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KURZFASSUNG

Formaldehyd, einer der wichtigsten Rohstoffe der chemischen Industrie, kann durch
verschiedene Verfahren hergestellt werden die sich in ihrer Effizienz und den damit
verbundenen Herausforderungen unterscheiden. Die vorgestellte Dissertation
untersucht eine dieser Methoden im Detail: die Dehydrierung von Methanol zu
Formaldehyd in der Gasphase. Der Schwerpunkt dieser Arbeit liegt auf dem
katalytischen Potenzial von Natrium und Natriumcarbonat. Darlber hinaus wird der
Stand der Technik der Formaldehydproduktion zusammengefasst und die
Notwendigkeit innovativer Ansatze zur Deckung des wachsenden Bedarfs unter

zunehmenden Umweltschutzanforderungen hervorgehoben.

Kern dieser Arbeit ist ein speziell entwickelter und konstruierter Versuchsaufbau, die
MEDENA-Anlage. Diese ermdglichte die Durchfihrung von Experimenten und lieferte
wichtige Erkenntnisse Uber das Verhalten von Substraten, Produkten und
Katalysatoren. Als Katalysatoren wurden Natriumdampf und Natriumcarbonat fir die
direkte Dehydrierung von Methanol zu Formaldehyd untersucht. Besonderes
Augenmerk lag auf dem Dosiersystem fur den Natriumdampf, welches erfolgreich in
Betrieb genommen wurde und zeigte, dass der Einsatz von Natrium hohe

Formaldehyd- und Wasserstoffausbeuten ermoglicht.

Zusatzlich wurde flr diese Reaktion eine neuartige Beheizungstechnik untersucht. Im
Gegensatz zu herkdmmlichen Heizmethoden, welche indirekt oder konvektive Warme
in den Katalysator Ubertragen, wird bei der neu untersuchten Technik der
Katalysatorkdrper gleichzeitig als Widerstandsheizer eingesetzt und somit direkt
beheizt. Hierbei wird elektrischer Strom durch den Katalysatorkorper geleitet, was eine
schnelle und gleichmalige Erwarmung des Katalysatorbetts gewahrleistet,
Warmeverluste minimiert und optimale Reaktionsbedingungen schafft. Die dadurch
erreichte hohe Effizienz fuhrt sowohl zu wirtschaftlichen als auch zu 6kologischen

Vorteilen.

Insgesamt ist das Ziel dieser Forschung, die Licke zwischen traditionellen Verfahren
und neu entwickelten Methoden zu verkleinern. Diese Arbeit ebnet den Weg fur eine

umweltfreundliche, effiziente und nachhaltige Formaldehyd-Produktion.



ABSTRACT

Formaldehyde, an important chemical precursor in many industrial processes, is
produced by various methods, each with their own efficiency and challenges. The
presented thesis provides an in-depth investigation of the gas-phase dehydrogenation
of methanol to formaldehyde, focusing on the potential of sodium compounds,
particularly sodium and sodium carbonate, as catalysts. Furthermore, it presents the
state of the art in formaldehyde production, highlighting the need for innovative
approaches to meet growing industrial demands and increased environmental

concerns.

A specially designed and constructed experimental setup, the MEDENA mini-plant, is
at the center of this thesis, allowing reaction tests to be carried out and providing
important insights into the behavior of substrates, products, and catalysts. Sodium
metal and sodium carbonate were studied as catalysts for the direct dehydrogenation
of methanol to formaldehyde. Additionally, particular attention was given to the
evaluation of the sodium dosing system. The results indicated that sodium vapor can
be dosed continuously while at the same time, obtaining high formaldehyde and

hydrogen yields.

Moreover, a novel heating method for the dehydrogenation of methanol to
formaldehyde was examined. Unlike traditional heating techniques, which often
employ indirect or convective heat transfer, direct resistance heating applies electrical
current through the catalyst body. This direct approach ensures rapid and uniform
heating, minimizing potential heat losses and ensuring the most favorable reaction
conditions. Due to its efficiency, the direct resistance heating concept has the potential
to transform conventional methods of formaldehyde production, offering both

economic and environmental benefits.

In summary, this research aimed to improve formaldehyde production techniques by
bridging the gap between conventional routes and newly developed approaches. This
work paves the way for environmentally friendly, efficient and sustainable
formaldehyde production, thereby preparing the ground for future industrial

applications.
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NOMENCLATURE

Latin Symbol Unit Definition
A m? Area
C mol m~3 Molar concentration
Cp Jkg1K™? Specific heat capacity

m? s~1 Diffusion coefficient
d m Diameter
Ea ] mol~? Activation energy
L m Length
k molm™3s1 Rate coefficient of the process
M mol kg1 Molar mass
m kgs™! Mass flow
N mol Amount of substance
N mol h™? Molar flow
n — Component n
P w Power
p Pa Pressure
Q w Heat flow rate
r m Radius
S - Selectivity
T °C Temperature
t S Time
\Y m3 Volume
v ms™?! Velocity
w kg m~3 Mass concentration
X % Conversion
« _ Mole fraction of the component in the liquid

phase
Y % Yield
Mole fraction of the component in the gas

Y B phase

VI



Greek Symbol Unit Definition
a Wm 2K™! Heat transfer coefficient
B 1K1 Thermal expansion coefficient
Boifr ms~! Diffusive mass transfer coefficient
0 m Diffusion path
A - Difference to a reference value
€ - Relative volume change
A WmtK™? Thermal conductivity
m kgm 1s7t Dynamic viscosity
v m? s~1 Kinematic viscosity
\Y - Stoichiometric coefficient
p kg m~3 Density
T Nm™! Surface tension
T s Space time
Subscripts
Symbol Definition
0 Starting point
A Educt
Ar Argon
B Bubble
el Electrical power
i Component index
i Inner
in Inlet
mix Mixture
Na Sodium
0 Orifice
0 Outer
out Outlet
P Product
Ph Phase




Abbreviations

Symbol Definition

Cat Catalyst

CSTR Continuously stirred tank reactor

DRH Direct resistance heating

FC Flow controller

GC Gas chromatograph

MEDENA I(\/IWeat?anol dehydrogenation to formaldehyde with sodium
MeOH Methanol

NAMOSYN Nachhaltige Mobilitat durch synthetische Kraftstoffe
OGP Off-gas purification

PC Pressure controller

SEM Scanning electron microscopy

XPS X-ray photoelectron spectroscopy

Dimensionless quantities

Symbol Definition

Eo E6tvos Number

Fr Froude Number

Mo Morton Number

Nu Nusselt Number

Re Reynolds Number

We Webber Number
Constants

Symbol Value Unit Definition

g 9.810 m s™2 Gravity of Earth

Na 6.022 - 1023 mol~?! Avogadro’s constant
R 8.314 ] mol~1K™1 Universal gas constant
I 3.142 - Archimedes’ constant




1. INTRODUCTION

Formaldehyde is one of the most predominant chemicals, which finds applications in
more than 50 industrial sectors, mainly as aqueous solutions and formaldehyde-based
resins. The demand for formaldehyde production has been growing steadily. In 2011,
the global output was 31.4 million tons per year, rising to 46.6 million tons per year in
2022 and is estimated to reach 70.8 million tons per year in 2030 [1]. Industrially
produced formaldehyde is in the form of an aqueous solution. Yet for many processes,
it is advantageous to use highly concentrated gaseous formaldehyde, for example, in
the production of diesel fuel substitutes, namely, polyoxymethylene dimethyl ethers

(OMEN) or in the formation of polyacetal resins.

Efforts to limit global warming require a significant reduction in carbon dioxide (CO32)
emissions, of which the transportation sector contributes approximately 20% [2]. While
electric vehicles offer a solution to CO2 reduction in that sector, they are not feasible
for all means of transport, such as trucks, planes and ships, which are more difficult to
electrify. The NAMOSYN (Nachhaltige Mobilitdt mit synthetischen Kraftstoffen)
research project is addressing this challenge [3]. The goal is to develop and test
sustainable synthetic fuels for use in conventional engines. In this context, the
development of green and synthetic fuels such as OMEn is crucial. This doctoral thesis
was conducted within the framework of the NAMOSYN project, focusing on the
development of anhydrous formaldehyde production, which is essential for
synthesizing OMEnNn. One promising enhancement in this area is the application of
sodium vapor as the catalyst, which shows the potential to increase the efficiency and
selectivity of nonoxidative formaldehyde production. Within this work, the sodium
dosing concept was developed and tested to further understand and optimize its role

in the process.

In addition, the increasing electrification of the industry, caused by the more common
use of renewable energy, will make the engineering of chemical reactions more
important. Electrical energy can be introduced directly or indirectly as heat into
reactors. Industrial applications include electrochemical energy storage, electrolysis,
and both plasma and electrically heated reactors [4, 5]. Direct resistance heating

(DRH) is a type of heating in which an electric current (DC or AC) flows directly into an
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object to be heated. In terms of electrification of the chemical industry, the DRH
concept seems to be a reasonable choice because it ensures high heating uniformity
and the possibility of concentrating large thermal energy releases in a small area. With
the aim of the production of water-free formaldehyde and valuable hydrogen by means
of the DRH concept, a particular reactor concept was developed and implemented

within this doctoral thesis.

1.1 Motivation

Recently, there has been a significant increase in the use of green energy sources as
a means of meeting global COz2 reduction targets [6]. In the area of renewable and
environmentally friendly technologies, a great deal of attention has been given to
innovative production methods of chemicals, among others, for formaldehyde,
especially those that avoid energy-intensive processes. The use of DRH, which can
be powered directly from green energy resources, is a promising route to sustainable

formaldehyde production (Figure 1).

0
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Figure 1. Graphical illustration of the research topic

In parallel with research on the DRH method, another potent approach was
investigated: the use of sodium vapor as the catalyst for the direct dehydrogenation of
methanol to formaldehyde. The motivation for this approach stems from the potential
of sodium vapor to reduce the activation energy of the reaction, thereby increasing the
yield and efficiency of formaldehyde production. In addition, sodium is widely available,
inexpensive and could provide a commercially viable alternative to traditional

catalysts, in line with the industry's drive towards sustainable solutions.

Over the years, there has been continuous interest in exploring alternative methods

for the production of formaldehyde, due to its key role in various industries. One
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promising approach that has attracted the attention of researchers is the direct
dehydrogenation of methanol to anhydrous formaldehyde. While numerous studies
have explored different process concepts and catalysts [7—-12], sodium compounds
have emerged as particularly advantageous catalysts for this reaction, as reported in
several reports [13—17]. Despite this progress, a recurring problem is that many of the
findings are based on laboratory-scale studies, leaving certain mechanical and
engineering aspects of the process unresolved. The literature reveals a notable lack
of detailed evaluations of sodium vapor catalysts, even in the context of mini-plant
operations. The aim of this research is to explore in greater depth the challenges and
intricacies associated with scaling up the sodium vapor catalyst dosing system, with
the goal of creating fundamental principles for its potential implementation on an
industrial scale. Furthermore, as the demand for formaldehyde continues to rise, there
is a growing need to innovate and improve existing production processes. Thus, in
addition to enhancing the sodium vapor concept, the DRH method, which employs
a sodium carbonate catalyst, is proposed. To date, this technique has not been the
subject of any research for anhydrous formaldehyde production, yet it aligns with

current industry trends.

1.2 Research questions

In response to the growing demand for sustainable formaldehyde production methods,

this thesis addresses the following research questions:

1. Effectiveness of sodium vapor as a catalyst
e Can sodium metal vapor be used as a catalyst in the production of
anhydrous formaldehyde at a mini-plant scale?
2. Prospect of using a direct resistance heating concept
« Can direct resistance heating be used for the production of water-free
formaldehyde at a mini-plant scale?
3. Suitability of impregnated ceramic sponges as catalyst bodies
« Can impregnated ceramic sponges serve as effective catalyst bodies in

the production of formaldehyde?

Essentially, the aim of this work is to evaluate the potential of sodium compounds as
catalysts and to explore the feasibility of direct resistance heating as a means of

improving the efficiency and scalability of anhydrous formaldehyde synthesis.
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1.3 Research tasks

Based on the motivation discussed above, the following tasks were defined for this
thesis:
e Completion of a comprehensive literature review and compare the findings with
the existing knowledge in the field (Chapter 2 and Sections 5.3 & 6.7)
¢ Development of the alkali metal sodium dosage method (Section 3.1)
e Construction and testing of a pressureless apparatus for endothermic MeOH
dehydrogenation using seed gas dosing of the alkali metal (Section 3.1 & 3.2)
e Design of a theoretical apparatus concept for the electrical heating of
formaldehyde synthesis (Section 3.3)
¢ Selection of the most catalytically active species to optimize the reaction under
the given conditions, as well as the development of a suitable reactor concept
(Chapter 5 & 6)

In summary, the main aim of this doctoral thesis is to develop a method for anhydrous
formaldehyde production using sodium compounds as catalysts at the mini-plant
scale. For this purpose, the MEDENA (Methanol Dehydrogenation to Formaldehyde
with sodium Na) mini-plant was designed, constructed and evaluated through testing.

The outline of this thesis is shown in Figure 2.
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1. Introduction

Research drive: Development of a sustainable method to produce water-free
formaldehyde

NS

2. State of the art

Status of research: No scale-up of the lab-scale process of the nonoxidative production of
formaldehyde

NS

3. Experimental setups
Task: Development of apparatus for nonoxidative formaldehyde synthesis

NS

4. Methodology and techniques assessment
Task: Comparison and validation of experimental techniques for consistency and reliability

NS

5. Testing sodium vapour as the catalyst
Task: Constant and defined amount of dosed sodium to the reaction & catalytic tests

NS

6. Testing sodium carbonate as the catalyst
Task: Preparation and performance review of the catalyst body & DRH concept

NS

7. Summary and outlook
Outline of experimental results, lessons learned and outlook on future work

Figure 2. Overview of this doctoral thesis
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2. STATE OF THE ART

This chapter provides a comprehensive overview of the current knowledge and
developments relevant to the study of formaldehyde production and the role of sodium-
based catalysts. It addresses various topics, starting with formaldehyde production
methods, with particular emphasis on industrial-scale approaches and the direct
dehydrogenation of methanol. Furthermore, the chapter discusses the behavior and
applications of sodium in its various forms, including sodium vapor, sodium methoxide,
sodium carbonate, and the important topic of sodium's corrosion behavior. Finally, the
concept of direct resistance heating and the use of ceramic sponges in chemical
processes are presented. Collectively, these sections form the foundation for
understanding the experimental and theoretical approaches used in this work and
provide insights into the utilization of sodium-based catalysts in the direct

dehydrogenation of methanol to anhydrous formaldehyde.

2.1 Formaldehyde

Formaldehyde (CH20), in its monomeric state, is a colorless, toxic gas characterized
by a pungent odor and flammability [18]. It is the simplest representative of the
aldehyde group. Beyond its monomeric form, formaldehyde is known to exist in three
other common forms. Formalin, the first of these, is an aqueous solution typically
containing 37% by weight of formaldehyde, although concentrations can range from
30-55% by weight [19]. To prevent polymerization of formaldehyde and the formation
of methylene glycol, up to 10% by weight of methanol is added to the solution as
a stabilizer. Paraformaldehyde, the second form, is a polymer formed by the
spontaneous polymerization of monomeric formaldehyde. It can be synthesized by the
distillation of the aqueous solutions of formaldehyde and is a white crystalline solid.
The third form, trioxane, is a cyclic trimer produced by the acid-catalyzed trimerization
of aqueous formaldehyde solutions and is solid at room temperature [18]. Industrial
formaldehyde production predominantly involves methanol as the substrate, and three
main processes are used [20]. Each of these methods is discussed in the following

section.
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2.1.1 Industrial production methods

The silver catalyst process serves as the basis for the first two methods, each
representing different variations of this fundamental approach [20]. The first, known as
the BASF process, allows the almost complete conversion of methanol. The second
enables partial conversion, integrating a distillation process with the subsequent
recycling of methanol. In both approaches, methanol undergoes partial oxidation and
dehydrogenation. In particular, reactions R1, R2, and R3 occur in the presence of the

silver catalyst, as described in [18, 21].

CHyOH = CH,0 + Hy, AHR = +84-L R1

H, + 10, - H,0, AHS = —243 -2 R2
21 2 2+ R ™ mol

CHzOH + 20, - CH,0 + H,0, AH} = —159-2 R3

The detailed reaction mechanism for the reaction of methanol to formaldehyde, using
a silver catalyst, is not yet fully understood. Recent investigations have provided
a deeper understanding of the underlying mechanism, highlighting how different

atomic oxygen species affect the route and selectivity of the reaction [18, 22].

Figure 3 shows a schematic diagram of the BASF process [21]. A mixture of methanol
and water, together with air, is first fed into an evaporator. A gaseous mixture of air,
methanol and water subsequently passes through a reactor containing a thin bed of
silver catalyst crystals. The ensuing reaction takes place at temperatures between
600-720 °C under atmospheric pressure. The reaction products are then immediately
cooled to 150 °C. In the final step, this gas is passed through an absorption column
where formaldehyde is absorbed in water. The resulting product exits the column as

an aqueous formaldehyde solution of approximately 50% by weight.
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Figure 3. Silver catalyst process at the BASF: scheme prepared by [23]', adapted from
[21]

air

\ i

e

methanol + water

Figure 4 illustrates a simplified model of the incomplete conversion process. In this
method, methanol and air are introduced into an evaporator, and the gas is then mixed
with steam. Once heated, this gas mixture flows through a reactor containing a catalyst
bed where the reaction takes place at temperatures between 590 and 650 °C [18].
After the reaction, the products are rapidly cooled. Next, the gas enters an absorption
column where the formaldehyde and methanol are stripped with water. The mixture of
formaldehyde, methanol and water is then fed to a distillation column where the
methanol is collected and recycled. An aqueous solution of formaldehyde goes through

an anion exchange unit to minimize the concentration of formic acid present in the

solution.
methanol
steam
water tail gas
air Y I | Y anion exchange unit
————
methanol >
Y aqueous formaldehyde
N i \M/ "N/ |formaldehyde _
evaporator  reactor absorption + methanol destilation
column + Water column

Figure 4. Silver catalyst process with incomplete conversion; scheme prepared by
[23]", adapted from [22, 24]

" Bachelor thesis of D. Mertens supervised at ITES in the framework of this study
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Next, the Formox process operates at ambient pressure and at temperatures of
between 250 and 400 °C, using excess air and achieving methanol (MeOH)
conversions exceeding 99%. In addition, the process yields ranged between 88% and
92% formaldehyde [25]. A simplified process route is shown in Figure 5. Methanol and
air are first fed into an evaporator. The gas mixture then passes through the reactor,
which is filled with the catalyst, and before entering an absorption column, the gases
are cooled. The solution then passes through an anion-exchange unit, where the

formic acid concentration decreases, before leaving the process [18]

water tail gas
air N . /_\_[_’
————
methanol
—

(M) N
N - \M/ " _ : \
evaporator reactor absorption anion exchange unit
column
aqueous formaldehyde

Figure 5. Formox process; scheme prepared by [23]', adapted from [18, 24]

In the Formox process, methanol undergoes oxidation in the presence of a metal oxide
catalyst (R4, R5 and R6) [18]. Oxides of iron, molybdenum and vanadium are typically
employed in the process. The catalyst changes its state between oxidized (K,4) and

reduced (K, eq)-

CH;0H + K,, = CH,0 + H,0 + Kyog R4

Koq+20, - K., AHO = —159 XL R5
red 2 2 ox’ - mol

CH,0 +50, = CO + H,0, AH} = —215m"—f)l R6

The catalyst used in the Formox process primarily consists of Fe2(MoOa)s,
supplemented with MoOs to obtain an atomic Mo/Fe ratio between 1.5 and 3 [26].
During the oxidation of CH3OH over the MoOs-Fe2(MoQOa4)s catalyst, surface oxygen is
consumed. Subsequently, the vacancies created are filled by oxygen anions from O
in the feed stream, which is known as the Mars—van Krevelen mechanism [27].
However, Mo-containing catalysts face a significant challenge. Over time, they
deactivate due to the formation of volatile Mo species as a reaction takes place

between MoOs and CHsOH. This problem is particularly noticeable at higher
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temperatures and increased CH3OH concentrations, limiting the catalyst lifespan to

approximately six to eight months [25].

In summary, conventional formaldehyde production methods are increasingly seen as
unsustainable due to their high energy requirements. In addition, the generation of
secondary pollutants complicates waste management and reduces overall process
performance. With the growing demand for sustainability in chemical industry, more
efficient and eco-friendly methods of formaldehyde production have been sought [19,
26, 28].

2.1.2 Direct dehydrogenation of methanol to formaldehyde

The reaction of the direct dehydrogenation of methanol (R7), is considered to be
a promising alternative to the production routes listed in Section 2.1.1 [10]. However,
there are still some obstacles to overcome. This reaction is endothermic and therefore
requires a supply of heat. Furthermore, this process is reversible, and equilibrium only
favors formaldehyde formation at temperatures above 470 °C. For higher conversions,
temperatures must exceed 580 °C. In addition to R7, several other reactions may
occur, resulting in by-products such as CO, CH4, H20 and others [29]. The most
important side reaction is the decomposition of formaldehyde to carbon monoxide and

hydrogen since formaldehyde is thermodynamically unstable (R8) [18].
CH;0H = CH,0 + H,, AHR(900K) = +92mk—(’)1 R7
CH,0 - CO + Hy, AHg(900K) = +13-L RS

Furthermore, other decomposition reactions are possible, as described in [30]:

2CH,0 — HCOOH + H, + C, AHg(900K) = —137 -2 R9

2CH,0 — CH30H + CO, AHR(900K) = —79-L R10
CH,0 = H,0 +C, AHg(900K) = —122-2 R11
2CH,0 — CH, + CO,, AHR(900K) = —234-L R12
2CH;0 - C+CO; + 2H;, AHR(900K) = —146—— R13
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During the process of dehydrogenation, the following reactions may also occur [30]:

2CH,OH - CH,O0 + H,0 + CH,, AHR(900K) = —28% R14
CH;0H - C + H,0 + H,, AHR(900K) = —31% R15
2CH,OH — CH;0CH; + H,0, AHR(900K) = —19% R16
2CH,OH — HCOOCH; + 2H,, AHR(900K) = +70% R17
CH;0H — CO + H,, AHR(900K) = +105% R18

A thermodynamic analysis of the uncatalyzed dehydrogenation of methanol was
carried out in Aspen Plus® 14. The main aim of this study was to find differences
between the thermodynamic predictions and actual experimental observations with
many possible reactions involved (R7-R18). Using Aspen Plus simulation with a Gibbs
reactor, a multi-component system of methanol, formaldehyde, carbon monoxide,
carbon dioxide, carbon, methane and hydrogen was studied. In this analysis, the
system was supplied with a steady stream of 10 kmol h' of methanol. The resulting
molar flows of each component are shown in Figure 6. It was found that between
200 °C and 1200 °C, almost all of the methanol input decomposed. Notably, only
traces of formaldehyde were observed at approximately 525 °C. At lower
temperatures, production is characterized mainly by methane, water and carbon
dioxide. However, as the temperature increases, there is a marked shift towards the

formation of hydrogen and carbon monoxide.
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Figure 6. Thermodynamic evaluation of the uncatalyzed dehydrogenation of methanol

The thermodynamic model suggests that the decomposition of methanol should lead
mainly to carbon monoxide and hydrogen, with only small amounts of formaldehyde.
However, actual experimental observations contrast with these predictions [29, 31].
Under practical conditions, the dominant products of methanol decomposition are
methanol (unreacted), formaldehyde, carbon monoxide and hydrogen, with only
negligible amounts of methane and carbon dioxide. This difference indicates that, in
practice, some reactions are dominated more by kinetics than by thermodynamics. As
a result, while certain products may be thermodynamically favored, kinetic rates may
hinder their formation and support the synthesis of formaldehyde instead. Overall, the
direct dehydrogenation of methanol to formaldehyde requires specific process
conditions. These include high temperatures above 580 °C, short residence time
(preferably below 1 s), rapid cooling and a catalyst that is highly selective towards
formaldehyde [29]. Additionally, a high rate of methanol conversion is desired because

any reactant remaining in the product is difficult to separate.

In literature, numerous studies have explored various process concepts and catalysts
for the dehydrogenation of methanol to water free formaldehyde [9, 10, 14, 17, 25, 29,
32-34]. Research into catalysts for methanol dehydrogenation dates back to the 1960s
and focused on the study of various elements and their compounds. Compounds

containing elements such as silver, copper, zinc, indium, lithium and sodium proved to
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be particularly active [10]. Initial studies focused on silver and silver-copper catalyst
combinations [21, 33]. However, these reactions require the presence of oxygen to
achieve significant conversions. Without oxygen, the dehydrogenation process
proceeds at a slow pace [34, 35]. Various attempts to improve the reaction, including
the addition of oxidic substances such as silicon, or copper, had no effect [36].
Similarly, the introduction of elements such as selenium, tellurium or sulfur did not lead
to significant improvements due to their volatility [10]. It was found that oxidic catalysts
were rapidly reduced by methanol, whereas metallic catalysts required high
temperatures to achieve significant methanol conversion. Although zinc, in both its
metallic and oxidic forms showed some promise, its activity was short-lived, especially
in its molten or alloyed state [37]. Zinc oxide demonstrated slightly greater catalytic
performance than its metallic form [36, 38]. However, its effectiveness was limited due
to its reduction by methanol. Other transition metals were also evaluated, but none led
to results that could be considered suitable for industrial applications [10]. In addition,
sodium-containing compounds such as Na2COs, NaMoOs and NaAlO2 were also
identified as potential catalysts for the reaction of methanol dehydrogenation to
formaldehyde. The main active component in these substances appears to be
elemental sodium. Notable contributions in this area have been made by Sauer and
Emig [9, 31, 39], Ruf [13, 29, 40], Zaza, Su, Maurer, Meyer and Renken [11, 14, 15,
17, 30, 36].

Sauer [31] investigated two reactor configurations: a catalyst-coated tube wall reactor
(TWR) and a traditional fixed bed reactor. The catalysts used were aluminates of the
alkali metals, sodium and lithium (LiAlO2:NaAIOz2). In the fixed bed reactor, the catalyst
bed was supported by a grid inside an alumina ceramic reactor tube. Regarding the
TWR, the inner surface was coated with the catalyst over a length of 50 to 200 mm.
The experimental results showed comparable conversion (~97%) and selectivity
(~68%) for both reactor types. Observations indicated that an increased feed
concentration decreased the conversion, but higher temperatures increased the

conversion, while the selectivity remained relatively constant.

Ruf [40] conducted experiments in a tube reactor with an inner diameter of 8 mm and
a reaction zone length of 450 mm. In his experimental approach, elemental sodium
was used as the catalyst. The crucible was heated in a ceramic tray placed near the

reactor inlet. A stream of nitrogen was used to carry the vaporized sodium.
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Simultaneously, methanol was introduced via a separate nitrogen stream. These two
streams were then mixed directly at the reactor inlet. The velocity of the stream had
a direct effect on the reaction dynamics. As the velocity increased, the space-time
duration of the reaction shortened. Notably, both velocities exhibited a laminar flow
profile. In addition, by adjusting the temperature of the ceramic tray, the amount of
sodium that vaporized and subsequently fed to the reaction was varied. This
adjustment resulted in a corresponding increase or decrease in both methanol
conversion and formaldehyde selectivity. When the reactor temperature was further

increased, a maximum formaldehyde yield of approximately 83% was achieved.

As a further step, a new technique was developed to ensure a constant supply of
sodium and prevent its passivation [13]. This method involved melting sodium in
a heated tank. Nitrogen was fed into this tank via two different tubes. One long tube
extended directly into the molten sodium, while a shorter tube introduced nitrogen
above the liquid sodium, creating an inert environment. The vaporized sodium was
then carried into the reactor, driven by the stream of nitrogen. Upon entry into the
reactor, this sodium-nitrogen stream merged with another stream containing methanol.
The amount of sodium supplied was adjusted by changing the temperature of the tank.
The velocity and space-time within the reactor were controlled by the methanol-
nitrogen stream. By varying both the tank and reactor temperatures, the peak of the
formaldehyde yield was 72%. It was also observed that an increased fluid velocity
combined with a higher methanol concentration at the inlet resulted in a reduction in

methanol conversion.

For the direct dehydrogenation of methanol, Renken and Meyer [14] studied various
catalysts, mainly alkali carbonates. Among them, sodium carbonate showed the
highest selectivity, ranging between 55 and 65% for conversions less than 60%. The
catalyst showed signs of deactivation in the first six hours due to coke accumulation,
but it was possible to regenerate it. To further improve the selectivity, indium was
doped into sodium carbonate, increasing the selectivity to 75%. Sodium carbonate was
compared with other alkali salts and transition metal catalysts such as zinc, selenium,
tellurium and silver. Although these other catalysts can be active, they face issues
such as volatility and limited operational lifespans due to the evaporation of active

compounds at high temperatures. Sodium carbonate, on the other hand, remains
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stable and offers consistent performance, making it a more reliable choice for

continuous processes.

Zaza, de la Torre and Renken [11] presented a fluidized bed reactor for methanol
dehydrogenation using a sodium carbonate catalyst with particle sizes between 50 and
80 um. The reaction temperature was adjusted from 600 to 800 °C, and the porosity
was varied. The results showed that the conversion improved with increasing
temperature but was not affected by the variation in porosity. Conversely, the
selectivity decreased at higher temperatures due to formaldehyde decomposition.
However, using a higher porosity, i.e., reduced catalyst presence, resulted in increased
selectivity. Specifically, a porosity of 97% achieved a conversion and selectivity similar
to those of a fixed bed reactor of 70% and 55% respectively, while for the porosity of
0.995 the selectivity increased to 80%. Zaza et al. found that sodium carbonate
supported on activated carbon is an effective catalyst for the dehydrogenation of
methanol to formaldehyde, achieving high activity and selectivity at elevated
temperatures [41]. However, the process is hindered by significant gas phase
reactions which reduce formaldehyde selectivity in a continuous fixed bed reactor with
external recycling. Research showed that hydrogen, methoxy and hydroxymethyl
intermediates are strongly adsorbed on the catalyst surface and play a critical role in
the reaction mechanism. In addition, the presence of activated carbon enhances the
activity of the catalyst through a hydrogen spillover effect, facilitating hydrogen
desorption and improving overall efficiency. These findings contribute to a better

understanding of the reaction kinetics.

Maurer and Renken developed a microstructure reactor system with channels less
than 1 mm in diameter [17]. This approach aimed to achieve fast mixing, efficient
heating and cooling, short space-time and precise temperature control, all of which
can promote high formaldehyde yields. Given the small size of the reactor, the high
surface area-to-volume ratio allowed a robust heat transfer coefficient of approximately
10 kW m2 K-'. A unique heater was designed for the junction between the reactor and
the cooling micro heat exchanger, which improved the temperature distribution
throughout the reactor. After careful optimization of the system, a peak formaldehyde
yield of 80% was achieved at a temperature of 825 °C and a space-time of 0.205

seconds by using sodium as the catalyst.
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2.2 Sodium

Sodium is the most commonly known and widely produced alkali metal, belonging to
group 1 of the periodic table and is characterized by an atomic number of 11 and an
atomic mass of 22.9898 u. Sodium metal is distinguished by its extensive range of
applications [42]. Elemental sodium plays a crucial role in various industrial processes,
from pharmaceutical preparations to the manufacture of inorganic chemicals. Its
properties allow easy liquefaction, extending its utility in metallurgical processes and
other physical applications. The properties of sodium derive directly from its atomic
structure [43]. Its electronic configuration is described as 1s? 2s? 2p% 3s'.
Consequently, sodium has a large atomic volume, and the cohesive forces in its lattice
are comparatively weak. The enhanced reactivity of sodium is also due to its electronic
structure, as sodium has a single electron (3s") in its outer shell, which is weakly bound
to the nucleus. Sodium, together with other alkali metals, exhibits properties such as
lower density, decreased hardness and lower melting and boiling points compared to
alkaline earth metals. It also has lower sublimation, evaporation and dissociation
energies [44]. Sodium solidifies in a body-centered cubic crystal structure. It exhibits
typical metallic properties such as high thermal and electrical conductivity. In fact, the
electrical conductivity of sodium at 20 °C is approximately one-third that of copper.
Sodium remains liquid over a wide temperature range, from 97.8 °C to 881.4 °C at
atmospheric pressure [43]. In its gaseous form, sodium predominantly exists as single
atoms (monatomic). However, clusters of two (dimers) and four (tetramers) sodium

atoms are also observed.

Sodium reacts with hydrogen at approximately 200-300 °C to form sodium hydride. In
NaH, hydrogen is present as a hydride ion [43]. In the realm of organic synthesis,
sodium hydride primarily exhibits minimal reducing abilities, the most defining
characteristic of which is its high basicity. In particular, sodium hydride serves as
a strong base, reacting with all acids and with both organic and inorganic compounds
containing an active hydrogen atom. Its basicity exceeds that of sodium amide. Under
certain conditions, such as in molten NaOH or eutectic salt mixtures, NaH acts as

a powerful reducing agent, especially against metal salts and oxides.

When sodium interacts with oxygen, it can form several different oxides: sodium

monoxide (Na20), peroxide (Na202) and superoxide (NaO32). In addition, under certain
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conditions, the formation of the ozonide compound NaOs is observed. As sodium
reacts with oxygen to form monoxide and peroxide, energy is released.
Comprehensive studies were carried out to understand the structure and chemical
properties of oxygen compounds formed with alkali metals [42]. When exposed to
typical atmospheric air, molten sodium has the potential to ignite at temperatures
above 115 °C. However, a higher ignition temperature is required in dry air. The
combustion process is energetic and produces significant amounts of smoke. As the
reaction progresses, an intense white-yellow light is emitted, and the formation of both

Na20 and Naz0z2 is observed.

When sodium comes into contact with water, it reacts to form sodium hydroxide and
hydrogen gas. If the released hydrogen combines with air, the resulting gas mixture
can become explosive and potentially detonate with great force. In addition, when an
excess of sodium interacts with high-pressure steam in the absence of air, sodium

hydroxide and sodium hydride are formed [43].

The chemical industry relies heavily on many products that originate from sodium
metal [36, 37, 38, 39]. Sodium, especially in its liquid form, has gained significant
importance in the nuclear energy sector as a heat transfer medium. It is used
throughout the world as a coolant in fast breeder reactors [42, 43]. Some power plants
contain several thousand tons of sodium. The choice of sodium for fast breeder core
cooling is due to its excellent thermal and neutronic properties, especially where there
is a high heat flux. Moreover, sodium is used extensively in various industries [46]. It
serves as a critical component in the production of sodium hydroxide through the
electrolysis of molten sodium chloride, which is essential in the manufacture of a wide
range of products from gasoline additives to synthetic rubber and polymers such as
nylon. Sodium is also used in metal refining processes where it acts as a reducing
agent to produce metals such as titanium and zirconium from their respective
chlorides. In the field of lighting, sodium vapor lamps use the distinctive yellow
emission of sodium for street lighting due to its energy efficiency and intensity. Sodium
also plays an important role in organic chemistry, particularly in Birch reduction,
a process used to create complex organic compounds. There are many other ways in
which sodium can be applied, one of which is the use of sodium as a catalyst, which

is described in the following section.
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2.2.1 Sodium vapor

The studies mentioned in section 2.1.2 identified sodium-based catalysts as the most
potent for methanol dehydrogenation, as detailed in [10, 13 ,14, 31]. In alignment with
these findings, Sauer and Emig [9] showed that when reducing gases such as
hydrogen and methanol are passed through an alkali aluminate layer, catalytically
active species are released. They hypothesized that the volatilized sodium would play
a crucial role in the radical reaction of methanol, leading to an increased rate of
methanol conversion, as described in R19. In addition, they proposed that the sodium
atoms may also have trapped hydrogen radicals (R20 and R21), which helped to
prevent the decomposition of the formaldehyde produced during the process. Their
results suggest that the solid sodium compounds in the reactor act as a primary
catalyst and that the actual catalyst is produced by evaporation. This mechanism
facilitates the generation of an active gaseous catalyst from a solid catalyst,

contributing to the efficiency and selectivity of the chemical reaction.

Na + CH;0H - C'H,OH + NaH R19
Na + H — NaH R20
2NaH - 2Na' + H, R21

Ruf et al. [13] revised their earlier experiments involving the evaporation of sodium
from a crucible bypassed by a methanol stream. The authors convincingly argued that
the reaction is catalyzed by sodium vapor. This was further substantiated by the
introduction of sodium methoxide as a catalyst instead of sodium vapor, which gave
similar results to previous experiments. Ruf's research [13] shed new light to the
possible chemical pathways for the direct dehydrogenation of methanol to
formaldehyde catalyzed by sodium compounds. He proposed that sodium methoxide
serves as the key intermediate in the sodium-catalyzed reaction and decomposes into
methoxy radicals. This proposal marked a significant shift from the previously held
belief that hydroxymethyl radicals were the intermediates in this reaction. His proposal
regarding the role of sodium methoxide was encouraged by the experiment with
methane instead of methanol. This setup showed no activity even at high temperatures
up to 950 °C. Therefore, it was concluded that methoxy species are present. In addition
to these experiments — both with sodium methoxide and methane — the heat of

formation and the bond strengths of the radicals involved needed to be analyzed to
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prove the reaction (Table 1). It can be concluded that methane does not react in the
presence of sodium, even at high temperatures such as 950 °C, because the strength
of the carbon-hydrogen bond is greater, and the heat of formation for methyl radicals
is significantly greater than that for hydroxymethyl radicals. This difference in bond
strength and heat of formation suggests that the reaction behaviors of methane and

methanol in the presence of sodium are not directly comparable [47].

Table 1. Bond strength and heat of radical formation [48]

Bond Bond strength, kJ mol’ Radical formation heat, kJ mol-'
H-CH.OH 402 -17 (C'H20OH)

CH30-H 440 21 (CHs0O)

CH3-OH 385 37.5 (OH)

H-CHs 439 147 (‘CHs)

H-CHO 368 43 ('CHO)

Additionally, sodium plays a dual role in this chemical reaction. Firstly, it serves as
a promoter for the reaction that leads to the formation of formaldehyde. Secondly,
sodium acts as an inhibitor by trapping hydrogen radicals. By doing so, sodium
effectively reduces the rate of formaldehyde decomposition, thereby stabilizing it. This
dual functionality of sodium highlights its importance in both enhancing the production
of a desired chemical (in this case, formaldehyde) and maintaining the integrity of that
product by inhibiting its degradation. In order to determine the exact underlying
mechanism of the methanol dehydrogenation reaction, detailed in-situ experiments

need to be carried out.

In light of the findings presented in the current state of the art, and with the aim of
further advancing this knowledge base, this thesis looks into the direct evaporation of
sodium as a preferred method of the catalyst dosing for the direct methanol
dehydrogenation to formaldehyde reaction. The primary objective was to develop
a stable catalyst dosage system (Section 3.1) and to determine the optimal material
selection which can mitigate the corrosive nature of sodium (discussed in the
subsequent sections 2.2.2 and 4.2). In addition, sodium catalytic performance under
a variety of reaction conditions is described in Section 5.3.
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2.2.2 Corrosion behavior of sodium

Sodium, which is widely used in fast breeder reactors, has been the subject of
extensive research [49-54], particularly due to its corrosion-inducing properties.
Corrosion caused by liquid sodium is a major challenge in the design and maintenance
of steel alloys used in harsh environments, such as nuclear reactors and heat
exchangers. When exposed to sodium, steel undergoes both uniform dissolution,
which erodes the surface uniformly, and selective leaching, which preferentially
dissolves certain alloying elements [53]. The integrity of the steel is further
compromised by sodium penetrating through microscopic flaws or grain boundaries,
potentially causing internal damage and contributing to liquid metal embrittlement. In
addition, impurities such as oxygen and carbon can initiate additional corrosive
processes, including oxidation and changes in carbon content through carburization
or decarburization. These processes not only result in material loss but also lead to
a restructuring of the alloy microstructure and changes at the surface level, affecting
the mechanical properties of the material. The effects of these corrosion mechanisms
are particularly critical in thin-walled components or heat exchanger tubes that must

withstand high temperatures and demanding hydrodynamic conditions [55].

Understanding the process of corrosion and the extent of damage is essential to
determine the appropriate materials to be used and their expected service life,
ensuring that the components can function reliably within the specified operating limits
[52, 53]. It is known that oxygen concentrations must be very low (< 3 wppm) for
stainless steel 316 to be unaffected by corrosion caused by sodium. Cold traps are
commonly used in sodium coolant systems to maintain low oxygen levels by
crystallizing sodium oxide from the liquid sodium [56]. The corrosion rate can be
influenced by the presence of dissolved oxygen, as sodium can react with elements
such as chromium and iron to form compounds such as sodium chromite (NaCrO2) or
Na-Fe-O compounds e.g., NaszFeOs (consisting of 2Na2O and FeO). While the
formation of sodium chromite and its thermodynamic properties were observed and
characterized in studies, the existence and specific nature of the Na-Fe-O compound
have not yet been conclusively established [53].

Section 4.2, provides a comprehensive selection of methods and techniques to

mitigate sodium induced corrosion. This section not only identifies the methods
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selected for the MEDENA mini-plant, but also outlines the lessons learned from their
implementation and emphasizes the importance of maintaining system purity to ensure

long-term effectiveness.

2.3 Sodium methoxide

Sodium methoxide (CH;ONa) is a versatile white solid compound extensively utilized
in both industrial and laboratory applications [57]. It is a strong base used as a catalyst
in organic synthesis, particularly in the transesterification of vegetable oils for biodiesel
production [58]. Sodium methoxide is also present in the synthesis of pharmaceuticals,
agrochemicals and as an intermediate in the production of flavors and fragrances.
Sodium methoxide is highly corrosive and reacts strongly with water to form methanol
and sodium hydroxide. It is sensitive to air and moisture, absorbing carbon dioxide to
form sodium carbonate [59]. There are 4 main methods for producing sodium
methoxide, each with distinct advantages and challenges [60]:

1. Sodium amalgam: This traditional method involves using a sodium amalgam,
which is an alloy of mercury and sodium. It is a by-product of the caustic-
chlorine process. Methanol vapor strips sodium from the amalgam in a packed
column. While cost-efficient, this process tends to be phased out due to
environmental concerns related to mercury use.

2. Sodium metal: Sodium methoxide is produced by reacting of molten sodium
with methanol in a highly exothermic reaction. This method yields high-purity
sodium methoxide but requires careful control due to the reactivity of sodium
and the risk of explosion from hydrogen gas production.

3. Sodium hydroxide: This safer method uses caustic soda and methanol in
a reactive stripping column, with methanol vapor driving the methoxylation
reaction. Although it requires more energy for methanol-water separation, it
uses cheaper raw materials.

4. Sodium acetate: Involves electrodialysis to produce sodium methoxide and
acetic acid from sodium acetate and methanol. This method offers high purity

but is energy-intensive and not yet commercially viable.

As mentioned in Section 2.2.1, sodium methoxide was also evaluated as a potential
catalyst for the direct dehydrogenation of methanol to formaldehyde. The assessment

and analysis of this approach are comprehensively discussed in Section 4.3.
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2.4 Sodium carbonate

Sodium carbonate (Na2COs), also known as soda ash, is a neutral sodium salt derived
from carbonic acid and is a key raw material in the chemical industry [61]. In addition
to the anhydrous form of Na2COs, there are several hydrated forms. These include
sodium carbonate monohydrate (Na2COs-H20), sodium carbonate heptahydrate
(Na2C0O3-7H20) and sodium carbonate decahydrate (Na2CO3-10H20) [61]. Sodium
carbonate undergoes thermal decomposition into sodium oxide and carbon dioxide
when exposed to a vacuum without chemical activating agents, such as water vapor.
This decomposition starts at approximately 1000 °C. Sodium carbonate also has
hygroscopic properties [62]. When exposed to air with a relative humidity of 96%, it
can increase its weight by approximately 1.5% in just 30 minutes. When stored in
a humid environment, the alkalinity of sodium carbonate decreases due to the
absorption of moisture and carbon dioxide from the surrounding air. This absorption

results in a chemical reaction (R22), as described in [61]:
Na,CO; + H,0 4+ CO, — 2NaHCO, R22

This equation shows how sodium carbonate reacts with water and carbon dioxide to
form sodium bicarbonate. Above approximately 400 °C, water vapor reacts with
sodium carbonate, leading to the formation of sodium hydroxide and carbon dioxide.

The chemical reaction can be represented as (R23) [61]:

Na,CO; + H,0 — 2NaOH + CO, R23

Furthermore, sodium carbonate has superior catalytic activity in the direct
dehydrogenation of methanol to anhydrous formaldehyde compared to K2CO3 and
Cs2C0s3, as demonstrated in previous research [10]. Some alkali catalysts are listed in
Table 2. It is important to note that the comparison of the results of these experiments
should be performed carefully, as numerous other factors, which are not listed, can
significantly influence the conversion and selectivity. Variables such as the time on the
stream, the concentration of methanol and the amount of catalyst used are just a few
examples. Each of these factors can have a different effect on the process and its
efficiency, so it is necessary to consider them individually when analyzing the data and
drawing conclusions. Nevertheless, it is evident that sodium carbonate is one of the
most promising catalysts among those listed.
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Table 2. Results of selected previous research on alkali catalysts [10]

Catalvst Reaction Conversion of Selectivity of Reference
y conditions MeOH, % CH20, %
Na>COs3 60 57
650 °C
K2COs3 ~ 0.1 mol 55 30 [14]
CH30H in N2
CSzC03 45 10
NaY 500 °C 8 15
~ 0.14 mol [59]
Na2COs/NaY CH3OH in He 31 9
Na,COs3
+ C (75 wt%) 50 90
700 °C
Na,COs3
+ Fe (3.5 wt%) ~ 0.1 mol 35 93 [15]
CH3OH in Ar
Na:COs 61 81

+ Ni (3.5 Wt%)

As discussed and outlined above, as well as in Section 2.1.2, sodium carbonate is
identified as one of the most potent catalysts for the nonoxidative dehydrogenation of
methanol, with the aim of producing water-free formaldehyde and hydrogen. The
effectiveness of sodium carbonate in this role can be attributed to a number of factors,
including its ability to selectively promote the formation of formaldehyde while
minimizing side reactions and the co-production of hydrogen, which is valuable as
a clean energy carrier. Furthermore, the stability and non-toxicity of sodium carbonate
make it an attractive catalyst due to its potential ease of handling in industrial
applications. Consequently, sodium carbonate was selected for testing in the DRH
reactor, as detailed in Sections 3.3. Its performance under various reaction conditions

was examined comprehensively in Section 6.
Reaction mechanism

The comprehensive reaction mechanism was previously elucidated by Su [16]. The
experimental results indicate that during the catalytic dehydrogenation of methanol,
atomic hydrogen has a strong affinity for adsorption on the surface [16]. Once

adsorbed, it tends to recombine and slowly desorb in the form of hydrogen gas.
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Conversely, the associated species, - OCH; or - CH,0H, when adsorbed, are observed
to desorb more rapidly. In addition, it is suggested that free radicals, generated from
surface reactions, could initiate gas-phase chain reactions, leading to the production
of formaldehyde and other compounds. Based on these observations, it was
hypothesized that the initial step in the dehydrogenation of methanol on sodium
carbonate involves the dissociation of the H — CH,OH bond. This dissociation leads to
the formation of surface hydrogen and a gas-phase - CH,OH radical, which then
participates in a series of chain reactions. This mechanism is shown by a series of
equations proposed by Su et al. [16]. On the surface, the reactions involve various
transformations of methanol, including its conversion to different intermediates and
radicals (R24—R30) [16]. These include the formation of - CH,OH and - OCH; species

as well as hydrogen radicals, among others.

CH30Hg = CH;0H, R24
CH;0H, = - CH,0H, + - H, R25
CH30H, = - OCHa + - Hy R26
+OCH3s = COg + Hyg + - Hy R27
- OCHzs - CH,0g + - H, R28
CH30H, + * Hg = Hyg + - CH,0H, R29
‘Hg + H = Hyg R30

In the gas phase, the suggested reactions (R31-R45) are as follows [16]:

CH,0q + CH,04 = - CHO + - CH,0, R31
CH;0H, + M* — - CHag + - OHg + M R32
:CH,0Hg + M — - Hg + CH,0, + M* R33
- CH,0Hg + CH,0, — - CHO, + CH;0H, R34
:CHOZ + M —-Hg + COg + M* R35
- CHO, + CH30Hg — C H,0, + - CH,0H, R36
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- CHOg + CH,0, - COg + - CH,0H, R37

‘Hg + CH30H, — - CH,0Hg + Hyg R38
‘Hg + CH30H; — H,0 + - CHy, R39
‘Hg + CH,0g — - CHOg + Hyg R40
‘Hg + CH,0, — - CH,0H, R41
- CHgg + CH30Hg — CH,g + - CH,0H, R42
- CHag + CH,0, — CH,g - CHO, R43
- OHg + CH,04 — H,0 + - CHO, R44
- OHg + CH;0H, — H,0 + - CH,0H, R45

Su et al. [16] suggested that the gas phase - CH,0H, is formed by the H — CH,OH bond

breaking on the surface of the catalyst (as shown in R25). Reactions 26-28 are
proposed for the direct formation of carbon monoxide and formaldehyde, which is
particularly important for fresh catalysts [63]. However, these reactions are minor when
compared to gas-phase chain reactions. Hydrogen recombination and desorption from
the surface (R30) is assumed to be the rate-determining step. This is based on the
observation that purging the catalyst with methanol significantly increased the
conversion but did not change the formaldehyde selectivity. This implies that highly
adsorbed hydrogen accumulates on the catalyst and inhibits H — CH,0H bond
cleavage by blocking active sites. Enhanced desorption of hydrogen during purging
frees these sites, allowing faster bond cleavage until hydrogen saturation prevails.
Catalytic activity can be improved by accelerating hydrogen desorption, which is
observed when carbonate is mixed with active carbons or transition metals, such as
iron, increasing activity without affecting selectivity [63]. Formaldehyde decomposes
considerably without a catalyst, while the thermal decomposition of methanol is minor.
Therefore, in the model, R31 is faster than R32. Formaldehyde decomposition at the
surface is excluded because it is less significant than homogeneous reactions above
500 °C, the typical temperature for methanol dehydrogenation. In the gas phase,

radical reactions (R38 to R40) are the key propagation steps, with the -H radical being
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the most active. This mechanism is consistent with the observed product distributions
of H2, CH20, CO, CHs4 and H20, where CO is mainly produced by gas-phase
formaldehyde decomposition. Methane formation via R39 occurs parallel to CH20
formation (R38). Since the thermal decomposition of methanol (R32) is negligible, the
methane selectivity depends on the rates of R39 and R40. R39 is significantly slower
than R38.

These observations emphasize the significance of surface reactions on the catalyst,
specifically how the accumulation of hydrogen can block active sites and hinder further
reactions. It underscores the importance of managing surface conditions to optimize
catalytic performance. By identifying hydrogen desorption as an important process,
this chapter suggests that improving it, possibly through catalyst modifications such as
mixing sodium carbonate with active carbon materials or transition metals, can
effectively improve catalytic activity. This provides a compelling basis for further

research in this field.

The deactivation of the carbonate catalyst can be related to two main factors: the
consumption of sodium during the reaction process and the accumulation of coke on
the catalyst surface [63]. Both processes lead to a decrease in the amount of sodium
released at a given temperature, which affects the effectiveness of the catalyst. As
reported in [64] sodium carbonate is stable even in temperatures up to 850 °C,
therefore the coke formation comes mostly from the side reaction during the process.
To effectively recover the catalyst, a method involving the use of a mixture of oxygen
and an inert gas can be used to burn off coke deposits. This process is essential for
restoring the activity of the catalyst. The oxygen in the mixture reacts with the
carbonaceous coke material on the catalyst surface, effectively removing it. The

experimental utilization of these findings can be found in 6.5.

2.5 Direct resistance heating and ceramic sponges

Industrial production processes account for approximately one-third of the global
energy demand [65]. Industries such as food, paper, chemicals, refining and
metallurgy, in particular, are high-energy consumers. Heating for industrial
applications is achieved by the combustion of various fuels, which can be solid, liquid
or gaseous. Commonly used sources include fossil fuels, such as oil, natural gas and
coal; and biomass sources, such as vegetable oil, wood chips, cellulose and ethanol
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[66]. The temperatures generated by these fuels can range from 150 °C to more than
1600 °C [67, 68]. The efficacy of a process heating system is contingent upon its ability
to deliver the desired product quality within specified parameters, such as high
capacity and rapid response time. In essence, an optimal system will provide a high-
quality product at the lowest cost, while an energy-efficient system will do so with the

least amount of energy.

DRH is an excellent alternative to conventional heating methods in industrial
applications. This technique uses an electric current, which flows through a resistor
and converts electrical energy into thermal energy. DRH is almost 100% energy
efficient, as it converts nearly all the electrical energy into heat [69]. This high efficiency
translates to significant energy savings, with some applications reporting up to 80%
energy savings compared to traditional heating methods [70]. In addition, one of the
key benefits of the DRH is its ability to achieve a rapid heating rate. The heating
process can also be easily regulated by changing the electrical current, allowing
precise temperature control [69]. Moreover, the DRH can be particularly beneficial
when combined with renewable energy sources, offering a synergistic approach to
sustainable and efficient heating in various industrial applications. This combination
offers advantages such as creating a more environmentally friendly and cost-effective
heating solution [4, 71-73]. As the direct dehydrogenation of methanol to
formaldehyde is an energy-intensive process and requires precise temperature
control, the DRH concept was chosen to be tested within this work. A detailed

description of the reactor can be found in Section 3.3.

Porous sponges represent a promising substitute for conventional internal
components used in process engineering equipment including chemical reactors and
separation columns [74]. These highly porous, three-dimensional structures, typically
manufactured from ceramic compounds such as alumina (Al,O3), mullite
(8AI,03-2Si0,), or silicon carbide (SiC), but also metallic materials like nickel (Ni) or
copper (Cu), offer a combination of properties that make them particularly suitable for
the enhancement of heat and mass transfer processes [75]. Their structure offers
a large surface area relative to their volume, which makes them ideal for applications
requiring high surface interactions, such as filtration, catalytic reactions, and heat
exchangers. Compared with widely used standard fillings, they exhibit low-pressure

drops and outstanding heat transfer properties [76].
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Ceramic sponges can be produced by several methods, such as direct foaming, the
sacrificial template method and the replica technique [77]. The replica method is the
most popular process for the production of open-cell ceramic foams [78]. The process
starts with the utilization of an open-cell polymer foam, typically derived from
polyurethane, which serves as the template. The polymer foam is initially submerged
in a ceramic slurry, thereby enabling the slurry to adhere to the foam's internal
structure. Once any residual slurry is removed, the coated foam is subjected to a drying
process in preparation for the subsequent stage. The crucial phase of the production
process occurs during sintering, whereby the polymer is burned off, leaving behind
a rigid ceramic structure that replicates the original foam's porous architectural design.
The sintering process not only solidifies the ceramic material but also creates
a network of interconnected pores, resulting in a highly porous material with
a significant surface area. The final ceramic sponge retains the three-dimensional
network of the polymer template, thereby ensuring permeability to fluids and suitability
for a range of applications in process engineering. The properties of the ceramic
sponges, including their porosity and structural integrity, can be modified by modifying

the composition of the ceramic slurry and the parameters of the sintering process.

Nowadays, 3D printing of ceramic sponges is also an innovative technique that
enables the production of highly customized porous materials with precise control over
their structure [79]. The process starts with the design of a 3D model of the desired
sponge, followed by the preparation of a ceramic slurry consisting of ceramic powders,
binders and additives to improve printability. During the printing phase, the ceramic
material is deposited layer by layer according to the 3D model using methods such as
direct ink writing, stereolithography or robocasting. After printing, the structure is dried
to remove solvents and then usually subjected to debinding and sintering, which burns
away the organic components to form a dense ceramic sponge with interconnected
pores. This process allows the formation of complex geometries and tailored porosity,
making 3D printed ceramic sponges suitable for a variety of applications including
catalysis, filtration and effective heat management. The benefits of this approach
include the ability to create intricate designs that are difficult to achieve with traditional

manufacturing techniques [80].

Nevertheless, ceramic sponges are not without their own peculiar characteristics and

inherent limitations. The compressive strength of ceramic sponges is relatively low due
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to their high porosity [81]. The installation of ceramic sponges in large reactors can
present some challenges e.g. a sponge must be tightly sealed to prevent liquid/gas
bypasses. Furthermore, the current manufacturing processes, which are primarily
focused on single-use metal melt filters, can result in variations in, for example, cell

diameters.

Ceramic sponges made from silicon-infiltrated silicon carbide (SiSiC) were chosen to
be used in the DRH concept due to their remarkable heat transfer properties and high
mechanical strength at elevated temperatures [82—84]. The continuous solid phase of
ceramic sponges enables efficient heat conduction, both radially and axially,
consequently reducing heat transfer resistances and eliminating cold spots in the
reactor. Moreover, SiSiC exhibits excellent resistance to most acids and alkalis,
making it suitable for use in chemically aggressive environments while remaining

chemically inert towards substrates and products [85, 86].

To conclude, a sponge has a dual function, not only is it a resistor for the DRH, but it
is also used as a support (body) for the catalyst (Na2COs) in the direct dehydrogenation
of methanol to water-free formaldehyde process. Further information regarding
sponges and experimental methodology can be found in Section 3.3. The test
procedure and results of the SiSiC sponges and the DRH reactor are described in
Chapter 6.
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3. EXPERIMENTAL SETUPS

For the purpose of experimental research, the sodium evaporation and condensation
system and the Medena mini-plant were constructed. Next, modifications (DRH
concept) to the setup were undertaken. Detailed descriptions of these units are

provided in the following.

3.1 Sodium evaporation and condensation setup

When developing a process that requires the use of a catalyst, establishing a reliable
catalyst dosing system is a critical step. In the vapor catalyst dosing approach, it is
essential to accurately determine the amount of evaporated sodium and ensure its
uniform distribution over time. As previously mentioned in Section 2.2.1, the sodium
catalyst dosing system has not yet been evaluated in detail. To address this, a sodium
evaporation and condensation apparatus was designed and constructed. Its primary
function is to effectively control the sodium amount during the reaction. Figure 7 shows
a simplified technical illustration of the sodium evaporation and condensation unit. This
demonstrates its main components and provides a basic overview of its operation. In
general, the setup consists of a sodium evaporator (bubble column) and sodium
condenser. The liquid sodium was first heated up under an inert atmosphere, then
argon was bubbled through the column, and finally sodium vapor was condensed in

the second vessel.

- =

Figure 7. Technical illustration of the sodium bubble column and condenser, CAD
drawings by M. Daubner
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Figure 8 shows the process flow diagram of the system:
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Figure 8. Process flow diagram of the sodium evaporation and condensation units

The evaporation unit (dark red) consists of a 1.3-litre bubble column in which sodium
was heated by a 700 W heating jacket. The argon flow, which is critical to the process,
is controlled by two independent flow regulators, specifically the Bronkhorst model
F- 201CV-2K0-PGD-33-K. One regulator is dedicated to a shortened pipe (referred to
as FC.1), while the other controls the flow for the primary bubble pipe (FC.2). In the
next stage of the process, after the sodium has evaporated, it is condensed in
a specially designed vessel (light blue). This container was placed in a cooling bath
(ThermoFlex 350) filled with silicone oil at -20 °C. This arrangement ensures efficient
condensation of the sodium vapor back into a solid form. At the end of each
experiment, a thorough inspection of the condenser was carried out. Typically, sodium
was observed to either deposit at the bottom of the condenser, adhere to the inner wall
or exhibit a combination of both behaviors, as shown in Figure 9. To quantify the
efficiency and effectiveness of the evaporation and condensation process, the total
amount of sodium that had evaporated and then condensed was measured by
weighing. This step is crucial in assessing the performance of the system and making

any necessary adjustments to optimize the process.
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Figure 9. Photograph of sodium in the condenser after an experiment, photograph:
M. Kamienowska-Orsini

To ensure accurate temperature monitoring within the system, Class 1 IEC 60584
Type K thermocouples, encased in Inconel 600 with MgO insulation and a 3 mm
outside diameter, are placed inside the pipes and at both the inlet and outlet points of
the containers. The pipelines are heated by means of heating tapes from Horst GmbH.
The pressure was monitored using a Rosemount 2051 inline pressure transmitter from
Emerson. In addition, a Bronkhorst back pressure controller BPC.1 (P-502C-1K1R-
PGD-39-K + F-001AV-LFU-33-K) allows the system pressure to be set in the mini-
plant.

The sodium bubble column tested in this work was originally based on the concept
developed by Ruf [29]. However, to improve the process stability and verify the actual
amount of evaporated sodium, modifications were made. Furthermore, to meet the
increased capacity requirements of mini-plants, a scale-up of the bubble column was
performed. These modifications are given in Table 3. which provides details of the
changes made to the original design to accommodate the extended scope of

operation.
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Table 3. Comparison between the previously tested column and our own work

Sodium bubble column This work Ruf [29]
Volume, | 1.3 0.1
Height, mm 248 120
Inner diameter, mm 82.5 34
Inert gas dosing 2 flow controllers 1 flow controller
Purification system Zr foil none
Sodium loading up to 800 g upto60g

The integration of a secondary flow controller into the system is an important
enhancement for managing the gas flow through the bubble pipe. By maintaining
a stable flow, the secondary flow controller contributes significantly to the overall
operational stability of the system. In addition to the flow controller, a back pressure
controller has also been incorporated. This controller is key for adjusting the pressure
within the system. This ensures that the operating parameters are not only maintained
consistently but also kept within the specified optimum ranges and safety thresholds.
Such precise pressure control is important to the proper operation and stability of the

system.

3.2 MEDENA mini-plant

A self-constructed laboratory setup, shown in Figure 10, was used for the experimental

methanol dehydrogenation tests. The process flow diagram for methanol

dehydrogenation in this experimental setup, as shown in Figure 11, includes a series

of steps:

1. Preheating and feeding: methanol & argon (feed), together with sodium & argon
(catalyst) were preheated and then fed into the reactor. Argon was controlled by
a flow controller (FC. 3) and passed through a particulate filter. Methanol (99.9 %,
AcroSeal) was supplied via a mass flow controller (FC. 4) to an evaporator type W-
202A-330-K (CEM) whose temperature was set at 120 °C. Argon and methanol
flows were then mixed in CEM. The SS 316 tubes for the methanol stream were

coated with Silcolloy 1000 (made of high-purity silicon, providing temperature
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stability and preventing corrosion). The methanol flow rate was set between 8 and
20 g h*', accompanied by an appropriate amount of argon flow. Different amounts
of catalyst were tested, ranging from 0.0 to 0.5 g h'.

. Reactor: The dehydrogenation reaction was carried out in a tubular reactor with an
internal diameter of 10 mm and a length of 45 cm, the reactor pipe was made of
Alloy 625 (2.4856). The reactor pipe was heated by a three-zone oven with a total
power output of 3000 W. Reaction conditions were maintained at a temperature of
500-950 °C and a pressure of 1.2—1.5 bar. Detailed temperature evaluation in
MEDENA mini-plant is described in Section 4.5.

. Measurement and control: The temperatures inside the tubes and the reactor were
measured using thermocouples. The system pressure was monitored using the
equipment described in Section 3.1, and a back pressure regulator was used for
partial pressure control. The unanalyzed product stream was absorbed in a water
solution in a gas scrubber (Buechi - Gas scrubber DN50 / 6 |) to ensure safe
handling of the chemicals. The product stream was analyzed using a gas
chromatograph (ARNEL 6453, Perkin Elmer) equipped with a main column
(Molesieve 5A) and a precolumn (Plot U). The system used a backflush-to-vent
mechanism in a heated external oven to remove contaminants. The gas
chromatograph was equipped with a thermal conductivity detector, a methanizer
and a flame ionization detector. The carrier gas, argon (99.9999 %, Air Liquide),
was further purified by various traps. A flow controller (FC. 5) ensured constant flow

through the valves of the gas chromatograph.
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Figure 10. Picture of the MEDENA setup, photograph: M. Kamienowska-Orsini

A significant modification to the catalyst system in MEDENA is the absence of
the sodium condenser. While sodium evaporation and condensation experiments were
essential to determine stable catalyst dosing, the use of a condenser as a cooler is not
a viable option for the main product stream, which consists mainly of hydrogen and
formaldehyde. The rapid and uncontrolled cooling of this stream would result in
formaldehyde decomposition, which occurs at temperatures below 140 °C [31].
Consequently, the recovery of the catalyst was not pursued during the experiments
detailed in this thesis. However, developing an effective method for recovering sodium

is essential for scaling up the process to an industrial scale.
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Figure 11. Process flow diagram of the MEDENA mini-plant



The process parameters in the MEDENA mini-plant were set and controlled by
a programmable logic controller (PLC) system. The Siemens PLC enabled both the
configuration and real-time monitoring of key process variables such as temperatures,
pressures and flow rates, directly via the control panel interface (Figure 12). In addition,
automated alarm thresholds and emergency shutdown functions were programmed
for each parameter to ensure operational safety. When a value approached or
exceeded these limits, the system autonomously initiated corrective adjustments and
triggered visual and audible alarms. Furthermore, monitoring of the off-gas
composition (H,, CO, and CH,0) was also integrated into the control system. The
process data were systematically recorded at one-second intervals and stored for

subsequent analysis.
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12. Control panel of the mini-plant

Figure



3.3 MEDENA mini-plant with direct resistance heating reactor

To evaluate and test the DRH reactor, several modifications were implemented in the
MEDENA mini-plant. The process flow diagram is shown in Figure 13. The
experimental tests of methanol dehydrogenation were conducted in a self-constructed
laboratory setup, equipped with a DRH reactor (material: 2.4663, ID 44 mm, OD 54
mm). The temperatures inside the reactor were measured with thermocouples (type
K, class 1 according to IEC 60584; Inconel 600; insulation MgO; and OD 3 mm)
protected by a macro material insulating sleeve. The reactor contains two nickel
Helicoflex seals supplied by the Technetics Group. The power supply was provided by
a Voltcarft DPPS-32-30, possible output 1-32 VDC, 0-30 A, with an input of 220-240
V, 50/60 Hz. Feedthrough adapters (pin/conductor material - nickel, temperature
range: 269 °C to 450 °C, withstanding maximum pressure at 20 °C: 103 bar; maximum
current: 31.5 A; manufactured by Hositrad) were used to supply power from the
electricity source to the nickel wires. The argon and methanol dosing units remained

unchanged, as did the gas scrubber and the GC system.
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Figure 13. Diagram of the MEDENA mini-plant for tests using the DRH concept
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As described in Section 2.5., ceramic sponges were chosen to be tested in the
MEDENA mini-plant with DRH system. The sponges presented in this thesis can be
classified into two main categories: those produced using the replica technique and
those created through 3D printing. The 10, 20 and 30 PPI silicon-infiltrated silicon
carbide sponges (Figure 14) were produced by EngiCer SA (replication method).
Additionally, a 20 PPI sponge (Figure 15) with a solid layer (5 mm) was 3D-printed by
an Engicer SA. The principal objective was to ascertain whether the potential for
creating a customized 3D-printed structure would indeed enhance the performance
during the dehydrogenation process in the DRH concept. In addition, the primary goal

of the solid layer surrounding the sponges was to facilitate tighter contact between the

sponge surface and the nickel rings/plates, as detailed in the subsequent section.

Figure 14. 10, 20 and 30 PPI SiSiC ceramic sponges (OD: 38 mm), photographs: M.
Kamienowska-Orsini

Figure 15. 20 PPI SiSiC 3D-printed sponge (OD: 38 mm), photograph: M.
Kamienowska-Orsini

Design of the direct resistance heating reactor

The integration of a directly heated sponge into a reactor requires a particular design
approach. The initial concept, developed at the KIT Technik Haus, is shown in the
technical drawing in Figure 16. This design consists of nickel rings to supply current to

the sponge and the special macro-insulation structure, which was custom made for the
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size of the reactor and sponge. During the preliminary trials, the high temperature
resulted in deformation of the nickel rings, which subsequently lost contact with the
sponge and caused a discontinuation of the current flow. Images of this concept are

shown in Figure 17.
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Figure 16. Technical illustration of the first DRH reactor concept, author: D. Kuntz
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Figure 17. Images of the first concept using nickel rings instead of nickel plates,
photographs: M. Kamienowska-Orsini

The initial tests demonstrated that the nickel rings were inadequate for maintaining
a constant current flow throughout the process. Consequently, in the next step, they
were replaced with nickel plates. A significant aspect of the design is the positioning
of nickel plates on the sides of the sponge (Figure 18). These plates are pressed

together using a macro-insulating material. This concept proved highly effective in
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enabling a constant current flow through the sponge across the full temperature range,

as detailed in Section 4.6.2.

6%65!

Figure 18. Macro insulation with a nickel plate and wire (with ceramic insulation beads
(OD: 1.5 mm) connected to a copper adapter (photograph: M. Kamienowska-Orsini)

The electrical resistance of a 20 PPI SiSiC sponge was measured at KIT Technik Haus
and was found to be 10 Ohm cm. A zirconium foil was used to carefully position the
ceramic sponge, along with the macro insulation material, into the reactor. This foil
was placed between the reactor wall and the insulation and ensured that the macro
material was not damaged during the insertion. The detailed scheme of this reactor
concept is illustrated in Figure 19, and a photograph of the reactor is shown in Figure

20. The reactor was designed for a maximum overpressure of 0.5 barg.
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Figure 19. Technical illustration of the DRH reactor concept, author: D. Kuntz
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Figure 20. DRH reactor in the MEDENA mini-plant, photograph: M. Kamienowska-
Orsini
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4. EXPERIMENTAL TECHNIQUES AND EVALUATION

This chapter describes the experimental methods and evaluations carried out to
establish the effectiveness of the proposed systems. It outlines the theoretical
determination of the amount of evaporated sodium, followed by an investigation of
sodium handling practices and material compatibility. The evaluation of sodium
methoxide as an alternative catalyst is then presented. Subsequently, the principles of
reactor design are elucidated. This is followed by an evaluation of the reaction
temperature in the MEDENA mini-plant, focusing on how the temperature profile of the
reactor changes under different operating conditions. Blank experiments were
performed and described to analyze the temperature distribution within the reactor
without a catalyst, using different methanol concentrations and flow rates. Lastly, the
temperature evaluation for the direct resistance heating concept is discussed. This
includes the determination of the resistivity of the sponges used in the system and
blank experiments carried out to evaluate the temperature profile under an argon

atmosphere using this heating method.

4.1 Methodology for the theoretical determination of the

amount of evaporated sodium

A crucial aspect of this work is the quantification of the amount of sodium evaporated
using the bubble column concept. These investigations are essential as no
experimental verification of this type was previously carried out for this type of system.
The Raoult-Dalton equation was used to estimate the amount of evaporated sodium.
This equation describes the phase equilibrium between the liquid sodium phase and
the molar fraction of sodium in the gas phase. It applies to ideal gases and liquid
phases where X; p;, represents the mole fraction of component i in the liquid phase,
p*; is the equilibrium vapor pressure of the pure component, J; », is the partial pressure
of component i in the gas phase and p is the total vapor pressure of the solution. The

equation is presented as follows (Eq. 1):
Xiph *P; = Viph ' P Eq. 1
For the bubble column, the liquid phase consists of only one component; therefore,

%ipn = 1. Since §;pp < 1, one can assume §;p, ~ Yipn. The Raoult-Dalton equation

therefore reduces to (Eq. 2):
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Yipn = ppi Eq. 2

The vapor pressure of a substance is a function of temperature. As the temperature
increases, the vapor pressure generally increases exponentially. This is described by
the Antoine equation (Eq. 3). For sodium, a relatively minor change in temperature can
lead to a considerable change in vapor pressure. The equilibrium vapor pressure is

determined by the following Antoine equation [43]:

logp = 10182516 — (*2%) — (1.0948logT) + 8.5874946 x 10~°T Eq. 3
The formula provides a value for the vapor pressure in kPa for temperatures between

300 and 2500 K. The molar flow of argon can be calculated from the volumetric flow
using Eq. 4, where pyorm iS 101325 Pa, Tyorm = 273.15 Kand R =8.312 J mol' K":

_ pNorm'vAr
Ar = S Eq. 4
RTNorm

The balance of moles in the bubble column is given in Eq. 5, in which N are the molar

flows of sodium and argon, respectively:

dNna . - > .
d_tN =0= Na,- (YNa,in - YNa,out) + Nna Eq- S
It is assumed that the process in the column is in a steady state. As there is no sodium

in the argon stream entering the bubble column, Yy, i, = 0. This gives (Eq. 6):
NNa = NAr' 7Na,out Eq. 6

Furthermore, assuming that Yy, out = Ynapn, Since the loading of sodium in the gas
phase at the interface is the same as the loading of sodium in the gaseous bulk phase,

the mass flow of sodium (rmy,) can be estimated with (Eq. 7):
My, = NNa ’ IVINa Eq.7

A description of the temperature changes in argon at the outlet of the bubble column
is crucial for studying sodium evaporation from the bubble column. In the absence of
an in-situ temperature measurement inside the bubble column, there is inevitable
uncertainty with regard to the exact temperature of the sodium. In particular, since the
argon outlet temperature only reaches 250 °C, it is concluded that mass transfer is
unlikely to occur at the expected 500 °C. This conclusion holds even if the heating
power is adequate and the theoretical energy ratio for both sodium and argon heating

is met. The considerations are therefore as follows (Eq. 8):
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dh = ¢,dT for a constant cp value: h — hy = ¢, (T—T,) Eq. 8

Under the assumption of a constant isobaric heat capacity over the considered
temperature range, the specific enthalpy can be evaluated by Eq. 9, which leads to
Egs. 10 and 11:

h(p,T) = ho(p, To) + ¢p - (T —Tp) Eq. 9
H(p,T) = h(p,T) Eq. 10
dHBubble column — Ain qout 1in Tout

~—Bubblecolumn _ (jin _ (yout 4 fjin _ [y Eq. 11

dt

The sodium bubble column was continuously heated by a 700 W jacket. Eq. 12 is
obtained in which 7 is an efficiency of an electric heater:

Q™ = Py Eq. 12
According to the first law of thermodynamics, Eg. 13 can be used to calculate the

enthalpy flow entering the bubble column:

AH™ = thp, - (haro(P, To) + cpar(TAD) - [TAT — To] + tinaChnao (P To) + cpna(TRY) -
[TyY — Ty] + AhLY Eq. 13

The enthalpy flow leaving the bubble column consists of argon and evaporated sodium

at equal temperatures (Eq. 14):

AHOU = thy, + (haro(p, To) + cpar(Tarona) * [Tarena — Tol) + tina(hnao(p, To) +

Cp,Na(TXIElENa) ) [ XlElfNa - TO]) + r'nAr—NaAhXIiENa Eq 14

When argon and sodium mix, molecular interactions cause the combined enthalpy flux
of the individual streams to differ from that of the mixed stream. However, due to the
negligible amount of sodium in the stream, this effect has been neglected. The heat

flow leaving the system is equal to the heat loss of the column and the pipes (Eq. 15):

Qout = ZlossesQ Eq 15

This evaluation showed a very positive change in the enthalpy of the bubble column,
implying that no further heat consumption to reduce the enthalpy, such as cooling of
the sodium, occurs within the column. To further justify the temperature assumption, it
is essential to consider the energy required to heat argon at a flow rate of 3 | min-".
The energy input needed to raise the temperature of the argon from an inlet

temperature of 150°C to the assumed temperature of 500°C is approximately 25 J s .
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The difference between the calculated and observed exit temperatures of argon
highlights the many complexities of the system and the possible deviations from the
theoretically predicted values. In the course of evaluating the dynamics of the system,
it became noticeable that the argon outlet temperature consistently deviated from the
initially predicted values. This led to an extension of the model used. To resolve this
issue, mass transfer calculations were specifically performed using an adjusted
reference temperature of 400 °C. This modified value is not only in agreement with the
data obtained but is also supported by a number of experimental results, making it
a highly plausible and representative scenario for further analysis. Considering the
mass transfer of sodium into the argon bubbles, the evaporation rate is given by (Eq.
16), where Ag is the interfacial area between the sodium bubble and the argon, f is
the mass transfer coefficient and c is the concentration of sodium vapor at the interface

with the liquid phase and in the main argon stream.

Nna = Ag B (Cph — CBw) Eq. 16

The Sherwood number (Sh) was used to calculate the mass transfer coefficient (Eq.
31), where dj is a bubble diameter.

Sh =28 Eq. 17

The diffusion coefficient (D) was calculated from Aref'yev’s equation [87] (Eq. 18):

D = 1.05- 10~%(T/723)165 Eq. 18

For a comprehensive analysis of the behavior and properties of sodium within the
bubble column, the most important parameters, such as bubble diameter shape and
regime were calculated. Table 4 provides values related to both the sodium bubble
column itself and the bubbles formed within it. The presented results were calculated
based on the equations listed in Ref. [88]. The equations used to evaluate the

properties associated with the bubble column are shown in the following section.
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Table 4. Relevant dimensionless numbers for the bubble column

Argon flow, | min-1 0.8 1.2 1.5 3
Reynolds _n_umber of the 173 260 305 650
orifice, -
Reynolcs humber of the 26077 30349 33345 46333
ubble, -
Bubble diameter, mm 11.9 13.5 14.6 18.9
Ascent Velorﬁi.téMendelson, 0.30 0.31 0.31 0.34
Froude Number, - 0.78 0.72 0.69 0.61
Weber Number, - 6 7 7 11
Morton Number, - 4.69-1076
Eotvos Number, - 7 9 11 18
Regime, - Constant frequency regime
Shape, - Nonspherical

In the particular case of a sodium bubble column purged with different argon flows, the
obtained parameters provide valuable insights into the behavior and performance of
the system. A more detailed evaluation of the findings and their impact on the process
is given:

e Argon flow rate: Changing the argon flow rate can affect the distribution and
dispersion of bubbles within the sodium column. Higher flow rates can result in
more vigorous mixing and dispersion of the bubbles, potentially affecting the
overall heat and mass transfer characteristics of the system.

e Reynolds number of the orifice: This number characterizes the flow regime
through the orifice shown in Eq. 19, where u, is the velocity of the gas at the
orifice, p, is the density of the liquid sodium, d, is the diameter of the orifice and

n, is the dynamic viscosity of the liquid sodium [89].

Re, =“°;’—id° Eq. 19
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Reynolds numbers indicate differences in the degree of turbulence or laminar
flow, which can influence bubble formation, size distribution and dispersion
within the column [90].

Bubble Reynolds number: This parameter provides an insight into the flow
regime around the bubbles formed in the sodium column, as seen in Eq. 20,
where ug is the velocity of the bubble, dg is the diameter of the bubble and v;,

is the kinematic viscosity of liquid sodium [89].

Rey = 225 Eq. 20

VL
Higher Reynolds numbers indicate more turbulent flow around the bubbles,
which can affect their behavior, residence time and coalescence within the
column [61, 62].
Bubble diameter: This value was calculated by means of the Gaddis and
Vogelpohl equation, [93] (Eq. 21), where V; is the volume flow of argon.

1
44
5

o = () (2228« () ca. 2

The change in bubble diameter can affect the surface area to volume ratio of
the bubbles and, therefore, their heat and mass transfer characteristics. Larger
bubbles may rise faster but may also coalesce more easily, altering the overall
flow dynamics within the column [94].

Ascent Velocity Mendelson: Bubble rising velocity was calculated using the
Mendelson equation (Eq.22) [95], which is recommended for the nonspherical
bubbles [88].

up = |22 4 &8 Eq. 22

dppL 2

The ascent velocity of the bubbles influences their residence time in the column
and their interaction with the surrounding sodium [96]. Differences in ascent
velocity can affect the distribution and mixing of the bubbles, thus affecting the
efficiency of heat and mass transfer processes.

Froude number: It helps to characterize the flow regime within the column as
shown in Eq. 23 [89].
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2
Frg = g‘% Eq. 23

Changes in the Froude number indicate differences in the relative importance
of inertial and gravitational forces, which can affect bubble rising velocities,
bubble breakup and overall flow stability [97, 98]. When the Froude number is
less than 1, the flow is classified as subcritical. In this case, the flow is
characterized by a smooth flow pattern.

Weber number: This reflects the importance of surface tension forces compared
to inertial forces, as can be seen in Eq. 24, where ¢, is the surface tension of

the liquid sodium.

Wej = dubeL Eq. 24

oL

This parameter influences bubble deformation, breakup and coalescence
behavior within the column, thereby affecting bubble size distribution and gas-
liquid interface area [69, 70]. Bernadin et al. [101] categorized Weber numbers
into three ranges: low (We < 30), medium (30 < We < 80) and high (We > 80).
Research on low Weber numbers indicates that higher static contact angles are
associated with lower wetting limit temperatures.

Morton number: This relates buoyancy and surface tension effects to inertial
forces [89], as shown in Eq. 25:

Mo = % Eq. 25
Variations in the Morton number can affect bubble break-up and coalescence
phenomena, which in turn affect bubble size distribution and flow stability within
the column. Low Mo numbers are typical of liquid metal systems and yet no
better approach for their calculation has been proposed [102].

Eb6tvos number: This number reflects changes in the relative importance of

gravitational and surface tension forces [89], as can be seen in Eq. 26:

Eo = Aeed Eq. 26

oL

In many fluid systems, particularly those on small scales or involving different
phases, a low Eo6tvds number indicates a significant influence of surface

tension. This can affect bubble shape, deformation and break-up behavior,
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which, in turn, affects bubble rising velocities and residence times within the
column [103].

In summary, the analysis shows that the bubbles formed in the sodium bubble column
have nonspherical shapes, and that their formation occurs within a constant frequency
range over different argon flow rates. This indicates stable and predictable behavior

within this range of operating conditions.

4.2 Sodium handling and material compatibility

The handling of sodium in experimental and industrial facilities presents significant
practical challenges due to its high chemical reactivity. Sodium's tendency to induce
corrosion, as discussed in Section 2.2.2, contributes to these difficulties, particularly in
systems in which material durability is critical. Initial experiments of sodium
evaporation and condensation setup (Section 3.1) revealed inefficiencies in the
operation of the bubble column, primarily due to the passivation of sodium. This
passivation significantly hindered the system's performance, particularly impacting the
reliability of the catalyst dosing unit. To address these challenges, several factors were
systematically assessed, including trials of different sodium purity grades, the use of
alternative gasket materials for the bubble column, and techniques to mitigate sodium
passivation. In addition, the selection of appropriate valve types and pipeline coatings
was studied. Sodium loading procedures and effective equipment cleaning protocols

were also reviewed.

These investigations aimed to ensure optimal system performance, improve reliability,
and prevent further passivation, thereby enhancing the overall corrosion resistance
and functionality of the setup in high-temperature environments. This section provides
a detailed analysis of the techniques identified and applied within the MEDENA mini-
plant, emphasizing the lessons learned and the critical importance of maintaining

system purity for long-term operational stability.

In the present dissertation, the choice of materials and purification techniques was
based on previous research [29, 47, 49-51, 87, 104]. Firstly, the loading of sodium into
the bubble column was always conducted within a glove box, maintaining an inert
atmosphere. Furthermore, the sodium was consistently held in an argon environment

in the mini-plant. Nevertheless, corrosion appeared and hindered the evaporation
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process. The corrosion phenomena observed in this work can be divided into two

categories:

e corrosion in pure sodium, primarily involving the dissolution of SS alloy
constituents in liquid metal

e corrosion due to impurities acting on the SS alloy elements

The latter category is particularly important since oxygen dissolved in sodium can react
with protective metal oxide layers on SS alloys, leading to the formation of metal oxides
and deposits that compromise the integrity of the alloy. Two different levels of sodium
purity were tested in the primary experiments. One was 99.8% pure sodium, supplied
by Sigma-Aldrich, and the other had a higher purity, specifically an ER grade of
99.98%, supplied by Métaux Spéciaux. The use of these two grades of sodium allowed
a comprehensive assessment of how different levels of purity might affect the
evaporation process. The chemical compositions of the sodium used in these tests are
detailed in Table 5 and provide valuable information for understanding how even the
smallest amount of different impurities present in the sodium may affect the

performance of the system.

Table 5. Chemical composition of the tested sodium

Trial #1 Trial #2
Compound S+ Grade ER Grade
Na, % 99.80 99.98
Ca, ppm <400 <10
K, ppm < 300 <10
Cl + Br, ppm <20 <20

In order to identify the elements causing issues during the process, inductively coupled
plasma (ICP) analyses of various sodium layers were carried out with the courtesy of
the Institute of Catalysis Research and Technology (IKFT-KIT) (Figure 21). Elements

such as Ca, K, Fr and Zn were detected in these measurements.
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Black layer
White layer

Figure 21. Images of sodium (Trial #1) in the bubble column after experiments before
the implementation of Zr foil, photographs: M. Kamienowska-Orsini

The use of high-purity sodium with minimal amounts of calcium and potassium was
critical for the evaporation process. Even small traces of impurities significantly
affected the behavior of the sodium in the experimental setup (Figure 21: A — visible
white oxide layer - melting temperature greater than 1000 °C). The presence of water
and oxygen could lead to the formation of calcium oxide and calcium hydroxide by
reacting with calcium. Similarly, reactions with potassium can produce potassium
oxide and potassium hydroxide in the presence of impurities. Compounds of iron and
zinc, from SS 316Ti components and the decomposition of the gasket material (Fe)

were also observed (Figure 21: A and B — black layer).

In order to overcome the challenges posed by impurities, which hindered a stable
evaporation process, a new gasket was introduced, made from nickel. This step was
combined with the integration of zirconium foil as a sodium purifier agent [104]. The
latter was selected on the basis of its ability to effectively remove impurities from
sodium - Zr foil acts as a getter by chemically binding oxygen, thus reducing the oxygen
concentration in the sodium, thereby ensuring a higher level of purity of both the
sodium and the setup used for the experiments. After replacing the gasket, using ER
Grade, and inserting three pieces of Zr foil (0.1mm thick, 99.98%), the sodium
evaporation and condensation setup became operational. Nevertheless, the corrosive
nature of sodium led to the replacement of several pipelines during the sodium
evaporation and condensation experiments. Moreover, certain components, such as
ball valves (e.g. Swagelok: SS-45TS12MM, SS-S63PS12MM) were found to be
unsuitable due to their tendency to clog within minutes of operation. This resulted in
a slowing down of experimental progress and the necessity for frequent adjustments.

In order to ensure optimal functionality, certain valves were removed. The results of
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the sodium evaporation and condensation tests conducted following the
implementation of the aforementioned changes can be found in Section 5.1.

Following the successful completion of sodium evaporation and condensation
experiments, the subsequent objective was to undertake material compatibility tests
on 2.4856 for the sodium, methanol and argon stream mixture at elevated
temperatures (600-900 °C). During trials, the carbon deposits blocked the reactor and
the chemical wear on the reactor’s inner surface was visible. The scanning electron
microscopy (SEM) analysis (Figure 22) of the deposits found at the outlet of the reactor

was conducted after the initial material stability experiment.
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Figure 22. SEM analysis of compounds at the outlet of the reactor

Table 6 provides a detailed summary of the elemental composition of the deposits,
both in terms of mass percent and atomic percent. It can be concluded that the high
levels of carbon (22.98 wt%) indicate the significant presence of carbon deposits.
Given the high sodium content (31.02 wt%), it is plausible that oxygen reacted with
sodium to form sodium oxide, a common occurrence in environments where sodium
is exposed to atmospheric conditions. In addition, the presence of metals such as iron,
chromium, nickel, copper and zinc in the deposits is an indication of corrosion. These
metals are often components of the materials used in reactors and other experimental

equipment.
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Table 6. SEM results of the compounds at the outlet of the reactor

Element Mass, % Atom, %

C 22.98 35.25
O 30.41 35.02
Na 31.02 24.86
Al 0.14 0.10
Si 0.18 0.12
Cr 1.89 0.67
Fe 7.65 2.53
Ni 0.90 0.28
Cu 0.47 0.14
Zn 2.1 0.60
Mo 2.24 0.43

Total: 100.00 100.00

In view of the corrosive nature of sodium and the lessons learned from previous
sodium experiments, the following materials were also tested: 1.4841, 2.4663 and
2.4856 with a SiSiC inner tube. All of these materials were found to have short service
lives and were typically blocked by carbon deposits due to corrosion. This required the
application of a protective coating to the reactor (2.4856) and other critical components
of the system. A technique known as aluminizing was used to address this problem.
In this process, aluminum is diffused into a base metal to form a protective coating that
is resilient and does not spall or flake. This procedure was carried out by the company:
Diffusion Alloys (UK) Ltd. The resulting aluminide layer imparts robust corrosion
resistance to the base material. The reactor tubes, for example, were coated with this
protective layer to a thickness of approximately 100 um. A microscopy image of such

a coated part is shown in Figure 23.
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Figure 23. Microphotograph of a coated part, provided by a supplier

The choice of alumina as a coating was due to its chemical inertness [105]. This
property makes it an effective barrier to sodium, preventing corrosion of the underlying
materials. In addition, the hardness of alumina contributes to its resistance to abrasion
and wear, which is particularly beneficial in demanding conditions. Another important
attribute is its excellent thermal stability, which makes it suitable for use in
environments subject to high temperatures or wide temperature variations [106].
Together, these properties ensure the longevity and integrity of reactor components
under demanding experimental conditions. Trials of the coated reactor were
successful, and corrosion in the area of the reactor was significantly reduced. The

experimental results of the catalytic tests can be found in Section 5.3.

Overall, there is a potential risk when working with molten sodium in pipes and
containers, as leaks can lead to spontaneous ignition if temperatures rise above
115 °C [42]. Rock wool or slag wool, with minimal free silica content, is the preferred
material for the insulation of pipelines and vessels carrying sodium. For applications
requiring higher temperatures, ceramic fibers are recommended. Insights made from
molten materials, such as fibrous insulation, tend to absorb less moisture than their

powdered or foamed counterparts, making them more favorable [61].

To sum up, the need to maintain an ultrapure environment is critical, as even trace

amounts of oxygen and moisture react with sodium. The reaction with oxygen results
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in the formation of an oxide layer on the surface of the sodium, with a melting
temperature greater than 1000 °C [43], which prevents the effective evaporation of the
sodium. In addition, the reactivity of sodium with certain system components, such as
seals, led to corrosion of the bubble column. The enhancements such as the use of
ER grade sodium, the insertion of Zr foil, the coating of the reactor and other SS316

elements are critical to the reliable operation of the sodium catalyst dosing unit.

4.3 Evaluation of sodium methoxide as the catalyst

Sodium methoxide was suggested and tested by Ruf [13] as a potential alternative
catalyst to sodium vapor. To study this possibility in detail, thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) were conducted. The presentation
of these test results was possible thanks to the support of the Institute of Catalysis
Research and Technology (IKFT). TGA is an essential tool for assessment of the
thermal stability of materials, allowing the temperature at which a material begins to
decompose to be determined [107]. Itenables the analysis of a material’s
composition by measuring weight loss at specific temperatures. TGA also provides
insight into decomposition kinetics, which is essential for understanding process
conditions and ensuring safety. The TGA curve of the sodium methoxide sample is

shown below in Figure 24.
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Figure 24. TGA of sodium methoxide
The analysis was conducted on 1100 mg of sodium methoxide under a nitrogen
atmosphere. Four mass losses can be observed in the graph. The first mass loss is
due to the evaporation of the alcohol produced by the reaction of sodium methoxide

with water, which was absorbed from the environment during storage of the alcoholate
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and during weighing of the sample. The reaction is not rapid due to the fact that the
analysis was conducted in an inert gas atmosphere. At ca. 380 °C, there is the second
mass loss, which is the decomposition of sodium methoxide (if the analysis had been
conducted in an oxidizing gas atmosphere, this mass loss would have been observed
in the lower temperature range). In this step, methane, ethane and propylene leave
the test sample, while sodium carbonate, sodium hydroxide and carbon remain. [59].
These residues start to decompose at temperatures above 650 °C, with a rapid mass
loss occurring at ca. 800°C. At 1000°C, the remaining material likely consists of sodium
and other inorganic compounds, such as e.g., Na,CO;, Na,O, NaOH, and C, which
remain stable and do not decompose in an inert gas atmosphere at this temperature
[42, 43].

DSC is a thermal analysis technique that measures how the heat capacity of a material
changes with temperature [108]. It can detect transitions such as melting,
crystallization and glass transition, which reflect changes in the physical properties of
the material. DSC can also be used to investigate the purity of a substance by
observing the melting range and estimating the energy associated with thermal
transitions, providing valuable data for material evaluation. The DSC thermograph of

sodium methoxide (4600 mgq) is shown in Figure 25.
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Figure 25. DSC thermogram of sodium methoxide
One small peak (ca. 100 °C) and sharp peaks at 381 and 398 °C can be observed.
The endothermic transformation in the 80-120 °C range is the evaporation of the
alcohol produced by the hydrolysis reaction of sodium methoxide with water (moisture

absorbed from the environment during the storage of the alcoholate and during sample
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weighing). The second endothermic transformation (between 380-410 °C) is the
decomposition of sodium methoxide.

By combining the DSC and TGA data, it can be concluded that sodium methoxide is
thermally stable in an inert gas atmosphere up to a temperature of 380 °C. Additionally,
it is evident that sodium methoxide does not act as an active catalyst within the reaction
temperature range, e.g., 500-1000 °C, as it decomposes before reaching this region.
Therefore, it may be a sodium carbonate that shows activity when sodium methoxide

is used as a catalyst (see Section 2.3).

4.4 Reactor design principle

The reactors tested in this dissertation are classified as tubular flow reactors (TFR) or
plug flow reactors (PFR). The scheme is shown in Figure 26. The main characteristics
of this reactor type, under ideal conditions, are discussed in the following section. In
a PFR, the average concentration of reactants is higher than that in a continuous
stirred tank reactor (CSTR) when both reactors operate at steady state with identical
feed composition, flow rate, temperature, pressure, and target conversion. This
difference arises from the absence of back mixing in PFR, which leads to a higher
reaction rate and consequently a smaller reactor volume. It is one of the major
advantages of a PFR. However, the PFR has limited temperature control, and
unwanted temperature gradients can be formed within the reactor. In addition,
deviations from ideal conditions can lead to unusual flow profiles and pressure drops
within the reactor. As a result of these characteristics, PFRs are often used for
reactions with short reaction times and high flow rates. These are mainly gas-phase
reactions. PFRs are also used for high-temperature reactions and large-scale
industrial production. Several examples of these applications include the high-
pressure polymerization of ethylene, the combustion of sulfur dioxide and the synthesis
of ammonia [109]. In addition to selecting the appropriate reactor type, several other
design parameters are critical for optimizing reactor performance. These include
determining the reactor dimensions, the operating temperature and pressure, the feed
composition and the mass flow rate through the reactor. Each of these variables must

be carefully calibrated to direct the reaction towards the desired product.
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Figure 26. Simplified scheme of the reactor

This optimization process must adhere to fundamental principles of thermodynamics,
chemical kinetics, fluid dynamics, and heat and mass transfer. Additionally, it is crucial
to ensure that all variables comply with the constraints imposed by mass and energy
balances, as this consistency is essential for the successful design and operation of

the reactor.

In chemical kinetics, the reaction rate r is defined as the change of moles N over time
t, typically per volume V (Eq. 27). The individual rates of the different reactants in
a single reaction are related to each other by their stoichiometric coefficients
v (Eq. 28). As reactions are driven and controlled by the collisions and interactions of
different particles, the reaction rate is dependent on temperature and concentration.
This is given in Eq. 29. The concentration function is expressed as the product of all
educts concentrations C with exponents representing the order of the reaction for
a single reactant a. The sum of all exponents is the total order of the reaction n. The
factor k is dependent on the temperature T and the reactions activation energy E,. This
is demonstrated by Arrhenius' law (Eq. 30), where k, is the pre-exponential factor and

R is the gas constant [10].

rj:_._' Eq. 27
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rj=k-l_[Cij; Zajzn Eq. 29
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K(T) = k, - e~ (&) Eq. 30

To further describe a given chemical process, it is necessary to determine the
conversion, selectivity and yield [110]. The conversion X, of a reactant is defined as
the fraction of reactant that has reacted out of the original amount (Eq. 31).
Furthermore, in the case of multiple reactions, the selectivity Sp 4 is the ratio between
the moles of desired product formed and the moles of reactant consumed (Eq. 32).
The yield Yp , is the ratio between the moles of the desired product formed and the

moles of the reactant fed into the reactor (Eq. 33).

o —Nao =N,
A Nao Eq. 31
S :V_A_NP_NP,O
PATY —NA,O_NA Eq. 32
va Np—N
Yp 4= ———" Eq. 33

Vp Na, o

In continuous-flow reactors, the space time t and its reciprocal, the space velocity
s, are used to measure performance instead of the reaction time and velocity. For
a steady flow, the space-time is defined as the ratio between the reactor volume V and
the volumetric feed rate V, (Eq. 34) [111]:
_ V&

== Eq. 34
T W q

The mass balance of a PFR is carried out via a differential volume element dV (Figure

27). The feed is equal to the sum of the amount of the reacted substance and the
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accumulation, and the latter is assumed to be 0 in the ideal case. This leads to Eq. 35.
By integration and transformation, Eq. 36 is obtained.

dv

If}{] ' NA.U ' CAJU

—_—
N—

~

Vg
Figure 27. Material balance for a PFR; scheme prepared by [15], adapted from [111]
Na = (Ng +dNy) + (-ra)dv Eq. 35
dXa
T=Cao" | — Eq. 36

In the context of gas-phase reactions, two important parameters must be considered:
the volume change due to the reaction, represented by the factor ¢, (as described in
Eq. 37), and the changes due to temperature and pressure, p, with the compressibility
factor z of the real gases, expressed by the factor = (shown in Eq. 38). These
considerations lead to Eq. 39, which describes the relationship between the
concentration of the reactants inside the reactor and their concentration at the entry
point. Furthermore, when considering the reaction rate for gas-phase reactions, Eq. 29
is applied, which is based on the assumption of an irreversible, first-order reaction
involving only educt A. This equation for the reaction rate is then integrated into Eq.

36, leading to the derivation of Eq. 40.

VXA =1)-V(Xx =0)

£ o) Eq. 37
=Zo'T0'p
Ca  1-Xa
CA,0_1+SAXA T Eq 39
k-‘t-1‘t=—(1+£A)-ln(1—XA)—£AXA Eq40
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This set of equations and the incorporation of various factors, such as ¢, and m, provide
a comprehensive mathematical framework for analyzing and understanding the
behavior of reactants and the progress of reactions within a gas-phase reactor, taking
into account the intricate interplay of volume, temperature, pressure and reaction

kinetics.

The MEDENA mini-plant was designed in accordance with the principles of
engineering practice and the specific requirements of the methanol dehydrogenation
reaction, as well as the relevant safety standards (e.g. material selections, maximum
gas velocities). The main aim was to ensure the controlled flow of argon, sodium and
methanol. Overall, the reactor can operate at temperatures up to 950 °C and pressures
up to 1.5 bara. The system is also capable of handling total flow rates of up to 20 |
min-' under standard temperature and pressure (STP) conditions, with a maximum
methanol throughput of 120 g h-'. The design process involved careful consideration
of the required ratio of inert gas to methanol and the amount of catalyst needed. This
was also based on prior experimental studies and a comprehensive literature review
(Section 2.1.2). A critical factor for optimizing the system's performance is the
minimization of the residence time in the reactor. This is essential for achieving the
desired reaction rates and for maximizing product selectivity. The following sections
present the results of experimental trials conducted to test methanol concentrations
ranging from 5 to 50 mol% (5—20 mol% are typical values cited in the literature as for
example in [9, 17, 40]) The quantity of catalyst was estimated on the basis of the study
by Ruf [29], thereby providing a reliable baseline for the operating parameters. The
dehydrogenation reactions were conducted across a typical temperature range of 600
to 900 °C, in both atmospheric or slightly pressurized conditions (up to 1.5 bara). Given
that residence time is inversely proportional to flow velocity within the reactor, a series
of experiments were conducted to evaluate the impact of varying methanol and argon

flow rates on the overall process efficiency and product yield.
4.5 Reaction temperature control evaluation in MEDENA mini-
plant

In order to accurately determine the residence time and reaction zone in the MEDENA
mini-plant, it was necessary to investigate the temperature profile of the reactor. For

this purpose, a series of experiments and temperature measurements were carried out
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in a '"12 mm' Inconel reactor. First, a standard distribution was established with a pre-
test using a pure argon stream. This was followed by blank reactions with methanol
concentrations of 5 and 10 mol% in the argon stream. During these tests, the
temperature in the heating oven was varied between 500 °C and 900 °C at 50 °C

intervals to observe the effects of different temperatures on the reaction.

For accurate measurement of the temperature distribution, thermocouples encased in
protective sheath were inserted into the reactor pipe, which was sealed with a Teflon
gasket to prevent gas leakage. The thermocouples were positioned at defined intervals
along the reactor axis, from the top of the reactor at 0 mm, 100 mm, 150 mm, 250 mm,
300 mm, 400 mm, 450 mm, and 550 mm, enabling precise determination of
temperature gradients within the heated zone. The total length of the reactor was 600
mm. To ensure optimum reactor performance during testing, thermal insulation was
applied above and below the heating oven to minimize heat loss and maintain a stable

temperature within the reactor. The experimental setup is shown in Figure 28.
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Figure 28. MEDENA setup used for the temperature distribution tests, photographs: M.
Kamienowska-Orsini

Blank experiments

The principal objective of these tests is to demonstrate that the inlet gas stream can
be heated to the designated temperature in an appropriate timeframe and to determine
the length of the reaction zone within the reactor. To characterize the temperature
distribution within the '12 mm' reactor without a catalyst, blank tests were carried out
under varying conditions. A preliminary trial was carried out using a stream of pure

argon at a flow rate of 1 | min-'. This was followed by tests with 2 different methanol
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concentrations in order to determine the basic methanol concentration influence on
temperature distribution. Throughout all these tests, the pressure in the system was
maintained at 1.1 bara. These varying test conditions were chosen to provide
a comprehensive understanding of how different methanol concentrations and flow

rates affect the temperature distribution during the reaction, thereby enabling a more

detailed analysis of the reactor's performance under different operating scenarios.

The experimental procedure was carried out with the oven preheated to 600 °C.
Measurements were performed and recorded over a period of approximately five
minutes. Subsequently, the oven temperature was increased by 25 °C. The
parameters were monitored until they stabilized, typically after approximately 15
minutes, at which time data points were collected again. The data used for acquisition
included temperature measurements taken with thermocouples inside the reactor, as
well as other temperature measurements at the relevant positions, pressures and flow
rates. This process was repeated incrementally until a temperature of 900 °C was
reached, which was the maximum operating temperature achievable with the furnace.
The data were automatically recorded every second, and averages were calculated
for each temperature plateau. Subsequent tests were carried out using argon flows
containing 5 mol% methanol (8 g h"' methanol and 1.9 | min-' of argon), as shown in
Figure 29, and 10 mol% methanol (10 g h"' methanol and 1 | min"' of argon), as

presented in Figure 30.
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Figure 29. Temperature measurements during blank tests for 5 mol% MeOH [23]"

The plots of the temperature profiles for the different experimental parameters show
similar trends. Each graph shows a sharp increase in temperature immediately after
the gas stream entered the heated zone of the reactor. This increase then gradually
levels off to reach a peak temperature approximately at the center of the heated zone.
It is noticeable that these peak temperatures are very close to the target temperatures
of the oven. The largest deviation observed was 34 K below the set temperature of the
furnace, which occurred in the test with a 5 mol% methanol concentration at a furnace
temperature of 500 °C. In other scenarios, the temperature differences were
approximately 20 K, with small fluctuations of up to 5 K. Overall, the presented results
demonstrate a high degree of consistency and provide a solid foundation for further

analysis of methanol concentrations and argon flows at varying levels.
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Figure 30. Temperature measurements during blank tests for 10 mol% MeOH [23]'

For a more direct comparison of these temperature trends under different conditions,
Figure 31 shows the graphs for the different cases but all at the same furnace
temperature. According to the comparative analysis presented in the data, it is
observed that the inlet temperature for the 5 mol% methanol is the lowest, while that
of the pre-test with pure argon is the highest. This variation is attributed to the higher
flow rate of the 5 mol% methanol stream, which results in @ more significant initial
cooling effect than that of the pure argon stream. Despite these initial temperature
differences, the graphs converge towards similar maximum temperatures in the middle
of the heated zone. This convergence indicates that, regardless of the initial inlet
temperature and flow rate, the heating system is effective enough to bring all streams
to nearly the same peak temperature at the center of the heated zone. However, after
these peak temperatures are reached, the cooling patterns diverge slightly. The
streams containing methanol had a slightly faster cooling rate than the pure argon
stream. The space-time curve was calculated only for the reaction zone where the

temperature was above 700 °C.
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Figure 31. Temperature profiles of the reactor for the pre-tests with argon, 5 mol% and
10 mol% at 800 °C

Figure 31 also shows that for a furnace temperature of 800 °C, the reaction zone has
a length of approximately 400 mm, which is 2/3 of the length of the heated zone. Using
this length and the speed of the reaction temperature, the space-time (Table 7) can be
calculated. All of the values are less than the desired 1 s (as explained in Section 2.1.2)

and should result in obtaining a high yield of formaldehyde.

Table 7. Estimated space-time in the reaction zone

Case T(s)

12 mm' blank 0.304
"12mm' + TC & blank 0.133
"12mm’ & catalyst 0.304

To sum up, these experiments proved that the inlet stream can be heated to the

desired temperature of over 700 °C within the specified time frame, thus enabling the

high conversion of methanol and high selectivity of formaldehyde, when the catalyst is
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applied. The experimental results and analyses of the catalytic tests are described in
Section 5.3.

4.6 Reaction temperature control evaluation in direct

resistance heating concept

The implementation of the DRH concept in the Medena mini-plant required studies of
temperature distribution. Initial tests focused on evaluating the resistivity of the
sponges, with the aim of gaining a basic understanding of the effect of the number of
pores per inch (PPI) on the electrical resistivity of the sponge. Following these tests,
the basic temperature profile within the DRH system was analyzed. The goal of this
study was to determine the range of the temperatures that could be achieved within
the reactor, providing crucial data for optimizing the conditions for the dehydrogenation

process.

4.6.1 Determination of the resistivity of the sponges

Initially, the resistance of the sponges in air was measured to estimate the power at
12 V (the maximum capacity of the electrical test equipment). The current was applied
directly to the surface of the sponge via the cables from a power supply. The results
are presented in Table 8, and the values were calculated by applying Joule's first law
(Eq.41) [69]:

P=R-I? Eq. 41

Table 8. Conditions and results of resistivity tests on ceramic materials for the DRH
concept

Material Voltage,V  Current, | Resistance, Q Power, W
10 PPI sponge 12 10 1.2 120
20 PPI sponge 12 7.0 1.7 84
30 PPI sponge 12 4.5 2.7 54

Sponge partially impregnated

with Na2COj (20 PPI) 12 4.0 3.0 48

SiSiC pipe (12 x 1.5 mm) 12 5.0 24 60
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It can be concluded that the lower the PPI number, the higher the power that can be
achieved, as the electrical resistance of the material is lower (owing to the thicker struts
[112]). Furthermore, it is evident that the impregnation of the sponge with Na2CO3
resulted in a higher resistivity in comparison to the unimpregnated sponge. Given that
sodium carbonate functions as an insulator, this increase in resistance is likely
a consequence of the Na2COs filling the pores and creating barriers to electron flow
within the ceramic structure. For the purpose of comparison, the resistance of a SiSiC
pipe was also determined. The SiSiC pipe is characterized by a solid structure that
provides a continuous path for electrical current. Thus, a concept using an electrically
heated pipe could also be developed. However, the direct heating of the catalyst body

is more advantageous in terms of heat efficiency.

Moreover, it should be noted that additional factors may also contribute to the observed
resistivity, including material composition and microstructure etc. [113]. To illustrate,
the silicon content of SiSiC materials can influence their electrical conductivity.
A higher silicon (Si) content typically results in a lower resistivity, due to an increased
concentration of charge carriers. This is attributed to the fact that Si acts as a dopant
in SiC [112]. This phenomenon can be further explained by the formation of shallow
donor levels in the SiC band structure, which increases the number of charge carriers.
The relationship between Si content and resistivity is likely to follow a non-linear trend
due to saturation effects at higher doping levels. The exact Si content in the pipe and
the sponges was not disclosed by the supplier, therefore it is not possible to account

for some of the trends in resistivity.

To conclude, the preliminary tests provided valuable insights into the electrical

properties of the sponges, confirming the viability of utilizing them in DRH concept.

4.6.2 Blank experiments

The objective of the blank experiments was to demonstrate the proof of concept that
SiSiC sponges are capable of providing sufficient heat to the reactor, and to examine
the temperature distribution. The initial experiments evaluated the concept of DRH in
an argon atmosphere shown in Figure 32 (T3 — temperature measured in front of the
sponge, T4 — temperature measured behind the sponge). The mean temperature

derived from the measurements of T3 and T4 was used to present and analyze the
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results in the following parts of this dissertation. The procedure involved gradually
increasing the electrical current to heat the reactor. Initially, the reactor was heated at
15 A for 30 minutes. The current was then increased to 20 A for an additional 30
minutes. The mean temperature of the reactor reached 525 °C after one hour. The
reactor was then subjected to a current of 30 A for the next six hours; the maximum

average temperature reached was ca. 670 °C.
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Figure 32. Power vs. temperature correlation in 20 PPI SiSiC sponge tests

These tests conclusively demonstrated the feasibility of using the DRH concept to
achieve the required temperatures in a controlled and efficient manner. It should also
be noted that the design of the apparatus proved to be reliable and able to withstand
high temperatures without any decrease in heating efficiency. It also confirmed that
even though the resistivity of SiSiC sponges decreases with temperature [113], it does

not affect the operation of the reactor.
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5. TEST PROCEDURE AND RESULTS OF SODIUM VAPOR AS THE
CATALYST

This section presents the results of the investigation of sodium vapor as a catalyst. It
begins with evaporation and condensation trials, followed by blank experiments and
catalyzed reaction tests. Each step contributes to a deeper understanding of the

potential of sodium vapor as an effective catalyst.

5.1 Sodium evaporation and condensation experiments

The effectiveness of a bubble column is closely related to its design and operating
parameters. This investigation aimed to identify and quantify the specific parameters
that influence the performance of an argon-fed sodium bubble column. Through
systematic experimentation and analysis, key variables were identified and measured,
providing the basis for improved process understanding and potential scale-up. The
selected flow rates, temperatures, and pressures to be tested were primarily based on
the investigation described in Section 4.1, as well as on the experimental results
presented in [17, 29]. The main objective was to define parameters that would enable
a sodium flow ranging from approximately 0.03 g h"' up to ca. 0.3 g h". Nevertheless,
it can be stated that the catalyst dosing unit operational range would permit the

conduction of catalytic tests with up to 120 g h-! of methanol.

In the evaporation and condensation experiments with highly pure sodium (ER Grade),
the initial conditions were set to a flow rate of 1.9 | min-', an evaporation temperature
of 450 °C and a pressure of 1.1 bar. Under these conditions, the sodium evaporation
rate was approximately 0.065 g h'', as shown in Figure 33. Further experiments
involved increasing the temperature to 500 °C and running tests at four different argon
flow rates, all of which were maintained at a pressure of 1.2 bar. A noticeable trend
emerged from these experiments: the evaporation rate of sodium increased as the
argon flow rate increased. The results obtained at the minimum flow rate (0.8 | min-')
were particularly significant. These results are crucial for direct methanol
dehydrogenation tests, especially considering the goal of minimizing argon
consumption on an industrial scale. At this flow rate, two experiments were run for
three hours each, and a third was run for six hours. The sodium evaporation rates

recorded in these tests were 0.11, 0.115 and 0.118 g h™, respectively.
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Figure 33. Experimentally determined amounts of sodium in the sodium evaporation
and condensation tests (temperature of bubble column set at 500 and 450 °C)

Figure 34 presents data from the experimental trials (mean values) and the amount of
sodium determined by mass balance evaluations. In this work, the observed deviation
between the average experimental results at an argon flow rate of 3 | min-! and the
theoretical predictions (according to Eq. 30) is attributed primarily to a mixture of
experimental inaccuracies and particular operating conditions. The experiments
revealed a phenomenon in which a high argon flow may have caused the displacement
of liquid sodium from the bubble column, an aspect not considered in the mass balance
calculations. This aspect is likely to be a significant factor, contributing to the

discrepancies observed in the results.
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Figure 34. Comparison of experimental mean values with calculated amounts of
sodium using the mass transfer model

The results of the study highlight the need for further research, particularly in larger
units, to deepen the understanding of these experiments. The additional studies are
essential for validating these findings and ensuring their applicability in larger, more
complex systems. However, as far as the scale of the mini-plant is concerned, the
constant evaporation of sodium was found to be sufficiently reliable and the catalyst

dosing unit could be used in the Medena setup.

5.2 Uncatalyzed reaction

These trials were conducted to evaluate the conversion of methanol in the absence of
a catalyst, thereby providing insight into the thermal decomposition behavior of
methanol under specific conditions. By examining methanol conversion at various
temperatures, the impact of thermal energy alone on the reaction can be determined,
thus allowing for a comparison with catalyzed reactions. Experiments were carried out
to determine the conversion of methanol (with a molar concentration of 10%) in the
absence of a catalyst at a pressure of 1.15 bar. The total flow rate for these
experiments was set at 1.2 | min"> and the experiments were carried out at different
temperatures: 700 °C, 750 °C, 800 °C, 850 °C and 900 °C. The results showed that

the thermal decomposition of methanol starts at 700 °C. As the temperature increased,
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the conversion rate of methanol also increased significantly. At 700 °C, the conversion
rate was 1% and increased progressively with each temperature increase: 2% at
750 °C, 4% at 800 °C and 50% at 850 °C, reaching 98% at 900 °C. The main products
of the thermal decomposition of methanol were hydrogen and carbon monoxide. Very
small amounts of formaldehyde were detected. The observed conversion rate in the
blank measurements can be attributed to the thermal decomposition of methanol. It is
well established that methanol decomposes into formaldehyde and hydrogen when
exposed to high temperatures, even in the absence of a catalyst [114]. It is also
presented in the literature that the thermal decomposition starts from 700 °C, however,
it also depends on specific process parameters such as residence time and pressure
[31, 115, 116]. Furthermore, as outlined in Section 2.1.2, the experimental results
clearly demonstrate that the thermal decomposition of methanol depends primarily on

reaction kinetics rather than thermodynamic equilibrium.

5.3 Catalytic tests

After successful sodium evaporation and condensation experiments, as well as
uncatalyzed reaction tests, a series of catalytic tests were carried out. The objectives
of these tests were to determine the effectiveness of the concept by evaluating the
conversion of methanol and the selectivity and yield of formaldehyde. Several
experiments were carried out for various methanol and sodium flows and varying
temperatures. The results are shown in Table 9. Without a catalyst, a conversion rate
of 2% was observed at a temperature of 700 °C with a 10 mol% methanol flow. This
conversion increased significantly to 95% with the introduction of the catalyst, resulting
in a 68% vyield of formaldehyde, as shown in Figure 35. At a higher temperature of
800 °C and with sodium as the catalyst, the methanol conversion was almost complete,

with a 70% yield of formaldehyde and hydrogen as the main by-product.
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Table 9. Reaction conditions and results of catalytic tests with sodium vapor

Reaction MeOH Argon Sodium MeOH CH:0 CH:0

temperature, flow, flow, flow, conversion, selectivity, yield, Gaseous
oC g h g h g h % % % products
Ho, CO,
700 10 237 - 2 X X HCOOH
550 10 237 0.114 50 45 22 Hz, CO,
MeFo
Ho, CO,
700 10 237 0.032 95 72 68 CH:0,
MeFo
Ho, CO,
800 10 237 0.012 95 63 60 CH-0,
MeFo
Ho, CO,
800 10 153 0.018 99 70 70 CH.O
Ho, CO,
800 20 143 0.018 84 70 58 CH.O

However, it should be noted that as the methanol concentration in the stream
increased, the yield decreased. It is therefore essential to optimize the system to use
higher methanol concentrations without compromising the conversion or selectivity.
Higher methanol concentrations may lead to secondary or competing reactions that
negatively impact formaldehyde production. Furthermore, these side reactions may
have different kinetics, potentially increasing their rates faster than the desired
reaction, thus reducing selectivity. Interestingly, during the experiments sodium was
found in its metallic state at the gas scrubber inlet, indicating the possibility of its partial
or complete recovery. Nevertheless, the design and tests of a catalyst recovery system
were beyond the scope of this work and therefore no attempts were made in this

regard.
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In summary, the catalytic tests successfully demonstrated that sodium vapor can be
effectively used as a catalyst for the dehydrogenation of methanol to formaldehyde
process. The experiments showed promising results with high methanol conversion
and formaldehyde yield. In addition, almost complete conversion was achieved at
higher temperatures and the possibility of catalyst recovery was revealed. This gives
potential for further scale-up of the process. However, optimization of the methanol

concentration is necessary to avoid reduced selectivity and competing side reactions.

Assessment of the experimental results

As discussed in the Sections 2.1.2 and 2.2, sodium compounds were tested across
various experimental setups and concepts. The comparison of the selected results
obtained from the tests conducted within this thesis's framework and those reported in
the literature is presented in Table 10. It is important to note that the experimental
results listed below were measured using different reactor concepts (except for study
[13]), which makes direct comparison challenging due to variations in residence time,
reactor volume, and other operational parameters. It is also relevant that in both
studies [13] and [17] sodium was introduced into the reactor in the vapor phase.
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Table 10. Comparison of results for sodium vapor-based catalysts

Temperature, XmeoH, Schzo,

Catalyst/Conditions oC % % Ref.
Lio.sNao.sAlO2
Meat = 2.41g,t=24h 900 98 74 [39]
10 mol% CH3OH + N2
10 mol% CHsOH
+ N2 (2.35 I min1) 785 95 83 [13]
Na 0.15 g h"
0,
10 mol% methanol + N2 827 97 80 [17]

Na vapor 0.0115 g h*!

8 mol% MeOH
+ Ar (1.03 | min-) 800 99 70 Own work
+ Na vapor 0.032 g h"
In the study of [39], in which a LiosNaosAlO2 catalyst was used at 900°C high
conversion was achieved due to the diffusion of Li+ and Na+ from the catalyst to the
walls of a corundum reactor. In comparison, the approach of using sodium vapor as
a catalyst at a lower temperature of 800 °C resulted in a methanol conversion of 99%
and a selectivity for formaldehyde of 70%, indicating a high efficiency, although with
a slight compromise in selectivity compared to the mixed oxide catalyst. It can be
observed that the use of sodium vapor as a catalyst makes it possible to lower the
reaction temperature and still achieve high levels of methanol conversion with regard
to mixed oxide catalysts. Compared to the results reported in [13], the experiment
detailed in Table 10 used approximately 4.5 times less catalyst for a comparable
conversion rate, although with an impact on formaldehyde selectivity. Sodium vapor
was also tested in a microstructure reactor system, in which a high selectivity of
formaldehyde at ca. 825 °C was also obtained, using 0.0115 g h-' sodium vapor flow
[17]. Nevertheless, while microstructured reactors offer numerous advantages, the
process of scaling them up to an industrial level can be complex, as maintaining the

same level of mixing efficiency and residence time distribution is challenging [117].

In conclusion, the results presented in this work are in close agreement with those
previously reported in the literature [13, 14, 47]. Despite the notable differences and
their potential reasons discussed above, the overall consistency of the experimental
results with existing studies strengthens the reliability of the procedures employed in
this research. In addition, it shows that the design of the sodium dosing system was

performed successfully, and can be used to further develop this approach.
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6. TEST PROCEDURE AND RESULTS OF THE DIRECT RESISTANCE
HEATING CONCEPT

This chapter provides a comprehensive overview of the DRH reactor concept tests. It
begins with the results of uncatalyzed tests on ceramic sponges, with a focus on
assessing the performance of the DRH reactor in the absence of a catalyst. Then,
a description of the catalyst preparation method, particularly the materials used and
the procedural steps involved, is presented, Next, the results of the catalytic tests are
discussed, including both conventional and 3D printed ceramic sponges. The
discussion includes an analysis of the stability tests to evaluate the performance over
time. The subsequent section focuses on regeneration experiments, providing insights
into the reusability and durability of the catalyst materials. Finally, the chapter
concludes with an evaluation of the DRH reactor concept, comparing the performance
and durability of different sponges and materials, and discussing the overall feasibility

of the system.
6.1 Uncatalyzed tests conducted on ceramic sponges

In order to establish reference points for the evaluation of the thermal decomposition
of methanol, uncatalyzed tests were conducted. Moreover, an additional objective was
to judge the behavior of the sponges in the absence of a catalyst under the specified
experimental conditions. To assess the performance of the sponges, tests on both
a 20 PPI SiSiC sponge and a 20 PPI 3D-printed sponge under similar conditions
without catalysts were carried out. The results are shown in Table 11. Regarding the
20 PPI SiSiC sponge, the thermal decomposition of methanol started at ca. 455 °C,
and at 609 °C methanol conversion of 75% was reached. For the 3D-printed sponges,
the results showed that the thermal decomposition began at 443 °C, and at 617 °C the

conversion rate was 60%.
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Table 11. Conditions and results of the uncatalyzed tests for a 20 PPI SiSiC
conventional sponge and a 20 PPI 3-D printed SiSiC sponge

Current, A | Mean reaction
MeOH, mol% XMeOH;
No Sponge . 4 | Voltage,V temperature, Products
Total flow, | min %
Power, W °C
=220
1 U=8.8 456 2 Hz, CO
Conventional 9 P =194
1.3 _
| =29.6
Hz, CO
2 Uu=12.2 609 75 ' '
<109,
P = 361 CH20<10%
=254
3 Uu=93 443 2 H2, CO
3-D printed 10 P =236
1.4
=316
Hz, CO
4 U=10.5 617 60 ’ "

It can be concluded that both types of sponges behave similarly under the conditions
described, while the 20 PPI SiSiC sponge achieved a higher methanol conversion rate
(75%) at a temperature of 609 °C compared to the 20 PPI 3D-printed sponge which
achieved a conversion rate of 60% at 617 °C. The given temperature is only an
indicator of the conditions in the reactor at a distance of 3 cm from the sponge, as
described in Section 4.6.2. Therefore, it is also worth mentioning that the power input
was slightly higher (361 W) for the SiSiC sponge, compared to 332 W for the 3D-
printed sponge, which also influenced the final conversion rate. In addition, the
observed performance of the two sponges may be attributed to differences in their
internal structures, such as porosity, surface area and pore size distribution. Overall,
the experiments indicated that ceramic sponges, in general, are promising as heat

carriers in the proposed reactor model for dehydrogenation of methanol.
6.2 Catalyst preparation method

Impregnation is a widely used method for catalyst preparation, in which an active
material is deposited on a porous support to enhance catalytic performance [118,119].
Therefore, this method was chosen to apply Na,CO; to ceramic sponges for

subsequent catalytic testing. Based on the results presented in 4.6, the 20 and 30 PPI
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sponges were selected for impregnation due to their resistivity and potential power

output.

Before impregnation, the sponges were carefully washed in an ultrasonic bath for three
hours. Both 20 PPI and 30 PPI standard sponges were impregnated with a 3 mol of
Na2COs solution (500 ml) and with 25 ml of ethylene glycol (to increase the viscosity
of the solution and enhance the dispersion of the active component). Following each
impregnation cycle, five in total, the sponges were dried at 250 °C for 45 minutes. The
fully impregnated sponge (20 PPI) did not conduct electricity because Na2COs3 acts as
an insulator. The active material on the outer surface of the sponge was dissolved,
resulting in a sponge mass of 10.182 g after partial removal of the washcoat and
subsequent drying at 250 °C for two hours. This process made the sponge suitable for
further testing (Figure 36), and the masses of the active material on the sponge are
listed in Table 12.

Figure 36. Impregnated SiSiC sponge, photograph: M. Kamienowska-Orsini

The 3D-printed sponge was also impregnated with 3 mol of Na2CO3 solution (500 ml)
and a small amount of ethylene glycol (25 ml). The sponge was dried at 250 °C for 45
minutes after each series of impregnations (10 times in total). Partial removal of the
washcoat was not necessary for the 3D-printed sponge. An electric current was

passed through the sponge (Figure 37).
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Figure 37. 3D-printed impregnated sponge, photograph: M. Kamienowska-Orsini

Table 12 presents the masses of the sponges before and after impregnation. The
conventional 20 PPI sponge and the 3D-printed sponge were selected for the catalytic
tests based on the impregnation results, as they exhibited the largest amount of
material deposited. For the 30 PPl sponge, however, this amount may prove
insufficient for the experiments in the DRH reactor, and thus it was not further
examined. Furthermore, it is important to acknowledge that the insertion of the sponge
into the reactor may result in minor weight loss.

Table 12. Summary of the masses of the sponges before and after the impregnation
processes

Type of sponge Conventional 3D-printed Conventional

PPI 20 20 30
Sponge mass, g 9.56 40.92 11.14
Sponge mass after impregnation, g 11.90 44.05 12.53
Difference in mass, g 2.35 3.13 1.42

Sponge mass after partial removal of the
10.182 - -
washcoat, g
Difference in mass, g 0.625 - -

In conclusion, the sponges were successfully impregnated and prepared for further
testing. Confirmation of the effectiveness of this procedure is provided in Section 6.6,
in which the analysis of the deposited material before and after impregnation, as well

as post-testing, is presented.
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6.3 Catalytic tests

The experimental tests were carried out to prove that the DRH concept can be used
for the dehydrogenation of methanol to anhydrous formaldehyde and for hydrogen
production. The main objectives of these experiments were to determine the durability
of the reactor elements in the presence of methanol and sodium carbonate and to find
the optimum values of the applied electric current required to perform the endothermic
reaction. Furthermore, several different mass flows of methanol and its content in the
stream were tested. One of the objectives was to achieve high methanol conversion
with sufficient selectivity towards formaldehyde. As already mentioned in Section
2.1.2, formaldehyde is unstable and tends to decompose, therefore various gas
velocity rates were investigated to minimize this process. Catalytic tests were carried
out using both 20 PPI conventionally manufactured and 20 PPI 3D-printed
impregnated ceramic sponges to facilitate comparison and a comprehensive analysis

of their performance. Detailed experimental findings are described in the following.

The conventional sponge impregnated with Na2CO3s was tested in the DRH reactor.

The selected results are presented in Table 13.

Table 13. Results of impregnated standard sponges in DRH setup

Amount of MeOH, Current. A Mean
Na.CO;on Mol % ’ reaction XmeoH, Sch20, YcH20,
No. Voltage, V o o o
the sponge, Total flow P temperature, % %o %o
. ower, W °
g | min C
15 =25
1 0.6 0.95 U=9.2 478 85 40 38
) P =230
10 | =27
2 14 U=8.8 525 80 56 46
' P =238
=27
3 03 0155 U=838 515 70 49 34
) P =238
10 | =30
4 21 U=8.8 523 52 58 30
: P =264

Firstly, it is evident that with a power input of 238 W, an 80% methanol conversion was
achieved, whereas under similar flow conditions during the uncatalyzed tests, 75%
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conversion was reached at 361 W (Section 6.1). This clearly demonstrates that when
the sponge is impregnated with sodium carbonate, the activation energy of the reaction
decreases significantly, and formaldehyde production is enhanced. Furthermore, an
increased mass flow rate and methanol content in the stream require a higher
temperature to achieve comparable conversion. However, as shown in Experiment
no. 4, as the gas velocities increased, the selectivity of formaldehyde improved, but
a moderate conversion of MeOH was obtained. This phenomenon might also be
indicative of a partial deactivation of the catalyst. Nevertheless, the optimization of the
catalyst amount as well as flow rates is necessary in order to maintain high
formaldehyde yield. In addition, traces of CO2, CH4, HCOOH and HCOOCHS3 were
detected in most of the experiments. Presumably, water was also produced but the
analytical equipment was unable to detect it. After the experiments, some carbon
deposits were found on the sponge. In conclusion, the results of the tests
demonstrated that the dehydrogenation reaction is indeed occurring on the

impregnated conventional sponge in the DRH reactor.

The 3D printed sponge impregnated with 3.1 g of Na2CO3 was also subjected to

catalytic tests in the DRH reactor. The selected results are presented in Table 14.

Table 14. Results of impregnated 3D-printed sponge for the DRH setup

MeOH, Current, A Mean
Mol % ’ reaction XMeoH, ScHzo0, YcHzo0,
No. Voltage, V o o o
Total flow, P W temperature, % %o %o
I min™ ower, °C
85 | =29.9
1 1'7 U=8.2 617 99 53 53
' P =245
10 | =29.6
2 14 U=8.3 539 77 57 44
: P =246
5 I=30.1
3 23 Uu=7.8 525 91 58 53
’ P =235
. 10 S 591 92 60 55
2.3 P = 262 627 95 45 44

It is clearly demonstrated that with a power input of 246 W, a 77% methanol
conversion was reached in contrast to uncatalyzed tests under identical flow

conditions, in which 60% of methanol was converted at 332 W (Section 6.1). This
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highlights the effectiveness of the impregnated 3D printed sponge in achieving high
conversion and selectivity rates. Furthermore, as evidenced in experiments 2 and 4,
increasing the gas velocity resulted in a slight improvement in methanol conversion,
up to 92%, and formaldehyde selectivity, up to 60%. However, an increase in
temperature led to a decrease in selectivity to 45%, while the conversion rate
increased to 95%. It can be concluded that higher gas velocities positively influence
formaldehyde production, although the conversion rate may be affected as
a consequence. Traces of CO2, CH4, HCOOH and HCOOCHS3 were also found in
most of the experiments, as in the case of the standard sponge. Some carbon
deposits were also present on the sponge after the trials. Nevertheless, these results
suggest that optimizing the flow conditions and power input can further improve
selectivity and conversion, offering potential pathways for enhanced process

efficiency.

The 3D-printed impregnated sponge (2.5 g of Na2CO3) was also subjected to catalytic
tests which investigated higher concentration of methanol flows. The selected results

are presented in Table 15.

Table 15. Results of 3D-printed impregnated sponge for the DRH setup during high
concentrations methanol trials

MeOH, Mean reaction
No mol % Power, W temperature Xueon, Scrzo, Yenzo,
" Total flow, ’ pe e % % %
I min™
1 30 606 84 35 28
1.2
40 310
2 09 610 76 34 25
50
3 07 610 72 30 22

The findings suggest that a higher temperature/power input is required to thoroughly
examine the reaction with increased methanol flow rates. It is important to note that
the primary products observed were hydrogen and carbon monoxide. Furthermore,
modifications to the sponge's geometry, potentially including an elongated structure,
and an increase in the electric current may facilitate selectivity towards formaldehyde

production. Nevertheless, further in-depth experimental and theoretical investigations
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are required to gain a more comprehensive understanding of this topic and to identify

potential optimization opportunities for the sponge and reactor geometry.

Based on the experiments conducted, specific features were identified for both the 3D-
printed ceramic sponge and that produced by a replication method. These
characteristics are presented in Table 16. A comparison of the standard sponge and
3D-printed one showed that while both types of sponges have similar levels of potential
to achieve good catalytic results, the 3D-printed one has significant advantages that
render it a more viable option for future applications. A key feature of the 3D-printed
sponge is the integration of a solid layer around it. As a result, the nickel plates remain
undamaged throughout the testing process, even when exposed to high temperatures.
This durability is a significant improvement over that of standard sponges.
Furthermore, a pressure drop analysis for the DRH setup is discussed in the Appendix

(Section 9.3), addressing key factors affecting fluid flow within the reactor.

Table 16. Comparison of standard and 3D-printed ceramic sponges

Conventional SiSiC 3D-printed SiSiC
Higher electrical resistance Lower electrical resistance
Catalyst loadingca. 1g Catalyst loading ca. 3 g
Not suitable for nickel plates Suitable for nickel plates

Lower pressure drop Higher pressure drop

In conclusion, the 3D-printed sponge was selected as the primary object of interest for
further investigation due to its ability to accommodate higher catalyst loadings and its

compatibility with the reactor design incorporating nickel plates.

6.4 Stability tests

Stability assessment is crucial for evaluating the durability and functional lifespan of
the proposed catalyst body concept. The chemical stability of the impregnated 3D-
printed sponge was tested over time in a series of experiments. The sponge was
exposed to the reaction temperature for more than 30 hours, during which seven

different sets of experiments were performed. Throughout these tests, the assembily,
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including the catalyst, demonstrated consistent stability for at least 2.5 hours (Table
17).

Table 17. Stability test results for the DRH setup

. otal flow, | min W p°C ) %, % % h

1 P =240 560 87 54 47 3
8.5

2 1.7 P =242 566 95 54 51 3

3 P =245 571 99 53 53 2.5

4 5.0 P =235 567 88 58 51 4
— 2.3

5 P =235 570 91 58 53 4

These results indicate the sponge's potential for applications requiring high chemical
stability and temperature resistance. Formaldehyde yield remained stable over the
course of the tests. Moreover, these findings are in line with previous tests which
showed that the higher the temperature, the higher the conversion. It is important to
note that even a small difference power input and average reaction temperature leads
to a varying conversion (3 and 5). It was expected that a lower methanol content in the
stream would result in greater methanol conversion at lower temperatures (as
described in Section 2.1.2). This could indicate that catalyst deactivation may have
influenced the results in the experiments (4 and 5), indicating a potential area for
further investigation and optimization. For this reason, regeneration tests were carried

out on the catalyst body and are described in the following section.

6.5 Regeneration of the catalyst

Regeneration experiments of the catalyst body were carried out by using a mixture of
2.5 vol% oxygen in argon. The process involved heating the reactor from 200 °C to
450 °C for a 2.5-hour period, followed by maintaining the temperature at 500 °C for
a further hour. The total regeneration time was 3.5 hours and was stopped only when
trace amounts of CO2 and CO were present in the gas stream. Although the post-

regeneration catalytic tests were successful, a notable decrease in selectivity and yield
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was observed (Table 18). One of the possible reasons for this decline may be changes
in the catalyst structure before the regeneration attempt, potentially limiting the active
material available for effective catalytic performance in subsequent tests. Additional
detailed investigation is necessary to better understand the influence of the
regeneration process on possible changes in the catalyst's structure and its impact on
its activity. Nevertheless, these trials confirmed the feasibility of regeneration of the

catalyst by means of oxygen gas without affecting the reactor components.

Table 18. Regeneration test results for the DRH setup

Mean reaction XmeoH; ScH20, YcH20,
No. Power, W temperature, °C Products % % o,
Before _ Hz, CO,
regeneration P =235 570 CH20 o1 58 53
After _ Hz, CO,
regeneration P =284 587 CH20 86 42 36

6.6 Catalyst analysis

The basic criteria for all effective catalysts are high selectivity, stability and activity
[120]. Therefore, the fresh (after impregnation) and spent catalysts used for the
stability tests, after regeneration and further tests (sections 6.1 and 6.5) were analyzed
by the X-ray photoelectron spectroscopy? (XPS) in order to gain insight into the
characteristics of Na2CO3 as a catalyst in the DRH concept. XPS measurements were
performed using a K-Alpha+ XPS spectrometer (ThermoFisher Scientific). The
Thermo Avantage software was used for data acquisition and processing. All samples
were analyzed using a microfocused, monochromated Al Ka X-ray source (400 ym
spot size). The K-Alpha+ charge compensation system was employed during analysis,
using electrons of 8 eV energy, and low-energy argon ions to prevent any localized
charge build-up. The spectra were fitted with one or more Voigt profiles (BE
uncertainty: +0.2 eV) and Scofield sensitivity factors were applied for quantification
[121]. All spectra were referenced to the C 1s peak (C-C, C-H) at 285.0 eV binding

2 The presentation of the XPS results was possible on account of the courtesy of the Surface and
Interface Analysis team at KIT, with special thanks to Vanessa Trouillet.
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energy controlled by means of the well-known photoelectron peaks of metallic Cu, Ag,

and Au, respectively.

Figure 38 illustrates XPS spectra comparing the O 1s signals of Na2COs in three

different states: as a commercial powder reference, in a fresh catalyst and in the

catalyst after the reaction. Figure 39 provides XPS spectra evaluating C 1s. The peaks

shown correspond to the binding energies of the photoelectrons detected, which are

characteristic of different oxygen-containing functional groups, as well as for carbon-

carbon and carbon-hydrogen species. Some key highlights can be reported from these

spectra:

The Na2COs reference shows the carbonate peak in O 1s at 531.3 eV [122],

stoichiometrically corresponding to the C 1s at 289.6 eV, as well as the Na 1s

peak at 1071.2 eV (not shown here) attributed to Na2COs. The CO5  peak at
531.3 eV, associated with carbonate ions, is present both in the fresh catalyst
and in the catalyst after the reaction, accompanied by the Si-O species.

The peak at around 532.7 eV, corresponding to oxygen in a silicon-oxygen (Si-
O) bond [123], is only seen in the fresh and spent catalysts due to impurities
from the ceramic sponge. The corresponding SiOz can also be observed in Si
2p3/2 at 103.1 eV (not shown here).

Besides Na 1s, the presence of sodium in the samples can also be followed by
the appearance of the Na KLL Auger line of sodium at around 536 eV [124].

A carbon black peak (sp2) is present in C 1s at 283.4 eV [125], indicating that
some reduced carbon species were formed on the spent catalyst, which had an
influence on the activity of the catalyst. It should be noted that these species
are more conductive than the other carbon species present and appear with
a very low binding energy (-1 eV) after the necessary referencing to (C-C, C-H)
for the whole sample. However, this is a known effect observed when both

conductive and non-conductive species are present in a sample.
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Figure 39. XPS results for fresh and spent catalyst — O 1s, author: V. Trouillet

In summary, it can be concluded that the impregnation process was successful, as
evidenced by the minimal differences observed between the XPS results of the
Na,CO; reference and the fresh catalyst, indicating that the catalyst's chemical
integrity was largely preserved after the impregnation process. The analysis of the
spent catalyst shows that there are the changes in its structure and further
investigation is required to elucidate the extent to which the regeneration process
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affects the active material. In addition, the formation of carbon deposits on the spent
catalyst, as evidenced by both XPS analysis and visual inspection, is a clear indicator
of the reduction in catalytic performance. This is consistent with the coking
phenomenon, which can block active sites and hinder the catalyst's functionality
(Section 2.4). To maintain long-term catalytic efficiency, emphasis should be placed

on catalyst regeneration and strategies to minimize carbon deposition.
6.7 Assessment of the direct resistance heating reactor

As demonstrated in the experimental trials, the DRH reactor was successfully
designed for the simultaneous production of anhydrous formaldehyde and hydrogen
gas. The reactor can incorporate both 3D-printed and conventional sponges
impregnated with sodium carbonate, which serve the dual purpose of functioning as
catalysts and heating elements. A significant feature of this design is the reactor's
capacity to withstand the elevated temperatures required for the endothermic
dehydrogenation of methanol, while ensuring the structural integrity of its components
over extended operational periods. The combination of thermal management and

catalyst efficiency constitutes the basis of the reactor's advanced performance.

The photographs in Figure 40 and Figure 41 show the condition of the DRH elements
after approximately 30 hours of experimental use. The parts were found to be largely
intact. This suggests that these components withstood the experimental conditions
well and were in a satisfactory condition for further testing. The resistance of the nickel
plate to methanol corrosion and its engineering design, in particular, its thin profile and

precise welding of the nickel wire, are key factors in this concept.

Figure 40. 3D-printed sponge after the experiments, photograph: M. Kamienowska-
Orsini
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Figure 41. Macro insulation with nickel plates and wires connected to the copper
adapter after the experiments, photo: M. Kamienowska-Orsini

The demonstrated durability of the system indicates the applicability of the DRH
approach for the production of anhydrous formaldehyde in parallel with the co-
generation of hydrogen gas in the mini-plant scale. Adequate temperatures to allow
the endothermic reaction were achieved, up to 665 °C for the conventional sponge and
650 °C for its 3D-printed equivalent. It is apparent that the DRH concept brings a new
perspective to this sort of catalyst and is a promising concept that needs to be further
developed. Table 19 shows the results reported in the literature and some selected

findings presented in this thesis.

Table 19. Comparison of results for sodium carbonate-based catalysts

Catalyst Temp:eéature, XM,,;:’H’ Sc,;:o’ Ref.
Na2CO3
10% MeOH + Nz 700 56 65 [14]
NazCOs + In203 (1 mol %)
10% MeOH + N> 650 60 75 [14]
Na2COs + 20%C
4.7% CH3OH (0.2 | min-") 690 72 70 [15]
Mcat = 01g
Naz2COs (sponge) — DRH " Own
10 mol% MeOH, 12 g h-l 511 80 56 work
Na2COs (3D sponge) — DRH . Own
5 mol% MeOH, 10 g h- 575 91 58 work

Compared to the results given in the literature [14, 15] which are also described in
Section 2.1.2, the use of a sponge as both a catalyst support and heating medium
significantly increased the methanol conversion rates, while maintaining satisfactory

levels of selectivity. Yet, there is still chance for improvement in the modification of the
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catalyst to increase the selectivity towards formaldehyde. For example, by adding
additional active substances to the catalyst or by modifying the design of the reactor
to minimize the decomposition of formaldehyde. Such modifications may also include
optimizing the surface area of the sponge to facilitate catalyst distribution or altering
the flow dynamics within the reactor to reduce the exposure time of formaldehyde to
conditions that promote its decomposition. To conclude, when compared to traditional
fixed-bed experimental setups, the DRH system appears to offer significant
advantages, particularly in terms of thermal efficiency and its potential to contribute to
the electrification of the chemical industry which aims to reduce reliance on fossil fuels
and thus achieve lower carbon emissions. The DRH approach allows for more precise
control of temperature distribution within the reactor, leading to improved heat transfer
and reduced energy losses. This increased heat efficiency not only enhances reaction
rates but also minimizes the overall energy consumption of the process. The heat
demand analysis for the DRH setup is provided in the Appendix (Section 9.2), offering

insights into the thermal requirements of the system.

In addition, while contrasting the sodium vapor (selected results are shown in Table
10, see page 88) and sodium carbonate catalysts, the notable differences can be
observed in reaction temperatures, methanol conversion rates, and selectivity towards
CH20 production. When operated in the temperature range of 800 to 900°C, sodium
dosed in its vaporized form demonstrates higher methanol conversion rates, typically
between 95% and 99%. Additionally, it shows greater selectivity for CH20 production,
which ranges from 70% to 83%. A direct comparison of sodium vapor and sodium
carbonate catalysts is challenging due to many factors e.g. different effectiveness of

cooling system, residence times etc.

In conclusion, the DRH reactor with sodium carbonate as a catalyst and the system
utilizing sodium vapor dosed via a bubble column concept revealed some differences
in performance parameters. Nevertheless, each system has its own specific strengths
and limitations. Sodium vapor system exhibits higher catalytic activity, but issues such
as corrosion, stability of the evaporation process and industrial feasibility need to be
addressed. Conversely, the DRH system is characterized by efficient heat
management, ensuring better thermal control throughout the process, but faces
challenges in terms of catalyst stability and reactor design. Both approaches show
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significant potential, but further research and optimization are required to enable

successful scale-up for pilot plant implementation.
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7. SUMMARY AND OUTLOOK

7.1 Summary

Formaldehyde is used extensively in various industrial applications. Consequently,
there is a demand for production methods that provide a balance between efficiency
and environmental sustainability. This thesis investigates the gas phase
dehydrogenation of methanol to formaldehyde and hydrogen, with a particular focus
on sodium-based catalysts. The objective of this work was to demonstrate the
feasibility of this process on a mini-plant scale, extending previous investigations
conducted on a laboratory scale. Therefore, the MEDENA mini-plant was designed
and constructed, and two core concepts were tested: continuous sodium vapor dosing
by means of a bubble column and the implementation of a direct resistance heating
(DRH) reactor with the incorporation of a 3D-printed SiSiC sponge impregnated with
Na2COs. This particular approach for the formaldehyde production process has been

proposed and experimentally validated for the first time in this work.

Firstly, the findings derived from the sodium evaporation and condensation setup, as
well as the catalytic tests with sodium vapor as the catalyst, showed that this concept
enabled almost complete methanol conversion at 800 °C, with a formaldehyde yield of
70% and hydrogen as the main by-product. The results were consistent with the
established literature and confirmed observations from related studies in which sodium
metal catalysts were applied. The research also draws attention to the design of the

catalyst dosing unit, as its operation is critical to the performance of the mini-plant.

Secondly, the results presented in this dissertation demonstrated that the utilization of
the DRH concept combined with the impregnation of the ceramic sponge with sodium
carbonate is a promising method to obtain high yields of formaldehyde and hydrogen.
The use of Na2COs as a catalyst at 480 °C resulted in 30% methanol conversion,
compared with only 10% without a catalyst. At approximately 600 °C, methanol
conversion with the catalyst increased to over 85%, compared to around 60% in the
absence of a catalyst. Moreover, the DRH system demonstrated a 92% methanol
conversion and 60% selectivity towards formaldehyde under operating conditions of
31.6 A, 8.3V and 262 W. To conclude, the concept of a directly heated, impregnated

ceramic sponge showed significant potential as an innovative solution to meet the
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growing demand for electrification in the chemical industry, providing a promising

pathway for enhanced process efficiency and more sustainable chemical production.

In summary, this thesis presents the experimental demonstration of the production of

anhydrous formaldehyde. The findings encourage further investigation of sodium-

based catalysts for the dehydrogenation of methanol to formaldehyde and valuable

hydrogen gas.

7.2 Outlook

The outcomes presented herein have led to the identification of both experimental and

theoretical research questions, along with the corresponding future work. In particular,

the following issues need to be addressed:

Development of analytical techniques and appropriate experimental setups for
comprehensive studies of the reaction mechanisms associated with the use of
sodium vapor as the catalyst.

A scale-up of a sodium bubble column system. Further extensive experimental
tests, with a particular focus on the temperature distribution, should be
conducted. Next, a pilot-scale demonstration is important to ensure that the
system's purity can be maintained and that constant evaporation is possible.
Future studies involving varying methanol and sodium vapor concentrations are
required to optimize the catalytic process.

Research into the behavior of the catalyst in the case of the DRH concept and
its modification, for example, via doping with activated carbon or other metals
such as Fe or Ni.

A scale-up of a DRH reactor concept. Future work should focus on addressing
technical limitations (maximum size and required power input). The primary
objective shall be to ensure high selectivity toward formaldehyde when using
a highly concentrated methanol stream, which is an essential criterion for the

practical application of this technology on an industrial scale.
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9. APPENDIX

9.1 Measurement uncertainty

The studies conducted in this thesis are also subject to measurement uncertainties
due to the experimental methods and equipment used. In this study, the most
important measurement errors include those related to:
e Accuracy of used equipment: e.g. flow controllers, scale, thermocouples
e Fluid properties: purity, changes in volume, density and mass (in the case of
sodium due to oxidation)

e Operator error: e.g. weighting procedure of evaporated sodium
Important information regarding key equipment is listed in Table 20.

Table 20. Accuracy of equipment

Equipment Accuracy?® Short name
Gas flow controllers
+0.5 % (GFC)
F-201CV-2K0-PGD-33-K
Methanol flow controllers
+0.2 % (MFC)
ML120V00-PGD-33-0-S-DA-000
Scale
10.003 g (m)
BTG-303
Thermoelement Typ K
+1,5°C (T)
Classe 1 |IEC 60584
Pressure controller
+0.5 % (PC)
P-502C-1K1R-PGD-39
Pressure indicator
+0.1 % (p)

Rosemount 2051 In-Line Pressure Transmitter

Gas chromatograph measurement
Determining the uncertainty of a gas chromatography (GC) analysis with a thermal
conductivity detector (TCD), a methaniser and a flame ionization detector (FID) is

a process involving several variables:

3 Values form data sheet of manufactures
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e Variability in the amount of sample introduced into the GC. A flow controller was
used in order to provide a constant flow of 10 ml for the GC sampling loop.
However, due to the changing composition of the gas, the measurement of the
flow controller has lower accuracy

e Separation of the components on the columns (depending on the concentration
of components)

e Detectors response (depending on the concentration of components)

e Accuracy of calibration standards and the linearity of the calibration curve

e Temperature and pressure fluctuations can affect gas flow rates and detector

responses.

The standard uncertainty u(y;) of the measured molar fraction y of gas component is:

u(Yi)z = u(Yi,rept)2 + u(Yi,lin)2 + ll(}’i,cal)2 Eq. 42
where:

e u(yirept) Standard uncertainty due to repeatability
e u(yjn) standard uncertainty due to linearity
* y(ica) Standard uncertainty due to calibration gas uncertainty
Composition of different mixtures entering the GC for 1 | min-' are shown in Table 21:

Table 21. Composition of mixture I, Il and Il

Mass Fraction

Compound
Mixture | Mixture Il Mixture Ill
Argon 0.80 0.90 0.80
Hydrogen 0.04 0.02 0.05
Carbon monoxide 0.04 0.02 0.05
Carbon dioxide 0.01 0.00 0.00
Methanol 0.03 0.02 0.10
Methane 0.01 0.00 0.00
Formaldehyde 0.07 0.04 0.00

Calculated properties for the mixtures of 1 | min-' at 140 °C and 1.2 bar are presented
in Table 22.
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Table 22. Calculated properties for the example mixtures entering the GC

Mass flow, Density, Tze’"!a! Viscosity,
ka hr-' ka m-3 conductivity, cP
g g W m' K*
Mixture | 0.046 0.767 0.087 0.025
Mixture Il 0.059 0.995 0.061 0.027
Mixture 11l 0.042 0.704 0.097 0.024

From the provided example calculations, it can be seen that the higher level of
uncertainty must be considered for the flow controller placed in front of the gas
chromatograph. This is the result of variations in flow characteristics due to differences

in composition and volume introduced into the gas chromatography column.

Total uncertainty of dehydrogenation of methanol tests
Total uncertainty u(t) is calculated as a sum of uncertainties of temperature, pressure

flow and GC measurements, it is as follows:

u(t)? = u(T)? + u(p)? + u(GC)? + u(FC)*? Eq. 43
where:
e u(T) standard uncertainty due to total temperature measurement uncertainty
(1.72 %)
e u(p) standard uncertainty due to total pressure measurement uncertainty
(0.22 %)
e u(GC) standard uncertainty due to total GC measurement uncertainty (8.5 % &
14 %)
e u(FC) standard uncertainty due to total flow measurement uncertainty (3.5 % &
5.5 %)

The total uncertainty of dehydrogenation of methanol tests was estimated to be £10%
with a confidence level of 95% and for the trials with the higher methanol content in
the stream (215 mol%) the total uncertainty was determined to be +15% with

a confidence level of 95%.
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Total uncertainty of sodium evaporation and condensation tests
Total uncertainty u(t) is calculated as the sum of uncertainties of weight, temperature,
pressure, flow measurement, oxidation rate and operator error. It is as follows:
u(t)? = u(m)? + u(T)? + u(p)? + u(OR)? + u(FC)? + u(OE)? Eq. 44
where:

e u(m) standard uncertainty due to weight measurement uncertainty (0.10 %)

e u(T) standard uncertainty due to total temperature measurement uncertainty

(0.82 %)

e u(p) standard uncertainty due to total pressure measurement uncertainty
(0.12 %)

e u(OR) standard uncertainty due to oxidation rate of sodium uncertainty (ca.
0.64 %)

e u(FC) standard uncertainty due to total flow measurement uncertainty (1.3 %)

u(OE) standard uncertainty due to total operator error uncertainty (5.0 %)

Sodium reacts rapidly with air due to its reaction with the oxygen and moisture present
in the atmosphere. Therefore its change of mass was possible during the weighting
procedure. This is why it was crucial to determine the measurement uncertainty due
to the oxidation of sodium. The oxidation rate was studied by Oliva et al [126]. Their

simulations showed that sodium oxidation in atmospheric air proceeds in two stages:

1. Na20 formation is indicated by a linear growth rate of 2 - 107 cm s, from 0 until
6.5s
2. Na20:2 formation from 6.5 s characterized by a diffusion coefficient of oxygen in

the peroxide phase of the order of 1 :10™° cm?

Based on these equations the estimated mass growth for 1 cm? of sodium is ca.
0.001425 g for 6.5 s.

In the case of total operator error, two factors were taken into account: the different
total time taken to transfer the sample from the condenser to the balance to the scale
(average time 5 — 10 s) and the possibility of some sodium materials remaining in the

pipes of the condenser.

The total uncertainty of sodium evaporation and condensation tests was estimated to
be £10 % with a confidence level of 95 %.
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9.2 Heat demand analysis for direct resistance setup

This section presents a simulation conducted in Aspen Plus V14, with a focus on the

net heat duty values based on MEDENA mini-plant with the DRH reactor concept. The

graphical representation of the simulation is shown in Figure 42. It illustrates the

heating and chemical reaction of CH3sOH in the presence of Ar, a non-reactive gas.

The simulation considers only the main components, namely CHzOH, CH20, CO and

Ha.
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Figure 42. The DRH simulation scheme in Aspen Plus

A detailed description of the process shown in the diagram is given:

1.

Ar (161 g h'') and CH3OH (12 g h'") are introduced into the system at a starting

temperature of 25 °C.

2. Both streams are preheated separately to 125 °C.

3. After preheating, the argon and methanol streams are mixed in the CEM.

4. The combined stream is then further heated to 250 °C before entering the

reactor.

The reactor operates at a temperature of 617 °C and pressure of 1.3 bar where
the chemical reaction takes place, converting the methanol into other chemical
products.

The output from the reactor is cooled from 617 °C to 140 °C before leaving the

system as the final product.

The simulation was set based on the results of the experiment (no. 1) shown in Table

14, the detailed results are as follows:

Power = 245 W

Mean reaction temperature = 617 °C
Conversion of methanol = 99 %
Yield of formaldehyde = 53 %
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To approximate actual results, the stoichiometric reactor was used with methanol and
formaldehyde fractional conversions set at 99% and 0.45, respectively, as shown in
Figure 43:

Reactions

Rxn No. Specification type Molar extent Units Fractional conversion  Fractional Conversion of Stoichiometry
Component

LR Frac. conversion kmol/hr 0.99 CH30H CH30H --> CH20({MIXED) + H2(MIXED)
2 Frac. conversion kmol/hr 0.45 CH20 CH20 --> CO(MIXED) + H2(MIXED)

New Edit

| Reactions occur in series

Figure 43. Results of the stoichiometric reactor in Aspen Plus

The heat of reaction for given conditions as well as reaction extent were calculated

and are shown in Figure 44.

Rxn No. Reaction Calculated Reference Stoichiometry
extent heat of component
reaction
mol/hr *  klfmol -
1 0.370762 989544 CH30H CH30H --> H2 + CH20
> 2 0.166843 5.35342 CH20 CH20 --> H2 + CO

Figure 44. Calculated heat of reactions in Aspen Plus

The total heat demand of the reactor (heating the reactants and for the reaction itself)
is 33 W, as indicated in Table 23.

Table 23. The net heat duty for the DRH system
Net heat duty, W

Temperature °C

Argon Methanol Feed Reactor Reaction Cooling
25-125 2.3 4.4 - - - -
125-250 - - 3.6 - - -
250-617 - - - 22.6 - -
617 10.4
617-140 - - - - - -15.3

The total heat demand of the reactor (heating the reactants and the reaction itself) is
33 W. The heat generated by the DRH reactor is 245 W. From this energy analysis it
can be seen that only about 14% is used for heating the reactants and producing
formaldehyde. Since the sponge is the only heating medium for the entire reactor
(described in Section 2.5), approximately 338 W are required to raise the temperature
of the reactor from 25 °C to 619 °C in one hour, assuming no losses to the
environment. It can therefore be concluded that most of the heat is used to maintain

the temperature in the reactor and that heat loss by radiation can be significant. In
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addition, heat loss can be minimized by using materials with better thermal properties
for reactor insulation. For the larger reactors, a heat recovery system should be used

due to the necessity of cooling the product.

9.3 Pressure drop in the direct resistance heating setup

In systems where ceramic sponges are used, such as burners and catalytic reactors,
accurate prediction of pressure drop is critical to achieving optimum operating
efficiency [75]. Sponges, made from materials such as alumina or silicon carbide,
present specific challenges due to their complex porous structures that can
significantly affect fluid dynamics. In this section, a brief comparison of some mean
experimental data with available computational methods is presented. The pressure
drop is determined as the average of the difference between the pressure readings in

front of and behind the reactor. The results are shown in Table 24.

Table 24. Pressure drop in the DRH reactor

Total flow Pressure drop, barg
| min-! Conventional sponge 3D-printed sponge
1.4 0.007 0.011
1.7 n/a 0.041
2.1 0.008 n/a
2.2 n/a 0.081

Dietrich et al. [127] developed a correlation to predict fluid behavior in open-cell foams
under varying operational conditions. They adapted an Ergun-type approach to
address the characteristics of these materials. The resulting correlation was derived
by minimizing the square of errors across more than 400 experimental data points.

The specific formula (Eq. 45) provided is as follows:

4p _ . P2
AL—110 o u+ 1.45 vea. U Eq. 45

where v is total porosity and d;, hydraulic diameter.

The hydraulic diameter formula is the specific surface area per unit volume (Eq. 46):

dy =43 Eq. 46
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This specific surface area, which is crucial for characterization of the sponge structure,
can be accurately measured using imaging techniques such as computer tomography
(CT) scans or magnetic resonance imaging (MRI), as described by Grole et al [128].
The conventional sponge had values of 0.84 for porosity and ca. 1000 m™ for surface
area, whereas the 3D-printed sponge showed 0.75 and ca. 1450 m™ respectively.

The calculated pressure drop values are shown in Table 25.

Table 25. Calculated pressure drop values

Total flow Pressure drop, barg
I min” Conventional sponge 3D-printed sponge
14 0.0011 0.005
1.7 n/a 0.007
2.1 0.0016 n/a
2.2 n/a 0.008

The 3D-printed sponge, which has a Voronoi lattice structure, exhibits a higher
pressure drop than calculated. This can be primarily attributed to the amount of
catalyst that was used. Typically, lattice structure SiSiC sponges have lower pressure
drop values in comparison to standard 20 PPI SiSiC sponges [129]. This is attributed
to the lattice structure which has more efficient layout and enhances fluid dynamics
through the sponge. This design reduces flow resistance and improves the streamline
of the flow through the porous medium, effectively decreasing the pressure drop

across the structure.
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