limiting the extent to which the acidity can be employed to
enhance the stability of HP.

Lastly, whereas decomposition rates of chemicals generally increase with increasing concentration, the
opposite is true for HP, which is most stable in its anhydrous form [109]. This behavior may be caused by
the inherently lower concentration of water molecules at high concentrations: water molecules can easier
deprotonate a H2O2 molecule than another H2O2 molecule can (see chapter A), and hence convert it into
the reactive ion. Unfortunatley, this characteristic can only be exploited to a certain extent to improve HP
lifetime, since the used concentration is often determined by the propellant system specifications.

4.1.1.2. Catalytic decomposition

Catalytic decomposition is induced by trace metal impurities (the ions of e.g. Cu, Fe, Mn), inevitably intro-
duced during the production process. Current production processes have been optimized to reduce these
contaminants into the ppm or ppb level, yet decomposition in storage drums can still be around a few % a
year [33]. A well-known effect in the storage of HP is that larger drums result in a lower decomposition rate.
It is plausible that this effect is caused by adsorption of these trace metal impurities on the storage vessel
surface. This adsorption could make the interaction with a H2O2 molecule easier due to the reduced mobility
of the metal ion, and hence increase decomposition. A lower relative surface area (i.e. larger storage vessels)
would thus result in a lower decomposition rate, as is widely observed [22, 33, 109, 125].

In order to increase the storage life of HP, it is thus essential to either further decrease the introduction of
these metals during production or storage, or to counteract the effects of these metal ions. Further optimiza-
tion of manufacturing processes is rather tedious, since the concentrations of metal contaminants are already
very small and difficult to detect by many analysis techniques. Introduction of contaminants during storage
can be minimized by use of compatible materials, such as high purity aluminum or fluorinated polyethylene
[22]; yet, these materials offer low structural performance. HP-compatible propellant tanks based on these
inert materials would thus need to be additionally stiffened, either by increase of the tank wall thickness, the
application of stiffener structures or a load-bearing shell. All these solutions result in an increase in storage
tank mass which, for space missions, would result in a higher space mission cost. Alternatively, the impact of
these impurities can be mitigated by the addition of stabilizers, as will be elaborated upon in the next section.

4.1.2. Currently used stabilizers
A more economical approach than further reduction of contaminants is the addition of stabilizers to the HP
solutions, as has already been done for over seventy years [109]. These stabilizers can be separated in two
categories: chelators and metal oxide colloids.
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4.1.2.1. Chelator stabilizers
The first group of stabilizers is often composed of nitrogen- or
phosphorus-based compounds, such as inorganic oxides (e.g.
nitrates) or organic complexes (e.g organophosphorus com-
pounds). These (reversibly) immobilize the metal ions by the
strong interaction between the stabilizer’s reactive group and the
metal ion, and hence decrease its ability to react with HP. How-
ever, this passivation effect also works with the catalysts that are
used to convert the HP into thrust: phosphorus-based chela-
tors poison the catalyst, hence deactivate it, and thus render
the propulsion system inoperative [30, 47, 97, 100]. Merck (or
formerly known as Sigma Aldrich) supplies HP with a nitrogen-
based stabilizer, 2,6-pyridinedicarboxylic acid (PDC, as is visual-
ized in Figure 4.1), which should have very limited (negative) in-
teraction with catalysts.

Figure 4.1: PDC molecule.

4.1.2.2. Tin oxide stabilizers
The other commonly used stabilization method is the dissolution of sodium stannate, Na2(Sn(OH)6). As
hypothesized by Schumb already in 1954, the dissolution of this stannate will result in the formation of
nanometer-sized metal oxide particles [109]; yet, to date no proof has been given in literature for this hy-
pothesis. These dispersed nanoparticles (or colloids, with size between 1 and 1000 nm) can reversibly im-
mobilize metal ions in an apparently similar manner to the chelators, however the underlying mechanism
is fundamentally different. In short, the colloids present a negatively charged surface to the solution, which
attracts and binds the positively charged metal ions. Even though this behavior can be observed for multiple
metal oxides, for the stabilization of HP mostly sodium stannate is used [33], the precursor of the supposedly
forming tin oxide colloids (TOCs). The kinetics of both the TOCs and the metal ions are essential in order to
immobilize the latter: a higher concentration of stabilizer should lead to a higher chance of collision between
them and thus lead to a decreased HP decomposition rate. Further, in contrast to many chelators, these stan-
nate colloids do not have a similar poisoning effect on catalysts [97]. Unfortunately though, their stabilizing
performance decreases over time, which is presumably caused by sedimentation of the colloids. This sedi-
ment could cause clogging of the propellant system and thus ultimately lead to complete propulsion system
failure. Hence, it is of utmost importance to understand and mitigate the effects of the sedimentation.

Two size-dependent mechanisms can cause particle growth or ultimately settling of colloids. Gravita-
tional settling is most prominent for large colloids. This process is most likely absent when the spacecraft is
in space due to the experienced net zero gravity, not only by the spacecraft itself, but also by the individual
colloids in the HP propellant 1. Though, it should be taken into account that spacecraft are not always im-
mediately launched after the propellants have been loaded, especially when these propellants possess low
toxicity or other handling risks.

The second sedimentation mechanism is that of Brownian encounters. Colloids move with high velocities
in random directions through the fluid, with the magnitude of the velocity being inversely proportional to
their size: smaller particles collide with higher momentum and thus have higher probability of fusing [96].
Further, each colloid is surrounded by a charged double layer whose size is independent of the size of the
colloid. This double layer inhibits sufficiently close encounters of other colloids. However, the presence of
dissolved ions, such as aluminum ions etched from the tank wall, decreases the extent of this double layer
and hence increases the probability of particle fusion. For larger particles, the relative repulsion effect of the
double layer is less, which means that a less energetic impact may already result in particle fusion. When the
average particle size increases, this also means that the total surface area of the stabilizer decreases, and thus
the total stabilizing capacity decreases.

4.1.3. Aluminum as stabilizer support
As was discussed above, the goal of this research is to immobilize TOC stabilizers. The performance of the
support material is of great importance, not only since it is responsible for the anchoring of the colloids,
but also because of the mutual electronic effects between them: a poorly chosen support can decrease the
(negative) charge on the tin oxide, decreasing the stabilizing activity. In catalysis, metal oxides are a very
important group of support materials, of which aluminum oxide (also known as alumina) is among the most

1The extent of colloidal sedimentation in low gravity environments is still unclear and remains an active field of research.
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used ones. Further, it is known that metallic aluminum forms a strongly adhering and passivating oxide layer
when exposed to air. Theoretically, metallic aluminum construction materials, for instance tank walls, could
thus serve as a supporting layer for the stabilizing colloids. Application of a stabilizing coating for HP on tank
walls would lead to an increase in tank manufacturing cost, but with a negligible increase in weight, while
simultaneously leading to an increased storage life of HP.

Unfortunately, the alloying elements present in most aluminum alloys accelerate decomposition of H2O2.
However, aluminum from the ASTM 1000 series can be considered inert with respect to concentrated HP due
to the low concentration of reactive alloying elements (aluminum content >99%) [22, 33, 109]. Because of the
near absence of alloying elements these alloys have low mechanical strength, due to which these pure alloys
are of low interest in traditional tank design. Nowadays propellant tanks are increasingly manufactured of
composite materials, which suffer from porosity and thus are often provided with a low load bearing metallic
liner [117]: a pure aluminum alloy could be suitable for this purpose.

The naturally forming oxide layer on aluminum is rather thin and not necessarily uniform, which might
lead to etching by or leaching of HP at crevices or thin spots; this can be easily resolved by (hard) anodizing
the aluminum. Anodizing aluminum is an established technique to increase the thickness of this oxide layer
and hence increase its corrosion resistance. It is carried out by forced electrolytic oxidation in a concentrated
acid solution to form a thick and atomically flat Al2O3-layer [13, 39, 89, 115]. In the realm of HP tank storage
materials, anodizing would result not only in lower release of aluminum ions, but simultaneously in a suitable
anchoring site for the tin oxide stabilizers. N.B. Ono et al. report that during this anodizing alloying elements
are removed from the forming oxide layer [89]. This might imply that hard anodized aluminum construction
alloys become compatible with HP, thereby significantly reducing traditional metallic tank mass and cost.
Nevertheless, it is not known what effect this would have on the anchoring properties of the oxide layer.

All above considerations led to the selection of hard anodized ASTM 1000 series aluminum as a supporting
material for the tin oxide stabilizer in these experiments.

4.1.4. Immobilizing tin oxide stabilizers
High surface area tin oxide is widely investigated for use in battery electrode materials, starting both from
TOCs or tin chloride (for example [92]). Several routes are in use to anchor tin oxide to e.g. aluminum oxide,
among other things spray pyrolysis and drip- or dipcoating on metal oxide surfaces, followed by calcination
[58, 82, 101]. In this research, it was chosen to employ dip-coating followed by calcination to reach intimate
contact between the supporting aluminum oxide and the colloids. This had several prominent advantages
when compared to spray pyrolysis. Most importantly, since the starting product is uniform there is less un-
certainty in the final surface area. Secondly, spray pyrolysis is a complex process, due to which the product
properties are difficult to predict. Intimately related is that dipcoating can be more easily incorporated in
current propellant tank manufacturing procedures, whereas spray pyrolysis would require the purchase of
necessary equipment. A detailed experimental procedure of the synthesis can be found in section 4.2.

4.1.5. Requirements
As is clear from the above discussion, no currently used stabilizer fully satisfies all the needs: either the sta-
bilizer negatively influences the decomposition catalyst or the rest of the propulsion system, or it deactivates
over time. A possible solution would be to immobilize the colloidal stabilizers, since that would mitigate their
only disadvantage. Several requirements were formulated to guide the design and testing of the stabilizer and
to be able to compare it to the currently applied stabilizer methods.

REQ-STA-1 The designed stabilizer shall lead to a decay at least 2 mpp less than unstabilized >90% HP over
the course of 6 months.

REQ-STA-2 The designed stabilizer shall not react with stabilizers already present in the HP.
REQ-STA-3 Use of the designed stabilizer shall not negatively impact the performance of the propulsion

system.
REQ-STA-04 Incorporation of the designed stabilizer shall not impact the design of other propulsion system

parts except for the storage tank.

The first requirement posed on the designed stabilizer (REQ-STA-1) puts a threshold of the minimum
stabilization capacity. The value as given here corresponds to the minimum difference observable with the
equipment as available for this investigation. In addition, only such a small improvement in stability would
already lead to an increase in lifetime of HP-based spacecraft, based on the storage life of the propellant.



4.2. Experimental 67

Further, it is imperative that the here developed stabilizer does not react with stabilizers that are already
present in the supplied HP (REQ-STA-2). Such a negative interaction would not only negate the addition
of the stabilizer, but also possibly lead to additional degradation of the HP. Similarly, the designed stabilizer
should not negatively influence propulsion system components, by effects as settling or etching (REQ-STA-
3). The last requirement (REQ-STA-4) demands that no changes or additional components are necessary in
the propulsion system, such as particulate filters, which would increase its commercial appeal.

4.2. Experimental
This section will shortly introduce the preparation of the stabilizers, after which a description of the stability
monitoring experiment will be supplied.

4.2.1. Coating preparation
The coating solutions were prepared from a colloidal SnO2 dispersion (Alfa Aesar 15%) in water (reported
particle size: 10-15 nm; average 12.5 nm). According to manufacturer specification, no compounds incom-
patible with HP were present in this dispersion. The military specification MIL-PRF-16005F for the contents
of propellant-grade HP [123] was used as a guideline to compare the stabilizing action of the TOCs to the
maximum allowable concentration of tin (4 mg metallic tin equivalent per kg of 98% propellant-grade HP). It
has been assumed that, in lieu of any reported information on particle size, dissolved sodium stannate will
form colloids with an average diameter of 12.5 nm. Additionally it has been assumed that the TOCs lose half
of their surface area upon immobilizing.

Further, a small test (n=10) showed that between 50 to 60 µL of water adsorbs to the aluminum strips.
Using this information three coating solutions had been made. For the nominal case ("medium", "M"), the
coating concentration was chosen such that the equivalent tin loading during immersion in HP would be
equal to 4 mg/kg. Similarly, two coatings were prepared to give half the nominal concentration ("low", "L",
2 mg/kg) and six times the nominal concentration ("high", "H", 24 mg/kg). Additionally, one solution was
prepared by dissolving 10.0 g SnCl2 in 75 mL water (corresponding to 89.5 mg Sn per mL solution) and stirring
overnight to convert the Sn(II) to Sn(IV) ("SnCl2", 183 mg Sn per kg of HP). Finally, one coating solution was
composed entirely of deionized water ("DI").

Then, hard anodized 1050 aluminum strips (10x40 mm) as supplied by the DEMO workshop of TU Delft,
were prepared for coating. These strips were subsequently sonicated in acetone, ethanol and water for 10
minutes and afterwards dried using compressed air. Then, groups of four aluminum strips were glued to
glass slides. It was verified beforehand that during calcination the glue would decompose, so as to not intro-
duce further contaminations into the HP. Each of these sets was then fully submerged in the solutions for 10
seconds, after which they were left to dry in a fumehood. Afterwards, the strips were gently removed from the
glass slides and calcined at 350°C for 5 hours with 5°C/min heating rate.

4.2.2. Stability testing
The objective of this research was to verify whether stabilizers currently used in the dissolved form can also
be immobilized. To that end, each tested stabilizer was both present in dissolved form (D) and supported
form (S). The former were prepared by dispersing appropriate amounts of the colloidal solution to give tin
concentrations equal to those for the supported specimens. Due to limited availability of HP, the dissolved
stabilizers were tested with a lower amount of HP (4 mL) and in smaller 5 mL glass vessels, while the sup-
ported stabilizers were tested in larger 20 mL glass vessels, containing 15 mL HP.

Two different blanks were prepared for each series. One blank ("DI") served to validate both the com-
patibility of the deionized water (DI-D) as available at the Delft Aerospace Materials Laboratory (DASML)
and the compatibility of the hard anodized aluminum strips (DI-S). The other blank ("HP") served to investi-
gate the decomposition behavior of HP without additional stabilizers, and to validate the surface effect in HP
decomposition.

The effect of relative surface area is inevitably present in these experiments. Thus, in order to eliminate
this surface effect from the stabilizer research, all samples should have an equal surface to volume ratio (SVR).
Though, the introduction of the aluminum stabilizer strips increases the SVR. To find the prominence of this
surface effect, the HP control samples can be studied. It should be taken into account that even though
the aluminum strips are very pure (>99.5%), alloying elements are still present. Release of these during the
experiments leads to an increased decomposition rate which convolutes with the SVR effect.

Further, since the stabilizers already present in the acquired HP may interact with the tested stabiliz-
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Table 4.1: Sample library for stabilizer tests.

Unstabilized HP Stabilized HP
Supplier Solvay Sigma Aldrich
Concentration 90% 95% 90% 95%

Low Sy-90-L Sy-95-L SA-90-L SA-95-L
Medium Sy-90-M Sy-95-M SA-90-M SA-95-M
High Sy-90-H Sy-95-H SA-90-H SA-95-H
SnCl2 Sy-90-Cl Sy-95-Cl SA-90-Cl SA-95-Cl
Blank DI Sy-90-DI Sy-95-DI SA-90-DI SA-95-DI
Blank HP Sy-90-HP Sy-95-HP SA-90-HP SA-95-HP

ers, two different suppliers of HP were tested: Sigma Aldrich ("SA", currently known as Merck) and Solvay
("Sy"). According to manufacturer specification, Sigma Aldrich HP (Perhydrol 30%) as supplied contains 25
to 30 ppm of PDC stabilizer, on top of many other (undisclosed) stabilizing compounds. Yet, when the HP
is concentrated using the SolvGE RGP to >90%, the PDC concentration increases to over 100 ppm. If this is
compared to the added amounts of Sn (see Table 4.2), it can be clearly seen that it might be difficult to distin-
guish a possible interaction due to the large surplus of PDC in the solution. Solvay HP (Interox 35%) on the
other hand, only contains a limited amount of stabilizers. This HP can thus be used to monitor the possible
interaction between different stabilizers. An overview of the samples can be found in Table 4.1.

4.2.3. Instrument calibration
The lab equipment used is calibrated yearly by an external party and checked regularly by the responsible
technicians. Further, all concentration measurements were determined by a third party with the same analog
refractometer as in section 2.3. The calibration efforts can be found in section D.2. It is important to note here
that this instrument has a read-out uncertainty of 1.1 mpp and a constant error of 1.5 mpp, determined by
cross-calibration with a calibrated digital refractometer.

4.3. Results and discussion
This section will present and discuss the findings with respect to the stabilization of HP. Thereto first the
deviations from the setup as described above will be given and a short background on the manipulations
performed on the concentration data. This is followed by a discussion of the area effect, the compatibility
of the deionized water used for diluting, and the compatibility of the aluminum strips with HP, respectively.
Afterwards, the effect of dissolved and supported stabilizers on the stability of HP will be presented.

4.3.1. Deviations from setup
In this research deviations have been caused by the then ongoing COVID-19 pandemic, which caused poor
availability of chemicals, including HP: the unstabilized Solvay HP was delivered only after a six-month delay,
due to which only limited decomposition data are available.

Further, at the end of this investigation, more stabilizer strips were prepared for reference. It was then
noticed that after calcination the surface of the strips showed signs of cracking, which was also noticed in the
spent stabilizer strips (see Figure 4.10). Most likely, the observed cracks in the oxide layer had formed due
to thermal expansion coefficient mismatch with the aluminum substrate. In addition to cracking, at some
places the oxide layer had completely separated, as was found by microscopic investigations of the spent
stabilizer strips. On its turn, this cracking and detachment of the passivating oxide layer lead to exposure
of the unprotected aluminum, presumably causing the introduction of incompatible metal ions during the
experiments, which increased the decomposition rate.

An additional source of error was introduced by the remote nature of this experiment: both the addition
of HP to the samples and the concentration measurements were conducted by a third party. This lead to
inadequate filling: some SA samples received an amount different from initially planned. All SA-D samples
contained 20% less HP than planned, which caused the stabilizer concentration to increase by 25%. In addi-
tion, the supported SA-S specimens had received too little HP as well. Yet, since the fluid height in the vials
would decrease accordingly, this had little effect on the effective stabilizer concentration. Further, because no
record was kept of the initial amount of HP added, at the end of the experiment the masses from the Solvay
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samples were determined. It was found that at that time deviations of up to 78% in volume were present
with respect to the intended volume. Beside being introduced during the filling, these deviations could also
have arisen during the decomposition experiment itself. Unfortunately, due to the physical separation of the
author from the experiment, no single cause can be pointed out. Therefore, the Solvay data can only be used
with great care.

The incorrect filling of the samples has several consequences. First of all, the changes in the volume of
HP added to the different samples results in a change in the actual stabilizer concentration. The resulting
stabilizer concentrations can be found in Table 4.2; note that for the Solvay samples these concentrations are
only approximate and based on the HP amount after 84 days.

Secondly, the incorrect filling caused a change in the relative surface areas, and thus in the SVR. However,
due to the close relation of surface area with volume, this effect is not strongly visible in the actual SVR values,
which can be found in Table 4.3. It should be noted that with the current SVRs the surface effect is almost
excluded from the stability measurements, assuming that an anodized aluminum surface behaves similarly
to a glass one. Dismally, due to the lower SVR of the pure HP control compared to the DI control, inertness of
the aluminum and overall surface effects remain convoluted.

Table 4.2: Equivalent concentration of the added stabilizer in mg Sn per kg HP solution. N.B. for Solvay (Sy) the concentrations are ap-
proximate, due to the large error in H2O2 volume. *For DI the decrease factor is used, since for the dissolved case only water is added, which
decreases not only the actual HP concentration, but also the effective stabilizer concentration.

Low Medium High Cl DI* HP

SA
90

S 1.85 3.70 14.8 168 - -
D 2.50 5.00 30.0 228 0.997 -

95
S 1.35 2.70 16.2 112 - -
D 2.50 5.00 30.0 251 0.997 -

Sy
90

S 0.58 1.26 9.05 69.9 - -
D 3.23 6.89 39.8 361 0.995 -

95
S 1.68 3.55 21.4 165 - -
D 2.66 5.42 31.7 248 0.995 -

Table 4.3: Surface to volume ratios, including the area of the aluminum strip when applicable. All values have been corrected for the actual
inserted amount of HP.

Low Medium High Cl DI* HP

SA
90

S 2.7 1.9
D 3.0

95
S 2.8 2.1
D 3.0

Sy
90

S 3.4 3.3 3.1 3.1 3.1 3.7
D 3.2 3.2 3.2 3.3 3.2 3.1

95
S 2.7 2.7 2.7 2.7 2.7 2.8
D 3.0 3.1 3.0 3.1 3.1 3.1

4.3.2. Data manipulation and analysis procedures
From theory it is expected that unstabilized HP should decompose exponentially (in the presence of con-
taminants), whereas its stabilization should lead to a more gradual decay and not necessarily an exponential
trend. Nevertheless, the data have been fitted with several functions in order to find the optimal fit, among
which are linear, quadratic and cubic functions and the already mentioned exponential decay. In the process
it was aimed to minimize the number of fitting parameters to avoid overfitting. In the end the exponential
decay function y = y0 + Ae−k∗t proved to the best fit (R2 > 0.92, see section E.3) for the SA dataset. Because
initially all samples had the same concentration, either 90 or 95%, this concentration value was given a double
weight compared to the other values in order to force all trends through the same starting point. Additionally,
the measurement points around 65 days were given a lower weight (0.25), since for a large part of the dataset
this point showed a considerable increase in concentration with respect to either the previous measurement
or the overall trend (up to 3 mpp). These errors might have been introduced due to a series of erroneous
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measurements, or due to insufficient tightening of the sample tubes: due to the relatively higher vapor pres-
sure of water, the contained HP might have concentrated over time. Since the errors were not too large to
consider these datapoints as outliers, and to avoid bias, all relative weights were adjusted accordingly for this
measurement point. Due to the limited amount of datapoints for Solvay HP, no trends could be discerned at
this stage. Instead, only the concentrations will be plotted connected by lines as guide for the eye.

4.3.3. Area and concentration effects
Two questions this research set out to answer are whether an increasing concentration of HP results in in-
creased stability (RQ-STA-1) and whether the relative surface area has an effect on the stability of HP (RQ-
STA-2). To that end we will solely compare the stability data for the pure HP control samples, both with
large (HP-D, SVR ∼2 ) and small (HP-S, SVR ∼3) SVR. The following reasoning will mainly revolve around the
SA dataset, due to the both the large uncertainties associated with the initial SVR values for and the limited
size of the Sy dataset. The development of the concentrations of these samples is plotted in Figure 4.2. For
the Solvay dataset an increase in concentration can be seen for the HP-S sample, as has been touched upon
above.

Figure 4.2: The effect of the SVR in the decomposition of HP. Please note the deviating legend; for clarity black is used for Supported and
yellow for Dissolved samples. In the legend the respective SVR values have been indicated to allow easy comparison.

4.3.3.1. Concentration effect
First of all, no clear concentration effect can be distinguished based on these data in Figure 4.2. When both
SA-HP samples with SVR=3 are compared, the difference after 210 days is still 5 mpp. The low-SVR data
display an inverted concentration effect: the 90% sample has decayed less and is only 2 mpp lower in con-
centration than the 95% sample after 210 days. For Sy-HP, in the case of both SVR=3.1 samples, the initially
95% concentration sample has decreased 4.5 mpp, whereas the 90% sample has degraded 8.5 mpp. Due to
the increasing concentration of the 95-HP-S sample no further conclusions can be drawn from the Solvay
data. Perhaps the effect of a higher concentration does manifest in all samples, but goes unnoticed due to the
large measurement uncertainty present.

4.3.3.2. Area effect
Further, the SA data clearly show an increase in decomposition rate with an increase in relative surface area.
For both SVR 3.0 samples, the initial difference in concentration is maintained at the end, whereas the low-
SVR samples have not decomposed to an equal extent and finally differ only 2 mpp in concentration. It is thus
clear that a higher relative (glass) surface area leads to an increased decomposition rate. This effect is not
visible from the current Solvay data: the effect even appears to be reversed. Though, no definite conclusions
can be drawn from these sparse and erroneous data.

Another factor might explain the supposedly observed area effect: a prominent difference between the
large and small SVR datasets is the glass vessel. Even though they are supposed to be composed of exactly
the same glass, there might be changes in between batches or production methods for the large and small
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vessels. These changes then may lead to e.g. a higher surface smoothness or a higher amount of hydroxylated
surface sites, onto which catalytic contaminations may adsorb (either during manufacturing or during the
experiment). More research should be conducted into this matter to further clarify this issue and its influence
on the results. Yet, at this moment it will be assumed that these manufacturing effects are not noticeable in
the conducted experiment.

Additionally, the trend as visible in Figure 4.2 seems to indicate that the low-SVR 90% sample decomposes
in a different manner compared to the other samples. Yet, there is no reason to expect a different decompo-
sition mechanism; further research should be conducted to verify these results.

4.3.4. Diluting water compatibility
Since all coating solutions were diluted with deionized water, its compatibility with HP needed to be vali-
dated: small amounts of metal contaminants will inevitably remain after deionization of the water. Figure 4.3
shows a comparison in decomposition behavior between SA-90-HP-D and SA-90-DI-D, and SA-95-HP-D and
SA-95-DI-D (all with an SVR equal to 3.0). For SA-90-DI-D, there does not seem to be a negative effect caused
by the addition of 0.4% deionized water, even more, the results seem to indicate that there is a slight positive
effect. Yet, since the difference is both very small (2 mpp) and there is no physical reason for the increased sta-
bility, this difference is considered as measurement error. The addition of deionized water to 95% HP appears
to have a severe effect on its stability: the stability shows a quick initial drop after which its concentrations
stabilizes below that of 90%. This behavior appears more peculiar when the decomposition data are com-
pared with that of the equivalent Solvay samples: these all seem to follow the same decomposition trend as
SA-90-DI-D. Although this experiment does not show such an effect (as was discussed earlier), theoretically
higher concentration HP should be more stable, which is displayed here by the sparse Solvay data.

An observation made near the end of the research may explain the apparent enhanced decomposition by
the SA-95-DI-D sample: DASML lab users would put (cleaned) used sample vials in between the new ones.
That could mean that the increased decomposition rate is caused by contaminants introduced by a previously
used sample vial. Another factor that points to a contamination of the sample vial is that the concentration
drop occurs primarily at the start of the experiment. The presence of organic compounds, such as solvents,
would result in a concentration drop at the start of the experiment, caused by reaction with H2O2. Supporting
evidence for this hypothesis is supplied by shifting the SA-95-DI-D data points upwards by 7.5 mpp (see the
inset in Figure 4.3). The resulting points then lie very closely to the those of SA-95-HP-S: only when time
passes they fall below that curve.

This latter observation might mean that an another or additional effect is at play. Perhaps this effect can
be explained by a metal contamination. Namely, if a catalytic metal ion would be present at the start, it
would require some time for the PDC stabilizer to neutralize it, despite the high concentration of PDC. This
would demonstrate as an initial concentration drop. Further, it must be considered that the metal ion - PDC
interaction, even though it is very strong, is reversible, i.e. the ions can be released at some point in time,
allowing them to react with HP. Hence, when catalytic metal contaminants are present from the start, they
have a destabilizing effect over the entire lifetime, despite the presence of stabilizers. This phenomenon is
most likely occurring in all specimens, yet it might only become noticeable when the contaminant concen-
tration increases, as is supposedly the case for SA-95-DI-D. When the PDC concentration is high with respect
to the metal contaminants, it can be imagined that when an ion is released it will quickly bind to another PDC
molecule, due to which it can barely catalyze HP decomposition. Conversely, when these concentrations are
comparable, the chance of a PDC and contaminant ion randomly meeting is decreased and hence the ion
spends more time freely moving through the solution and decomposing HP.

4.3.5. Aluminum compatibility
Another goal of this research was to investigate the suitability of anodized aluminum as a support for the
TOCs (RQ-STA-3). Thereto Figure 4.4 compares the decomposition behavior of the SA-DI-S samples with the
SA-HP-D samples, which have approximately equal SVRs. It is intriguing that at the end of the experiment SA-
90-DI-S and SA-90-HP-D have approximately equal concentrations, but the temporal trend to these points is
inverted; the same is true for SA-95. Apparently the hard oxidized aluminum strip has a destabilizing effect on
the HP, even though the hard anodizing should have removed virtually all catalytically present elements from
the surface. Even more, where the decomposition of the reference samples stabilizes over time, it accelerates
for HP in contact with passivated aluminum. Three physical phenomena could explain this behavior.

Firstly, inevitably cracks and crevices are present in the Al2O3-layer, through which HP can slowly leach
and reach the base metal, which causes oxidation of metallic aluminum atoms. Oxidizing slightly increases
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Figure 4.3: Comparison of samples containing DI water with control (HP) with comparable SVR, being 3.0 for SA and ∼3.1 for Sy, respec-
tively. For SA-95-DI-D the presence of deionized water seems to negatively influence the stability of HP; this effect is not visible for the SA-90
or Solvay samples. The inset shows the effect of an upwards translation by 7.5 mpp of the SA-95-DI-D data.

Figure 4.4: Comparison of decomposition behavior between HP-D (yellow) and DI-S (black) samples with comparable SVR. Especially for
SA the presence of the aluminum strip seems to have a negative effect. In the legend the relevant SVR values have been indicated.

the size of an aluminum atom: this volume growth will induce stress in the superior oxide layer, which will
ultimately lead to it cracking and flaking off. This is a self-reinforcing effect: because of the flaking off of the
protective oxide layer, more pristine aluminum atoms emerge. Beside removal of the protective layer, this
leaching has another effect. Even though the aluminum consists for >99.5% of aluminum, still 0.5% consists
of metals (mostly iron) that are incompatible with HP. When the base metal is exposed, these alloying ele-
ments can react and dissolve in the bulk solution. Evidence in favor of this theorem is supplied by SEM, as
visible in Figure 4.6a. Instead of forming a flat and uniformly closed layer, an unexposed and untreated an-
odized aluminum strip already shows crack initiation points, in addition to, albeit limited, surface roughness.
It should be recalled that validation experiments conducted after this research showed that crack formation
would take place already during calcination. The effects of prolonged exposure to HP seems to support above
theorem (refer to Figure 4.11): the fault lines become more pronounced and locally the original oxide layer
is largely removed. Unfortunately the used SEM does not allow for height measurements, nor does the sen-
sitivity of the EDX spectrometer suffice to distinguish the low concentrations of the alloying elements on the
exposed surface.

Further, EDX shows measurable fractions of both sulfur and phosphorus on the seemingly unaffected
surface, whereas heavily affected areas only show the presence of sulfur (see Figure 4.6 for representative
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electron micrographs with elemental composition data). The presence of these two compounds can only be
explained by the nature of the hard anodizing process; it is not uncommon to use a combination of sulfuric
and phosphoric acid for anodizing [115], and it is known that these electrolytes are captured in the oxide layer
[13]. Unfortunately the responsible company did not want to share details of their hard anodizing process,
due to which this hypothesis cannot be proven. Additionally, it is commonly known that when either concen-
trated sulfuric acid or phosphoric acid is combined with H2O2 this results in strong etching solutions, which
are commonly used in the semiconductor industry. It might thus be possible that the remnants of the (the-
oretically protecting) hard anodizing process are (partly) responsible for the severe damage to the stabilizer
strip surface. In addition, it must be noted that release of these phosphorus compounds from the oxide layer
is highly undesired, due to their catalyst-poisoning ability.

An alternative explanation for the enhanced decomposition rate of HP when brought in contact with
hard anodized aluminum might be that the Al2O3 serves as a stabilizing layer for the metal contaminants,
effectively working as an ion exchanger for the solution. An important prerequisite for this explanation is
that interaction strength to the metal ions by PDC and alumina is similar. Namely, if the interaction with PDC
would be much stronger, the contaminants would be more stabilized by the PDC over time, and thus their
destabilizing effect should decrease over time. It might then be that the nature of the interaction of PDC and
alumina is different: the former decreases the energy levels of the metal ion to such an extent that it is not
able to catalyze HP decomposition. It might as well be that the interaction with the Al2O3 is of a different
nature, so that it does bind strongly, but does not lower the ion’s energy levels, due to which the metal ion
would remain catalytically active. Dismally, the available analysis equipment does not offer high enough
sensitivity to measure both the presence and the energy levels of metal ions on top of the alumina surface.

Figure 4.5: PDC-O molecule. Note that the apparent
ionic charge on the pyridine oxygen is partially stabi-
lized by resonance.

Another explanation for the differing decomposition trends
might be the nature of the PDC molecule. The (pyridine-group)
nitrogen in PDC is slowly oxidized in concentrated HP [59],
which turns the metal ion coordinating group into an almost
ionically charged oxygen, which can be seen in Figure 4.5. In
absence of the aluminum oxide, this is beneficial for the sta-
bility of HP due to the much stronger interaction with the con-
taminant metal ions. This phenomenon is possibly responsible
for the decrease in decomposition rate of HP, as is observed for
SA-HP-S.

In presence of aluminum oxide, another counterproductive
effect may occur. Pyridine, a molecule with physicochemical
properties similar to PDC, is often used in catalyst research to
probe surface properties. It is known to strongly bind to alumina surfaces already at room temperature. PDC,
due to its larger conjugated π-system, has a higher electron density on the coordinating nitrogen than pyri-
dine. Analogously, PDC should bind even stronger to Al2O3 than pyridine, or concretely: aluminum oxide
might (gradually) remove the PDC stabilizer from the solution, allowing the unstabilized metal ions to de-
compose H2O2 molecules. Furthermore, the oxidized PDC (PDC oxide, or PDCO) should also bind more
strongly to aluminum oxide than both pyridine and PDC, completely removing the (oxidized) PDC stabilizer
from the HP solution, effectively leaving the HP solution unstabilized. SEM-EDX did show definite amounts
of carbon present on all exposed stabilizer strips, both on unaffected and heavily affected areas as is shown
in representative images Figure 4.6b and Figure 4.6d. Unfortunately, neither Raman nor UV-Vis TDR spec-
troscopy possessed a sufficiently high sensitivity to identify the nature of the carbon compound. Therefore it
cannot be concluded that this carbon-based surface deposit is formed by either PDC of PDCO.

4.3.6. Stabilizer effects on the stability of HP
In order to find and compare the stabilizing performance of both the dispersed and the supported TOC sta-
bilizers, three different loadings were tested in this experiment. For the SA samples, their performance is
compared to both uncoated anodized strips (DI-S) and HP-D in Figure 4.7, to exclude surface effects. All
samples in this figure show an increasing stability with an increasing stabilizer loading; for SA-95-S the dif-
ference between the medium and high loading is considerably less prominent, likewise for SA-90-L-D and
SA-90-M-D. Yet, when the decomposition behavior of the stabilized samples is compared with that of the
reference, all series show different behavior. As reference, Figure 4.8 shows the stability data for the Solvay
experiment.
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(a) (b)

(c) (d)

Figure 4.6: Representative electron micrographs of different stabilizer strips. a) SEM image of an untreated anodized aluminum strip.
Clearly visible is the surface roughness, and the crack initiation points (dashed line).
Figure b) - d) show the elemental composition of different places on the surface of treated strips determined by SEM-EDX. The unaffected
areas show presence of sulfur, carbon, nitrogen and tin, while heavily affected areas show comparable quantities of carbon and sulfur. N.B.
for clarity the areas of aluminum and oxygen have been largely omitted. b) A spent strip without coating (SA-95-DI-S) showing the presence
of carbon, sulfur and nitrogen at the unaffected surface, and the absence of nitrogen at the heavily affected area. c) Electron micrograph of
SA-95-H-S showing the higher signal intensity at regions with higher tin content. d) Electron micrograph of SA-90-M-S shows the presence
of tin at unaffected surface and absence at overturned area.
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4.3.6.1. Dissolved stabilizers
This section will describe the effect of dissolved stabilizers on the decomposition stability of HP. First, the
effect of the addition of TOCs will be described. This will be followed by an analysis of the effect that the
addition of tin chloride has on the stability of HP.

Dispersed TOC stabilizers For SA-90-D, an increase in TOC concentration leads to a clear increase in sta-
bility over time when compared to the baseline as is shown in Figure 4.7. Already the addition of the lowest
amount of stabilizers leads to an increase of stability, which over time becomes comparable to that of the
maximum allowed amount of tin oxide (SA-90-M-D). By increasing the concentration of TOCs considerably
(SA-90-H-D), the decomposition is limited to only 5 mpp in over 200 days. Even though this does not prove
that the addition of sodium stannate produces TOCs, these results indicate that TOCs display a clear stabiliz-
ing effect for HP.

The SA-95-D data show a similar trend with respect to stabilizer concentration, but here the difference
between low and medium concentration is more pronounced. Furthermore, the addition of TOCs appears
to negatively influence the HP stability: both low and medium concentration display a higher decomposi-
tion rate than the baseline. When it is considered that more pure HP should be more stable, the comparison
between the former two series is striking: decomposition in all SA-95-D samples is higher than in SA-90-D,
except for SA-90-HP-D and SA-95-HP-D, which both show a 15 mpp decrease over the length of the experi-
ment. When the data are inspected more closely, it can be observed that the largest decrease is over the first
time instant. This leads to think that this initial period is essential to settle the stabilizing performance of
the TOCs. Perhaps the higher water content in the 90% HP is beneficial for proper dispersion of the tin oxide
particles. Alternatively, the higher water content may facilitate in removal of the surfactants present on the
colloid surface that otherwise may inhibit their stabilizing function. Nevertheless, these data show that, in
the presence of these dispersed TOCs, 90% HP is more stable than 95%.

Figure 4.7: Comparison of the effect of the addition of dispersed (top) and supported (bottom) tin oxide stabilizers to Sigma Aldrich HP of
90 and 95%.
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Figure 4.8: Comparison of the effect of the addition of dispersed (top) and supported (bottom) tin oxide stabilizers to Solvay HP of 90 and
95%. Note: for Sy-95-D, medium and HP coincide; similarly for Sy-95-S, DI and High coincide. Also note the different y-scale for Sy-90-S
compared to other graphs.

Dissolved tin chloride stabilizers Already at the start it was noticed that immediately after addition of HP
to the vessels containing SnCl2 gelling would occur. This gelling was expected and can be explained by the
formation of colloidal SnO2. The addition of HP would lead to oxidation of the Sn(II) to Sn(IV); this reaction
consumes H2O2 molecules and thus causes a concentration drop, predominantly in the first time interval.
Yet, if this reaction would form the stabilizing TOCs, these samples should display superior stability over time
compared to the other samples, due to the high initial concentration of SnCl2 (see Table 4.2). The absence
of this effect as displayed in Figure 4.9 might be caused by contaminants present in the SnCl2 precursor.
These contaminants constitute up to 2% of the total weight of the precursor; common contaminants in tin
chloride are iron and silver, which both show high catalytic activity for HP. Unfortunately, the contaminant
concentrations are too low to detect using the available measurement equipment. It might also be that the
enhanced decomposition is caused by still unconverted tin chloride. It is well known that tin chlorides have
a strong interaction with H2O2, among other things they catalyze the polymerization of HP with acetone
[48]. Perhaps in absence of such an organic molecule, the unoxidized tin chloride still interacts with HP. The
comparably large decomposition of the SA-95-Cl-D sample might again be due to involuntary introduction
of contaminants due to the use of a contaminated glass vial.

4.3.6.2. Supported stabilizers
This section will elaborate on the effect of the addition of supported stabilizers to concentrated HP. First the
addition of TOC coated strips will be discussed; this will followed by a discussion of the stabilizing properties
of tin chloride-coated strips.

TOC coated strips For both 90 and 95% HP, the presence of a stabilizer strip seems to have a clear negative
effect, which is much more pronounced for low stabilizer loadings (please refer to Figure 4.7 and Figure 4.8).



4.3. Results and discussion 77

Figure 4.9: Comparison of the effect of the addition of dissolved (top) and supported (bottom) tin chloride stabilizers to HP.

Furthermore, where the dissolved stabilizers overall display a stabilizing trend, decomposition appears unim-
peded or even increasing in the presence of the supported stabilizers. In fact, when the decomposition trend
of the supported stabilizers is compared to that of DI-S (untreated strip; without taking into account the
higher SVR for the dissolved stabilizers), it seems that the presence of the TOCs on the aluminum strip has
a destabilizing effect; only the highest concentration of TOCs appears to nullify the effects of their presence.
Perhaps the earlier posed theory of adsorption of PDC and PDCO can explain this behavior, taking into ac-
count the high surface area of the colloids (in the order of 250 cm2 per strip for high stabilizer loading, assum-
ing 50% area loss on calcination). It is known that pyridine also adsorbs well onto tin oxide surfaces, which
most likely applies to PDC and PDCO too. Then, the lowest loading of TOCs might just be sufficient to immo-
bilize all PDC(O), leaving the solution effectively unstabilized, which would be the case for the low stabilizer
loading. The additional tin oxide sites in the medium and high loadings would then responsible for captur-
ing metal contaminants from the solution. This reasoning might suffice when the aluminum strips were not
so heavily affected by HP as shown in Figure 4.10. It is most likely that this surface damage has resulted in
additional decomposition. Though, this is only apparent from the stability data for the low stabilizer loading.
Perhaps the remaining intact stabilizer surface on the medium and high loading strips is sufficient to remove
the released alloying ions from the solution again and hence counteract this additional decay. It might also be
that the immobilized TOCs are released back in the solution, where they show the same stabilizing behavior
as demonstrated for the dispersed TOCs above.

Due to the large amount of noise introduced by the damaging of the aluminum oxide layer, no direct
comparison can be made in stabilizing performance between the dissolved and supported stabilizers. Fur-
ther, due to the small size of the TOCs (10 - 15 nm) they are not directly visible to the SEM available for this
research. Inspection of the strips with EDX shows that, at least on the unaffected areas of the spent stabilizer
strips, tin is still present, as shown in Figure 4.6. Thus, despite the destructive effect of the HP, the tin oxide
still adheres to the surface of the aluminum strips. Consequently, it can be concluded that the used calcina-
tion temperature and duration are sufficient to immobilize the here used TOCs. Though, overall it is clear
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(a) (b) (c) (d) (e) (f)

Figure 4.10: Comparison of pristine and spent SA-90-S stabilizer strips; evident is the high degree of surface cracking. a) Pristine and
uncoated strip. b) Spent SA-90-DI-S. c) Spent SA-90-L-S. d) Spent SA-90-M-S. e) Spent SA-90-H-S. f) Spent SA-90-Cl-S.

from the electron micrographs that the used anodized aluminum strips are not compatible with the currently
applied calcination process. Most likely, a lower heating and cooling rate will already have a beneficial effect
on the integrity of the oxide layer. Further, considering the fact that the uncalcined anodized strips already
possessed many surface defects, part of the incompatibility may be found in the anodizing process itself.

Tin chloride-coated strips The tin chloride-covered strips show a behavior in between that of the uncoated
strip and that with high TOC loading, as can be deduced from Figure 4.9 and Figure 4.7. At first glance this
may be considered as good stabilizing performance. Though, it should be considered that the Cl-S specimens
have not degraded as much as any of the other stabilizer strips, as is evident from Figure 4.10 and Figure 4.11.
That means that the Cl-S measurements suffer comparatively less from the effects of aluminum deterioration
and its accompanying effect on decomposition. Ergo, these measurements are (presumably) primarily show-
ing the effect of increased SVR, the (possible) stabilizing effect of tin oxide, and the compatibility of the SnCl2
precursor. This phenomenon can be explained by the unusual case that the tin chloride coating solution has
remained almost completely dispersed during drying: small holes and cracks in the Al2O3 would hence be
mostly filled with a thin layer of tin salt, which after calcination has been converted to tin oxide. During ex-
posure to HP, H2O2 molecules might still leach into the few remaining holes and initiate cracking, though at
a comparatively smaller pace. If this was the only factor of influence on HP decomposition, the Cl-S samples
should display superior stability, at least in comparison with the uncoated strips. The higher decomposition
rate with respect to DI-S is perhaps caused by contaminations in the SnCl2 precursor, as was the case for
the case for the dissolved tin chloride samples. Another explanation might be that the calcination temper-
ature was not high enough to fully convert the precursor to SnO2. And, as was already mentioned earlier,
unconverted tin chloride might accelerate decomposition. Possibly therefore other researchers that use tin
chloride precursors to synthesize porous tin oxide structures calcine at a higher temperature (e.g. 600°C [92]).
In this research a lower calcination temperature was chosen, because these high temperatures not only are
approaching the melting point of aluminum, but also may cause even more elaborate rupture of the surface
oxide layer. One final justification for the behavior might be that all tin chloride is converted to tin oxide, but
that the electronic properties of the tin ions are modified due to the close interaction with Al2O3. This could
then have lead to such interaction with dissolved metal contaminants that these are bonded stronger to the
tin oxide than to the PDC, while not negatively influencing the catalytic behavior of these metals, leaving
them unhindered to decompose HP.
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(a) (b)

(c) (d)

Figure 4.11: Representative electron micrographs of spent SA-90-S. a) Relatively unaffected area of spent SA-90-L-S. b) Heavily affected
area of spent SA-90-L-S. c), d) Typical topography of spent SA-90-Cl-S. Clearly visible is the difference in topology between low colloidal
surface loading and tin chloride.
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4.4. Conclusion
In the above it was shown that a higher surface-to-volume ratio correlates with a higher HP decomposition
rate. Though, more evidence should be gathered to separate the possible surface properties of the used ves-
sels from the surface effect. Additionally, it was demonstrated that the available DI water does not influence
the stability of HP. From the current data, the concentration effect in HP stability cannot be proven. Even
more, when all data are considered, a higher concentration of HP seems to result in an enhanced decompo-
sition rate.

Further, it was shown that the addition of dispersed TOCs positively increases the stability of HP; though,
relatively large amounts are required. Conversely, adding SnCl2 does not inhibit the decomposition of HP.
This is attributed to the present contaminants in the SnCl2 precursor, which presumably cause enhanced
decomposition.

Further, it was shown that the here tested stabilizers may be a viable means to stabilize HP. Firstly, the
used calcination conditions proved sufficient for anchoring the TOCs. Secondly, immobilizing the TOCs did
not remove their stabilizing capacity. Additionally, it was shown that the stability of HP increases with the
TOC loading of the stabilizer strips. Unfortunately, all used hard anodized aluminum 1050 strips experienced
severe degradation over time, which resulted in accelerated HP decomposition. This incompatibility is pre-
sumably caused by the anodizing process, while it was intensified by the calcination process. The application
of a layer of SnCl2 decreased the extent of this degradation. In this realm it was hypothesized that one of the
stabilizers present in Sigma Aldrich HP (PDC, and its derivative PDCO) is at least partially responsible for the
relatively poor performance of the supported stabilizers, due to removal from the solution by both aluminum
and tin oxide.

To conclude this section, at this time none of the requirements posed on this research can be verified.
Specifically, REQ-STA-1 cannot be fulfilled, due to the higher relative decomposition as shown by all mechan-
ically stabilized samples. On the hand hand, the validation of REQ-STA-2 is impeded by the sparsely available
knowledge on the stabilizers present in both tested types of HP, in addition to the earlier mentioned factors.
On the other hand, the validation is hindered by the little and erratic data resulting from the Solvay stability
tests. REQ-STA-3 cannot be verified either. Exposure of the stabilizer strips to HP resulted in clear surface
degradation, which consequently lead to release of catalyst-poisoning phosphorus compounds, which have
been introduced during the anodizing process. The additional release of aluminum oxide and tin oxide is
equally undesired, since these compounds can potentially clog e.g. injection systems. Lastly, REQ-STA-4
can only be validated at a later development stage of these stabilizers; though, it can be assumed that the
proposed design will not affect other propulsion system elements.

4.5. Recommendations
This section will supply the reader with possible improvements and recommendations for future research.
These recommendations have been split into different categories as can be found below.

4.5.1. General research improvements
A large deficit in this research is the fact that all samples are available for testing only once. Individual devi-
ations hence severely affect the reliability of the results and thus this entire research. Each sample should be
prepared at least in triplo, due to the many potential sources of error.

As discussed above, at this time the surface effect in HP decomposition cannot be proven with certainty,
due to the different glass vessels used. This influence of the different vials and the area effect can be investi-
gated by submersion of a glass slide with known composition and dimensions in both vessels. In this manner,
the size effect should arise in both the large and small vessels.

One of the goals of this research was to find whether different types of stabilizers would interact with each
other. Solvay HP (containing little stabilizer) was essential to achieve this goal. Unfortunately, not only did
the COVID-19 pandemic lead to significant delay in its delivery, improper filling (and no ab initio knowledge
hereof) lead to a small and erroneous dataset.

4.5.2. Concentration uncertainties
The many present sources of error give rise to large uncertainties, which can not be quantified at this stage.
As had already been discussed above, concentrations of HP sometimes (seem to) increase over time. This
may be caused by inaccurate measurements: cross-correlation with a calibrated digital refractometer (see
section D.2) showed that the error induced by the analog refractometer is larger than that of the digital one.
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Future research would benefit from the increased accuracy of the latter. Inconsistently closed storage ves-
sels might be another source of error: due to the relatively low vapor pressure of HP the solutions concen-
trate naturally over time. Future research can exclude this from the test by using (tightly closed) lids with a
venting membrane or replacing the lids with appropriate rubber stoppers. Explosion risks would hence be
eliminated, while all samples would be vented comparably, and thus not experience natural concentration
increase over time. A second measure to eliminate the effects of evaporation from the research is by also
monitoring the weight of each sample over time, together with that of comparable vials filled with deionized
water as a reference. Further, as was noticed at a late stage of this research, lab habits as displayed in the Delft
AeroSpace Materials Laboratory are poor. Previously used vessels are cleaned and put back in the storage
cabinet indistinctively in between the new vessels. Hence, some of the testing tubes may have contained pre-
viously introduced contaminants, influencing the acquired stability results. Additionally, trace metals could
remain in the vessels as a result of manufacturing processes. Both processes could be resolved simultaneously
by sequentially pre-exposing the storage vessels with high concentration stabilizer (to adsorb metal ions) and
ultra pure HP solutions (to oxidize organic impurities), preferably multiple times and for extended periods of
time. In this manner both trace metal and organic contaminants would be removed from the vessels, while
not introducing new contaminants.

4.5.3. Stabilizers
Since this research cannot provide evidence for the formation of colloidal tin oxide upon dissolution of
sodium stannate, future research should look further into this matter. A solution of aforementioned stan-
nate in concentrated HP could be analyzed with transmission electron microscopy (TEM) not only to verify
the presence of these colloids, but also to determine their size and crystal structure. These data could vali-
date the comparison with the here used colloidal tin oxides. Further, TEM could also be used to monitor the
changes occurring upon calcination of TOCs when these are suspended on an anodized aluminum TEM grid.

Unfortunately no exact information with respect to the mass loading of the supported stabilizers could
be gathered. This had to do with several reasons, of which the most important one is the lack of appropriate
laboratory equipment: no accurate enough scale was present to measure the mass difference on the strips.
This was further hampered by the fact that the highest concentration of colloids was only 2.5 wt.%, which
on its turn means that with 50 µL deposited solution only 1.25 mg colloids would have been deposited. Yet,
for future applications these mass loadings are important, not only for predictive purposes but also from an
economic point of view.

Further, after the stability experiments had been conducted, it was found that the pristine oxide layer
already displayed measurable defects, while one of the goals of hard anodizing was to create a thick and
impenetrable oxide layer. Future research should further investigate surface finishing techniques in order
to create an almost perfect aluminum oxide layer, and hence prevent the considerable damage to both the
oxide layer and the underlying aluminum. Perhaps extensive surface etching or polishing prior to hard an-
odizing could already improve these shortcomings. In addition, the anodizing should be carried out without
phosphoric acid to increase the compatibility of the stabilizer strips with a potential catalytic ignition system.

Furthermore, future research should monitor the surface topography of the supported stabilizer strips
at more stages during the research with SEM, instead of merely afterwards. In addition, the research would
benefit from a SEM (and accompanying EDX spectrograph) with higher sensitivity and resolution. The used
SEM could only clearly distinguish features with a minimum resolution of around 100 nm, whereas the de-
posited colloids are about one order smaller. Hence, at this moment it cannot be verified that the tin oxide
has remained finely dispersed during all stages of the experiment.

More practical though, when the dispersion of the deposited TOCs can be observed, it is advisable to
investigate the effect of both higher coating concentrations and multiple coating applications. In addition
the effect of calcination conditions should be investigated. This would show how many coating applications
would be necessary to fully cover the aluminum surface with the tin oxide stabilizer. Finally, the difference
in stabilizing performance between SnCl2 and SnCl4 should be looked into, since the oxidation may not be
carried out to completion. As was postulated above, this conversion may have an influence on the stability of
the HP or the aluminum.





5
Conclusion

This research has taken important steps to take away the barriers that currently hinder the implementation
of hydrogen peroxide (HP) in space propulsion.

Purification of propellant-grade H2O2
The first part of this thesis research set out to improve the production process as is being developed by SolvGE.
Even though the conducted investigations have not resulted in a final design solution, much knowledge was
gathered that contributed and contributes to the improvement of their HP purification process. Concretely,
this research has successfully recovered elevated concentration HP from the waste stream of SolvGE’s RGP;
due to the limited amounts of recuperated HP no analyses could be conducted on the contaminant concen-
trations. It was clear that the recuperation process conditions influenced the concentration of the obtained
HP (RQ-CND-1).

Support effect on the decomposition of H2O2 over MnOx catalysts
First of all, this research has successfully shown that drop-testing is a suitable method to characterize catalytic
performance of supported catalysts, as was demonstrated here with concentrated HP (RQ-CAT-2). Further-
more, several sintered MnOx-based catalysts were prepared and tested. Activity testing showed that only the
catalysts based on γ-alumina (yAl) and YSZ possessed sufficient reactivity with >87% HP. Further, based on
thermodynamic calculations and chemical characterization, the active site of the alumina-based catalyst was
shown to consist of Mn3O4. For YSZ, the former predicted the formation of catalytically inactive MnO, while
the latter was not able to discern any MnOx. Though, the formation of MnO in YSZ is not likely, judging by
the displayed catalytic performance (RQ-CAT-1-1). Further, it was demonstrated that the presence of MnOx
during calcination led to a decrease of the phase transition temperature for yAl, whereas no phase transition
could be observed for YSZ (RQ-CAT-1-2). Open reactor testing showed that neither of these two catalysts
would be deactivated, not even after the addition of over 300 drops of 87% HP. Yet, the YSZ catalyst showed
slight physical degradation, which was merely manifested in a mass decrease of 0.4%; this could not be de-
termined for the yAl catalysts due to their higher brittleness. During semi-open reactor testing both catalysts
were quickly (but temporarily) deactivated by flooding with product water (RQ-CAT-1-3). A more advanced
reactor can prevent the accumulation of reaction products, and increase the practical relevance of drop-
testing experiments (RQ-CAT-2). Furthermore, from open reactor testing with 98% HP it can be concluded
that the yAl catalyst is sufficiently reactive to potentially induce hypergolicity with ethanol (RQ-CAT-3).

Stabilizing propellant-grade H2O2
The research into the stabilizing of HP provided interesting conclusions. First of all, no explicit difference
in stability was found between 90 and 95% HP (RQ-STA-1). Another effect that is known to influence the
stability of HP, the surface-to-volume ratio, was noticed and shown to have a negative effect on the stability of
HP (RQ-STA-2). Further, it was shown that the tin oxide stabilizers had adhered to the aluminum throughout
the exposure to concentrated HP. Hence it was shown that hard anodizing is a suitable process to enable
supporting of tin oxide stabilizers on aluminum (RQ-STA-3). Though, the combination of anodizing and
calcination conditions used here resulted in severe deterioration of the oxide layer; this can presumably be
mitigated by optimizing of the process conditions. Additionally, the results indicate that increased loadings of
immobilized colloidal tin oxide improve the stability of HP, although this effect is much less than for dispersed
colloidal tin oxide (RQ-STA-4): higher loadings are thus required. Finally, it was hypothesized that the (only
disclosed) stabilizer present in Sigma Aldrich HP is removed from the solution by the colloidal tin oxide, both
in its dispersed and immobilized form (RQ-STA-5). Though, this cannot be confirmed due to the lack of
sensitive (chemical) analysis equipment and suitable reference stability data.
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Recommendations

Unfortunately the available time for this research is restricted. Therefore only a selected number of aspects
could be tested. This chapter will supply the reader with concrete directions for further research.

Purification of propellant-grade H2O2
The research as presented here produced a predictive model for condenser design. This model should be
adapted to include i.a. more advanced flow phenomena and geometries to increase the predictive value
of the model. Additionally, based on promising early results obtained with the direct impact condenser, this
should be subject to further research. Since the carried out investigation was not able to measure the impurity
content in HP, further research should also investigate the effect of evaporation and condensation on the
product purity.

Support effect on the decomposition of H2O2 over MnOx catalysts
First of all, because of time limitations this research could not produce a functional platinum catalyst, em-
bedded in a so-called metal oxide perovskite matrix (see chapter C). Due to its promising reported high
temperature catalytic behavior (e.g. [62]), and thus its possibly high suitability for use in HP rocket engines,
more research effort should be dedicated to its development.

Further, the catalysts that are the main topic of discussion should be subjected to extensive spectroscopic
investigation in order to determine the nature of their active phase. This will not only allow targeted improve-
ments in the catalyst design, but also add important knowledge to the body of science in this amply explored
field of high temperature catalysis.

And, as has been pointed out earlier, results from drop-testing as implemented in this research have low
correlation to real life performance, but will still be vital for a basic understanding of the catalytic system
at hand. Beside testing in a small scale engine, it is also possible to adapt the drop-testing reactor to i.a.
accompany for the outflow of reaction products and reduce environmental heat dissipation. This would not
only improve the quality and reproducibility of the results, but additionally increase the correspondence with
combustion chamber performance. In addition, an improved reactor design would enable extended lifetime
testing, and hence show currently invisible deactivation effects. The adapted setup could ultimately result
in the establishment of a novel technique to reliably predict real-world performance of combustion catalysts
based on relatively simple laboratory testing.

In addition, due to time constraints, this research was not able to investigate the induced hypergolicity of
HP with ethanol. As this topic is of high relevance for industry, further research should aim to achieve this
hypergolicity. It is expected that the proposed changes to the drop-test setup would enhance the probability
of hypergolic ignition.

Stabilizing propellant-grade H2O2
Further investigations should look into the optimal anodizing process parameters in order to generate a per-
fectly flat and continuous oxide layer, without the use of phosphoric acid. Namely, it has been explained that
the anodizing and calcination process conditions have most likely resulted in the observed deterioration of
the aluminum strips. In addition, the calcination conditions should be chosen such that no cracking will
occur; most likely this can be brought about by decreasing the heating and cooling rate of the calcination
process.

Additionally, the effect of further increasing tin oxide surface loadings should be investigated, due to the
associated shown higher stability of HP with respect to absence of these coatings. It is very well possible that
even higher loadings of tin oxide will have a distinct positive effect on the stability of HP, and thus result in
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a "solid-state" stabilizer. When these future experiments would also be coupled with sensitive spectroscopic
methods, the physicochemical degradation of the stabilizers can be monitored over time, on its turn easing
further improvements.
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A
Hydrogen peroxide properties

Table A-1: All conditions are given for anhydrous hydrogen peroxide at 298K and atmospheric conditions, unless otherwise indicated; o at
293K; ‡ at 7MPa chamber pressure, † over 50°C supercooling possible [51].

Molar mass Mw g/mol 34.018 [109]
Heat of formation ∆0

f H kJ/mol -187.80

kJ/kg -5520.6
Reduction potential ∆V V 1.776 [128, pp. D-158]
Acidity pKa - 11.75 o [33, 51]
Dipole moment m D 2.26 (water 1.8546) [109]
Dielectric constant εr - 60(water 80.2o) [109, 128]

Heat of reaction (liquid state) ∆0
r H kJ/mol 98.20 [33]

kJ/kg 2888
Heat of reaction (gaseous state) ∆0

r H kJ/mol 105.26 [33]
kJ/kg 3094

Decomposition activation energy Ea kJ/mol 188-230 [42]
(auto-thermal) kJ/kg 5526-6761

Auto-ignition temperature Tauto °C >400 [49]
Decomposition activation energy Ea kJ/mol 30-50 [42, 93]

(catalyzed) kJ/kg 881.9-1470
Decomposition temperature Tdec °C 1000 [22, 108]

Density ρ kg/L 1.4425 [30, 33, 128]
Volume coefficient of thermal expansion β 10−6 1/K 750.2 [30]

Solidification point Ts °C -0.43 † [30, 109, 128]
Boiling point Tb °C 150.0 [30]
Specific heat, liquid Cp J/kg/K 2629 [33]
Specific heat, gas Cp J/kg/K 1352 [33]
Heat of vaporization ∆0

vap H kJ/mol 51.61 [33]
kJ/kg 1517

Vapor pressure p0 Pa 660 [109]
Surface tension γl g N/m 80.4o [109]

Specific impulse Isp s 165 ‡ [34, pp. 183]
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B
Rocket theory

The following is based on the book Rocket Propulsion Elements by G.P. Sutton [117].
Simply put, rocket engines operate by mass expulsion. The required energy is stored in the propellants,

either in physical (pressure) or chemical form. In chemical systems, the energy is stored in molecules and is
released by combustion, whereas for e.g. pressure-based systems it is readily available. The available energy
is then transformed in the rocket motor’s nozzle by expanding and accelerating the exhaust gasses to high
velocities, and hence generating a high impulse. A common factor that to compare different propellants and
rocket motor designs is the mass-normalized specific impulse (Isp,m , or in usually in short: Isp ), which is
defined as

Isp,m = F

ṁg0
(B-1)

Here, F represents the thrust (N), ṁ the mass flow through the nozzle (kg/s) and g0 the gravitational accelera-
tion at sea level (m/s). It can be easily understood that, when assuming a constant mass flow, a higher specific
impulse implies a higher thrust per mass of propellant. In addition to the mass-normalized specific impulse,
also sometimes the density-based Isp is used, Isp,ρ . This can be calculated from the mass-normalized spe-
cific impulse by multiplication with the (stored) specific density of the propellant mixture. A higher Isp,ρ thus
indicates that for an equal total delivered impulse less propellant volume is required. This means that the
storage tanks on board of the spacecraft can be smaller, which not only reduces the total system size, but also
its mass.

The thrust itself then depends on many factors, for instance combustion chamber temperature and pres-
sure, average exhaust gas composition and nozzle geometry. The simplest definition for thrust is given below,
while neglecting the effects of under- and overexpansion.

F = ṁIsp g0 = ṁUe f f ≈ ṁUexi t (B-2)

From this formula it is clear that the exit velocity of the nozzle Uexi t (m/s) has a large effect on the thrust
generation. It can be split up in a part independent of the nozzle geometry (Ul i m , the limit velocity) and the
nozzle expansion factor. The limit velocity is largely determined by exhaust gas properties (the specific heat
ratio γ and their molecular weight Mw in g/mol), but is also heavily dependent on the combustion cham-
ber temperature Tc (K). Finally, the total exhaust velocity can be calculated from the limit velocity and the
pressure inside the combustion chamber (Pchamber in Pa) and at the nozzle exit (Pexi t ).

Ul i m =
√

2
γ

γ−1

RA

Mw
Tc (B-3)

Uexi t =Ul i m

√√√√
1−

(
Pexi t

Pchamber

) γ−1
γ

(B-4)

Close inspection of Equation B-3 learns that the limit velocity increases when the exhaust gasses have a lower
molecular weight. Concretely, light combustion products will result in higher rocket performance. Addition-
ally, Equation B-4 shows that performance can be improved as well when the chamber pressure is increased.
Alternatively, this chamber pressure can be converted to combustion chamber temperature with the isen-
tropic relations. In practice this means that, while keeping the same performance, the chamber temperature
can be lowered if the exhaust gas composition is lowered accordingly. A stoichiometrically operating HP -
ethanol engine would merely produce water and CO2; when the engine would be operated lean, the exhaust
will contain more O2 resulting from HP decomposition. It is obvious that a larger concentration of O2 in the
exhaust gas will lower its average mass, hence increasing the limit velocity, and thus performance. Simul-
taneously though, running lean will generally lead to a lower combustion temperature, which is beneficial
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for propulsion system design from a thermomechanical point of view. Yet, it should be considered that lean
operation of the engine results in large amounts of high temperature, and thus highly reactive oxygen. This
means that there is a higher need for oxygen-resistant materials.



C
Metal oxide perovskite catalysts

A support that has a stronger interaction than conventional metal oxide supports with the catalytic phase
is essential to the success of HP in space propulsion. Many materials have been investigated over the years
for their support interaction with Mn and Pt active phases, primarily in industry for instance for automotive
catalytic converters. A class of materials that has recently attracted increased interest are metal oxide per-
ovskites (MOPs). MOPs are a structure group of minerals consisting of at least two different cations and oxide
ions with general formula ABO3. Here A can be a lanthanide or an alkaline Earth metal ion, whereas the (usu-
ally smaller) B is generally a transition metal cation. Both A and B can also be composed of multiple different
ions, e.g. X% of A1 and 100-X% of A2. The catalytic performance and stability of the MOP can be tuned by
meticulous choice of the A and B species.

Metal oxide perovskitic materials have been the subject of elaborate research efforts. As an example, some
MOPs investigated for use in solid oxide fuel cells have proven to be functional at temperatures over 1000°C
for 1000 hours, while continuously exposed to an oxygen atmosphere [26, 103]. Other MOPs have been tested
for catalytic conversion of HP with mixed results [69, 79, 113, 131]. Due to the additional degrees of freedom
in the composition of a MOP catalyst when compared to single metal (oxide) catalysts, optimization of MOP
catalytic performance is very challenging. The high stability of these MOPs can also be exploited in another
manner: they can serve as a stabilizing support for catalytically active NPs [45]. Certain compositions of MOP
can show poor compatibility with NPs on the first sight: Nishihata and coworkers noticed that under oxidative
atmosphere palladium NPs would disappear from the surface of the MOP. Yet, when the catalyst was exposed
to a reductive atmosphere the nanoparticles would re-form on the surface, i.e. they had not been stripped
of the support. This process is illustrated in Figure C-1. Moreover, it was shown that the metal particles
would instead atomically dissolve in the support material while being exposed to oxidative conditions [76,
87, 118]. Later research on these regenerative MOPs (ReMOPs) demonstrated both the exceptionally high
thermal and long-term stability of this process, without having an impact on the catalytic performance of the
NPs [88]. Kothari and coworkers showed that this regenerative behavior was not limited to palladium, but
could also be noticed for platinum-based catalysts, without affecting the catalyst’s thermal performance [62].
Unfortunately, at this time no research was conducted to investigate the catalytic activity of these platinum-
based ReMOPs with HP.

Therefore, because of the promising behavior of these ReMOPs, such a platinum-containing ReMOP
(LCT(Pt), or La0.4Ca0.3925Ba0.0075Ti0.995Pt0.005O3 from Kothari et al. [62]) was synthesized in this research in
order to verify its reactivity with HP. Due to the proven stability of this catalyst under harsh conditions (no
degradation for 350 hours under continuous airflow of 800°C [62]), it was expected that this catalyst mate-
rial would offer good long-term performance in the catalytic decomposition of concentrated HP. Preparation
details of this catalyst can be found in subsection D.1.1 and characterization efforts can be found in subsec-
tion E.2.1.
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Figure C-1: Schematic representation of the exsolution process. When the catalyst is exposed to ethanol (left), oxygen ions from the crystal
lattice are liberated to oxidize the ethanol molecule to water and CO2. Simultaneously, because of the resulting lattice instability, the
platinum ions are exsolved from the crystal lattice and reduced to atomic platinum, which forms NPs on the surface. The opposite happens
under an oxidizing atmosphere (right): the platinum atoms react with the present oxygen and both the platinum and oxygen ions are
dissolved in the crystal lattice.



D
Materials and methods

This chapter will first describe the efforts made to synthesize the catalysts as used during decomposition
testing, as described in chapter 3. In addition, it will present the checklists used during testing and a flow
diagram of the testing procedure. Then, it will touch upon the methods of calibration for the instruments
used during the diverse measurements.

D.1. Support effect on the decomposition of H2O2 over MnOx catalysts
This section will supply the methodology related to the synthesis and testing of the various catalysts in this
research.

D.1.1. LCT(Pt) synthesis
For synthesis of the LCT(Pt) catalyst, all precursors were dried at 300°C; La2O3 was prepared by decomposing
La2(CO3)3 in air in a muffle oven at 750°C for 4 hours, followed by 9 hours calcination at 800°C with a heating
rate of 8°C per minute. BaCO3 (Alfa Aesar, 99%) and PtO2 (Sigma Aldrich, 99%) were mixed in appropriate
amounts, and heated in a muffle oven to 1000°C for 12 hours with a heating rate of 5°C per minute to form
Ba3Pt2O7. It was found that standard crucibles were heavily affected by the BaCO3. Thereto a quartz crucible
was coated with a BaCO3-water paste and calcined (8 hours at 1100°C); this was used for further synthesis of
Ba3Pt2O7. It is important to note that the BaO from the liner might also react with the PtO2, hence possibly
changing the stoichiometry of the barium platinate.

Consequently, La0.4Ca0.3925Ba0.0075Ti0.995Pt0.005O3 (0.577 wt.% Pt), or LCT(Pt), was synthesized by mixing
the appropriate amounts of La2O3, CaCO3, Ba3Pt2O7 and TiO2 in acetone. In addition, 1.4 wt.% of polyester
dispersant (Croda KD-1 Hypermer) was added. The dispersion was sonicated for 2 hours. The acetone was
removed using centrifugation (3500 rpm, 3 minutes), and the samples were dried at 120°C prior to calcination.
Different calcination conditions were tested; the best results were given by a two-step calcination in pure
oxygen (20 mL/min). After the first calcination (1000°C, 12 hours) the powder was crushed and sonicated
in acetone for two hours; the conversion to LCT(Pt) was complete after the second calcination (24 hours at
1150°C).

Then it was attempted to reduce the catalyst and hence exsolve the platinum by reduction with H2.
Thereto 250 mg of LCT(Pt) was heated to 250°C (with 5°C/min ramp rate) for 2 hours in a 50 vol-% hydrogen
atmosphere, balanced with N2 to 100 mL/min. After cooling, the sample was partially passivated by exposure
to air (100 mL/min, 30 minutes). Since this proved not to be sufficient to exsolve the platinum, another ap-
proach was attempted. Based on the successful reduction of a similar catalyst (La3Fe2O(Pt)), it was attempted
to perform reduction of 250 mg of LCT(Pt) with a stronger reductant, CO (10% in nitrogen, balanced to 150
mL/min), at 500°C for 5 hours (with heating and cooling rate of 2°C/min). Yet, even with this strong reductant
no metallic platinum could be found.

D.1.2. Manganese dioxide on YSZ synthesis
For the preparation of MnO2 on YSZ (Mn/YSZ, 10 wt.% MnO2) the protocol from Bonifacio and coworkers
was followed [7–9]. The YSZ support was coated with manganese dihydroxide using deposition precipitation,
which was subsequently calcined to the active phase, manganese oxide.

The synthesis was carried out by dissolution of manganese(II) acetate tetrahydate (Sigma Aldrich, 99%)
in DI water to give a 0.23 M solution. The solution was heated to 45°C while being stirred and kept at this
temperature for one hour. Then YSZ powder (Alfa Aesar, 99%) was added while stirring giving an opaque
white solution; using a syringe pump, 1.0 mL of 24% ammonia was added in an hour. The addition of the
ammonia caused the formation of a dark layer on top and a beige layer at the bottom with a brown layer in
between. The solution was centrifuged (2500 rpm, 3 minutes) and washed with distilled water three times.
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Afterwards the powder was dried overnight at 120°C. The catalyst was calcined in air (10 mL/min) in a quartz
crucible at 500°C, with a heating and cooling rate of 10°C/min.

D.1.3. Support development
Initially, 20-30 mg Mn/YSZ was pressed into pellets with 400 MPa pressure into 1/2 inch diameter discs. Ad-
ditionally, two pellet were pressed with 219 mg of Mn/YSZ with 800 MPa pressure; one of these was calcined
at 600°C for 2 hours. Testing with 87% HP showed that the mechanical integrity of these pellets was too low.

To that end, different supports and support types were tried, which were coated by dropcasting. The
dropcasting was carried out by sonicating a mixture of Mn/YSZ and ethanol until a stable dispersion was
formed. This was then applied dropwise to the surface, only adding the next droplet when all previously
applied ethanol had evaporated. Afterwards, the coated support would be calcined (600°C, for 2 hours with
10°C/min heating and cooling rate). Fused alumina, YSZ, silica and silicon surfaces were thus coated with
Mn/YSZ, giving a total catalyst loading of 3 mg per cm2. Before application of the Mn/YSZ onto the YSZ slide,
it was first etched for 5 days in concentrated phosphoric acid to increase adhesion, following Lobhauer et al.
[77]

It was verified that dropcasting of Mn/YSZ had no effect on the decomposition of HP by treating an inert
borosilicate glass surface.

D.1.3.1. Washcoating
Washcoats were prepared and applied to alumina following the method by Yinyan for SiO2 [132]. Thereto
one part nanoparticulate silica (Davicat SI 1302, mean particle size 14.5 nm) was mixed with six parts water
and sonicated until an uniform gel was formed, which was consequently applied onto the alumina slides. A
thick layer would be formed due to the high viscosity of the gel. Since this was undesired, it was partially
wiped off of the surface using a razor; blowing with compressed air or spincoating would remove either too
much or too little of the gel. Other washcoating materials were prepared similarly, being TiO2 (Aeroxide P25,
Dagussa) and YSZ (Alfa Aesar). After deposition of the washcoats, the samples were left to dry overnight
at 80°C. Afterwards, they were calcined at 1100°C for 6 hours (5°C/min heating rate). Subsequently, part of
the washcoated alumina supports was coated with Mn/YSZ as described above to give catalyst loadings of 5
mg per cm2. The remaining washcoated supports were loaded with MnOx using deposition precipitation as
elaborated upon in subsection D.1.2.
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D.1.4. Chemical list

Table D-1: Summary of all chemicals used during the catalytic synthesis. All chemicals have 99% purity unless otherwise indicated.
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D.1.5. Test checklists

Table D-2: Pre-testing procedures

# Action Check
1 Characterize the sample using XRD (powder diffraction) to validate material

composition
ä

2 Characterize the sample using UV-Vis and Raman spectroscopy ä
3 Use SEM to validate topography ä
4 Carry out EDX to validate material composition ä

All tests complete? ä

Table D-3: Pre-testing precautionary procedures

# Action Check
0 Work in a well ventilated area to prevent build-up of H2O2 fumes ä
0 Use only compatible materials, such as pure aluminum, stainless steel, sili-

cone, borosilicate glass
ä

1 Clean workspace of unnecessary items/equipment. ä
2 Cover workspace with aluminum foil to prevent damage or ignition in case

of undesired contact
ä

3 Clean all materials meticulously with DI water to remove contaminants. Fi-
nally rinse with HP to remove remaining contaminants.

ä

4 Clear area of people. ä

Area safe? ä

Table D-4: Testing procedures

# Action Check
1 Measure and adjust the initial HP concentration ä
2a Load the syringe with HP ä
2b Adjust the flow rate to 2.4 mL/h, or equivalently 1 drop per 10 seconds ä
2c Flush the HP system into a thoroughly cleaned receptacle ä
3 Put the catalyst pellet in the center of the receptacle; take care to properly

align the pellet with the HP outflow
ä

4 Start data-logging (thermocouples and camera) ä
5 Check whether data is recording ä
6 Start dropping of HP ä
7 When the dropping has stopped, stop the data-logging. ä
7a Wait 2 minutes for the reaction to stop and the materials to cool down ä
8 Visually inspect the catalyst for changes ä
9 Remove the pellet from the receptacle and put in a closed container for fur-

ther analysis.
ä

10 Measure the final HP concentration in the syringe to check for degradation
effects during the testing.

ä

Testing complete? ä
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Table D-5: Post-testing analyses

# Action Check
1 Visually inspect the catalyst for changes. ä
2 Characterize the sample using XRD to validate material composition. ä
3 Characterize the sample using UV-Vis and Raman spectroscopy. ä
4 Use SEM to validate topographic stability. ä
5 Carry out EDX to validate material composition. ä

All characterization conducted? ä
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D.1.6. Test flow representation
This section will represent the flowcharts that represent the logic flow during the reactivity testing.

Figure D-1: Functional flow representation of safety precautions as taken during the experiments.
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Figure D-2: Functional flow representation of the testing.
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D.2. Calibration
This section summarizes all the calibration efforts that have been carried out over the course of this research.
Standard laboratory equipment, such as scales, are yearly calibrated by an external party. The same applies to
analysis equipment, such as the XRD and Raman spectrometer. In addition, these are inspected on a regular
basis by the responsible technicians. Further, reference data were used to validate the obtained results from
the Crystallography Open Database [41] or the RRUFF Project [64].

Some of the used sensors however need user calibration: thermocouples (subsection D.2.1), refractome-
ters (subsection D.2.2), the anemometer (subsection D.2.3) and the syringe pumps.

D.2.1. Thermocouple calibration
During the condensation experiments, two thermometers have been used. One thermocouple was attached
to the power controller, while the other was attached to a handheld digital thermometer unit. The latter unit
is calibrated yearly by the supplier. The thermometer attached to the power controller was validated against
this handheld thermometer, giving readings within 0.1°C. The readings of both thermometers were verified
in an ice-water bath (0°C).

For the drop-testing, the conversion from the voltage drop over the thermocouple wires to the actual tem-
perature was carried out automatically by the DataQ data recorder, which was calibrated before shipment.
Nevertheless, the thermal readings were validated in the lab. Due to the technical difficulties with calibrating
a sensor up until the decomposition temperature of HP (1000°C for anhydrous HP [108]), it was chosen to
validate using water of 0°C and 100°C. These data were used to further calibrate the thermocouple readings,
the result of which can be found in Figure D-4. With the use of a propane torch (with a flame temperature of
approximately 2000 °C) the thermocouples were aligned; this also showed that the thermal readings at high
temperature were correct (the maximum readout temperature could be achieved, i.e. 1363°C). Decomposi-
tion tests showed that the (once) maximum attained temperature was 462°C for 98% HP at 20 mm from the
reaction surface, which is lower than what could be expected. However, during most decomposition exper-
iments the maximum temperature achieved was around 120°C. Adjustment of the thermocouple positions
did not lead to improved thermal readings. For reference, decomposition experiments were also performed
with MnAc2, which is used in literature as means to induce hypergolicity [53]. The maximum temperatures
achieved while decomposing HP with manganese acetate were comparable to those achieved with the cer-
caps, as can be seen in Figure D-3. This figure also shows the frequent absence of peaks at h2 and h3, and also
the spread in peak intensities.

Figure D-3: Heat trace showing the decomposition of 87% HP using manganese acetate. The temperature traces from higher locations are
shifted horizontally for clarity.
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Figure D-4: Thermocouple temperature recording measurement after calibration. The offset with respect to the actual temperature is
shown for each channel.

D.2.2. Refractometer calibration
The refractometers had been calibrated using manufacturer supplied calibration solutions, and were checked
before each experiment by means of a measurement of 30% HP. The scale on the refractometer is in brix-%,
a direct measure for sugar mass-percentage. With a conversion chart as supplied by SolvGE these concen-
trations can be converted directly into mass percent hydrogen peroxide (CHP = 2.2518br i x−%+0.4968;r 2 =
0.99995). The reading accuracy of the analog refractometer is 0.5 brix percent point, which translates to a
standard error in the concentrations of 1.13 mpp. At the end of the research, a digital refractometer (Metler
Toledo Refractometer 30PX, with an accuracy of 0.45 mpp HP) became available. This was the used to cross-
calibrate the analog refractometer to validate the results obtained during the research. This led to the cali-
bration data as can be found in Figure D-5. Linear regression on these data showed a constant offset in the
measurements of 1.52 mpp (σ=1.04 mpp) and a correlation of 0.956 (σ=0.012). The shown outlier is illus-
trative of the difficulties associated with operation of the analog refractometer: the fluid should be evenly
distributed over the window without entrapped air and the inclination of the apparatus with respect to the
eye can result in a shift of the measured values. Nevertheless, the distribution of the error (defined as the dig-
itally measured concentration minus the analogically measured concentration) shows a normal distribution,
which indicates that all measurements are most likely independent.

Additionally, a clear bias is present, which seems to increase with concentration (bottom, circles). Hence,
care must be taken to interpret the analogically measured concentrations as the true concentration. However,
in this research concentrations were merely used to mutually compare different samples. In this realm, it
should be considered that small concentration differences (up to 2.1 mpp) can occur with 95% probability
and hence do not necessarily indicate a true concentration difference.

D.2.3. Anemometer calibration
Due to sparse resources, an anemometer was used to measure the flow rate of the nitrogen coming out of the
fumehood connection for the condensation experiments. Already during these experiments it was noticed
that the readings varied over a wide range (e.g. from 10 to 13 m/s), strongly dependent on the orientation of
the anemometer with respect to the gas outlet. In order to partly counter this uncertainty, all possible orien-
tations were probed and the maximum reading was used. The use of the maximum value proved to be highly
reproducible over multiple experiments. According to the leading cooperation group of wind measurement
institutes (MAESNET), calibration of anemometers can only be carried out successfully in a wind tunnel [78];
this was deemed unfeasible for this research and therefore the manufacturer set calibration was used.

After the research had been completed, a calibrated mass flow controller was purchased; this controller
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Figure D-5: Cross-calibration data of the analog refractometer. The cross-correlation between the analog and digital refractometer is
shown, together with a clear linear relation (A = 0.956D + 1.515,r 2 = 0.996). Also shown is the distribution of the concentration error,
which appear to increase with increasing concentration.

showed that the flow rates as determined with the anemometer were off by approximately a factor 5. This
large factor can be explained considering that the gas would emanate from a small tube (3.5 mm inner diam-
eter), whereas the anemometer is intended for undisturbed air flows.

D.2.4. Drop volume calibration

The drop size, which is important to assess the conversion power of the catalyst, should be as uniform as
possible. The drop size was controlled to a large extent by the needle selection. The consistency in drop
volume was checked before the experiments by administering drops of deionized water onto a yearly ISO-
calibrated analytic balance with 0.1 mg resolution. This yielded an average drop mass of 10.82 mg (σ = 0.40
mg, n = 90), or equivalently a water drop volume of 0.0108 mL, please refer to Figure D-6. This consistency
has been checked later with pure ethanol (3.84 mg, σ= 0.12 mg, n = 50). Due to the dangers associated with
concentrated HP, no drop masses have been measured on the balance. Instead, it has been assumed that due
the highly similar viscosity and surface tension of water and HP drop volumes would be similar. During the
experiments it was found that 100 drops would be approximately equal to 1 mL, showing that the average
volume of a HP drop is roughly equal to that of water.

Instead, in order to determine the drop volume during the experiments, a ruler was placed at the border
of the image. Afterwards the drop volumes were estimated using image editing software. For each experiment
the five first drops of every video file were analyzed. The drop size was then determined in three subsequent
video frames, right after the drop entered the field of view to limit flattening effects due to air resistance. This
resulted in a estimated drop volume of 0.67 mL (σav g = 0.07 mL, n=60) with less than 2% variation between
experiments (see Figure D-7). The large error margin can be explained considering the fact that a drop would
occupy only some 20 pixels. Additionally, the drop size resulting from the video footage is about 60 times
higher than the actual drop volume. One major factor contributing hereto is the short focal distance of the
camera (14 mm), which causes large deformations of the image, including the ruler. Additionally, the lensing
effect of the droplet may have caused the droplets to appear enlarged.

Next to the drop volume, also the delay between subsequent drops was monitored. This was investigated
by comparing the moment of impact of each drop, during each experiment. This showed that the average
time between drops was 10.64 seconds (σ = 0.42 s, n = 210) for the YSZ experiments and 10.55 (σ = 0.48 s, n =
210) for the yAl experiments, as can be seen below in Figure D-7.
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Figure D-6: Spread of the drop volumes as measured with water.

Figure D-7: Top: spread in drop timing as determined from camera data. Bottom: spread of the drop volumes during the decomposition
experiments as determined from the camera data. The median is indicated by the pink dashed line.
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D.2.5. Bubble detection
The presence of noise made the detection of bubbles difficult, since these would both have approximately
the same size. This was worsened by the relatively high noise level of the camera. Therefore, a certain light
pixel would only be judged as a bubble if it would persist in at least three subsequent image frames (total 13
ms). In addition, some events would not show bubble formation, but merely the retraction of fluid, as can
be seen in Figure D-8. As was verified by comparison with water, this retraction could only be explained by
decomposition of HP. If no bubble could be detected, this latter behavior was used instead.

Figure D-8: Example of a typical drop evolution event, showing two subsequent frames. The encircled area shows the formation of a drop.
Further the retraction of liquid can be seen at the borders of the wetted area.
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Supporting information

This appendix supplies information supporting the claims made in the respective chapters. Further data are
available upon request.

E.1. Purification of propellant-grade H2O2

(a) (b)

Figure E-1: Results of model calculations for both the nominal case ("nom") and the sensitivity analysis, with a five times higher flow rate
("5x"). For clarity the results below 5 mm channel diameter have been removed. a) Results showing the predicted pressure drop (∆P) over
the condenser and minimally required condenser length (Lr eq ). b) Figure showing the predicted maximum occurring Reynolds number
(Re) and flow speed (v).

(a) (b)

Figure E-2: Results of model calculations performed for the parallel condenser, i.e. with a 89% lower flow rate than the earlier presented
results. The results are shown for both the nominal case ("par.") and the sensitivity analysis, with a five times higher flow rate ("5x"). a)
Results showing the predicted pressure drop (∆P) over the condenser and minimally required condenser length (Lr eq ). b) Figure showing
the predicted maximum occurring Reynolds number (Re) and flow speed (v).
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E.2. Support effect on the decomposition of H2O2 over MnOx catalysts
E.2.1. Regenerative LCT(Pt) perovskite
Different crucibles were tested for their compatibility with the synthesis of Ba3Pt2O7; it was found that a
quartz crucible lined with BaO was most suitable for this synthesis. XRD shows the successful conversion
into Ba3Pt2O7; the relevant patterns are displayed in Figure E-3 and are compared with reference spectrum
PDF 01-070-0618. It should be noted that the peaks at 2θ = 59 and 68° are known artifacts of the XRD, as well
as that all the amounts analyzed are between 40 and 50 mg.

The same figure shows the almost full conversion of the precursors into the perovskite crystal phase. How-
ever, in order for the platinum to catalyze the decomposition of HP, it needs to be reduced to the metallic
form, the exsolution stage. As it turned out, the reduction conditions as described by Korthari et al. were
not sufficient to exsolve the platinum from the perovskitic matrix; not even the stronger reductant CO was
able to release (all) platinum from the perovskitic matrix, as can be seen in Figure E-3. To that extent it was
tried to synthesize the LCT(Pt) catalyst with a higher (i.e. 5 wt.-%) platinum loading, yet this caused failure
of the formation of the perovskite crystals. Hence, despite much effort, it appeared that the platinum atoms
in LCT(Pt) showed a too high affinity with the LCT matrix, due to which it would not form metallic nanopar-
ticles on the surface. In order to verify whether such perovskitic matrix supported platinum catalysts would
even react with HP, 8 mg of the comparable (reduced) Pt/LaFeO3 was exposed to 87% HP; no sign of reactivity
could be noticed. It appears as if the perovskitic matrix has a too strong stabilizing interaction with the plat-
inum, causing it to be irreactive with concentrated HP, whereas yet unpublished research demonstrates the
reactivity of this Pt/LaFeO3 in CO reduction.

(a)

(b)

(c)

Figure E-3: a) XRD patterns showing the success of Ba3Pt2O7 synthesis and b) the large conversion into the perovskite crystal phase for
LCT(Pt). c) The effects of different reduction conditions on the emergence of platinum from the perovskite matrix. All reference signals are
based on the work by Kothari et al. [62].

E.2.2. Mn/YSZ catalysts
Manganese oxide was precipitation deposited on powdered YSZ (Mn/YSZ, 10 w/w%) as explained in subsec-
tion D.1.2. After calcination, no MnO2 was formed (as is claimed by Bonifacio et al. [7, 9]), but Mn3O4, as can
be seen in Figure E-4. Its reactivity was tested with by exposing a 30 mg catalyst pellet to 87% HP in drop-
testing, which resulted in immediate disintegration. Neither an increase of the pellet mass to 250 mg, nor an
additional calcination step resulted in enhanced mechanical integrity of the pellet.

As the mechanical integrity of the catalyst appeared to be the culprit, it was tried to support the Mn/YSZ
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Figure E-4: XRD patterns of calcined YSZ and calcined Mn/YSZ. In addition a reference spectrum of Mn3O4 is shown.

itself on different support materials. First, it was tried to dropcast the catalyst powder onto fused alumina
slides due to its widespread use as catalyst carrier. It was chosen not to use deposition precipitation directly
onto the aluminum slides due to the limited stabilization of alumina of the manganese active phase [2, 47].
Surprisingly though, calcination of the dropcasted alumina resulted into complete deactivation of the cat-
alyst; no reactivity could be noticed upon exposure to up to 98% HP. Chemical characterization could not
supply a clear explanation, as can be seen from Figure E-5; though, Raman spectroscopy showed a shift in the
peak wavenumber (belonging to Mn3O4) of 1.6 cm−1. It thus appears that calcination on alumina increases
the stability of the MnOx. Perhaps the calcination step after dropcasting creates an interaction between the
YSZ and the alumina, which on its turn negatively influences the reactivity of manganese.

Subsequently, Mn/YSZ was dropcasted onto other support materials, specifically silica, titania and fused
YSZ. While these supports did not cause deactivation of the catalyst, the Mn/YSZ would be removed by drop-
testing with 87% HP within a couple of drops. In order to increase its adherence, deposition precipitation was
carried out directly on these supports; yet, no measurable amounts of manganese hydroxide would deposit
on the supports. In this context especially the poor performance of the YSZ support was surprising, consid-
ering the promising results as demonstrated by Russo Sorge’s group (i.a. [9]). A thorough investigation of all
the research works by this group showed that the high physical stability of the manganese phase could be
explained by the high (macroscopic and microscopic) porosity of the used YSZ monolithic support.

E.2.2.1. Washcoats
In order to replicate the enhanced surface roughness as featured in the research by Russo Sorge’s group, it
was tried to apply washcoats onto fused alumina slides. A washcoat is a common method in catalyst devel-
opment to change surface properties of a support material. A washcoat is a thin layer of a (often) inert metal
oxide which binds strongly with the support material as well as with the catalytic phase. It can be used to,
for instance, increase the active surface area of the catalyst support, or as in this case to insulate the support
from the catalytic phase. Different washcoats (titania, silica, YSZ) were prepared on fused alumina slides as
is described in subsubsection D.1.3.1. As was the case for the bare supports, deposition precipitation was
not able to deposit measurable amounts of MnOx onto the washcoated alumina supports. While preparing
the washcoated slides for application of the catalytic phase, the poor adhesion of the silica and YSZ wash-
coats was demonstrated by spontaneous splintering of the washcoats. XRD data (as displayed in Figure E-9)
clearly shows the incomplete coverage (least prominently of titania) of the alumina surface by the washcoat
materials. Immediately visible is that the YSZ signal dominates the diffraction pattern after dropcasting the
Mn/YSZ.

The activity of all these washcoated specimens was evaluated using 87% HP. The poor adhesion of the YSZ
washcoats led to complete removal of both the washcoat and the Mn/YSZ within several drops. The silica and
titania washcoat showed similar signs of deterioration, yet part of the applied washcoats adhered very well
to the alumina. In addition, part of the catalytic phase would remain bonded to the washcoat. Perhaps the
(relatively rough) surface of these two washcoats (see e.g. Figure E-6) reduced the direct effects of the drop
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(a)

(b)

(c) (d)

Figure E-5: Characterization of Mn/YSZ, dropcasted on fused alumina. a) Typical dropcasted sample prior to testing. b) XRD patterns
for Mn/YSZ on alumina, showing the emergence of alumina peaks after calcination. c) TDR spectrum showing the effect of calcination
of Mn/YSZ/Al2O3. Also the effect of the KM transform (dashed lines) is shown. d) Raman spectrum (532 nm) of Mn/YSZ on alumina.

Calcination results in a 1.8 cm−1 peak shift, or equivalently 0.223 meV.

impact on the Mn/YSZ layer, and maybe also confined the reaction into a larger number of more isolated
areas, which on its turn leads to a higher spread of the reaction heat. This tenacity allowed long-term activity
testing, as can be seen in Figure E-6 and Figure E-8, for silica and titania, respectively. Note that in these
experiments the bottom thermocouple could not be fitted due to physical constraints.

Despite the toughness of the silica washcoat, it would still be gradually removed from the alumina. This
steady removal of both the washcoat and the Mn/YSZ is evident from the continuous decrease in tempera-
ture, up to the moment that the vast majority is removed (after 600 seconds).

For the drop-testing experiments conducted with titania washcoats (see Figure E-8), the effects of poor
alignment with respect to the thermocouples (at the start of TiO2-1 and at the end of the first measurement for
TiO2-2) are evident. Since the recording interval for the DAQ was limited, the administering of dropping was
stopped during the required resetting hereof. It can be seen that the restarting resulted in induction behavior,
even though the catalyst surface had remained covered in HP. Perhaps this is caused by the presence of a layer
of (low concentration) HP on and around the catalyst. Addition of the first few drops then increases the local
concentration again up until sufficiently high levels. When TiO2-1 was left to dry for 40 minutes, all reactivity
had gone, even though still 2 mg of Mn/YSZ was present (as is hinted by Figure E-7b). This behavior was
confirmed with TiO2-2; here the lateral movements are visible in the second half of the first measurement.
After the first part of the experiment, drop-testing was halted for 2 minutes. It can be seen that, even though
reactivity was slowly restored, the catalyst nevertheless would quickly become inactive. A heat treatment
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(a)

(b)
(c)

Figure E-6: a) Dropcasted SiO2 sample prior to testing. b) Spent silica washcoated sample. Clearly no Mn/YSZ is left. c) Temperature
trace of a drop-testing experiment of a SiO2 washcoated alumina slide. The decreasing activity of catalyst is evident from the continuously
decreasing maximum temperatures.

conducted at 120°C proved the possibility of reactivation. Also, this indicates that water is indeed a possible
cause for deactivation. After successfully conducting a drop-testing experiment on the heat treated TiO2-2
sample, the catalyst was left to dry for one hour. Afterwards, the reactivity was quenched again. At the end of
these experiments, still 2 mg of Mn/YSZ was present on this sample.

Due to the alignment issues, no conclusions can be drawn with respect to chemical deactivation phe-
nomena. Nevertheless, evident from Figure E-7b is the near complete removal of the washcoat at the place
of impact. This shows the (still) limited adherence of the washcoat to the fused alumina. Unfortunately,
after the experiments the video data turned out to be corrupted further hampering the analysis of these ex-
periments. Thus, even though the method of washcoating yielded promising results, it did not deliver the
required rigidity. Due to the complexity of washcoat development, a different catalyst supporting method
was sought.

(a) (b)

Figure E-7: Pristine and spent titania washcoated samples. a) TiO2 washcoated alumina catalyst, prior to dropcasting with Mn/YSZ. The
surface roughness displayed by the washcoat is apparent. b) Spent TiO2-1 washcoated alumina catalyst. As is indicated by the color, still
some 2 mg of Mn/YSZ was present. Note the bare spot in the center, coinciding with the drop impact area.
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Figure E-8: Thermal traces of experiments conducted with titania washcoats. Decreases in attained temperatures can be largely attributed
to inconsistent alignment of the catalyst with respect to the thermocouples. Deactivation behavior can be clearly seen when halting de-
composition for a longer duration. As can be seen in TiO22-HT, heat treatment at 120°C can regain reactivity, until dropping is stopped
again.
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Figure E-9: XRD patterns of the washcoated and dropcasted alumina slides. The incomplete surface coverage of the washcoats is evident
from the alumina diffractions. The dropcasted samples primarily show the presence of Mn/YSZ.
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E.2.3. MnOx cercaps
Supplementary information with respect to all synthesized cercaps can be found below. This ranges from
additional reaction characterization to detailed chemical characterization.

E.2.3.1. Catalyst characterization
This section will present additional characterization for all synthesized cercaps. All Raman spectra have been
obtained at 785 nm wavelength (5% power, 30 s total acquisition time) on a Renishaw inVia confocal micro-
scope, equipped with Leica 50x objective and 1200 lines diffractive grating.

The Raman spectrum obtained for YSZ-1.5, as shown in Figure E-10, does not reveal the presence of any
manganese phase. When analyzing the peak locations, it can be calculated that the yttria-content of this
YSZ is between 15 and 17 wt.%, whereas it should contain between 10 and 15 wt.% [44]. The same can be
concluded from XRD data when these are compared with reference patterns (e.g. COD 96-152-8645 [41]).

Figure E-10: Raman spectrum obtained of both precalcined and calcined YSZ-1.5 cercap. No peak shifts can be noticed. The peak in the
precalcined signal at 2050 cm−1 is the remnant of a cosmic ray event.

While TDR spectra can be very informative in absorption, the so-called Kubelka-Munk transform (the
inverse square of the measured signal) is often used to amplify the (often) weak variations in signal intensity.
In addition, correct implementation of this transform will show the band energies of the analyzed compound
[66]. Yet, here it will merely be used to allow easier comparison with literature, if applicable.

Detection of manganese compounds with TDRS is challenging, according to Baldi and Kijlstra and cowork-
ers [4, 60]. Detection of MnO is realistically impossible due to the forbidden electronic transition, resulting
in very low signal strength. Additional complications in TDRS in the determination of the oxidation state of
manganese are the overlapping (broad) signals from Mn2O3 (around 470 nm) and MnO2 (around 485 nm).
According to Baldi et al., the presence of hausmannite should give rise to a peak around 330 nm, which is
not visible in any of the acquired spectra. This is clear when inspecting the TDR spectra as visible in Fig-
ure E-12a, Figure E-13 and Figure E-12b. (Note for all spectra the noise induced by the lamp change at 840
nm.) Especially the non-reactive cercaps share peaks at 460 and 508 nm. Yet, due to the absence of proper
reference spectra and the complications associated with the determination of manganese phases from TDRS,
no conclusions can be drawn from Figure E-13. Further, Figure E-12a shows that the quantity of α-alumina
increases with increasing manganese loading.

Lastly, XRD patterns are presented here of all cercaps as can be seen in Figure E-14. Comparison of all
spectra with suitable references for all (over 30) possible manganese phases does not result in determination
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Figure E-11: Raman shifts as measured for the inactive cercaps, all with 1.5 wt.% MnO2. Note: the signal for SiO2 has been scaled with 20
times, whereas the signal for MgAl2O4 has been scaled 3x.

of the here present MnOx. This is most likely caused by several phenomena. First of all, the concentration of
manganese in the cercaps is relatively low. Further, as had been discussed for γ-alumina and YSZ, manganese
oxides are known to dissolve in other metal oxides. This leads to a high dispersion and low crystallinity, which
results in very low signal (especially in XRD and Raman). For TiO2-1.5, this migration should have lead to the
formation of MnTiO3 [4]; yet the currently carried out characterization cannot confirm its presence. What can
be discerned from the diffraction data are the phase transitions the host metal oxide undergoes. For titania
it is evident that all anatase as present prior to calcination is converted to rutile (as was already evident from
TDRS and Raman). The silica precursors, consisting primarily of cristoballite and coessite, are fully converted
into quartz. The transformation from kaolinite to mullite is apparent; the unavailability of Raman spectra
with the correct (laser) wavelength and spectral range makes verification of this observation impossible. Fur-
ther, the here shown XRD data confirm the formation of a notably more crystalline MgAl2O4. Due to the high
fluorescent background, Raman cannot be used to identify the formed compounds. For completeness, X-
ray diffraction data have been included for α-alumina, calcined under the same circumstances as all earlier
mentioned cercaps. It can be seen that the peak at 28.8° 2θ belonging to MnO2 disappears upon calcination.
Minute inspection of the diffraction data does not result in identification of any manganese compound.
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(a) (b)

Figure E-12: Total diffuse reflectance spectrum of yAl and YSZ-1.5 cercaps. a) Total diffuse reflectance spectrum of yAl cercaps with different
manganese loading. As reference a cercap synthesized from α-alumina (aAl-1.5) is included. b) Total diffuse reflectance spectrum of YSZ-
1.5 cercap, both precalcined and calcined. For the calcined spectrum the same peak around 380 nm can be found as for yAl-1.5. Note that
all other peaks have remained in place.

Figure E-13: Total diffuse reflectance spectra of all inactive cercaps, both precalcined and calcined.



E.2. Support effect on the decomposition of H2O2 over MnOx catalysts 127

Figure E-14: Powder X-ray diffraction data for all cercaps except for yAl-1.5.
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E.2.3.2. yAl-0.30 cercap decomposition event

Figure E-15: Typical decomposition event of 98% HP over yAl-0.30, for the sixth administered drop.
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E.2.3.3. Reaction characterization
This section provides additional visualizations of the temporal evolution of the decomposition behavior of all
YSZ-1.5 and yAl-0.30 catalysts.

Figure E-16: Peak temperature development for yAl-0.30-1 during drop-testing.
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Figure E-17: Peak temperature development for yAl-0.30-2 during drop-testing.
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Figure E-18: Peak temperature development for yAl-0.30-3 during drop-testing.
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Figure E-19: Peak temperature development for YSZ-1.5-1 during drop-testing.
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Figure E-20: Peak temperature development for YSZ-1.5-2 during drop-testing.
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Figure E-21: Peak temperature development for YSZ-1.5-3 during drop-testing.
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E.2.3.4. Catalyst summary table

Table E-1: Summary table with all tested catalysts, comparing reactivity, lifetime, and difficulty or proposed area of improvement.
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E.3. Stabilizing propellant-grade H2O2

This section displays the fitting results as resulting from the least-squares fitting of the SA decomposition
data, performed using OriginPro 2018.

Figure E-22: Comparison of measurements with results from least-square fit using Origin Pro 2016 for SA-90-S.
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Figure E-23: Comparison of measurements with results from least-square fit using Origin Pro 2016 for SA-90-D.
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Figure E-24: Comparison of measurements with results from least-square fit using Origin Pro 2016 for SA-95-S.
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Figure E-25: Comparison of measurements with results from least-square fit for SA-95-D.
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Table E-2: Fitting parameters for SA-90-S. Included are both the fitted values and the associated standard errors. The last column shows
the overall adjusted r 2 for the fitting.

y0 A1 t1 K τ1/2 Reduced ξ2 Adj. r 2

Value Std. error Value Std. error Value Std. error Value Value
[%] [%] [%] [%] [days] [days] [1/days] [days]

SA-90-DI-S 101.0 9.446 -10.67 9.149 -257.3 152.4 -0.00389 -178.3 0.6717 0.9785
SA-90-L-S 132.4 38.70 -41.52 37.96 -324.9 220.8 -0.00308 -225.2 4.404 0.9822
SA-90-M-S 144.8 153.9 -54.58 153.4 -805.1 2002.1 -0.00124 -558.0 1.807 0.9619
SA-90-H-S -60.15 1407.8 150.4 1407.4 2280.0 22292. 4.386E-4 1580.4 2.288 0.9300
SA-90-Cl-S -49.58 1443.0 139.6 1443.4 2241.4 24226. 4.461E-4 1553.7 2.576 0.9126
SA-90-HP-S 79.54 10.03 10.53 9.830 255.6 355.1 0.00391 177.2 0.6820 0.9008

Table E-3: Fitting parameters for SA-90-D. Included are both the fitted values and the associated standard errors. The last column shows
the overall adjusted r 2 for the fitting.

y0 A1 t1 K τ1/2 Reduced ξ2 Adj. r 2

Value Std. error Value Std. error Value Std. error Value Value
[%] [%] [%] [%] [days] [days] [1/days] [days]

SA-90-DI-D 77.06 0.9345 12.95 1.204 48.65 14.63 0.02055 33.72 1.557 0.955
SA-90-L-D 81.41 0.3539 8.586 0.5128 38.82 7.575 0.02576 26.91 0.3173 0.9800
SA-90-M-D 81.43 0.7587 8.647 0.8808 58.23 18.85 0.01717 40.36 0.6954 0.9538
SA-90-H-D 84.38 0.3999 5.654 0.6197 32.64 11.90 0.03064 22.62 0.4844 0.9334
SA-90-Cl-D 70.58 0.9163 19.30 0.9496 73.55 10.79 0.0136 50.98 0.5347 0.9920
SA-90-HP-D 73.84 1.046 16.11 1.073 75.53 14.84 0.01324 52.36 0.6425 0.9861

Table E-4: Fitting parameters for SA-95-S. Included are both the fitted values and the associated standard errors. The last column shows
the overall adjusted r 2 for the fitting.

y0 A1 t1 K τ1/2 Reduced ξ2 Adj. r 2

Value Std. error Value Std. error Value Std. error Value Value
[%] [%] [%] [%] [days] [days] [1/days] [days]

SA-95-L-S 50.15 42.28 44.75 42.01 469.1 544.6 0.00213 325.1 1.040 0.9779
SA-95-M-S 164.9 58.92 -69.35 58.35 -440.2 297.9 -0.00227 -305.2 2.817 0.9907
SA-95-H-S 63.70 9.571 31.13 9.367 238.9 109.3 0.00419 165.6 0.7543 0.9876
SA-95-Cl-S 71.01 7.371 23.57 7.122 173.6 93.00 0.00576 120.4 1.533 0.9705
SA-95-DI-S 8.215E6 3.034E7 -8.215E6 3.034E7 -1.044E8 3.858E8 -9.574E-9 -7.240E7 1.729 0.9642
SA-95-HP-S 85.96817 0.5725 8.982 0.7238 48.91 12.88 0.02045 33.90 0.5586 0.9668

Table E-5: Fitting parameters for SA-95-D. Included are both the fitted values and the associated standard errors. The last column shows
the overall adjusted r 2 for the fitting.

y0 A1 t1 K τ1/2 Reduced ξ2 Adj. r 2

Value Std. error Value Std. error Value Std. error Value Value
[%] [%] [%] [%] [days] [days] [1/days] [days]

SA-95-DI-D 69.74 1.058 25.07 1.394 45.50 8.287 0.02198 31.54 2.181 0.9835
SA-95-L-D 73.67 0.9931 21.39 1.257 48.78 9.373 0.0205 33.81 1.690 0.9821
SA-95-M-D 78.36 0.5846 16.68 0.9078 31.63 5.721 0.03161 21.93 1.049 0.9829
SA-95-H-D 81.44 0.1979 13.63 0.2941 35.65 2.534 0.02805 24.71 0.1074 0.9973
SA-95-Cl-D 57.83 0.9051 37.22 1.114 51.18 4.992 0.01954 35.48 1.272 0.9955
SA-95-HP-D 79.54 0.7468 15.40 0.9769 46.09 9.579 0.0217 31.95 1.063 0.9786
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