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1. EXECUTIVE SUMMARY 

1.1. Description of the deliverable content and purpose 

Subtask 2.3.1 associated to deliverable D2.2 focuses on the modelling of chemical kinetics for both 
catalysts and sorbents used in the ammonia decomposition process, targeting low operational 
temperatures (400–450 °C) to enable efficient hydrogen production. The work is led by TU/e and JM and 
represents a critical step toward predictive reactor design and integration of the catalytic and sorption 
systems. 

The main objectives of this subtask are: 

1. to develop accurate kinetic models for low-temperature ammonia cracking catalysts provided by 
JM  

2. to base these kinetic laws on comprehensive experimental datasets in order to accurately capture 
the reaction behaviour under realistic operating conditions, 

3. to investigate sorption kinetics and capacity of selected sorbent by JM, with a focus on their 
performance under dynamic operating conditions relevant to the integrated system, 

4. to validate all kinetic and sorption models, ensuring consistency with experimental observations 
and suitability for system-level modelling in Subtask 2.3.3, 

5. to provide critical input for optimizing reactor design and operational strategies in downstream 
subtasks. 

These models will later be integrated into a broader simulation framework to assess and optimize the 
ammonia cracker performance, supporting the development of a robust, efficient, and scalable hydrogen 
production system for maritime applications. 

1.2. Brief description of the state of the art and the innovation brought 

Hydrogen is a pivotal energy carrier for decarbonizing sectors like maritime transport, which significantly 
contributes to global emissions. However, hydrogen storage and transport face challenges due to low 
volumetric energy density and complex handling requirements. Ammonia (NH₃), a chemical hydrogen 
carrier with high hydrogen content (~17.6 wt%), offers a practical solution by enabling easier storage and 
distribution under moderate conditions. Green ammonia, synthesized using renewable energy, represents 
a carbon-free vector for hydrogen. Especially in maritime applications, ammonia can serve directly as a 
carbon-free fuel or be decomposed onboard to release hydrogen for fuel cells or combustion engines, 
providing flexibility and enabling emissions reduction in shipping. 

1.2.1. Catalysts for Ammonia Cracking 

Efficient ammonia decomposition catalysts are critical for converting ammonia into hydrogen at low 
temperatures (400–450 °C). For this reason, developing new catalysts and studying their behaviour 
through mathematical modeling of adsorption kinetics is fundamental to provide a significant impact on 
technological development. Accordingly, a brief state of the art on the available types of catalysts has been 
proposed below. 

1.2.2. Ruthenium-based catalysts 

Ruthenium-based catalysts are widely regarded as the most effective materials for ammonia cracking due 
to their exceptional ability to facilitate the associative desorption of nitrogen, the rate-limiting step in 
ammonia decomposition. This results in high conversion efficiencies and hydrogen production at relatively 
low temperatures, typically between 350 and 450 °C. Their strong catalytic activity is complemented by 
excellent stability over extended periods, with good resistance to sintering and deactivation.  

However, the practical application of Ru catalysts is limited by their high cost and scarcity, as ruthenium 
is a precious and rare metal. These factors pose significant challenges for large-scale hydrogen production 
from ammonia. Additionally, the synthesis of Ru catalysts requires precise control over nanoparticle size 
and dispersion to maintain optimal activity, adding complexity and cost to manufacturing processes. To 
address these limitations, research is focusing on reducing Ru content through alloying with more 
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abundant metals such as nickel, aiming to preserve catalytic performance while improving economic 
viability. Overall, while Ru catalysts set the benchmark for ammonia cracking efficiency, their cost and 
availability remain key hurdles for widespread industrial adoption. 

1.2.3. Nickel-based catalysts 

Nickel-based catalysts represent a cost-effective and widely studied alternative for ammonia cracking, 
offering moderate activity at higher temperatures, generally around 450 to 500 °C. These catalysts benefit 
from abundant availability and significantly lower cost compared to noble metals like ruthenium, making 
them attractive for large-scale hydrogen production. 

However, Ni catalysts typically require higher operating temperatures and may exhibit lower intrinsic 
activity and stability compared to Ru-based systems. They are more prone to sintering and deactivation 
over time if not carefully engineered. Efforts to improve Ni catalysts focus on controlling nanoparticle 
dispersion within the 2 to 5 nm range and enhancing metal-support interactions to boost both activity and 
longevity. Overall, nickel catalysts provide a promising balance between performance and cost, but further 
optimization is necessary to fully meet the demands of efficient, large-scale ammonia cracking processes. 

1.2.4. Ru-Ni bimetallic catalysts 

Bimetallic Ru-Ni catalysts have emerged as a promising class of materials for ammonia cracking, aiming 
to combine the high activity of ruthenium with the cost-effectiveness and abundance of nickel. These 
catalysts exploit synergistic effects between the two metals: ruthenium enhances the reaction kinetics, 
particularly the rate-limiting nitrogen desorption step, while nickel provides structural support and 
contributes to overall catalytic activity at a significantly reduced cost compared to pure Ru systems. 

The incorporation of nickel not only lowers the precious metal content but can also improve catalyst 
dispersion and thermal stability when properly engineered. These systems typically operate efficiently in 
the 400–450 °C range, showing good conversion rates that approach those of monometallic Ru catalysts, 
especially when optimized for nanoparticle size and metal-support interactions. Nevertheless, the design 
and synthesis of Ru-Ni catalysts present challenges. Achieving uniform alloying and avoiding phase 
segregation requires precise control over preparation methods. Additionally, maintaining long-term stability 
and activity under operational conditions depends on careful tuning of the metal ratio and support material. 
Despite these complexities, Ru-Ni catalysts offer a highly attractive compromise between performance 
and cost, making them suitable candidates for scalable hydrogen production from ammonia in both 
stationary and mobile applications. In general mathematical modeling of catalytic kinetics is fundamental 
to capture the relationship between reactant/product concentrations and catalyst activity. Developing 
predictive kinetic models based on experimental data allows accurate simulation of reactor behaviour and 
supports catalyst optimization and scale-up. 

2. Ammonia Cracking for Hydrogen Production: Thermodynamic and Kinetic Insights 

Ammonia cracking is a catalytic process in which ammonia (NH₃) is decomposed into hydrogen (H₂) and 
nitrogen (N₂), following the endothermic reaction: 

2𝑁𝐻3 ↔ 3𝐻2 + 𝑁2        ∆𝐻0 =  46.2 𝐾𝐽 𝑚𝑜𝑙−1 

Due to its endothermic nature, the reaction is favoured at high temperatures (typically above 400 °C), and 
low pressures enhance conversion by shifting equilibrium toward product formation.  

Traditionally, ammonia cracking is carried out in fixed-bed reactors followed by separate purification units, 
which increases system complexity and limits efficiency. To overcome these limitations, palladium-based 
membrane reactors have emerged as a promising solution. These systems integrate reaction and 
hydrogen separation in a single unit, continuously removing H₂ as it is formed. This in situ separation shifts 
the equilibrium forward, enabling higher conversion at lower temperatures and delivering high-purity 
hydrogen suitable for fuel cells. Palladium membranes are highly selective for hydrogen but may allow 
trace ammonia permeation due to defects, requiring downstream purification. 

Overall, membrane reactors enable process intensification by combining reaction and separation steps, 
reducing system size and energy demand, and making ammonia cracking more viable for scalable, 
decentralized, and clean hydrogen production. 
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2.1. Review and Mathematical description of Kinetic laws for Ammonia cracking reaction  

Understanding the kinetics of a chemical reaction is essential for designing, optimizing, and scaling up 
catalytic processes. A kinetic model provides a mathematical framework that describes how the reaction 
rate depends on operating parameters such as temperature, pressure, and reactant concentrations. It also 
offers insights into the underlying reaction mechanism, helping to identify which elementary steps are most 
influential and which surface species are most involved during the process. 

Developing an accurate kinetic model typically involves two stages: 

1. Proposing a mechanistic hypothesis, often based on literature or experimental evidence, which 
identifies possible reaction steps and surface interactions; 

2. Fitting experimental data using rate expressions derived from the assumed mechanism, to estimate 
kinetic parameters and validate the model’s consistency with observed behaviour. 

Different kinetic models can be applied depending on the level of detail required, the available data, and 
the assumptions made about the surface phenomena. The following sections describe three widely used 
types of kinetic models for ammonia decomposition, which can serve as examples of increasing complexity 
in kinetic modelling. 

2.1.1. Power Law Kinetic Model 

The power law model provides an empirical expression for the reaction rate, describing the decomposition 
of ammonia as a function of the partial pressures of NH₃, H₂, and N₂. It is expressed as: 

−𝑟𝑁𝐻3
= 𝑘(𝑃𝑁𝐻3

𝑎𝑃𝐻2

𝑏𝑃𝑁2

𝑐) 

In this formulation, 𝑘 is the rate constant, and the exponents 𝑎, 𝑏 and 𝑐 represent the apparent reaction 

orders with respect to each species. These orders are determined experimentally via regression analysis 
by measuring reaction rates at varying partial pressures. The model does not provide mechanistic insight 
into adsorption, surface coverage, or reaction pathways; rather, it captures the net behaviour of the system 
under a specific range of conditions.[1] 

From a physical standpoint, a negative value of 𝑏 typically indicates hydrogen inhibition, meaning that the 

accumulation of H₂ suppresses the forward decomposition of NH₃. A positive 𝑎 suggests that increasing 

NH₃ partial pressure promotes the reaction rate, while the effect of N₂ is usually weak or slightly negative 

(low or negative 𝑐) due to product inhibition. While the power law model lacks detailed mechanistic 

justification, it is useful for reactor modeling and optimization when the full surface reaction mechanism is 
not required or too complex to apply directly. 

2.1.2. Temkin-Pyzhev Kinetic 

The Temkin-Pyzhev model is a semi-empirical kinetic expression developed to describe catalytic 
reactions, particularly those in which the surface reaction is influenced by the adsorption and desorption 
phenomena of reactants and products. For ammonia decomposition, the model assumes that the rate-
determining step (RDS) is the recombinative desorption of nitrogen atoms from the catalyst surface to form 
molecular nitrogen (N2). This step is often surface-limited and can be strongly affected by the concentration 
of adsorbed hydrogen, which competes for active sites.[1] 

The general form of the Temkin-Pyzhev rate equation is:  

−𝑟𝑁𝐻3
= 𝑘 [(

𝑃𝑁𝐻3

2

𝑃𝐻2

3 )

𝛽

− (
𝑃𝑁2

2

𝐾𝑒𝑞
)(

𝑃𝐻2

3

𝑃𝑁𝐻3

2)

1−𝛽

] 

This equation can be interpreted as follows: 

• 𝑟𝑁𝐻3
 is the rate of ammonia decomposition; 

• 𝑃𝑁𝐻3
, 𝑃𝐻2

, 𝑃𝑁2
 are the partial pressures of ammonia, hydrogen, and nitrogen, respectively; 
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• 𝐾𝑒𝑞 is the equilibrium constant of the overall reaction; 

• 𝑘 is a kinetic constant (temperature-dependent); 

• 𝛽 is an empirical parameter, typically between 0 and 1, used to adjust the influence of surface 

coverage effects on the forward and reverse reactions. 

The Temkin-Pyzhev rate expression captures the reversible nature of ammonia decomposition by 
expressing the overall rate as the difference between a forward and a reverse term, each involving powers 

of partial pressures. The forward term (
𝑃𝑁𝐻3

2

𝑃𝐻2
3 )

𝛽

 describes the decomposition of ammonia into nitrogen and 

hydrogen, while the reverse term (
𝑃𝑁2

2

𝐾𝑒𝑞
) (

𝑃𝐻2
3

𝑃𝑁𝐻3
2)

1−𝛽

accounts for the reformation of ammonia. The empirical 

parameter 𝛽 (0 < 𝛽 < 1) adjusts the sensitivity of the rate to variations in the partial pressures and indirectly 
reflects surface coverage effects—particularly the inhibitory role of hydrogen, which competes with other 
adsorbed species for active sites on the catalyst. Although the model does not explicitly include adsorption 
equilibria or surface concentrations, it implicitly incorporates the effect of surface phenomena such as site 
blocking and competitive adsorption through its functional form. This makes it particularly effective for 
describing non-ideal catalytic behaviour where strong product inhibition (e.g., by H₂) limits the reaction 
rate under specific conditions.[2], [3]  

2.1.3. Langmuir-Hinshelwood Model  

The Langmuir-Hinshelwood (L-H) model is mechanistically detailed and based on the assumption that all 
species are adsorbed on the catalyst surface in quasi-equilibrium before participating in elementary 
reaction steps.[4] In the case of ammonia decomposition, the process involves a sequence of adsorption, 
dissociation, and recombination steps:  

Table 1. Chemical Reaction Steps of Ammonia cracking reaction on the catalyst Surface: Adsorption, Bond 
Splitting, Recombination, and Desorption 

Reaction Expression Reaction Steps 

NH3 adsorption 2𝑁𝐻3 +  2 ∗ ⇌  2𝑁𝐻3
∗ R1 

NH3 dissociation 2𝑁𝐻3 ∗ + 2 ∗ ⇌  2𝑁𝐻2
∗ +  2𝐻∗ R2 

NH2 dissociation 2𝑁𝐻2 ∗ + 2 ∗ ⇌  2𝑁𝐻∗ + 2𝐻∗ R3 

NH dissociation 2𝑁𝐻∗ +  2 ∗ ⇌ 2𝑁∗ + 2𝐻∗ R4 

N2 desorption 2𝑁∗ ⇌ 𝑁2 + 2∗ R5 

H2 desorption 6𝐻∗ ⇌ 3𝐻2 + 6∗ R6 

Overall 2𝑁𝐻3 ⇌ 𝑁2 + 3𝐻2 - 

 

Here, * represents a free active site on the catalyst surface. Kinetic models based on the L-H mechanism 
are derived by selecting a rate-determining step and identifying the dominant surface species. 

This kinetic model is a mechanistic approach that assumes all reactant and product species are adsorbed 
onto the catalyst surface before participating in the reaction. In the case of ammonia decomposition, this 
involves a sequence of elementary steps where ammonia dissociative adsorbs, forming intermediate 
species (NHx*, H*, N*) which subsequently decompose or recombine to form N₂ and H₂. 

According to several studies [1], [5], [6],step 5 — the recombination and desorption of nitrogen atoms — 
is often considered the RDS. Considering this step as the limiting one the corresponding kinetic law can 
be written as: 
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−𝑟𝑁𝐻3
=

2(𝑘5𝐾1𝐾2𝐾3𝐾4𝐾6

𝑃𝑁𝐻3

2

𝑃𝐻2

3 − 𝑘−5𝑃𝑁2
)

(

 1 −
√𝑃𝐻2

√𝐾6
6

+ √𝐾1𝑃𝑁𝐻3
+ √𝐾6

6
√𝐾1𝐾2

𝑃𝑁𝐻3

√𝑃𝐻2

+ √𝐾6
3

√𝐾1𝐾2𝐾3

𝑃𝑁𝐻3

𝑃𝐻2

+ √𝐾1𝐾2𝐾3𝐾4𝐾6

𝑃𝑁𝐻3

√𝑃𝐻2

3

)

 

2 

This expression provide a deeper mechanistic understanding of the reaction and allow for more accurate 
predictions under varying operating conditions. 

This expression provide a deeper mechanistic understanding of the reaction and allow for more accurate 
predictions under varying operating conditions. 

However, while this assumption may simplify the physical interpretation of the overall process, it does not 
necessarily lead to a mathematically simpler rate expression. In fact, even when step 5 is assumed to be 
rate-determining, the full kinetic expression remains complex. This complexity arises from the need to 
model the full surface coverage behaviour through adsorption–desorption equilibria for all intermediate 
species (NH₃, NH₂, NH, N, H). As a result, the corresponding differential equations become difficult to 
integrate and require fitting several kinetic and adsorption constants, each representing specific 
interactions on the catalytic surface. This mathematical complexity create a significant challenge when 
integrating the rate equation into a reactor model, especially one based on ordinary differential equations 
(ODEs) that must be solved simultaneously with energy balances. The optimization process becomes 
computationally challenging and potentially unstable due to the high number of parameters involved. 

To overcome this issue, a more practical and commonly adopted strategy involves assuming a dominant 
surface species.[1], [5], [6] This assumption significantly reduces the mathematical calculation by 
simplifying the Langmuir–Hinshelwood rate expression. Instead of modeling full coverage dynamics, the 
kinetic law is reduced to a simpler form involving only two parameters: 

• A kinetic term, which incorporates the Arrhenius parameters (activation energy and pre-exponential 
factor),  

• An adsorption term, which accounts for the surface interaction of the reactants via global 
assumptions derived from Langmuir’s adsorption theory (e.g., uniform surface, monolayer 
adsorption, and no lateral interactions). 

Under the hypothesis that step 5 (N recombination and desorption) remains the rate-limiting step, two 
plausible assumptions about surface coverage can be made for ammonia cracking: 

1. Hydrogen-dominated surface: where hydrogen atoms are the most abundant species on the 
catalyst, occupying most of the active sites. 

2. Nitrogen-dominated surface: where nitrogen atoms, due to their stronger binding, dominate the 
surface coverage. 

Each of these assumptions leads to a simplified kinetic equation. These reduced models, the adsorption 
term modifies the rate law to reflect how the dominant species inhibits the surface reaction through site 
competition, without explicitly resolving every mechanistic step. The two equations for both hypothesis are 
reported in the following table  



 

D2.2  
Catalyst Kinetic Report 

Proj. Ref.: APOLO-101138466 

Doc. Ref.: APOLO-WP02-D22-DLR-TUE-

30062025-final.pdf 

Date: 10/07/2025 

Page Nº: 8 of 31 

 

_________________________________________________________________________________________________________________ 

Public 

Table 2. Kinetic Equations Based on Dominant Surface Species Hypothesis 

Dominant Species Kinetic equation 

Dominant Species: H 
atoms 

𝑟𝑁𝐻3
= 𝑘

[
 
 
 
 
 
(𝐾𝑃 (

𝑃𝑁𝐻3

2

𝑃𝐻2

3 ) − 𝑃𝑁2
)

((1 + √𝐾𝐻2
𝑃𝐻2

36
))

2

]
 
 
 
 
 

 

Dominant Species: N 
atoms 

𝑟𝑁𝐻3
= 𝑘

[
 
 
 
 

(𝐾𝑃𝑃𝑁𝐻3

2 − 𝑃𝐻2

3𝑃𝑁2
)

(√𝑃𝐻2

3 + √𝐾𝜎𝑃𝑁𝐻3

2)

2

]
 
 
 
 

 

3. Investigation Procedure for the Development of a Custom Kinetic Model 

The construction of a reliable kinetic model is a fundamental step in the development of catalytic processes 
intended for industrial application. Mathematical modeling of the catalytic reaction, followed by the 
modeling of the reactor, plays a crucial role in overcoming the technological barrier that typically separates 
laboratory-scale systems from full-scale industrial units. This approach is particularly relevant in the 
context of Technology Readiness Levels (TRL), where progress from proof-of-concept (TRL 3–4) to pilot 
and demonstration phases (TRL 5–7) requires a predictive understanding of the system’s behaviour under 
realistic process conditions. 

The process begins with the definition and design of the catalyst. A well-performing catalyst generally 
consists of a support, an active phase, and, in some cases, a promoter. These three components must 
operate in close synergy to achieve optimal performance during the reaction. The support ensures 
structural stability and adequate dispersion of the active phase, while the active phase is directly 
responsible for the catalytic function. Promoters can further enhance specific properties such as activity, 
selectivity, or long-term stability. Once the active phase is selected, it is necessary to optimize its loading, 
not only to achieve the best possible interaction with the support but also to avoid excessive usage of 
costly materials and to prevent potential mass transfer limitations. Similarly, if a promoter is considered, 
its concentration and interaction with the rest of the catalytic system must be evaluated and optimized. 
This optimization step typically combines theoretical approaches, such as electronic structure calculations 
or thermodynamic predictions, with experimental testing, allowing for a rational design of the catalytic 
formulation based on both expected behaviour and real-world performance data. 

After the catalyst has been synthesized and its structure verified, experimental testing under controlled 
conditions becomes essential. The goal at this stage is to generate a robust and consistent dataset that 
can be used to derive the kinetic behaviour of the system. It is critical to ensure that the measurements 
are carried out in a pure chemical regime, meaning that neither external nor internal mass transfer 
phenomena interfere with the intrinsic reaction kinetics. To achieve this, the fluid dynamics regime must 
be carefully studied to avoid limitations due to external diffusion, and, in the case of powdered catalysts, 
the particle size must be selected appropriately to eliminate internal diffusion effects. These precautions 
are essential to ensure that the kinetic data accurately reflect the fundamental chemical transformations 
occurring on the catalyst surface. 

Once reliable kinetic data have been obtained, a mathematical kinetic model can be formulated. This 
model describes the relationship between the reaction rate and the operating conditions, such as 
temperature, pressure, and concentrations of reactants and products. The rate law is selected or derived 
based on the reaction mechanism and is fitted to the experimental data through regression or optimization 
techniques. A well-constructed kinetic model must be able to reproduce the observed behaviour and 
should remain predictive under a wide range of conditions. It may also include considerations of adsorption 
and desorption phenomena, surface coverage effects, and reaction intermediates, depending on the 
complexity of the system under investigation. 
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With the kinetic model in place, it becomes possible to integrate it into a detailed reactor model. This 
transition is crucial for scaling up the process and requires the inclusion of transport phenomena such as 
mass and heat transfer, as well as fluid dynamics. These aspects are necessary to describe the actual 
behaviour of the reaction system at scale, especially when operating under non-ideal flow conditions or in 
non-isothermal environments. The reactor model, therefore, complements the kinetic model by accounting 
for spatial and temporal gradients that may arise in the real reactor, thus allowing for a more accurate 
prediction of performance across different scales. 

Ultimately, the combination of kinetic and reactor modeling provides a powerful tool for designing and 
optimizing catalytic processes. This integrated approach enables the identification of critical scale-
dependent effects and supports the development of tailored strategies for reactor design and operation. 
As a result, it significantly contributes to de-risking the scale-up phase and to accelerating the technological 
advancement of the process through higher TRLs. The development of a custom kinetic model, embedded 
within a comprehensive reactor model, thus becomes not only a scientific necessity but also a strategic 
enabler for the successful translation of laboratory research into viable industrial solutions. 

4. Brief Description of Work Carried Out  

Between months M7 and M12, a focused investigation was carried out on Ru-based catalysts for ammonia 
cracking, an emerging technology aimed at improving hydrogen production efficiency. Although the final 
catalysts for kinetic modeling were expected from partner JM only by month M12, initiating experimental 
work earlier with reference Ru catalysts sharing the same active phase was a strategic decision. This 
approach allowed the collection of preliminary data on catalytic behaviour, such as activity, stability, and 
sensitivity to operational variables, offering a valuable knowledge base ahead of testing the final materials. 

Conducting early experiments also enabled the optimization of the experimental setup, refinement of 
analytical techniques, and verification of repeatability, ensuring that once the final catalysts arrived, testing 
could proceed efficiently and without delays. Additionally, this phase supported the formulation of initial 
hypotheses on catalyst-reactant interactions, including adsorption and desorption phenomena, and 
provided early indications on possible rate-determining steps and mass transfer effects. 

4.1. Experimental set-up 

All catalysts discussed in Deliverable D2.2 were tested using the same experimental setup, located at our 
facilities. This setup was originally developed to support advanced research on both ammonia synthesis 
and ammonia cracking. The reactor system was specifically designed to operate under the demanding 
conditions required by these processes. For ammonia synthesis, the system is built to handle very high 
pressures, which are necessary to drive the reaction toward ammonia production. In the case of ammonia 
cracking, the setup must operate at high temperatures and withstand the corrosive nature of pure 
ammonia, which can damage standard laboratory materials. To meet these requirements, the entire 
reactor system—including pipes, seals, heating elements, and safety features—was built using materials 
and components selected for their resistance to extreme temperatures and harsh chemical environments. 
The setup also includes precise control systems for temperature and pressure, along with real-time gas 
analysis tools. These features are essential to accurately monitor catalyst performance under realistic 
operating conditions. 

4.1.1. Experimental Packed Bed Reactor  

throughout the testing campaign. This configuration was applied consistently across all experiments, 
including those with both custom-made catalysts developed in-house and, starting from a later phase of 
the project, commercial catalysts supplied by the project partner. A fixed-bed reactor design was used for 
all tests. In this setup, the catalyst was introduced as a fine powder, packed into a tubular reactor and 
exposed to a controlled flow of pure ammonia at specific temperature and pressure conditions. Special 
consideration was given to the material chosen for the reactor body. A low-nickel, low-chromium stainless 
steel was selected due to ammonia's known reactivity with certain metals, particularly nickel and 
chromium. Using conventional stainless steels with higher concentrations of these elements could have 
led to unwanted chemical interactions between the reactor walls and the ammonia, especially at high 
temperatures. This would risk altering catalytic results due to side reactions on the reactor surface, and 
over time, might also compromise the reactor’s structural integrity. 
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The choice of reactor material aimed to provide the highest possible chemical resistance to ammonia while 
ensuring thermal stability and operational safety. This was essential not only to protect the accuracy of the 
experimental data, but also to prevent potential hazards such as material degradation, mechanical failure, 
or ammonia leaks—any of which could pose serious risks to personnel working near the equipment. 

4.1.1.1. Reactor Configuration 

This subsection focuses on the reactor configuration used in the experimental unit and the rationale behind 
its design. All tests described in this deliverable were conducted using a packed-bed reactor, specifically 
designed with a multilayer structure composed of different materials. This configuration is well-suited for 
small-scale kinetic and activity studies, as it allows for precise control of key reaction parameters—most 
importantly, temperature. The reactor bed is assembled using multiple, clearly defined layers, which create 
a uniform and stable reaction environment. One of the key strengths of this design is its ability to minimize 
radial and axial temperature gradients within the catalytic zone. These gradients, if uncontrolled, can 
compromise the quality of experimental data and the accuracy of kinetic models. Since such temperature 
variations are difficult to measure directly and even more challenging to model accurately, controlling them 
is critical for generating reliable and reproducible results. In addition to its excellent thermal management 
capabilities, this compact and modular design offers the flexibility needed to test a variety of catalyst 
formulations under consistent conditions. This makes the reactor particularly suitable for screening new 
materials and supporting the development and validation of detailed kinetic models. 

 

Figure 1. Experimental Packed Bed Reactor configuration 

Figure 1presents a schematic representation of the preheating system and the custom-designed reaction 
unit employed throughout the experimental campaign. This illustration, developed using standard digital 
tools, provides a clear visual overview of the full reactor assembly and its internal structure. The reaction 
unit features a dedicated preheating system, consisting of a coiled metallic component wrapped with 
insulating material. An electric heating element is embedded between the coil and the insulation, enabling 
the incoming gas stream to be heated before entering the reactor. This heating element is capable of 
reaching high temperatures, ensuring that the reactants are introduced into the system under well-
controlled thermal conditions. As shown in Figure 1, the primary heat input to the reaction is provided by 
an external electric heater in the form of a heating jacket made from thermally conductive material. For 
safety and reliability, this jacket is designed to operate up to a specified temperature limit. It is mounted 
around the reactor using a clamping system, with thermal protection measures applied to prevent 
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mechanical stress due to expansion during repeated heating cycles. Once the preheated gas enters the 
reactor body, it passes through a perforated grid that evenly distributes the flow across the cross-section 
of the reactor. This grid also supports the multi-layer fixed bed, which fills a defined section of the reactor’s 
internal volume.  

The layered bed structure consists of: 

• A thermally insulating layer positioned at both the top and bottom of the bed to prevent fine particles 
from migrating and potentially obstructing the flow path. 

• Two thermal buffering layers placed above and below the catalytic zone. These layers help 
distribute heat uniformly and enhance the thermal compactness of the reactive zone. 

• The central portion of the bed is the catalytic zone, formed by a homogeneous mixture of catalytic 
material and an inert diluent. This mixture provides consistent heat transfer, stable packing, and 
mechanical support throughout the reaction section. 

For modeling purposes, only the active section of the bed, comprising the catalytic and diluent materials, 
was considered, as the other layers do not contribute to the reaction mechanism and are instead included 
for thermal and mechanical stability. This reactor configuration is designed to ensure controlled 
temperature profiles and avoid fluidization or maldistribution, supporting both experimental reliability and 
accurate kinetic evaluation. With the reactor structure clearly defined, the experimental analysis can 
proceed based on the data collected during the test campaign. 

5. New generation Ruthenium Base Catalyst produced at Tu/e facilities 

Between months M7 and M12, a focused investigation was carried out on Ru-based catalysts for ammonia 
cracking, an emerging technology aimed at improving hydrogen production efficiency. Although the final 
catalysts for kinetic modeling were expected from partner JM only by month M12, initiating experimental 
work earlier with reference Ru catalysts sharing the same active phase was a strategic decision. This 
approach allowed the collection of preliminary data on catalytic behaviour, such as activity, stability, and 
sensitivity to operational variables, offering a valuable knowledge base ahead of testing the final materials. 

Conducting early experiments also enabled the optimization of the experimental setup, refinement of 
analytical techniques, and verification of repeatability, ensuring that once the final catalysts arrived, testing 
could proceed efficiently and without delays. Additionally, this phase supported the formulation of initial 
hypotheses on catalyst-reactant interactions, including adsorption and desorption phenomena, and 
provided early indications on possible rate-determining steps and mass transfer effects. 

 

5.1. Active phase loading investigation 

The preliminary study started with a screening of catalysts produced at TU/e, the evaluation focused on 
catalysts with varying active phase loadings. This screening allowed the identification of the optimal 
loading that delivered the best catalytic performance. A series of Ru based catalysts were tested at 
atmospheric pressure, within a temperature range of 250°C to 450°C, in order to determine the optimal 
loading. 
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Figure 2. Custom made catalysts screening: performance of Ru-based catalysts with different loadings 

5.2. Promoter loading Investigation 

After optimizing the active phase loading, a promoter was introduced to further enhance catalytic 
performance. The influence of the promoter loading was systematically investigated. As with the active 
phase, optimizing the promoter content is essential to ensure a synergistic interaction between the active 
phase, the support, and the promoter. This synergy is critical not only for maximizing catalytic activity and 
stability but also for minimizing material costs, which is particularly relevant in industrial catalytic 
applications where promoters often involve rare or expensive elements. To assess the effect of promoter 
loading, three catalysts were synthesized and tested. All three formulations contained the same optimized 
amount of active species, while the promoter content was progressively increased. The catalysts evaluated 
were: PR209, which contains only the optimized active phase with no promoter; PR023, with an 
intermediate amount of promoter; and PR020, with the highest promoter loading among the three. 

 

Figure 3. Systematic study of promoter loading effects on Ru-based catalyst efficiency 

The results indicate a clear performance optimum, demonstrating that a specific promoter loading leads 
to the best catalytic activity by achieving a balanced interaction with the active phase. Once the final 
formulation was defined, different batches of the optimized catalyst were prepared. Specifically, the codes 
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PR019, PR023, and PR024 refer to different batches of the same optimized catalyst formulation. A single 
large-scale synthesis was deliberately avoided, as scaling up the synthesis of bulk catalysts is a highly 
delicate process. Without a thorough preliminary scale-up study, significant variations in catalyst properties 
may occur, potentially leading to substantial deviations in performance.  

 

 

Figure 4. Enhanced catalytic activity due to promoter addition: comparative analysis 

This overall performance enhancement is clearly reflected in the comparative plot shown above, which 
highlights the beneficial impact of the promoter at its optimal loading.  

5.3. Activity Tests in Packed Bed Reactor 

To evaluate the catalytic behavior under realistic operating conditions, a series of activity tests were carried 
out by varying both temperature and pressure.  

 

Figure 5. Catalytic activity tests under realistic conditions: effect of Temperature and Pressure parameters 

As observed from the activity tests, an evident decrease in ammonia conversion occurs with increasing 
pressure, in agreement with thermodynamic expectations. The experiments were conducted over a 
temperature range of 250°C to 400°C and pressures ranging from 0 to 6 bar(g. The selected pressure 
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range of 0 to 6 bar(g) is crucial because, in a packed bed membrane reactor, hydrogen must be 
continuously separated through the Pd based membrane to drive the reaction forward. Maintaining a 
pressure difference between the retentate (reaction side) and the permeate (hydrogen separation side) 
creates the necessary driving force for hydrogen permeation. This pressure gradient ensure effective 
hydrogen removal, which enhances reaction conversion and overall process efficiency. 

After assessing the catalyst’s performance within this range, the investigation progressed toward a detailed 
kinetic study. 

5.4. External Mass Transfer Limitations evaluation 

The development of a reliable kinetic model requires accurate and reproducible experimental data, which 
can only be obtained if the system operates under conditions where the reaction is controlled exclusively 
by intrinsic chemical kinetics. For this reason, a preliminary and systematic analysis was conducted to 
exclude the influence of mass transfer phenomena—specifically external diffusion limitations. The first step 
in designing a meaningful kinetic test is the selection of an appropriate catalyst amount. This quantity must 
be low enough to keep the overall conversion limited, ideally far from thermodynamic equilibrium. 
Operating under quasi-differential conditions ensures that the measured reaction rates accurately reflect 
the kinetics of the elementary steps, without being influenced by changes in concentration across the 
reactor. 

Once the optimal catalyst amount was identified, the focus shifted to verifying whether external mass 
transfer limitations could affect the results. External mass transfer refers to the resistance encountered by 
reactant molecules as they diffuse from the bulk gas phase to the outer surface of the catalyst particles. If 
this step becomes rate-limiting, the observed reaction rate would not represent the true intrinsic kinetics, 
leading to misleading conclusions. To evaluate the presence of such limitations, a series of tests was 
carried out by progressively increasing the total flow rate of the gas phase and reducing simultaneously 
the catalyst bed keeping the space velocity (GHSV) constant for all the experiments.  The reason behind 
this method is that, if external diffusion is significant, increasing the flow rate enhances the mass transfer 
coefficient, thus increasing the observed reaction rate. Conversely, if the reaction rate remains unchanged 
despite increasing flow rates, it can be concluded that external mass transfer resistance is negligible. 
These activity tests provided essential insights into how the catalyst responds to variations in key process 
parameters, particularly under conditions representative of packed bed membrane reactor operation. In 
agreement with the experimental tests conducted in our facilities, the system was confirmed to be free 
from external mass transfer limitations. This ensures that all subsequent kinetic measurements reflect 
intrinsic catalytic behaviour. 

5.5. Internal Mass Transfer Limitations evaluation  

it is equally important to verify that the reaction is not influenced by internal diffusion within the catalyst 
particles. Internal mass transfer limitations occur when reactant molecules have difficulty diffusing through 
the pores of the catalyst to reach the active sites. If this diffusion becomes a limiting step, the measured 
reaction rate will underestimate the true intrinsic kinetics. 

To investigate this aspect, a common and effective approach involves analysing the influence of catalyst 
particle size. By reducing particle size, the diffusion path within the pores becomes shorter, minimizing 
internal resistance. However, using excessively fine particles can lead to operational issues such as high 
pressure drops in the reactor, so a balance must be maintained. If a clear drop in reaction rate is observed 
when increasing the particle size, this is a strong indication of internal diffusion limitations. To quantify 
these effects, theoretical parameters such as the Thiele modulus (Φ) and the effectiveness factor (η) can 
also be calculated. A low Thiele modulus (Φ ≪ 1) and an effectiveness factor close to 1 suggest that 
internal diffusion resistance is negligible and that the observed reaction rate corresponds to the true 
chemical kinetics. In this study, internal mass transfer limitations were assessed experimentally by 
performing kinetic tests with two different particle size distributions: PSD1 and PSD2. In agreement with 
the tests conducted in our laboratories, no evidence of internal diffusion limitations was observed. This 
confirms that the selected operating conditions allow the system to operate fully within the chemical 
regime, where the reaction rate is governed exclusively by intrinsic kinetics.  
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5.6. Kinetic Tests 

After confirming the absence of both external and internal mass transfer limitations, kinetic tests were 
carried out in a Packed Bed Reactor using pure ammonia as the feed. Performing tests with pure ammonia 
allows for the isolation of the intrinsic catalytic behaviour, enabling a more accurate investigation of the 
reaction mechanism without interference from additional gas-phase species. This approach ensures the 
collection of clean, high-quality data that are essential for developing and calibrating reliable kinetic 
models. 

Compared to the initial activity tests, the kinetic experiments were conducted over a slightly broader 
temperature range. To avoid reaching chemical equilibrium at higher temperatures, the catalyst mass was 
reduced relative to the activity tests. This adjustment allowed the system to remain in a kinetically 
controlled regime, preserving the quasi-differential conditions necessary for proper kinetic analysis. 
Regarding pressure, the same range used in the activity tests relevant to membrane reactor conditions 
was maintained to ensure consistency and relevance to real operating scenarios.  

 

Figure 6. Kinetic tests in a Packed Bed Reactor under varying temperature and pressure conditions 

The kinetic dataset was obtained through a dedicated experimental campaign aimed at isolating the 
intrinsic catalytic behaviour of the system. Compared to the initial activity tests, the temperature range was 
raised in lower bound from 250 °C  up to 275 °C while the upper bound was extended to 450 °C, instead 
of 400 °C. This broader range was made possible by modifying the reactor configuration. Unlike the activity 
tests, the new setup allowed for operation at higher temperatures without the system approaching 
equilibrium. This was achieved by significantly increasing the space velocity—ten times higher than that 
used in the activity tests—while simultaneously reducing the catalyst mass by a factor of ten. This 
approach not only enhanced the turbulence and mixing within the reactor but also ensured that the system 
remained in a kinetically controlled regime, avoiding equilibrium conditions and enabling more accurate 
kinetic measurements. 

The pressure range was maintained between 0 and 6 bar(g), consistent with the conditions used in the 
activity tests. This choice reflects the need to mimic the working conditions of packed bed membrane 
reactors, where the separation of hydrogen through the membrane relies on an appropriate pressure 
gradient between the retentate and permeate sides.  

The data obtained under these controlled conditions were used to fit kinetic model equation previously 
proposed in section .  

5.7. Reactor modelling 

In packed bed reactors (PBR) and packed bed membrane reactors (PBMR), the conversion of reactants 
into products involves several physical and chemical steps [7]. In a PBR, reactant molecules first move 
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from the bulk fluid to the surface of the catalyst particles, crossing a thin boundary layer. Then, they diffuse 
through the pores of the catalyst until they reach the active sites, where the chemical reaction takes place. 
After the reaction, the product molecules leave the active sites, move back through the pores, and reach 
the outer surface of the particle. Finally, they pass through the boundary layer and return to the bulk fluid. 

In a PBMR, part of the product — typically hydrogen — can also pass through a selective membrane. This 
occurs after the reaction, when the product reaches the membrane surface and selectively permeates 
from the retentate side to the permeate side. This selective removal helps to shift the reaction equilibrium 
forward, improving conversion and separation in a single step. 

Understanding and optimizing these processes requires accurate modeling, which allows researchers to 
describe the physical and chemical phenomena occurring inside the reactor. However, due to the 
complexity of these systems, detailed models often include many parameters that are difficult to estimate 
reliably. For this reason, simplified models are often developed to focus on the most important features of 
the reactor behaviour. 

Generally, three types of models are used to describe PBR and PBMR systems: continuum models, cell 
models, and channel models. Among these, continuum models are the most widely applied due to their 
balance between accuracy and simplicity. It is used also in this APOLO project task.[8] 

 

Figure 7. Overview of various continuum modeling approaches for different reaction configurations 

Continuum models, commonly used for simulating PBR and PBMR systems, can be further categorized 
as shown in Figure 7. Broadly, they are divided into two main types: pseudo-homogeneous models and 
heterogeneous models. In pseudo-homogeneous models, it is assumed that the catalyst is fully immersed 
in the fluid and that no distinction exists between solid and fluid phases. As a result, mass and energy 
balances are applied to a single, unified phase. This simplification reduces computational complexity and 
is suitable when internal gradients within the catalyst particles are negligible.  

In contrast, heterogeneous models consider the fluid and solid phases separately. Mass and energy 
conservation equations are formulated for each phase, accounting for interphase heat and mass transfer. 
These models are more accurate in capturing the real reactor behaviour, especially when significant 
temperature or concentration gradients exist within catalyst particles or between phases. The level of 
complexity of a continuum model depends on the physical phenomena included (e.g., diffusion limitations, 
heat transfer, pressure drop) and the assumptions made during model development. In this work, all 
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models have been implemented using Python 3.11. The governing balance equations were formulated 
based on the assumptions relevant to each case and numerically solved using Python’s built-in ODE solver 
solve_ivp. 

5.8. Kinetic fitting 

Kinetic fitting helps in identifying a reliable kinetic model capable of predicting catalytic performance under 
the specified operating conditions. In this work, the fitting process was conducted using experimental data 
gathered from the kinetic tests previously described in section 5.6, performed on the final Ruthenium 
custom-made catalyst developed within our research group. 

5.8.1. Balance equations 

To describe the behaviour of the system, appropriate mole balance equations were implemented, as 
shown below. These were developed based on the following key assumptions: 

• One-dimensional pseudo-homogeneous model, with composition varying only along the axial 
direction (z); 

• Isothermal operation with negligible pressure drop across the reactor; 

• Plug flow conditions; 

• Steady-state operation; 

• Negligible intraparticle and interphase mass and energy transfer resistances, justified by the small 
particle size and high gas velocity; 

• The reacting gas mixture is considered to behave as an ideal gas. 

𝑑𝐹𝑖

𝑑𝑧
 =  

 𝜈𝑖𝑟𝑁𝐻3
𝜔(𝑐𝑎𝑡)𝐴𝐶

𝑉𝑅
 

where 𝐹𝑖 is the molar flow rate of species i,  𝜈𝑖 the stoichiometric coefficient, 𝑟𝑁𝐻3
 the reaction rate of 

ammonia decomposition, 𝜔(𝑐𝑎𝑡) the weight of the catalyst, 𝐴𝐶 the reactor cross-sectional area, and 𝑉𝑅 the 

reactor volume. 

To solve equation, the following inlet boundary condition was applied: 

At 𝑧 = 0, 𝐹𝑖(0)
= 𝐹𝑖𝑛(𝑡𝑜𝑡)

∙ 𝑦𝑖(𝑖𝑛)
 

In the experimental Data pure ammonia was used as inlet gas mixture. 

5.8.2. Power law kinetic fitting 

To fit the power-law model described insection , it is necessary to experimentally determine the reaction 
orders with respect to the partial pressures of ammonia, hydrogen, and nitrogen, as expressed in the 
following equation.[1] 

𝑟𝑁𝐻3
= 𝑘(𝑃𝑁𝐻3

𝑎𝑃𝐻2

𝑏𝑃𝑁2

𝑐) 

However, due to the lack of specific experimental data for this custom-made catalyst under varying partial 
pressures, the fitting of the power-law model was not carried out in this study. It is also important to highlight 
that, despite its ease of implementation, the power-law model presents significant limitations from a 
catalytic and mechanistic standpoint. Specifically, its empirical nature does not account for the reverse 
reaction and surface adsorption phenomena, which are particularly relevant in reversible reactions like 
ammonia decomposition. As a result, relying on this model may lead to inaccurate predictions of reaction 
behaviour, especially under conditions where thermodynamic equilibrium or adsorption effects play a 
significant role. 

5.8.3. Temkin–Pyzhev kinetic fitting 

For the kinetic analysis, the Temkin–Pyzhev kinetic model was adopted as second reference model. This 
model assumes that the recombinative desorption of nitrogen is the rate-determining step and accounts 
for the inhibitory effect of hydrogen at low temperatures and high hydrogen partial pressures. The 
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experimental data obtained from the kinetic tests described in section 5.7 were used to derive an initial 
dataset, necessary for running the simulation and conducting the parameter fitting procedure. Kinetic data 
reported in Figure 6 data were used to construct an Arrhenius plot (see equation below), from which the 

apparent activation energy 𝐸𝑎 and pre-exponential factor 𝑘0 were extracted under kinetic-controlled 

conditions. 

ln(𝑟𝑁𝐻3
) ∝ ln(𝑘) =  

−𝐸𝑎

𝑅𝑇
+ ln(𝑘0) 

However, during the fitting of the Temkin–Pyzhev model, it was observed that the solver could not 
converge to a feasible solution for any β>0. This indicates that the model is not suitable to describe the 
behaviour of the custom-made catalyst under the studied conditions. While the Temkin–Pyzhev model is 
typically applicable in systems with high hydrogen partial pressure and inhibitory effects—conditions 
superficially similar to those here (pure NH₃ feed at moderate temperatures)—the observed mismatch 
suggests that the reaction mechanism is governed by surface phenomena not accounted for by this model, 
particularly adsorption dynamics. Therefore, it is concluded that the catalytic behaviour is not adequately 
captured by the assumptions underlying the Temkin–Pyzhev model, and alternative mechanistic models 
are required for accurate description. 

5.8.4. Langmuir-Hinshelwood fitting 

Kinetic fitting for Langmuir-Hinshelwood model, described in section , was performed in Python V3.11 
using the same optimization functions and algorithms described paragraph 5.7. The initial values for the 
kinetic parameters (k₀ and Eₐ) were taken from the Arrhenius plot derived from Kinetic data reported Figure 
6, since these values are derived directly from experimental data and are independent of the kinetic model 
selected.  

5.8.4.1. Langmuir-Hinshelwood fitting (Rate determining step N desorption)-Dominant Species: H 

The model was initially simulated using preliminary estimates for the kinetic constants and adsorption 
parameters obtained experimentally to reproduce the experimental data. In this section, it is important to 
note that the kinetic equation described in section 2.1.3 was rearranged into a simplified form to facilitate 
numerical resolution. The original formulation involved a high number of parameters, which would have 
required the use of complex optimization algorithms and potentially the introduction of assumptions based 
on chemical–physical phenomena. Such assumptions could lead to a model that is more a reflection of 
mathematical manipulation than of the true catalytic behaviour. To address this, an initial fitting was 
performed using a simplified kinetic expression, assuming that the rate-determining step is the 
recombination of nitrogen atoms and that the catalyst surface is fully covered by hydrogen. This 
assumption is justified by the stoichiometry of ammonia cracking: for each molecule of ammonia 
decomposed, three hydrogen atoms are formed along with a dissociated nitrogen atom. The high hydrogen 
production relative to nitrogen makes it reasonable to hypothesize that the catalyst surface is 
predominantly covered by hydrogen under the reaction conditions considered. This approach allowed the 
mathematical formulation to be reduced to only two kinetic parameters and a single adsorption coefficient. 
However, it was observed that the model significantly overestimated the ammonia conversion under 
various pressure conditions.  
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Figure 8. Langmuir–Hinshelwood Fitting (Rate-Determining Step: N Desorption) – Dominant Species: H | 
a)0bar(g), b)2bar(g) c)4bar(g) d)6bar(g) 

Despite these efforts, the fitting algorithm was unable to identify a set of parameters that could adequately 
match the experimental results. This suggests that the assumed reaction mechanism, which considers 
nitrogen as the dominant adsorbed species on the catalyst surface, does not align with the actual surface 
chemistry of the catalyst. It is likely that the simplifications or assumptions inherent in the model fail to 
capture the true nature of adsorption and surface reactions, indicating that a different mechanistic 
approach may be necessary to describe the catalytic behaviour accurately. 

5.8.4.2. Langmuir-Hinshelwood fitting (Rate determining step N desorption)-Dominant Species: N 

After the first simulation a second mechanistic assumption was made to explore an alternative kinetic 
behaviour. In this case, a more simple kinetic model in comparison with one reported in section was 
developed assuming that the rate-determining step is the recombination of nitrogen atoms, and that 
nitrogen is the dominant adsorbed species on the catalyst surface. This assumption is more physically 
correct in systems where dissociated nitrogen atoms accumulate due to their slower desorption kinetics. 
As hydrogen desorbs more readily, the active sites are more likely to remain occupied by nitrogen, leading 
to a higher surface coverage by nitrogen atoms even though the reaction stoichiometry would suggest a 
higher hydrogen concentration. This mechanistic perspective enabled a simplified mathematical 
formulation, involving only two kinetic parameters and a single adsorption coefficient, making the model 
more suitable for fitting while preserving its physical relevance. 
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Figure 9. Langmuir–Hinshelwood Fitting (Rate-Determining Step: N Desorption) – Dominant Species: N | 
a)0bar(g), b)2bar(g), c)4bar(g), d)6bar(g) 

The results showed a strong agreement between model predictions and experimental data, indicating that 
the chosen kinetic framework captures the essential reaction dynamics effectively. The overall behaviour 
suggests that a particular surface process plays a key role in limiting the reaction rate, likely due to its 
slower nature compared to other steps. This leads to the accumulation of a certain adsorbed species on 
the catalyst surface, which dominates the surface coverage and influences the overall reaction pathway. 

5.9. Kinetic model validation 

The kinetic model developed through fitting of experimental data was validated using an independent 
dataset to ensure its predictive capability under different conditions. For this purpose, the dataset obtained 
from catalytic activity tests was employed. Although an alternative strategy could have involved collecting 
a completely new set of kinetic data under the same reactor configuration used for the original kinetic 
testing, a different validation approach was intentionally chosen. In this case, the model was tested and 
validated in the high-conversion region, where the mathematical behaviour of the conversion curve had 
not yet been explored. This strategy ensured that, by using two independent datasets, the entire 
conversion range of interest was effectively investigated by the model.  

To assess whether the kinetic model could be reliably extended to a larger-scale reactor configuration, the 
validation was carried out using experimental data obtained under significantly different operating 
conditions, specifically, using a catalyst mass ten times greater than that employed during the kinetic fitting 
stage. This validation approach was selected not only to test the robustness of the model but also to 
simulate a more realistic application scenario.  

5.9.1. Balance equations 

All the assumptions previously discussed in section 5.8for the mole balance remain valid in this case, and 
the same governing equation for species conservation was used. Initially, the model was simulated under 
isothermal conditions. However, after evaluating the results, an energy balance was incorporated to 
account for thermal effects observed during experiments. 

The system was modelled as non-adiabatic, assuming a constant wall temperature higher than the inlet 
temperature. This approach more accurately reflects the actual experimental setup. The following 
assumptions were applied in developing the energy balance: 
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• The system operates at steady state. 

• Temperature changes only along the axial direction of the reactor. 

• Axial heat conduction is negligible compared to convective heat transport. 

• The reactor wall maintains a constant temperature, set 5 °C above the inlet gas temperature, as 
observed during experiments. 

• The temperature gradient across the reactor wall thickness is negligible due to the high thermal 
conductivity of stainless steel. 

𝑑𝑇

𝑑𝑧
=

−𝑟𝑁𝐻3
𝜔(𝑐𝑎𝑡)𝐴𝑐∆𝐻𝑟

𝑉𝑅𝐹𝑡𝑜𝑡𝐶𝑝𝑚𝑖𝑥
+

ℎ𝜔𝐴𝑠𝐴𝑐(𝑇𝜔 − 𝑇)

𝑉𝑅𝐹𝑡𝑜𝑡𝐶𝑝𝑚𝑖𝑥
 

With these considerations, the energy balance accounts for both the heat generated or consumed by the 
chemical reaction and the heat exchanged between the reacting gas and the reactor wall. The inlet 
boundary condition used for solving the energy equation assumes that the temperature at the reactor 
entrance equals the inlet gas temperature. 

Boundary condition : At 𝑧 = 0, 𝑇 = 𝑇𝑖𝑛 

 

Figure 10. Kinetic Model Validation Using an Independent Experimental Dataset | a) 0 bar(g), b) 2 bar(g), c) 4 
bar(g), d) 6bar(g) 

As shown in the graphs above, even though the amount of catalyst used was increased tenfold compared 
to the kinetic tests and significantly higher conversions, close to equilibrium, were achieved the 
mathematical model was still able to predict the experimental data with a relative error of less than 10%, 
decreasing with pressure. This confirms that the model remains valid regardless of the catalyst bed size 
or the quantity of catalyst used, demonstrating its reliability in describing the catalytic behaviour under 
different operating conditions. 

6. Screening, Investigation and Kinetic Model Development of Catalysts Developed by JM 

In this section, the mathematical modeling activities conducted on the catalysts provided by JM are 
presented. According to the Grant Agreement, these catalysts were made available by the partner after 
project month M12. It is important to note that this section does not include any investigation into the nature 
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of the catalysts, nor any description of their synthesis procedures or results from characterization analyses. 
In line with the provisions of the Grant Agreement, the catalysts were tested exclusively for their 
performance, and no elemental or structural analyses were carried out to determine their composition. 
Two different catalysts were provided for evaluation. After preliminary testing, the catalyst exhibiting the 
best performance in terms of ammonia conversion under relevant process conditions was selected. All 
subsequent mathematical modeling activities were then carried out on this selected catalyst to describe 
its kinetic behaviour accurately. 

The work focused solely on building a robust kinetic model capable of capturing the catalyst’s behaviour. 
The goal was to develop a predictive tool that could support future scale-up activities and be integrated 
into the simulation of a custom-designed reaction unit. This kinetic model will also serve as the basis for a 
broader techno-economic analysis of the overall process treated in this European Project.  

6.1. JM Catalyst screening 

A preliminary screening was performed on the catalysts provided by the project partners to evaluate their 
behaviour under realistic operating conditions. To ensure consistency with the procedures described in 
chapter , the same experimental setup, a packed bed reactor unit—was used, following an identical testing 
protocol. The activity tests were carried out using pure ammonia as feedstock. The selected temperature 
range (300 °C to 450 °C) corresponds to the typical operating window of industrial ammonia cracking 
systems. Two catalysts, CP1671 and CP1664, were provided by the partners and were reduced under the 
operating conditions specified by the manufacturers. Following this step, both catalysts were allowed to 
stabilize before actual testing. Stabilization was conducted at 450 °C, which is the maximum operating 
temperature achievable in the reactor. During this phase, pure ammonia was continuously fed into the 
system at atmospheric pressure, simulating steady-state industrial conditions. 

 

Figure 11. Post-reduction Stabilization of JM Catalysts CP1671 and CP1664 

Over time, as it is possible to see in the Figure 11 both catalysts showed a gradual decrease in 
performance after activation. This behaviour is common for many catalysts, as extended thermal exposure 
can lead to structural or chemical changes that reduce activity. As can also be seen in the plot above, 
beyond the general decrease in activity observed for both catalysts over time, CP1671 demonstrated 
clearly superior performance compared to CP1664. This difference in catalytic behaviour was consistent 
across the tested temperature range. For this reason, CP1671 was selected as the reference material for 
the development of a custom kinetic model. All subsequent mathematical modelling activities, including 
kinetic fitting and model validation, were therefore carried out exclusively on CP1671 to ensure the most 
accurate and representative description of the catalytic behaviour. 

6.2. Activity Tests in Packed Bed Reactor (JM:CP1671) 
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Once the selected catalyst (CP1671) was fully activated and stabilized, catalytic activity tests were 
performed to assess its behaviour under various operating conditions. The catalyst was tested within a 
temperature range of 300 °C to 450 °C and at pressures from atmospheric up to 6 bar(g). 

 

Figure 12. CP1671 activity tests at different Temperature and Pressure parameters 

As shown by the experimental results, the catalyst exhibited a decrease in performance with increasing 
pressure. This trend was consistently observed across the entire temperature range investigated. It is 
important to note that the results obtained in this section cannot be directly compared to those presented 
in paragraph 5.3due to the lack of information regarding the nature of the active phase and its loading for 
the partner-supplied catalyst, a direct comparison with the catalyst developed and optimized in our 
laboratories is not possible. 

6.3. Kinetic Tests in Packed Bed Reactor (JM:CP1671) 

After completing the activity tests and selecting CP1671 as the most promising catalyst, a series of kinetic 
experiments was carried out to better understand its behaviour under different operating conditions and to 
collect the data needed to build a reliable kinetic model. These tests were performed using the same 
packed bed reactor configuration used unit . As in the previous campaigns, pure ammonia was used as 
the feed. 

Compared to the kinetic study conducted for the catalyst developed at TU/e, the temperature range used 
here was narrower. In particular, the lower temperature limit was raised from 275 °C directly to 390°C. This 
change was made because CP1671 showed very low activity at temperatures below 390 °C, making the 
data in that region less useful for modeling. The upper limit remained at 450 °C, which corresponds to the 
maximum operating temperature of the cracker. Also in this case pressure was maintained in a range  from 
0 to 6 bar(g). Operating across this pressure range allows the collection of experimental data, which is 
important to build a kinetic model that can be directly be adapted to various working condition of the 
membrane reactor. Another difference from the previous study reported in unit 5.6 is the amount of catalyst 
used. In this case, the catalyst mass was reduced to half of that used in the activity tests. This adjustment 
was enough to keep the system below a certain conversion and within a kinetically controlled regime. 
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Figure 13. CP1671 kinetic tests at different working conditions 

After completing the activity tests, the experimental data were used for kinetic parameter fitting.  

6.4. Kinetic Fitting CP1671 catalyst 

The kinetic data obtained in unit were used to perform a mathematical fitting procedure and to develop a 
custom kinetic model for catalyst CP1671. The same methodology described in section 5.8.1was applied 
here. This includes the assumptions, mole and energy balance equations, and boundary conditions used 
to solve the system of ordinary differential equations. The reason for reusing the same modelling 
framework is that the reactor configuration employed in the experimental setup with the TU/e catalyst is 
the same to the one used to generate the kinetic dataset for the JM catalyst (CP1671). Since the modelling 
approach and procedure have already been introduced in detail in the previous unit 5.8.4, including the 
methodological screening of various kinetic rate laws based on catalyst properties, it is not repeated here. 
However, in this case, unlike in the previous section, detailed information about the physical and chemical 
properties of the catalyst is unavailable due to intellectual property protection. Purely mathematical 
approach was adopted for fitting. The kinetic equation was selected solely based on the minimization of 
the sum of squared residuals (SSR) between the experimental data and the model predictions. For this 
reason, only the best fitting results among the tested kinetic expressions have been reported and 
discussed in this section, without any further mechanistic interpretation related to the catalyst  structure. 

 

Figure 14. CP1671 Temkin-Pyzhev Kinetic Fitting | a) 0 bar(g), b) 2 bar(g), c) 4 bar(g), d) 6 bar(g) 
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Among all the kinetic equations tested to fit the experimental data for catalyst CP1671, the Temkin-type 
rate law showed the best match with the observed results. This can be explained by looking at the specific 
reaction conditions used during the tests. In particular, the ammonia conversion in the dataset never 
exceeded 30%, meaning the reaction stayed far from equilibrium and was fully under kinetic control. In 
this low-conversion range, temperature becomes the main factor influencing the reaction rate, while 
changes in concentration and the effect of surface coverage are less important. Although Langmuir-type 
models include adsorption effects by introducing parameters that account for how reactants stick to the 
catalyst surface, these effects are usually more relevant at higher conversions, where the surface might 
become saturated or competitive adsorption takes place. In our case, no signs of such adsorption-limited 
behaviour were observed, and no detailed information was available on the catalyst’s surface properties 
making it difficult to justify a model that depends on adsorption mechanisms. Instead, the Temkin model, 
which assumes the reaction rate depends on the logarithm of the reactant’s activity, provided a more 
suitable description. This model captures the influence of temperature effectively and can describe 
changes in activity without needing detailed surface chemistry. For these reasons, it proved to be the most 
appropriate kinetic expression for modeling the behaviour of CP1671 under the tested conditions. 

6.5. CP1671 kinetic model validation 

The kinetic model developed for catalyst CP1671 was validated using the activity tests described in section 
6.4. To perform this validation, the mathematical framework implemented in Python was extended by 
including an energy balance, as previously detailed in unit 5.9.1. This extension was necessary to better 
reflect the actual thermal behaviour of the system under the operating conditions used during the activity 
tests. While the fitting of the kinetic model was based on an isothermal assumption, this was justified by 
the nature of the kinetic tests: the catalyst bed was small and compact, and the system design ensured 
excellent thermal control. In particular, the heat released by the reaction was effectively balanced by the 
heating system of the reactor. This was made possible by the use of a thermally conductive inert diluent, 
which helped flatten radial temperature gradients and allowed for a homogeneous heat distribution 
throughout the catalytic bed. As a result, the system operated under quasi-isothermal conditions, and there 
was no need to include an energy balance during the fitting stage. However, in the activity tests used for 
model validation, the amount of catalyst was doubled compared to the kinetic experiments. This increase 
in catalyst mass not only enlarged the size of the bed but also significantly raised the overall heat released 
by the reaction. Under these conditions, the assumption of perfect isothermally was no longer valid. 
Therefore, to correctly simulate the thermal behaviour of the system and compare the model output with 
experimental data, it was necessary to include an energy balance in the simulation. All assumptions and 
boundary conditions applied in the energy balance were consistent with those previously introduced in 
section 5.9.1. The inclusion of this thermal component in the model allowed for a more accurate 
reproduction of the experimental activity trends, confirming the reliability of the kinetic expression derived 
during the fitting phase and demonstrating the robustness of the overall modeling approach.  
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Figure 15. CP1671 Kinetic Model Validation Using an Independent Experimental Dataset | a) 0.1 MPa, b) 0.3 
MPa, c)0.5 MPa, d) 0.7 MPa 

The kinetic model showed particularly strong predictive capabilities under moderate operating conditions, 
with the best agreement between simulation and experimental results observed at pressures of 3 and 5 
bar. In these cases, the deviation between predicted and measured conversions remained within a narrow 
margin, typically below 5%. At higher inlet temperatures, however, a slight decrease in model accuracy 
was observed, with larger deviations emerging in the predicted conversion values. This trend is consistent 
with earlier observations made during model selection and may suggest that kinetic or mass transfer 
limitations become more pronounced at elevated temperatures. 

Beyond conversion analysis, the selected Temkin-Pyzhev model was also used to simulate the 
concentration profiles of both ammonia and hydrogen along the length of the reactor. The results revealed 
expected trends based on the fundamental reaction dynamics: at lower temperatures and pressures, the 
concentration gradients were relatively gentle, indicating slower reaction kinetics and limited ammonia 
decomposition. Conversely, at higher temperatures and pressures, the gradients became significantly 
steeper, reflecting enhanced reaction rates and more rapid hydrogen generation. These trends are 
consistent with the reaction’s thermodynamic and kinetic characteristics and reinforce the reliability of the 
model in capturing spatial variations in reactor performance. A visual representation of these trends is 
shown in the concentration profiles provided in Figure 15 

7. Sorbents 

In membrane-based ammonia cracking systems, the integration of palladium-based membranes enables 
the selective extraction of hydrogen from the reactor’s retentate side. These membranes offer excellent 
hydrogen permeability and selectivity; however, due to microscopic defects, pinholes, or non-ideal sealing, 
small quantities of ammonia, typically in the range of a few parts per million (ppm), may still permeate 
through the membrane along with the hydrogen stream. These residual amounts are incompatible with 
PEM fuel cells, which are highly sensitive to ammonia, even at trace levels. Exposure to ppm 
concentrations of NH₃ can lead to irreversible damage to the membrane-electrode assembly (MEA), 
resulting in performance loss or complete cell failure. To ensure compliance with the strict purity 
requirements of PEM-grade hydrogen, a final purification step is necessary. This is typically achieved 
through the use of ammonia sorbents, strategically placed downstream of the membrane unit on the 
permeate side. These sorbents serve as ammonia guards, designed to capture and remove the last traces 
of ammonia from the product stream before it is fed into the fuel cell system.  
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7.1. Overview of Ammonia Sorbent Technologies 

Various materials have been developed and tested for ammonia capture, with their selection largely 
depending on factors such as ammonia concentration, temperature, pressure, and gas composition. 
Broadly, the sorbents can be classified into the following categories: 

• Acidic porous solids: Materials like activated carbon, silica gel, and alumina can adsorb ammonia 
via physisorption and acid-base interactions. While they are relatively cheap and widely available, 
their performance is often limited at low NH₃ concentrations. 

• Metal salts and oxides: These materials (e.g., ZnCl₂, CuO, Fe₂O₃) capture ammonia through 
chemisorption or surface reactions, often forming stable complexes. However, they may suffer from 
irreversible saturation and require periodic regeneration. 

• Metal-exchanged zeolites: Zeolites are crystalline aluminosilicates with a high surface area, 
uniform microporosity, and tunable acidity. When exchanged with specific metal ions—such as 
Cu⁺, Ag⁺, or Zn²⁺—they become highly effective for ammonia adsorption via strong acid-base 
interactions or complex formation, particularly under low partial pressure conditions. 

• Ionic liquids and functional polymers: These are emerging classes of sorbents capable of selective 
NH₃ capture, often in liquid or semi-solid form. While promising, their scalability and long-term 
stability remain under investigation.Sorbents for Ammonia capture and Hydrogen purification 

7.2. Sorbents for Low-Concentration Ammonia Capture 

When dealing with residual ammonia at ppm levels, conventional sorbents may not offer sufficient 
efficiency or selectivity. In these cases, advanced materials tailored for trace ammonia removal are 
necessary. The key requirements for such sorbents include: 

• High affinity for NH₃ at low partial pressures 

• Fast adsorption kinetics to avoid breakthrough 

• Thermal and chemical stability under hydrogen-rich conditions 

• Possibility of regeneration, or long operational lifetimes if single-use 

Among the materials that meet these criteria, metal-exchanged zeolites, and in particular copper-
substituted zeolites, have gained increasing attention. 

7.3. Copper-Exchanged Zeolites for Trace Ammonia Removal 

In line with what is stated in the Grant Agreement, where the development and investigation of copper-
based sorbents is explicitly mentioned as a research objective, this section has been included to provide 
a focused overview of their potential application in low-concentration ammonia capture. The decision to 
explore copper-exchanged zeolites stems from both their promising performance reported in the scientific 
literature and their technological relevance to membrane-based hydrogen purification systems. Given the 
stringent purity requirements of PEM fuel cells and the inability of palladium membranes to completely 
reject ammonia, effective sorbents for residual NH₃ are essential, particularly in the ppm range. 

Copper-exchanged zeolites represent a highly promising class of materials for this purpose. Their 
effectiveness arises from several synergistic properties: 

• High surface area and microporosity, which enable fast and selective adsorption of small gas 
molecules like ammonia;  

• The presence of Lewis acid sites associated with Cu⁺ or Cu²⁺ ions, which strongly interact with the 
lone pair on ammonia molecules, forming Cu–NH₃ coordination complexes;  

• Thermal and chemical stability under hydrogen-rich atmospheres and operating temperatures 
typical of membrane systems (100–300 °C). 

These sorbents have demonstrated high selectivity for ammonia over hydrogen, making them ideal as 
guard beds on the permeate side of the membrane. Their performance is particularly notable at low NH₃ 
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partial pressures, where conventional materials often fail to maintain sufficient uptake capacity or 
selectivity. By incorporating copper-exchanged zeolites, it becomes possible to safely eliminate trace 
ammonia that would otherwise compromise PEM fuel cell operation, without introducing significant system 
complexity or pressure drop. Furthermore, their potential renderability offers an additional advantage in 
terms of operational lifetime and sustainability. Therefore, considering both the strategic alignment with 
the project's goals and the strong foundation in published results, copper-exchanged zeolites are not only 
relevant but also highly strategic candidates for advanced ammonia purification in the context of hydrogen 
production from ammonia cracking. Their integration represents a key enabling step toward reliable and 
fuel-cell-compliant hydrogen streams. 

7.4. JM Sorbent CP1680 

In line with the objectives outlined in the Grant Agreement, custom made sorbents were identified as 
promising candidates for the removal of trace ammonia in membrane-based hydrogen production systems. 
Specifically, the sorbent designated CP1680, developed and supplied by project partner Johnson Matthey 
(JM), was introduced as a key material for experimental inquisition. The material was delivered in project 
month M12.  

The CP1680 sorbent is a structured adsorbent, featuring a square-channel monolithic architecture 
designed to maximize gas–solid contact while minimizing pressure drop. This geometric configuration 
supports efficient mass transfer and allows for integration in compact reactor modules, making it 
particularly suited for use on the permeate side of palladium membranes, where space and flow dynamics 
are critical. 

The main objective by Tu/e side, with CP1680,  was to evaluate its performance under controlled ammonia-
containing gas streams, with a known and constant composition. This testing campaign aimed to: 

• Characterize the adsorption behaviour of the material under relevant process conditions; 

• Assess its suitability for ppm-level ammonia removal, a requirement driven by the extreme 
sensitivity of PEM fuel cells; 

• Develop a predictive model describing the material’s adsorption dynamics, to support simulation 
and system-level integration. 

The experimental data obtained from CP1680 testing will serve as the foundation for building an adsorption 
model, which will be integrated into the overall process simulation to predict sorbent performance, sizing, 
and lifetime under dynamic operating scenarios. 

7.4.1. CP1680 Investigation under multiple adsorption cycles 

The investigation began with a series of initial adsorption cycles, aimed at evaluating the general behaviour 
of the material under repetitive adsorption-desorption conditions. This preliminary phase was essential to 
confirm that the sorbent performs reliably during cyclic operation and to detect any early signs of 
degradation or decline in performance. Throughout the cycles, the ammonia adsorption capacity was 
closely monitored to assess the material’s stability over time. Particular attention was given to the evolution 
of the breakthrough behaviour and the overall capture efficiency, as these indicators provide valuable 
insight into the consistency and durability of the sorbent. Long-term stability under cyclic conditions is a 
critical factor for real-world applications, as it directly impacts both the operational lifetime and the 
economic viability of the material. 

Following the initial evaluation phase, the experimental campaign continued with a more structured series 
of tests to characterize the material’s adsorption, desorption behaviour under controlled conditions. These 
experiments were conducted using a dedicated instrument designed for temperature-programmed 
analyses, which allows precise regulation of gas flow, thermal profiles, and real-time monitoring of gas 
composition. The sorbent material was provided in the form of a structured monolith, which required careful 
preparation before use. A section of the monolith was mechanically cut and shaped to match the internal 
diameter of the quartz reactor tube, ensuring proper insertion. The outer surface of the selected portion 
was manually adjusted to achieve a snug fit, allowing good thermal contact and stable positioning 
throughout the test procedure. 
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Figure 16. CP1680 custom made shape. 

After being properly positioned in the reactor, the sorbent underwent a custom-designed test protocol that 
included repeated adsorption and desorption steps, following an initial pretreatment. During adsorption, 
the material was exposed to a gas mixture containing ammonia in an inert carrier gas, under controlled 
conditions. These tests were carried out at atmospheric pressure, across a wide temperature range (from 
40 °C to 450 °C), to study how temperature affects the material’s performance. For desorption, the system 
was heated to 450 °C and held at that temperature for a set period to fully regenerate the sorbent. This 
regeneration step was important to assess how well the material could maintain its performance across 
multiple cycles. The procedure enabled the collection of detailed information on adsorption capacity, 
thermal stability, and repeatability, forming the basis for developing a predictive model to describe the 
sorbent’s behaviour under low-concentration ammonia conditions, in line with the project goals. 

 

Figure 17. CP1680 Adsorption trends – Breakthrough curves  

The sorbent material showed stable behaviour after the first adsorption cycle. Thanks to the controlled test 
procedure, the sample remained inside the reactor under steady conditions for the entire duration of the 
experiments. After completing the first cycle, the material reached a consistent performance level that was 
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maintained in the following cycles. A total of six cycles were carried out, as each cycle, due to the 
customized testing method, requires about eight hours to complete. Running more cycles was not 
considered necessary, since the material’s performance did not change significantly after the first cycle. 

7.4.2. CP1680 Investigation under multiple desorption cycles 

The cyclic experimental procedure developed to test the sorbent’s performance includes a desorption step, 
which is essential to remove ammonia after breakthrough. This step helps regenerate the sorbent and is 
performed by gradually increasing the temperature, followed by holding the highest temperature for a 
certain period to fully clean the sorbent surface. This method provides important information about the 
temperatures and times needed for effective regeneration, as well as how desorption changes with 
temperature. 

 

Figure 18. TPD-NH3 profiles as a function of the number of cycles 

Consistent with the earlier adsorption cycles, the desorption step in the first cycle is stronger than in the 
following cycles, which matches the fact that the sorbent adsorbs the most ammonia during the first cycle. 
An interesting observation relates to how desorption changes with temperature. There are distinct 
desorption peaks at certain temperatures, around 120 °C and 220 °C, before stabilizing at a higher 
temperature near 400 °C. This pattern likely relates to the chemical properties of the sorbent material. 
However, since the exact composition of the material is unknown, it wasn’t possible to explain this 
behaviour in detail based on the experimental data. 
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