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Chapter 1

1.1 Aim of this thesis 

In this thesis, different microreactors have been designed and developed 
to study heterogeneous catalyst particles in situ at the single particle level 
using advanced imaging techniques, such as fluorescence, confocal, and high-
resolution X-ray microscopy. In this chapter, a theoretical background is given 
for the aim and the techniques used in this work, providing a comprehensive 
overview of the research discussed in the following chapters.  

1.2 Heterogeneous catalysis 

Catalysis is a fundamental pillar of global chemicals and energy 
production. It serves as a cornerstone of the industry with the ability to lower 
the activation barrier of a chemical reaction and enhance the selectivity 
towards desired products. More cost-efficient processes are nowadays 
possible thanks to the use of catalysts. In particular, heterogeneous catalysis 
firmly established itself as a vital tool for performing continuous operations 
playing a pivotal role in more than 80% of the global industry1,2. For this same 
reason, ongoing research and development endeavors are aimed at enhancing 
the performances of solid catalysts, expanding their application range, and 
driving toward a more sustainable industrial landscape. This involves 
understanding solid catalyst mechanisms and optimizing their composition, 
structure, and properties3. Advanced tools and analytical techniques have 
emerged in the past years paving the way for significant advancements in the 
heterogeneous catalysis field. However, further improvements are needed to 
meet the deep understanding of the complex and multi-faceted nature of these 
materials to finally undertake the time of rational catalyst and process design. 
In this context, it is important to underline the importance of studying and 
understanding processes at different length scales, to fully capture catalyst 
features and related phenomena taking place. The research projects described 
in this thesis are part of the Netherlands Center for Multiscale Catalytic Energy 
Conversion (MCEC)4, which aims to achieve a revolutionary advancement in 
catalytic energy conversion processes by combining expertise from different 
fields to investigate catalytic processes at different length scale (from the 
reactor to the atomic level). This thesis specifically aims to explore solid 
catalysts at the individual particle level, utilizing microfluidics as a powerful 
tool to unlock new avenues in catalyst characterization. 

 

1.2.1 Intra- and Interparticle heterogeneities of solid catalysts 

Heterogenous catalysts have different phases compared to reagents and 
products. The reactant molecules diffuse and adsorb onto the surface of the 
catalyst, where the active sites facilitate the formation of new chemical bonds 
or the rearrangement of existing bonds. They usually consist of solid materials 
with a high surface area, such as metal oxides, metals, zeolites, or metals 
supported on various substrates2. These catalysts can be in the form of 
crystals, particles, or pellets ranging from nm to mm in dimension5. The 
activity and effectiveness of these materials primarily rely on their structural 
characteristics, chemical composition, and high surface area6. The latter, 
obtained through a range of porosity spanning from micrometers to 
nanometers, provides an increased number of active sites for catalytic 
reactions7.  

Heterogenous catalysts result in complex structured materials where 
substantial variability in physicochemical properties leads to variations in the 
performances at both inter- and intraparticle levels. For instance, many 
studies have underlined how large divergence is present in the particle 
distribution in terms of particle size, pore size, and composition within the 
same batch8,9. Therefore, it is tangible how inter- as well as intraparticle 
heterogeneities make the rational comprehension of the structure-
performance difficult to achieve by relying only on traditional bulk techniques. 
These methods return only averaged information on the activity, selectivity, 
and deactivation mechanisms. Hence, it is discernible the need for 
complementary tools and analytical methods to unveil the inter- and 
intraparticle heterogeneities.  

1.3 In situ/operando single catalyst particle analysis  

A comprehensive understanding of the dynamic behavior of catalysts at 
the micro- and nanoscale is paramount, yet such detailed chemical 
information remains scarce. This scarcity is particularly significant because 
solid catalysts exhibit remarkable heterogeneity at these length scales. Single 
catalyst particle characterization represents an essential and complementary 
approach to the more common bulk methods10. Despite the statistical 
relevance, analyzing catalysts at a single particle level can address more 
detailed questions on the fundamental behavior of heterogeneous catalysts. 
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11.1 Aim of this thesis 

In this thesis, different microreactors have been designed and developed 
to study heterogeneous catalyst particles in situ at the single particle level 
using advanced imaging techniques, such as fluorescence, confocal, and high-
resolution X-ray microscopy. In this chapter, a theoretical background is given 
for the aim and the techniques used in this work, providing a comprehensive 
overview of the research discussed in the following chapters.  

1.2 Heterogeneous catalysis 

Catalysis is a fundamental pillar of global chemicals and energy 
production. It serves as a cornerstone of the industry with the ability to lower 
the activation barrier of a chemical reaction and enhance the selectivity 
towards desired products. More cost-efficient processes are nowadays 
possible thanks to the use of catalysts. In particular, heterogeneous catalysis 
firmly established itself as a vital tool for performing continuous operations 
playing a pivotal role in more than 80% of the global industry1,2. For this same 
reason, ongoing research and development endeavors are aimed at enhancing 
the performances of solid catalysts, expanding their application range, and 
driving toward a more sustainable industrial landscape. This involves 
understanding solid catalyst mechanisms and optimizing their composition, 
structure, and properties3. Advanced tools and analytical techniques have 
emerged in the past years paving the way for significant advancements in the 
heterogeneous catalysis field. However, further improvements are needed to 
meet the deep understanding of the complex and multi-faceted nature of these 
materials to finally undertake the time of rational catalyst and process design. 
In this context, it is important to underline the importance of studying and 
understanding processes at different length scales, to fully capture catalyst 
features and related phenomena taking place. The research projects described 
in this thesis are part of the Netherlands Center for Multiscale Catalytic Energy 
Conversion (MCEC)4, which aims to achieve a revolutionary advancement in 
catalytic energy conversion processes by combining expertise from different 
fields to investigate catalytic processes at different length scale (from the 
reactor to the atomic level). This thesis specifically aims to explore solid 
catalysts at the individual particle level, utilizing microfluidics as a powerful 
tool to unlock new avenues in catalyst characterization. 

 

1.2.1 Intra- and Interparticle heterogeneities of solid catalysts 

Heterogenous catalysts have different phases compared to reagents and 
products. The reactant molecules diffuse and adsorb onto the surface of the 
catalyst, where the active sites facilitate the formation of new chemical bonds 
or the rearrangement of existing bonds. They usually consist of solid materials 
with a high surface area, such as metal oxides, metals, zeolites, or metals 
supported on various substrates2. These catalysts can be in the form of 
crystals, particles, or pellets ranging from nm to mm in dimension5. The 
activity and effectiveness of these materials primarily rely on their structural 
characteristics, chemical composition, and high surface area6. The latter, 
obtained through a range of porosity spanning from micrometers to 
nanometers, provides an increased number of active sites for catalytic 
reactions7.  

Heterogenous catalysts result in complex structured materials where 
substantial variability in physicochemical properties leads to variations in the 
performances at both inter- and intraparticle levels. For instance, many 
studies have underlined how large divergence is present in the particle 
distribution in terms of particle size, pore size, and composition within the 
same batch8,9. Therefore, it is tangible how inter- as well as intraparticle 
heterogeneities make the rational comprehension of the structure-
performance difficult to achieve by relying only on traditional bulk techniques. 
These methods return only averaged information on the activity, selectivity, 
and deactivation mechanisms. Hence, it is discernible the need for 
complementary tools and analytical methods to unveil the inter- and 
intraparticle heterogeneities.  

1.3 In situ/operando single catalyst particle analysis  

A comprehensive understanding of the dynamic behavior of catalysts at 
the micro- and nanoscale is paramount, yet such detailed chemical 
information remains scarce. This scarcity is particularly significant because 
solid catalysts exhibit remarkable heterogeneity at these length scales. Single 
catalyst particle characterization represents an essential and complementary 
approach to the more common bulk methods10. Despite the statistical 
relevance, analyzing catalysts at a single particle level can address more 
detailed questions on the fundamental behavior of heterogeneous catalysts. 
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Chapter 1

Thus, enabling researchers to correlate specific structural features of the 
catalyst particle with its catalytic performances and finally unveil the 
structure-activity relationship. However, a degree of complexity is added by 
the dynamic changes that catalysts undergo during a catalytic reaction. For 
this reason, it is extremely important to investigate them under realistic 
reaction conditions to mimic the chemical environment of the catalytic 
reaction of choice11,12.  

Over the last decade, significant advancements have emerged in applying 
the most common spectroscopic and microscopic techniques in situ and 
operando13. This allowed to analyze catalyst activity, selectivity, and 
deactivation mechanisms dynamically in the reaction environment. However, 
numerous studies have been conducted using conditions that do not 
accurately represent those found in the real system, introducing potential 
limitations to the applicability of their findings. Therefore, new and more 
performant specialized equipment is needed, such as cells or microreactors, 
which allow mimicking realistic reaction conditions and enable the dynamic 
study of the catalyst at work.  

1.4 Microfluidics and Microreactors 

Microfluidic technology consists of the precise manipulation of small 
amounts of fluids, typically confined within channels ranging from nm to mm 
14. Microreactors are a specialized category of microfluidic devices designed to 
enable the performance of chemical reactions within microscale fluidic 
systems. Due to their compact size and consequent high surface-to-volume 
ratio, superior heat and mass transfer can be achieved compared to 
conventional macroscale reactors15,16. Therefore, better control over the 
reaction parameters, such as temperature, pressure, residence time, flow 
rate/profile, and concentration gradients is easily attainable enhancing the 
reproducibility and the accuracy of the process. Furthermore, the reduced 
dimensions of the reactor not only offer enhanced safety when dealing with 
hazardous mixtures or high pressures but also significant reductions in 
reactants and waste volumes, providing additional benefits.  

Microreactors can be manufactured using diverse materials, including 
polymers (e.g. polydimethylsiloxane, PDMS), ceramics, silicon, and stainless 
steel, offering flexibility in terms of compatibility with different reaction 

 

conditions, desired functionalities, and analytical techniques. For example, 
glass is a chemically inert material that allows to perform a chemical reaction 
in harsh conditions still providing compatibility with optical/fluorescence 
microscopy for direct observation of the specimen. Depending on the material 
and geometry needed (e.g. channel dimension) different fabrication 
techniques are commonly used as molding for polymers and metals, or 
photolithography for fabricating devices using glass or silicon17. The latter 
manufacturing processes originated from the microelectronics industry and 
micro-electrical mechanical systems (MEMS), taking advantage of their 
precision and scalability. By leveraging these established techniques, it is 
possible the integration of various components (e.g., sensors and actuators) 
and functionalities (e.g., heating and detection windows) in a single compact 
device18.  

Therefore, microfluidic technology leads to the fabrication of devices 
compatible with the performance of reactions, also in conditions of high 
temperatures and pressures. Additionally, the manipulation (e.g., confinement 
or trapping of micro-sized catalyst particles) and the precise and local control 
of the operating conditions in space and time allow to perform an accurate and 
detailed study of single catalyst particles at work. Thus, microreactor 
technology establishes itself as a powerful, versatile, and efficient tool for 
enabling the transition of the most used analytical spectroscopic and 
microscopic techniques for catalyst characterization towards in situ and 
operando. This trend is highlighted by recent literature where microfluidic 
devices have been used to characterize catalytic reactions using UV/Vis, IR, 
Raman spectroscopy or optical, fluorescence, electron, and X-ray microscopy19.  

Particularly, in this thesis, microdevices compatible with fluorescence and 
X-ray microscopy techniques have been developed and applied for in situ 
characterization of single catalyst particles. 

1.5 Fluorescence and Confocal microscopy  

Fluorescence microscopy is a powerful imaging technique that utilizes 
light to excite fluorescent molecules within a sample. Upon excitation with UV 
or visible light, these molecules emit photons at a distinct wavelength, which 
can be captured and visualized by the microscope20. It offers a flexible and 
adaptable method for investigating catalyst particle activity or accessibility, 
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1Thus, enabling researchers to correlate specific structural features of the 
catalyst particle with its catalytic performances and finally unveil the 
structure-activity relationship. However, a degree of complexity is added by 
the dynamic changes that catalysts undergo during a catalytic reaction. For 
this reason, it is extremely important to investigate them under realistic 
reaction conditions to mimic the chemical environment of the catalytic 
reaction of choice11,12.  

Over the last decade, significant advancements have emerged in applying 
the most common spectroscopic and microscopic techniques in situ and 
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deactivation mechanisms dynamically in the reaction environment. However, 
numerous studies have been conducted using conditions that do not 
accurately represent those found in the real system, introducing potential 
limitations to the applicability of their findings. Therefore, new and more 
performant specialized equipment is needed, such as cells or microreactors, 
which allow mimicking realistic reaction conditions and enable the dynamic 
study of the catalyst at work.  

1.4 Microfluidics and Microreactors 

Microfluidic technology consists of the precise manipulation of small 
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14. Microreactors are a specialized category of microfluidic devices designed to 
enable the performance of chemical reactions within microscale fluidic 
systems. Due to their compact size and consequent high surface-to-volume 
ratio, superior heat and mass transfer can be achieved compared to 
conventional macroscale reactors15,16. Therefore, better control over the 
reaction parameters, such as temperature, pressure, residence time, flow 
rate/profile, and concentration gradients is easily attainable enhancing the 
reproducibility and the accuracy of the process. Furthermore, the reduced 
dimensions of the reactor not only offer enhanced safety when dealing with 
hazardous mixtures or high pressures but also significant reductions in 
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Microreactors can be manufactured using diverse materials, including 
polymers (e.g. polydimethylsiloxane, PDMS), ceramics, silicon, and stainless 
steel, offering flexibility in terms of compatibility with different reaction 

 

conditions, desired functionalities, and analytical techniques. For example, 
glass is a chemically inert material that allows to perform a chemical reaction 
in harsh conditions still providing compatibility with optical/fluorescence 
microscopy for direct observation of the specimen. Depending on the material 
and geometry needed (e.g. channel dimension) different fabrication 
techniques are commonly used as molding for polymers and metals, or 
photolithography for fabricating devices using glass or silicon17. The latter 
manufacturing processes originated from the microelectronics industry and 
micro-electrical mechanical systems (MEMS), taking advantage of their 
precision and scalability. By leveraging these established techniques, it is 
possible the integration of various components (e.g., sensors and actuators) 
and functionalities (e.g., heating and detection windows) in a single compact 
device18.  

Therefore, microfluidic technology leads to the fabrication of devices 
compatible with the performance of reactions, also in conditions of high 
temperatures and pressures. Additionally, the manipulation (e.g., confinement 
or trapping of micro-sized catalyst particles) and the precise and local control 
of the operating conditions in space and time allow to perform an accurate and 
detailed study of single catalyst particles at work. Thus, microreactor 
technology establishes itself as a powerful, versatile, and efficient tool for 
enabling the transition of the most used analytical spectroscopic and 
microscopic techniques for catalyst characterization towards in situ and 
operando. This trend is highlighted by recent literature where microfluidic 
devices have been used to characterize catalytic reactions using UV/Vis, IR, 
Raman spectroscopy or optical, fluorescence, electron, and X-ray microscopy19.  

Particularly, in this thesis, microdevices compatible with fluorescence and 
X-ray microscopy techniques have been developed and applied for in situ 
characterization of single catalyst particles. 

1.5 Fluorescence and Confocal microscopy  

Fluorescence microscopy is a powerful imaging technique that utilizes 
light to excite fluorescent molecules within a sample. Upon excitation with UV 
or visible light, these molecules emit photons at a distinct wavelength, which 
can be captured and visualized by the microscope20. It offers a flexible and 
adaptable method for investigating catalyst particle activity or accessibility, 
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enabling real-time monitoring, and thereby facilitating comprehensive and 
dynamic studies. Furthermore, low levels of fluorescent molecules can be 
easily detected with high specificity and resolution21. When coupled with 
microdevices, it allows trapping and confinement of the sample enabling 
selective staining and in flow analysis, e.g. high-throughput with droplet 
microfluidics8.  

Fluorescence microscopy encompasses two primary microscope 
configurations: widefield and confocal. Widefield fluorescence microscopy 
employs a single light beam to illuminate the entire sample, providing a wide 
field of view. However, it may result in image blur caused by out-of-focus light. 
On the other hand, confocal fluorescence microscopy uses a laser to illuminate 
a small point within the sample, enabling improved resolution and depth of 
focus, albeit with a more limited field of view. 

1.6 X-ray microscopy  

Compared to visible light, X-ray radiation possesses an incredibly short 
wavelength, three orders of magnitude smaller. This unique characteristic 
makes X-ray microscopy (XRM) a promising and powerful tool for imaging 
thick samples with high spatial resolution22. Notably, X-ray techniques have the 
advantage of non-destructive imaging, allowing measurements to be 
performed under various conditions such as ambient air or elevated pressures 
and temperatures. The easy integration with microfluidic devices translates 
into a suitable technique for in situ and operando measurement23.  

In the realm of X-ray microscopy, two primary categories of instruments 
exist: scanning microscopes and full-field microscopes. In scanning mode, the 
image is generated by collecting the whole field of view pixel by pixel, while 
full-field microscopy involves capturing the object's image directly onto a 
detector. Full-field methods result in a faster measurement configuration. Two 
main techniques can be identified: based on absorption contrast where the 
transmitted X-ray beam is focused onto the detector via an objective lens (e.g., 
transmission X-ray microscopy, TXM); based on phase contrast where the X-
ray radiation propagates after the sample resulting in a simple projection (e.g., 
holotomography). Additionally, by acquiring a series of images at different 
angular positions it is possible to perform a tomographic scan and obtain 
information about the 3D structure of the sample24.  

 

1.6.1 Transmission X-ray Microscopy  

Transmission X-ray microscopy (TXM) is an absorption contrast imaging 
technique based on the change in amplitude of the X-rays beam when passing 
through the sample. The intensity of the transmitted X-rays can be described 
by the Lambert-Beer Law: 

𝐼𝐼𝐼𝐼 =  𝐼𝐼𝐼𝐼0exp (−𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇)                        (1) 

With I0 the intensity of the incident X-ray, I the transmitted X-ray intensity, 𝜇𝜇𝜇𝜇 
the linear attenuation coefficient of the material composing the specimen, and 
t the specimen thickness. The X-ray attenuation depends on both the energy of 
the X-rays and the atomic number of the element (electron density). The 
attenuation of X-rays decreases as the X-ray energy increases or when the 
atomic number is lower, whereas higher atomic numbers and lower X-ray 
energies result in increased X-ray attenuation25. Furthermore, in the case of an 
object composed of multiple materials along the X-ray beam path, the 
attenuation coefficient is determined by the combined effect of the individual 
coefficients of each material present.  

Therefore, TXM is an effective technique for imaging materials composed 
of high atomic number elements which provide high X-ray absorption and 
contrast. In case of low atomic numbers, phase contrast imaging techniques 
such as holotomography result in a better contrast obtained by exploiting the 
materials’ X-ray phase contrast.  

1.6.2 X-ray holotomography 

X-ray holotomography is a powerful full-field phase-contrast imaging 
technique, which relies on the phase shift of the X-ray beam induced by the 
object. Particularly, when the X-ray beam interacts with matter, the complex 
refractive index n for X-rays can be described as:  

𝑛𝑛𝑛𝑛 = 1 − 𝛿𝛿𝛿𝛿 + 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖                      (2) 

The dispersion term, denoted by the symbol 𝛿𝛿𝛿𝛿, is related to the phase contrast, 
and the electron density26 of the sample 𝜌𝜌𝜌𝜌𝑒𝑒𝑒𝑒 . The 3D electron density 
distribution can be obtained by: 
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𝜌𝜌𝜌𝜌𝑒𝑒𝑒𝑒(𝑟𝑟𝑟𝑟) = 2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋(𝑟𝑟𝑟𝑟)
𝜆𝜆𝜆𝜆2𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒

                        (3) 

Where 𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒 corresponds to the classical electron radius, and λ is the wavelength 
of the incident X-rays. The absorption term, represented by the symbol β, is 
associated with the amplitude of the beam. The contribution of β leads to 
attenuation contrast imaging, which relies on the atomic numbers (Z) of the 
materials present in the sample. In the case of low-absorbing specimens such 
as carbonaceous species, or materials having similar Z, techniques based on 
phase contrast can provide better imaging quality. The difference in magnitude 
between δ and β is an important factor that highlights the benefits of using X-
ray phase information for the abovementioned cases. At high photon energies, 
materials that are primarily composed of low-Z elements exhibit a phase 
contrast δ that is approximately three orders of magnitude larger than the 
absorption contrast β27.  

1.7 Outline of this PhD thesis 

In this PhD thesis, as mentioned earlier, innovative microfluidic systems 
are proposed to study and characterize catalyst particles at single particle 
level. These devices allow the investigation of the dynamic behavior of solid 
catalysts with high spatial and temporal resolution using advanced imaging 
techniques, such as fluorescence and high-resolution X-ray microscopy. By 
focusing on crucial aspects including activity, selectivity, stability, interactions 
with reactants and products, and surface properties, these microfluidic setups 
facilitate a comprehensive understanding of catalyst performance.  

The first part of the thesis (from Chapter 2 to 4) focuses on the 
development and application of a MEMS-based microreactor (Chapter 2) for 
in situ imaging of individual catalyst particle during the reaction. Particularly, 
we aim to capture morphological changes using hard X-ray microscopy and 
unveil their structure-activity relationship. The proposed microreactor 
enables the confinement of a single catalyst particle and the study of catalytic 
reactions mimicking real reaction conditions of temperature (up to 400 °C) 
and pressure (up to 25 bar) using 3D X-ray microscopy. The capabilities of the 
MEMS-based microreactor are exploited in Chapter 3 for investigating the 
catalytic pyrolysis of plastic. It consists of a catalytic process where plastic 
waste is decomposed owing to the high temperature and the presence of a 

 

catalyst, which breaks down (cracking reaction) long polymer chains into 
smaller hydrocarbon molecules. In this study, the high spatial resolution of X-
ray microscopy enabled the examination of the polymer-catalyst interactions, 
which is critical due to the high viscosity of plastic resulting in limited contact 
with the catalyst surface, slow mass transfer, and reduced catalytic efficiency. 
In particular, the microreactor in combination with X-ray holotomography 
(phase contrast imaging) will allow for the first time to investigate the 
polymer intrusion in the catalyst particle by direct observation of the melting 
and cracking processes. This approach enables the assessment of the polymer 
interaction with the catalyst particle with high spatial resolution gaining 
insights into the influence and dynamic change of the particle pore space. The 
microreactor is additionally tested with Transmission X-ray microscopy (TXM) 
(absorption contrast imaging) in Chapter 4. In this chapter, the MEMS-based 
microreactor in combination with TXM is used to perform local pressure 
calibration inside microchannels by Xenon gas density measurement. 
Moreover, it proves the capabilities of our microreactor to withstand high-
pressure without failure.  

In the final two experimental chapters (Chapter 5 and 6), we introduce 
two distinct microfluidic devices that serve as innovative tools for 
characterizing diffusion phenomena within functional porous particles. These 
chapters delve into how these diffusion phenomena correlate with particle 
structure attributes like porosity, pore size, and surface properties. 
Particularly, Chapter 5 describes a PDMS multiplexed microfluidic device that 
facilitates the screening of fluorescent molecule uptake in various particles 
and the identification of interparticle heterogeneities that were not discernible 
using conventional bulk methods. A more in-depth investigation of the 
diffusion and adsorption phenomena of porous catalyst particles is presented 
in Chapter 6. This final chapter introduces a microfluidic device in epoxy resin 
designed to confine a single porous particle, enabling the study of molecular 
probe diffusion rate and estimation of the individual particle's diffusion 
coefficient through fluorescence microscopy. Additionally, it offers valuable 
insights into the connected porosity and the amount of adsorption within the 
particle. 
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2
MEMS-Microreactor for In Situ/Operando High-Resolution 

X-rays Microscopy at the Single Particle Level

In the past decades, synchrotron radiation-based X-ray microscopy has become 
a valuable tool for material chemistry to obtain detailed information on the out-
er and inner morphology of optically opaque materials, often combined with 
chemical information. It represents a powerful tool for solid catalyst character-
ization allowing three-dimensional (3D) (chemical) imaging. Furthermore, the 
possibility of performing analysis under static or dynamic reaction conditions 
(temperature and pressure) makes X-ray microscopy ideal for in situ and oper-
ando studies of heterogeneous catalytic processes. In this chapter, we present 
an innovative MEMS-based microreactor that can now trap and study an indi-
vidual catalyst particle of up to ~100 micrometers in size in a free-standing, 
monolithic silicon nitride capillary while applying high temperatures (~ 400 °C) 
and pressures (≤ 25 bar) and compatible with highresolution X-ray microscopy. 
N-hexane catalytic cracking over a single fluid catalytic cracking (FCC) particle 
was performed to showcase the microreactor capabilities. Moreover, it was test-
ed at the beamline ID16b at the European Synchrotron Radiation Facility (ESRF, 

Grenoble) imaging a single catalyst particle using X-ray holotomography.

This chapter is adapted from: 
Carnevale, L., Broccoli, A., Mayorga González, R., van Swieten, T., Groenesteijn, J., Ma, K., Wieg-
erink, R. J., Weckhuysen, B. M., Meirer, F., Olthuis, W., and Odijk, M. MEMS-Based Microreactor 
for In Situ/Operando High-Resolution 3D X-Ray Microscopy of Single Catalyst Particles.
In preparation.
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2.1 Introduction 

Heterogenous catalysis has a far-reaching impact on the world’s economy, 
being essential in many applications, such as the chemicals and energy 
industry. Its importance lies in the capability to convert raw feedstock into 
valuable products and chemicals cost-effectively and sustainably. This 
underscores the relevance of the research and developments in this field, to 
better understand and further enhance the performances of heterogeneous 
catalysts. In pursuit of this aim, a multi-length scale investigation is 
paramount when studying solid catalysts, from tens of meters for reactors to 
the necessity to reach the atomic level when looking at the catalyst's active 
sites1. In this context, when focusing on the particle level, solid catalysts 
usually show intricate hierarchical porous structures in the micrometer range. 
These have a wide variety of shapes and sizes exhibiting high intra- and 
interparticle heterogeneity. The latter aspect increases the degree of 
complexity in their detailed understanding.  

The most commonly used characterization methods are in bulk providing 
average information about the sample without accounting for the so-called 
heterogeneities. Despite the statistical value of bulk analyses, the need for 
more heterogeneities-sensitive methods makes the single-particle approach a 
valuable and complementary tool. It enables the possibility to unveil the 
physical properties as well as the structure-activity relation of heterogeneous 
catalysts. Several techniques have been developed over the past years to 
characterize catalysts at single particle level including microscopy2-6, and 
spectroscopy7-9. Among the different available techniques, X-ray-based 
techniques are well suited for obtaining spatially resolved information 
without damaging the sample owing to the high penetration power (from tens 
to hundreds of microns) compared to electrons (from nanometers to a few 
microns) or visible light. X-ray microscopy (XRM) imaging proved to be a key 
technique to reveal the inner structure and morphology of thick and opaque 
materials. However, high-resolution XRM requires a highly brilliant X-ray 
source (high photon flux). As a result, this technique is best performed at 
modern synchrotron radiation facilities.  

XRM has been largely used in biological imaging10,11, and is now being 
increasingly utilized in material chemistry, in the study of hierarchical 
materials such as batteries12,13, fuel cells14, and heterogeneous catalysts15-17.  

 

X-rays have different energy levels, which are classified as soft or hard X-rays. 
Soft X-ray microscopy (SXM) operates in the low energy soft X-ray regime 
(200 – 2000 eV) and has the advantage of a spatial resolution slightly above 
10 nm18. On the other hand, the main limitation of SXM is the sample 
thickness, which has to be in the sub-micron range because of the low 
penetration power of soft X-rays. Unlike the latter, hard X-rays (2000 – 23000 
eV) microscopy (HXM) are better suited for imaging materials with high 
atomic numbers, such as metals and inorganic compounds. The higher energy 
and shorter wavelengths of hard X-rays result in a higher penetration 
capability than soft X-rays enabling imaging of thick samples (tens of microns) 
with a spatial resolution below 40 nm19,20. In addition, the collection of 
projections at different angles by rotation of the sample in the field of view 
opens the possibility of 3D inner visualization21,22. The revealed information 
can then be combined with X-ray fluorescence (XRF), X-ray diffraction (XRD), 
and X-ray absorption spectroscopy (XAS) to obtain detailed insights into the 
elemental composition, crystal structure, and chemical states, 
respectively17,23,24. 

However, to accurately evaluate the catalyst performances, it is essential 
to apply the above-mentioned techniques under realistic reaction conditions 
required for the selected catalytic process. It is well known that the structure 
and properties (from the atomic to the macroscopic level) of heterogeneous 
catalysts undergo dynamic changes during catalytic processes. Therefore, 
relevant conditions of temperature and pressure need to be employed while 
conducting a specific characterization. In this regard, the terms in situ and 
operando25 are used to define characterizations performed under both model 
and true reaction conditions, without and with simultaneous online detection 
of activity and/or selectivity accordingly. This necessitates specific criteria to 
be satisfied by the microscopic or spectroscopic technique. In this regard, the 
increased penetration capability of hard X-rays results in the possibility to 
penetrate thick samples (entire catalyst particle), gases/liquids, but also 
microreactor walls. This latter aspect gives freedom in the design and 
fabrication of microreactors which can operate at more realistic reaction 
conditions for in situ/operando applications.  

The main experimental challenge when applying the technique in situ or 
operando is represented by the setup used to position the sample. This setup 
needs to allow flow (gas-liquid), but also the possibility to precisely control 
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catalysts. In pursuit of this aim, a multi-length scale investigation is 
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usually show intricate hierarchical porous structures in the micrometer range. 
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(200 – 2000 eV) and has the advantage of a spatial resolution slightly above 
10 nm18. On the other hand, the main limitation of SXM is the sample 
thickness, which has to be in the sub-micron range because of the low 
penetration power of soft X-rays. Unlike the latter, hard X-rays (2000 – 23000 
eV) microscopy (HXM) are better suited for imaging materials with high 
atomic numbers, such as metals and inorganic compounds. The higher energy 
and shorter wavelengths of hard X-rays result in a higher penetration 
capability than soft X-rays enabling imaging of thick samples (tens of microns) 
with a spatial resolution below 40 nm19,20. In addition, the collection of 
projections at different angles by rotation of the sample in the field of view 
opens the possibility of 3D inner visualization21,22. The revealed information 
can then be combined with X-ray fluorescence (XRF), X-ray diffraction (XRD), 
and X-ray absorption spectroscopy (XAS) to obtain detailed insights into the 
elemental composition, crystal structure, and chemical states, 
respectively17,23,24. 

However, to accurately evaluate the catalyst performances, it is essential 
to apply the above-mentioned techniques under realistic reaction conditions 
required for the selected catalytic process. It is well known that the structure 
and properties (from the atomic to the macroscopic level) of heterogeneous 
catalysts undergo dynamic changes during catalytic processes. Therefore, 
relevant conditions of temperature and pressure need to be employed while 
conducting a specific characterization. In this regard, the terms in situ and 
operando25 are used to define characterizations performed under both model 
and true reaction conditions, without and with simultaneous online detection 
of activity and/or selectivity accordingly. This necessitates specific criteria to 
be satisfied by the microscopic or spectroscopic technique. In this regard, the 
increased penetration capability of hard X-rays results in the possibility to 
penetrate thick samples (entire catalyst particle), gases/liquids, but also 
microreactor walls. This latter aspect gives freedom in the design and 
fabrication of microreactors which can operate at more realistic reaction 
conditions for in situ/operando applications.  

The main experimental challenge when applying the technique in situ or 
operando is represented by the setup used to position the sample. This setup 
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and apply high temperatures and pressures, such as experienced under real 
process conditions. So far, several in situ setups have been proposed to 
address those requirements and study catalysts in situ and operando using 
XRM26-30. However, just a few examples are reported in the literature for the 
HXM applications. In particular, a capillary-based microreactor was used to 
investigate Fischer-Tropsch catalyst particles31 at 10 bar and 350 °C with 
transmission hard X-ray microscopy (TXM). This allowed the imaging of a 
complete catalyst particle uncovering the intricate interaction between 
diverse chemical components and their corresponding spatial distribution 
under realistic reaction conditions. The 3D tomographic measurement was 
exploited by loading catalyst particles into a quartz capillary with a diameter 
of 100 µm and wall thickness of 10 µm. The capillary was then glued on a 
specifically designed adaptor to allow gas reactant supply and optical access. 
The temperature of the reaction was ensured by a heater gun and controlled 
using a thermocouple mounted at the same height as the capillary. The same 
microreactor has been used with an improved heating system32 consisting of a 
resistive nichrome wire placed in a cylindrical chamber, housed in a water-
cooled block. In this configuration, unwanted vibrations due to the airflow 
generated by the heater gun were avoided, achieving a more stable setup. The 
temperature was controlled using a thermocouple beside the sample location. 
This latter setup was used to study the Co/TiO2 Fischer-Tropsch catalyst 
particles in 3D to spatially and chemically map the Co during the reaction at 
250 °C and 10 bar33. Additionally, for the same catalytic system, the changes in 
structure at the microscale and nanoscale of Co aggregates have been 
visualized34, underlining the interplay between Co and the TiO2 support. 
Although these above-mentioned approaches were used successfully, they are 
still challenging and leave room for improvement. For example, the handling 
of thin glass capillaries and leak-tight installations are difficult. This drastically 
limits their operability at high pressures. Additionally, the heating system is 
restricted in the possibility to achieve precise and local control of temperature 
with rapid changes.  

In this chapter, we successfully fabricated and characterize an innovative 
MEMS-based microreactor for XRM in the hard X-ray regime. It was designed 
to perform in situ study of an individual catalyst particle up to ~100 
micrometers in size under realistic reaction conditions. The microreactor is 
equipped with a particle trap, a detection window free of structure, and 

 

heating elements. The latter components allow local control and operation at 
temperatures ~ 400 °C at the particle location with high accuracy. The 
capillary made out of low-stress silicon-rich nitride (SiRN) is ideal for high-
pressure applications. Moreover, the wall thickness of 1 µm makes it 
transparent to X-ray in the hard regime. The tomography is possible thanks to 
the free-standing nature of the just mentioned SiRN capillary allowing optical 
access to almost 180°.  

The possibility of conducting a catalytic reaction in situ was exploited by 
carrying out a model reaction (fluid catalytic cracking) over a single catalyst 
particle using confocal fluorescence microscopy (CFM). An increase in the 
particle fluorescence was observed over time being an indication of the coke 
formation as reaction by-product. Finally, the compatibility of the fabricated 
device with XRM was evaluated by imaging a single catalyst particle with 
holotomography. It was carried out on the beamline ID16b suitable for X-ray 
nanotomography at the European Synchrotron Radiation Facility (ESRF 
Grenoble, France).  

2.2 Design 

2.2.1 Microreactor design considerations 

When designing a microreactor for in situ/operando X-ray microscopy 
precise requirements must be addressed. The X-rays have to reach the 
inspection area smoothly, with no interference by other components in the 
setup. A suitable microreactor must be designed to trap catalyst particles and 
allow precise and local control of the temperature at the particle location. 
Reactants supply and operation over a broad range of temperatures and 
pressures are paramount aspects to investigate different catalytic reactions. 
Additionally, the microreactor needs to allow near 180° rotation for 
tomographic scan, be compatible with critical focal distances, and specific 
rotational stage configuration. Finally, it should be able to withstand exposure 
to harsh chemicals and X-rays, such as total transmission, while remaining 
compatible with these prerequisites. 

2.2.2 MEMS microreactor design and materials 

The microreactor proposed is a micro-electromechanical system (MEMS) 
and was designed in order to address the above mentioned requirements. It is 
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HXM applications. In particular, a capillary-based microreactor was used to 
investigate Fischer-Tropsch catalyst particles31 at 10 bar and 350 °C with 
transmission hard X-ray microscopy (TXM). This allowed the imaging of a 
complete catalyst particle uncovering the intricate interaction between 
diverse chemical components and their corresponding spatial distribution 
under realistic reaction conditions. The 3D tomographic measurement was 
exploited by loading catalyst particles into a quartz capillary with a diameter 
of 100 µm and wall thickness of 10 µm. The capillary was then glued on a 
specifically designed adaptor to allow gas reactant supply and optical access. 
The temperature of the reaction was ensured by a heater gun and controlled 
using a thermocouple mounted at the same height as the capillary. The same 
microreactor has been used with an improved heating system32 consisting of a 
resistive nichrome wire placed in a cylindrical chamber, housed in a water-
cooled block. In this configuration, unwanted vibrations due to the airflow 
generated by the heater gun were avoided, achieving a more stable setup. The 
temperature was controlled using a thermocouple beside the sample location. 
This latter setup was used to study the Co/TiO2 Fischer-Tropsch catalyst 
particles in 3D to spatially and chemically map the Co during the reaction at 
250 °C and 10 bar33. Additionally, for the same catalytic system, the changes in 
structure at the microscale and nanoscale of Co aggregates have been 
visualized34, underlining the interplay between Co and the TiO2 support. 
Although these above-mentioned approaches were used successfully, they are 
still challenging and leave room for improvement. For example, the handling 
of thin glass capillaries and leak-tight installations are difficult. This drastically 
limits their operability at high pressures. Additionally, the heating system is 
restricted in the possibility to achieve precise and local control of temperature 
with rapid changes.  

In this chapter, we successfully fabricated and characterize an innovative 
MEMS-based microreactor for XRM in the hard X-ray regime. It was designed 
to perform in situ study of an individual catalyst particle up to ~100 
micrometers in size under realistic reaction conditions. The microreactor is 
equipped with a particle trap, a detection window free of structure, and 

 

heating elements. The latter components allow local control and operation at 
temperatures ~ 400 °C at the particle location with high accuracy. The 
capillary made out of low-stress silicon-rich nitride (SiRN) is ideal for high-
pressure applications. Moreover, the wall thickness of 1 µm makes it 
transparent to X-ray in the hard regime. The tomography is possible thanks to 
the free-standing nature of the just mentioned SiRN capillary allowing optical 
access to almost 180°.  

The possibility of conducting a catalytic reaction in situ was exploited by 
carrying out a model reaction (fluid catalytic cracking) over a single catalyst 
particle using confocal fluorescence microscopy (CFM). An increase in the 
particle fluorescence was observed over time being an indication of the coke 
formation as reaction by-product. Finally, the compatibility of the fabricated 
device with XRM was evaluated by imaging a single catalyst particle with 
holotomography. It was carried out on the beamline ID16b suitable for X-ray 
nanotomography at the European Synchrotron Radiation Facility (ESRF 
Grenoble, France).  

2.2 Design 

2.2.1 Microreactor design considerations 

When designing a microreactor for in situ/operando X-ray microscopy 
precise requirements must be addressed. The X-rays have to reach the 
inspection area smoothly, with no interference by other components in the 
setup. A suitable microreactor must be designed to trap catalyst particles and 
allow precise and local control of the temperature at the particle location. 
Reactants supply and operation over a broad range of temperatures and 
pressures are paramount aspects to investigate different catalytic reactions. 
Additionally, the microreactor needs to allow near 180° rotation for 
tomographic scan, be compatible with critical focal distances, and specific 
rotational stage configuration. Finally, it should be able to withstand exposure 
to harsh chemicals and X-rays, such as total transmission, while remaining 
compatible with these prerequisites. 

2.2.2 MEMS microreactor design and materials 

The microreactor proposed is a micro-electromechanical system (MEMS) 
and was designed in order to address the above mentioned requirements. It is 
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based on several fabrication processes for silicon-based microfluidics. The 
microreactor (Figure 1A and 1B) features a microchannel directly below the 
substrate surface. This configuration results in a semicircular microchannel 
cross-section with a flat roof to locate electrodes, e.g. microheaters, in direct 
contact with the channel walls and in close proximity with the fluid.  

 

Figure 1: A) 3D schematic of the MEMS-based microreactor front-side, and B) back-side. C) 
Schematic of the free-standing microchannel details, such as platinum microheaters H1 and H2 
located above and below the particle trap (4 SiRN vertical trenches) and detection window. D) 
platinum microheaters (H1 and H2) geometry consisting of a meander shape with a thickness of 
200 nm. E) Schematic representation of the microchannel cross-sections at different heights 
underling the semicircular shape of the microchannel with a particle loaded inside and finally 
the particle trap cross-section with the 4 vertical trenches forming a restriction of 20 µm in the 
microchannel. 

The microchannel has a total volume of 141 nL with a length of 18 mm and 
a hydraulic diameter of 100 µm. It features silicon-rich nitride (SiRN) walls of 
1 µm and part of the microchannel is freely suspended outside the substrate 
(sticking out 1.2 mm from the edge) allowing optical access (160° over 180°) 
suitable for tomographic scan. Moreover, the suspended microchannel is 

 

equipped with two microheaters (H1 and H2), with a detection window in 
between. The latter must be free of structures (e.g. microheaters) to minimize 
the X-ray attenuation in the sample region. 4 vertical 3 µm thick SiRN trenches 
along the channel create a striction of 20 µm in the microchannel allowing the 
fluid flow while keeping the particle in the detection window (see Figure 1C 
and 1E). The minimum particle size that can be trapped is determined by the 
distance between the SiRN trenches.  

The microreactor allows in and out gas/liquid flow of reactant by means of 
back-side fluidic interfaces holes of 200 µm in diameter. The large dimension 
is beneficial for the particle loading procedure. 

Finally, the use of thin SiRN walls is fundamental to limit the X-ray 
attenuation while imaging a sample. In our case, the attenuation length for 1 
µm SiRN is negligible for applications in the hard X-rays regime. Furthermore, 
SiRN provides good chemical compatibility and its low tensile stress results in 
a robust material for high-pressure applications.  

2.2.3 Heating elements 

Joule heating has been selected as an integrated heating system for the 
MEMS microreactor. This approach has the advantage of fast responses, 
localized heating, and low power consumption. Two microheaters (in Figure 
1D, H1, and H2) are integrated on the external channel wall in close proximity 
to the fluid and the particle trap (detection window). This configuration 
enables fast and local heating of the particle still providing a detection window 
free of structures for X-rays imaging. Moreover, the external surface location 
of the microheater prevents a possible active role as a catalyst in the reaction. 
The microheaters consist of a thin platinum (Pt) layer which is widely used in 
microheaters and sensors applications35 owing to its stable temperature 
coefficient of resistance (TCR) up to 500 °C, tolerance to high current densities 
(109 – 1011 A/m2), and high melting temperature36. The Pt layer is directly 
deposited on the SiRN microchannel via a 10nm thin adhesion layer of 
tantalum (Ta). The SiRN provides good thermal conductivity, low thermal 
expansion coefficient, and high thermal stress resistance. Moreover, the same 
Pt microheater can be used as a sensor to measure the temperature by 
exploiting its temperature-dependent resistance.  

However, a critical design is paramount in order to optimize heat 
dissipation and achieve the desired temperature. Finite element method 
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Figure 1: A) 3D schematic of the MEMS-based microreactor front-side, and B) back-side. C) 
Schematic of the free-standing microchannel details, such as platinum microheaters H1 and H2 
located above and below the particle trap (4 SiRN vertical trenches) and detection window. D) 
platinum microheaters (H1 and H2) geometry consisting of a meander shape with a thickness of 
200 nm. E) Schematic representation of the microchannel cross-sections at different heights 
underling the semicircular shape of the microchannel with a particle loaded inside and finally 
the particle trap cross-section with the 4 vertical trenches forming a restriction of 20 µm in the 
microchannel. 

The microchannel has a total volume of 141 nL with a length of 18 mm and 
a hydraulic diameter of 100 µm. It features silicon-rich nitride (SiRN) walls of 
1 µm and part of the microchannel is freely suspended outside the substrate 
(sticking out 1.2 mm from the edge) allowing optical access (160° over 180°) 
suitable for tomographic scan. Moreover, the suspended microchannel is 

 

equipped with two microheaters (H1 and H2), with a detection window in 
between. The latter must be free of structures (e.g. microheaters) to minimize 
the X-ray attenuation in the sample region. 4 vertical 3 µm thick SiRN trenches 
along the channel create a striction of 20 µm in the microchannel allowing the 
fluid flow while keeping the particle in the detection window (see Figure 1C 
and 1E). The minimum particle size that can be trapped is determined by the 
distance between the SiRN trenches.  

The microreactor allows in and out gas/liquid flow of reactant by means of 
back-side fluidic interfaces holes of 200 µm in diameter. The large dimension 
is beneficial for the particle loading procedure. 

Finally, the use of thin SiRN walls is fundamental to limit the X-ray 
attenuation while imaging a sample. In our case, the attenuation length for 1 
µm SiRN is negligible for applications in the hard X-rays regime. Furthermore, 
SiRN provides good chemical compatibility and its low tensile stress results in 
a robust material for high-pressure applications.  

2.2.3 Heating elements 

Joule heating has been selected as an integrated heating system for the 
MEMS microreactor. This approach has the advantage of fast responses, 
localized heating, and low power consumption. Two microheaters (in Figure 
1D, H1, and H2) are integrated on the external channel wall in close proximity 
to the fluid and the particle trap (detection window). This configuration 
enables fast and local heating of the particle still providing a detection window 
free of structures for X-rays imaging. Moreover, the external surface location 
of the microheater prevents a possible active role as a catalyst in the reaction. 
The microheaters consist of a thin platinum (Pt) layer which is widely used in 
microheaters and sensors applications35 owing to its stable temperature 
coefficient of resistance (TCR) up to 500 °C, tolerance to high current densities 
(109 – 1011 A/m2), and high melting temperature36. The Pt layer is directly 
deposited on the SiRN microchannel via a 10nm thin adhesion layer of 
tantalum (Ta). The SiRN provides good thermal conductivity, low thermal 
expansion coefficient, and high thermal stress resistance. Moreover, the same 
Pt microheater can be used as a sensor to measure the temperature by 
exploiting its temperature-dependent resistance.  

However, a critical design is paramount in order to optimize heat 
dissipation and achieve the desired temperature. Finite element method 
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(FEM) analysis using COMSOL Multiphysics was performed to simulate Joule 
effect heating and have an estimation of the heat dissipation and the attainable 
temperature in the MEMS microreactor at the detection location (see SI 1). 
According to the simulation, a temperature of 337 °C is possible by applying 
about 5V with a power dissipation of 30mW and a current density within the 
above-mentioned limit for Pt thin films. 

The microheater’s geometry consists of 10 meander-shaped windings of 
200 nm thin Pt with a total width of 80 µm and a length of 300 µm, see Figure 
1D. The meander windings have a width of 4 µm, with a gap distance of 4 µm 
and a total length of 3 mm. These result in a resistance value of about 600 Ω 
for both meander microheaters considering a value for Pt resistivity of 1.6 x 
10-7 Ω/cm36 valid for thin Pt films. The microheaters were designed in a two-
wire configuration with two pads of 1mm x 1mm each. The leads from the 
pads to the microheaters have a width of 100 µm and 30 µm much larger than 
the width of the windings to dissipate all the power in the meander 
microheaters. The different leads length due to the capillary location results in 
a slightly different total resistance of the two microheaters. 

2.2.4 MEMS microreactor holder design  

To supply gas/liquid reactants and actuate/control the microheaters while 
meeting the XRM requirements, a proper holder for the MEMS microreactor 
was designed. It is a modular unit composed of a baseplate, a rod, and a top 
part for the fluidic, electrical, and microreactor interface (see Figure 2). The 
baseplate allows the holder to be fixed on the microscope x, y, z, θ movable 
and rotatable stage. It can be easily redesigned and adapted to different 
beamline microscope setups. The rod is interchangeable and directly tightens 
to the baseplate allowing the top part to be fixed and adjusted in height. The 
top part is equipped with inlet and outlet fluidic connectors compatible with 
360 µm fittings for fused silica tubing (VICI Cheminert fittings – Nanovolume) 
suitable for high-pressure applications. A plastic clamp made out of PMMA or 
PEEK with 4 screws allows clamping and keeping the microreactor in place 
onto the stainless steel body through Viton O-rings. The latter elements 
ensure compression and tightness at the interface microreactor - holder. 
Additionally, spring connectors, such as pogo pins, are mounted on the plastic 
clamp and soldered on a custom PCB in order to interface the electrodes on 

 

the front side of the microreactor. The small size of the holder makes it 
compatible with the critical distances typical for an XRM microscope 
operating in the hard X-ray regime.  

 

Figure 2: A) 3D front view and B) back view of the fully assembled MEMS microreactor holder. 
It consists of a baseplate, a rod, and a top part adjustable in height. The chip is half-clamped in 
the top part to give optical access to the free-standing capillary while performing the 
measurement. C) in the 3D disassembled view of the holder it is possible to appreciate the 
fluidic interface with the Viton O-Ring location. For a more detailed technical drawing of the 
holder see SI 2. 

2.3 Methods 

2.3.1 MEMS microreactor fabrication  

The MEMS-based microreactor was fabricated in the cleanroom of the 
MESA+ NanoLab at the University of Twente. The microreactor was made out 
of a silicon wafer using photolithography and a Surface Channel Technology 
(SCT) process37. A seven-mask process is used to obtain the desired features 
(masks design in SI 3). The material list used for the fabrication is reported in 
Figure 3. The fabrication process starts with the deposition of 500 nm 
oxygen-rich alumina AlOx layer using Low Pressure Chemical Vapor 
Deposition (LPCVD).  

 

Figure 3 Color legend fabrication schematic. 
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(FEM) analysis using COMSOL Multiphysics was performed to simulate Joule 
effect heating and have an estimation of the heat dissipation and the attainable 
temperature in the MEMS microreactor at the detection location (see SI 1). 
According to the simulation, a temperature of 337 °C is possible by applying 
about 5V with a power dissipation of 30mW and a current density within the 
above-mentioned limit for Pt thin films. 

The microheater’s geometry consists of 10 meander-shaped windings of 
200 nm thin Pt with a total width of 80 µm and a length of 300 µm, see Figure 
1D. The meander windings have a width of 4 µm, with a gap distance of 4 µm 
and a total length of 3 mm. These result in a resistance value of about 600 Ω 
for both meander microheaters considering a value for Pt resistivity of 1.6 x 
10-7 Ω/cm36 valid for thin Pt films. The microheaters were designed in a two-
wire configuration with two pads of 1mm x 1mm each. The leads from the 
pads to the microheaters have a width of 100 µm and 30 µm much larger than 
the width of the windings to dissipate all the power in the meander 
microheaters. The different leads length due to the capillary location results in 
a slightly different total resistance of the two microheaters. 

2.2.4 MEMS microreactor holder design  

To supply gas/liquid reactants and actuate/control the microheaters while 
meeting the XRM requirements, a proper holder for the MEMS microreactor 
was designed. It is a modular unit composed of a baseplate, a rod, and a top 
part for the fluidic, electrical, and microreactor interface (see Figure 2). The 
baseplate allows the holder to be fixed on the microscope x, y, z, θ movable 
and rotatable stage. It can be easily redesigned and adapted to different 
beamline microscope setups. The rod is interchangeable and directly tightens 
to the baseplate allowing the top part to be fixed and adjusted in height. The 
top part is equipped with inlet and outlet fluidic connectors compatible with 
360 µm fittings for fused silica tubing (VICI Cheminert fittings – Nanovolume) 
suitable for high-pressure applications. A plastic clamp made out of PMMA or 
PEEK with 4 screws allows clamping and keeping the microreactor in place 
onto the stainless steel body through Viton O-rings. The latter elements 
ensure compression and tightness at the interface microreactor - holder. 
Additionally, spring connectors, such as pogo pins, are mounted on the plastic 
clamp and soldered on a custom PCB in order to interface the electrodes on 

 

the front side of the microreactor. The small size of the holder makes it 
compatible with the critical distances typical for an XRM microscope 
operating in the hard X-ray regime.  

 

Figure 2: A) 3D front view and B) back view of the fully assembled MEMS microreactor holder. 
It consists of a baseplate, a rod, and a top part adjustable in height. The chip is half-clamped in 
the top part to give optical access to the free-standing capillary while performing the 
measurement. C) in the 3D disassembled view of the holder it is possible to appreciate the 
fluidic interface with the Viton O-Ring location. For a more detailed technical drawing of the 
holder see SI 2. 

2.3 Methods 

2.3.1 MEMS microreactor fabrication  

The MEMS-based microreactor was fabricated in the cleanroom of the 
MESA+ NanoLab at the University of Twente. The microreactor was made out 
of a silicon wafer using photolithography and a Surface Channel Technology 
(SCT) process37. A seven-mask process is used to obtain the desired features 
(masks design in SI 3). The material list used for the fabrication is reported in 
Figure 3. The fabrication process starts with the deposition of 500 nm 
oxygen-rich alumina AlOx layer using Low Pressure Chemical Vapor 
Deposition (LPCVD).  

 

Figure 3 Color legend fabrication schematic. 
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A photoresist layer with a specific pattern containing the etching mask for 
the vertical trenches with a dimension of 3 by 60 µm is deposited on top of the 
AlOx layer, and the pattern is transferred to the AlOx using plasma etching as 
shown in Figure 4A. Anisotropic etching into the silicon substrate forms the 
grooves for the following deposition step of SiRN via LPCVD to finally produce 
the 4 vertical trenches that work as particle trap (see Figure 4B and 4C).  

Successively, a layer of 500 nm of SiRN using LPCVD is deposited on the 
silicon. Another layer of 100 nm AlOx layer is then deposited on top of the 
SiRN layer to protect it while etching the microchannel into the substrate. A 
photoresist layer is deposited to transfer the pattern including etching slits for 
the microchannel with a dimension of 5 by 2 µm to the AlOx and SiRN layers 
using plasma etching. The dimension and the pattern of the slits determine the 
shape and dimension of the microchannel38. The microchannel is then etched 
isotropically into the silicon substrate by SF6 plasma (see Figure 4D). 

 

Figure 4: Fabrication steps for the MEMS microreactor from a silicon wafer. Here the main and 
most relevant steps are reported. A) Deposition and patterning of the AlOx and photoresist for 
B) the etching of the vertical trenches grooves, C) Deposition of the SiRN to fill and form the 
vertical trenches that will function as a restriction in the final microchannel and consecutive 
deposition of the photoresist layer with the etching slits for the microchannel D) Etching of the 
microchannel through the etch slits E) Etching through the wafer of the backside access inlet 
and outlet F) Removal of the AlOx layer and G) deposition of SiRN to form the microchannel 
(backside view) and H) (frontside view). 

After the microchannels are formed, the process is followed by creating 
fluidic inlets as in Figure 4E. This involves depositing a layer of SiO2 (1.2 µm, 
LPCVD) on top of the microchannels, which serves as an etch stop during the 
inlet/outlet etch and protects the microchannels during the backside 

 

processing. A pattern of fluidic inlets is then created by depositing photoresist 
on the backside of the wafer and developing it. The pattern is then transferred 
into the SiO2 and SiRN layers using a directional plasma etch, and a deep 
reactive ion etch (DRIE, Bosch process) is performed to etch the fluidic inlet 
up to the SiO2 channel wall (see Figure 4F). Once the fluidic inlets are formed, 
a thick layer of SiRN is deposited using LPCVD to create the channel wall (see 
Figure 4G). The layer must be thick enough to cover the 1 µm wide slits and 
provide a strong and structurally rigid channel roof as in Figure 4H.  

After the SiRN microchannel is formed, electrodes are created to actuate 
and read the microheaters. A Pt layer of 200 nm is deposited by sputtering, 
with a Ta adhesion layer of 10 nm underneath (see Figure 5A). The electrodes 
are then patterned using a photoresist layer, and ion beam etching is used to 
etch the electrodes as in Figure 5B and 5C. A layer of (AlOx) with a thickness 
of 400 nm is deposited onto the metal layer using electron beam evaporation 
to enhance the robustness of the metal layer against high temperatures. 

The final step is to release the microchannels from the silicon bulk, which 
involves several sub-steps. After the etching and patterning of AlOx layer, the 
next step involves the deposition of Cr/Au bondpads through evaporation, 
followed by patterning using resist and wet chemical etching. Subsequently, a 
new resist layer is applied to create release holes in the SiRN, enabling the 
etching of cavities and break grooves within the microdevice structure. The 
channels are then released by isotropic etching of the silicon bulk using SF6 
plasma (see Figure 5D). The silicon is etched to a depth of 250 µm, about 
halfway through the wafer, allowing the wafer to be broken along grooves 
etched between devices to separate it into chips. 

 

Figure 5: Fabrication steps for the microheaters and final release of the free-standing 
microchannel. A) Sputtering of a 10/200 nm thick tantalum and platinum layer. B) Patterning of 
the photoresist and previously deposited metal layer with microheaters geometry. C) 
Microheaters pattern deposited on the SiRN channel and final D) deposition of AlOx protective 
layer and release of the microchannel using isotropic etching.  
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A photoresist layer with a specific pattern containing the etching mask for 

the vertical trenches with a dimension of 3 by 60 µm is deposited on top of the 
AlOx layer, and the pattern is transferred to the AlOx using plasma etching as 
shown in Figure 4A. Anisotropic etching into the silicon substrate forms the 
grooves for the following deposition step of SiRN via LPCVD to finally produce 
the 4 vertical trenches that work as particle trap (see Figure 4B and 4C).  

Successively, a layer of 500 nm of SiRN using LPCVD is deposited on the 
silicon. Another layer of 100 nm AlOx layer is then deposited on top of the 
SiRN layer to protect it while etching the microchannel into the substrate. A 
photoresist layer is deposited to transfer the pattern including etching slits for 
the microchannel with a dimension of 5 by 2 µm to the AlOx and SiRN layers 
using plasma etching. The dimension and the pattern of the slits determine the 
shape and dimension of the microchannel38. The microchannel is then etched 
isotropically into the silicon substrate by SF6 plasma (see Figure 4D). 

 

Figure 4: Fabrication steps for the MEMS microreactor from a silicon wafer. Here the main and 
most relevant steps are reported. A) Deposition and patterning of the AlOx and photoresist for 
B) the etching of the vertical trenches grooves, C) Deposition of the SiRN to fill and form the 
vertical trenches that will function as a restriction in the final microchannel and consecutive 
deposition of the photoresist layer with the etching slits for the microchannel D) Etching of the 
microchannel through the etch slits E) Etching through the wafer of the backside access inlet 
and outlet F) Removal of the AlOx layer and G) deposition of SiRN to form the microchannel 
(backside view) and H) (frontside view). 

After the microchannels are formed, the process is followed by creating 
fluidic inlets as in Figure 4E. This involves depositing a layer of SiO2 (1.2 µm, 
LPCVD) on top of the microchannels, which serves as an etch stop during the 
inlet/outlet etch and protects the microchannels during the backside 

 

processing. A pattern of fluidic inlets is then created by depositing photoresist 
on the backside of the wafer and developing it. The pattern is then transferred 
into the SiO2 and SiRN layers using a directional plasma etch, and a deep 
reactive ion etch (DRIE, Bosch process) is performed to etch the fluidic inlet 
up to the SiO2 channel wall (see Figure 4F). Once the fluidic inlets are formed, 
a thick layer of SiRN is deposited using LPCVD to create the channel wall (see 
Figure 4G). The layer must be thick enough to cover the 1 µm wide slits and 
provide a strong and structurally rigid channel roof as in Figure 4H.  

After the SiRN microchannel is formed, electrodes are created to actuate 
and read the microheaters. A Pt layer of 200 nm is deposited by sputtering, 
with a Ta adhesion layer of 10 nm underneath (see Figure 5A). The electrodes 
are then patterned using a photoresist layer, and ion beam etching is used to 
etch the electrodes as in Figure 5B and 5C. A layer of (AlOx) with a thickness 
of 400 nm is deposited onto the metal layer using electron beam evaporation 
to enhance the robustness of the metal layer against high temperatures. 

The final step is to release the microchannels from the silicon bulk, which 
involves several sub-steps. After the etching and patterning of AlOx layer, the 
next step involves the deposition of Cr/Au bondpads through evaporation, 
followed by patterning using resist and wet chemical etching. Subsequently, a 
new resist layer is applied to create release holes in the SiRN, enabling the 
etching of cavities and break grooves within the microdevice structure. The 
channels are then released by isotropic etching of the silicon bulk using SF6 
plasma (see Figure 5D). The silicon is etched to a depth of 250 µm, about 
halfway through the wafer, allowing the wafer to be broken along grooves 
etched between devices to separate it into chips. 

 

Figure 5: Fabrication steps for the microheaters and final release of the free-standing 
microchannel. A) Sputtering of a 10/200 nm thick tantalum and platinum layer. B) Patterning of 
the photoresist and previously deposited metal layer with microheaters geometry. C) 
Microheaters pattern deposited on the SiRN channel and final D) deposition of AlOx protective 
layer and release of the microchannel using isotropic etching.  
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2.3.2 Holder fabrication 

The microreactor holder was fabricated at the TCO workshop of the 
University of Twente39. The stainless steel and plastic clamp part components 
were shaped based on the 3D design using a computer numerical control 
(CNC) machine.  

2.3.3 Platinum microheaters sensors calibration 

The temperature control in the microreactor was obtained by using the 
microheaters as both heating and sensing elements. To do so, we first 
characterized the Pt microheater as Resistance Temperature Detectors 
(RTDs). The sensing principle relies on a metal resistor that exhibits a positive 
temperature coefficient (PTC), causing its electrical resistance to rise as the 
temperature increases. Therefore, the relation between the change in 
electrical resistance with the temperature (RvsT) known as the Temperature 
Coefficient of Resistance (TCR) was determined by performing a calibration in 
the range of 50 – 280 °C. From the calibration curve, the resistance value at 
0°C (R0) and the TCR were determined.  

For the abovementioned calibration, the microreactor was installed in the 
holder and submerged in an oil bath (IKA RET control-visc C) after the 
electrical wiring was secured. Subsequently, the oil bath temperature was 
varied from 50 to 280 °C with a step size of 20 °C and measured by means of a 
thermocouple in direct contact with the oil. Additionally, homogeneous heat 
distribution in the solution was guaranteed using a magnetic stirrer set at 300 
rpm. When the set temperature and the equilibrium condition were reached, 
the resistance value was measured using a multimeter (Fluke 770). This 
procedure was applied for both microheaters present in our microreactor 
design. The R0 and TCR values were then determined by using the linear fit of 
the obtained curve RvsT. Once the Pt microheaters were calibrated as RTDs, 
they were used for temperature feedback and control in our system. Finally, 
the Pt microheater's electrical resistance was calibrated with the applied 
voltage.  

The microheaters resistance was evaluated by varying the applied 
voltages in order to determine their relationship (RvsV), power consumption, 
and stability (maximum current density). By knowing RvsV and RvsT relations 
for each microheater, it was possible to obtain the final relation between the 

 

applied voltage and the temperature (VvsT). This relation is important to 
define which voltage is needed to reach the desired temperature for the 
specific microheater. The calibration was carried out by measuring the 
resistance of each microheater while applying voltages from 1 to 6 V using a 
sourcemeter (Keithley 2400) which allowed applying a driving voltage for 
heat and simultaneous online resistance measurements. 

2.3.4 Thermoluminescent nanoparticles (NPs) temperature 
validation 

To finally characterize any temperature gradient present along the 
detection window due to the geometrical distance of both microheaters from 
the particle trap location, thermoluminescent nanoparticles (NPs) have been 
used. This approach proved to be a valid method to precisely determine the 
temperature in microreactors channels40,41. 

Bandshape luminescence is a ratiometric spectroscopic technique used for 
non-invasive and precise temperature monitoring42. This technique utilizes 
the changes in the intensity ratio of two or more emission peaks as a function 
of temperature. In this case, lanthanide dopant Er3+ embedded in NaYF4 
nanoparticles is utilized as the emitting ion, with the addition of Yb3+ for 
efficient upconversion. The emission between 500 and 570 nm in Er3+ 
originates from transitions between the excited states 2HI1/2 and 4S3/2 to the 
ground state 4II5/2. These excited states are thermally coupled, and their 
populations follow Boltzmann statistics over a wide temperature range (10-
900 K), as the energy difference between them is approximately 700 cm−1. 
This property, coupled with the sharp emission lines, makes lanthanide-doped 
materials an excellent choice for the accurate determination of temperature 
and remote temperature sensing40,43,44. 

To do so for our microreactor, upconversion NPs (NaYF4:Er3+,Yb3+, dp ≈ 30 
nm) were synthesized and deposited on fluid catalytic cracking (FCC) particles 
(  ̴ 70 µm) by wet-impregnation in ethanol. The NPs exhibit temperature-
dependent luminescence after infrared excitation at 980 nm. Emission peaks 
from Er3+ result from the 2HI1/2 (525 nm, I2) and 4S3/2 (545 nm, I1) excited 
states. As the temperature increases the emission from the higher energy state 
2HI1/2 becomes more prominent than from the lower energy state 4S3/2 40. The 
correlation (see SI 4) between the logarithm of the ratio I2/I1 and the 
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2.3.2 Holder fabrication 

The microreactor holder was fabricated at the TCO workshop of the 
University of Twente39. The stainless steel and plastic clamp part components 
were shaped based on the 3D design using a computer numerical control 
(CNC) machine.  

2.3.3 Platinum microheaters sensors calibration 

The temperature control in the microreactor was obtained by using the 
microheaters as both heating and sensing elements. To do so, we first 
characterized the Pt microheater as Resistance Temperature Detectors 
(RTDs). The sensing principle relies on a metal resistor that exhibits a positive 
temperature coefficient (PTC), causing its electrical resistance to rise as the 
temperature increases. Therefore, the relation between the change in 
electrical resistance with the temperature (RvsT) known as the Temperature 
Coefficient of Resistance (TCR) was determined by performing a calibration in 
the range of 50 – 280 °C. From the calibration curve, the resistance value at 
0°C (R0) and the TCR were determined.  

For the abovementioned calibration, the microreactor was installed in the 
holder and submerged in an oil bath (IKA RET control-visc C) after the 
electrical wiring was secured. Subsequently, the oil bath temperature was 
varied from 50 to 280 °C with a step size of 20 °C and measured by means of a 
thermocouple in direct contact with the oil. Additionally, homogeneous heat 
distribution in the solution was guaranteed using a magnetic stirrer set at 300 
rpm. When the set temperature and the equilibrium condition were reached, 
the resistance value was measured using a multimeter (Fluke 770). This 
procedure was applied for both microheaters present in our microreactor 
design. The R0 and TCR values were then determined by using the linear fit of 
the obtained curve RvsT. Once the Pt microheaters were calibrated as RTDs, 
they were used for temperature feedback and control in our system. Finally, 
the Pt microheater's electrical resistance was calibrated with the applied 
voltage.  

The microheaters resistance was evaluated by varying the applied 
voltages in order to determine their relationship (RvsV), power consumption, 
and stability (maximum current density). By knowing RvsV and RvsT relations 
for each microheater, it was possible to obtain the final relation between the 

 

applied voltage and the temperature (VvsT). This relation is important to 
define which voltage is needed to reach the desired temperature for the 
specific microheater. The calibration was carried out by measuring the 
resistance of each microheater while applying voltages from 1 to 6 V using a 
sourcemeter (Keithley 2400) which allowed applying a driving voltage for 
heat and simultaneous online resistance measurements. 

2.3.4 Thermoluminescent nanoparticles (NPs) temperature 
validation 

To finally characterize any temperature gradient present along the 
detection window due to the geometrical distance of both microheaters from 
the particle trap location, thermoluminescent nanoparticles (NPs) have been 
used. This approach proved to be a valid method to precisely determine the 
temperature in microreactors channels40,41. 

Bandshape luminescence is a ratiometric spectroscopic technique used for 
non-invasive and precise temperature monitoring42. This technique utilizes 
the changes in the intensity ratio of two or more emission peaks as a function 
of temperature. In this case, lanthanide dopant Er3+ embedded in NaYF4 
nanoparticles is utilized as the emitting ion, with the addition of Yb3+ for 
efficient upconversion. The emission between 500 and 570 nm in Er3+ 
originates from transitions between the excited states 2HI1/2 and 4S3/2 to the 
ground state 4II5/2. These excited states are thermally coupled, and their 
populations follow Boltzmann statistics over a wide temperature range (10-
900 K), as the energy difference between them is approximately 700 cm−1. 
This property, coupled with the sharp emission lines, makes lanthanide-doped 
materials an excellent choice for the accurate determination of temperature 
and remote temperature sensing40,43,44. 

To do so for our microreactor, upconversion NPs (NaYF4:Er3+,Yb3+, dp ≈ 30 
nm) were synthesized and deposited on fluid catalytic cracking (FCC) particles 
(  ̴ 70 µm) by wet-impregnation in ethanol. The NPs exhibit temperature-
dependent luminescence after infrared excitation at 980 nm. Emission peaks 
from Er3+ result from the 2HI1/2 (525 nm, I2) and 4S3/2 (545 nm, I1) excited 
states. As the temperature increases the emission from the higher energy state 
2HI1/2 becomes more prominent than from the lower energy state 4S3/2 40. The 
correlation (see SI 4) between the logarithm of the ratio I2/I1 and the 
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reciprocal of the temperature follows the Boltzmann statistics and can be used 
as a calibration curve for the measurement in the microreactor.  

For our calibration, impregnated FCC particles with NPs were loaded in 
the microreactor. The temperature-dependent luminescence was recorded for 
different set microheaters temperatures. The temperature relation between 
the NPs and the set temperature can be used to further calibrate the 
microheaters to achieve the desired temperature at the particle location. 

2.3.5 Pressure test 

To test the microreactor under pressure, it was connected to an N2 
cylinder. The flow and pressure of the gas were regulated by means of a 
pressure reducer, a mass flow controller (Bronkhorst EL-FLOW), and a 
backpressure regulator (Bronkhorst EL-PRESS). The latter attached to the 
outlet port of the holder allowed to set and control the pressure within the 
system. All these components were connected via stainless steel gas lines. 
Furthermore, flexible fused silica capillary (OD = 360 µm and ID = 100 µm) 
was used for connection to and from the microreactor system. Finally, the 
presence of possible leaks was checked by submerging the microreactor 
system as mounted in an ethanol bath and observing for any bubble 
formation. The microreactor was successfully tested up to 25 bar with no 
failure or damage of the capillary and no leaks were observed.  

2.3.6 Model reaction 

Fluid catalytic cracking (FCC) was selected as a suitable model catalytic 
system to test the applicability of our microreactor to measure and study the 
activity of a single catalyst particle under realistic conditions. FCC is one of the 
processes used in oil refineries to convert high molecular weight 
hydrocarbons to gasoline and propylene with the currently encouraging 
developments in the use of biomass45 and/or plastic waste as a viable 
alternative source of fuel46-48. It usually occurs at temperatures of 300-500 °C 
and atmospheric pressure45. FCC catalysts are complex heterogenous porous 
spherical particles with an average size of 70 µm. These contain zeolite 
domains, which represent the main acidic (Brønsted) active sites and a matrix 
responsible for the pre-cracking of large hydrocarbons that are limited in the 
penetration of the zeolitic micropore structure. Several deactivation processes 

 

occur during FCC operations. However, the main reason for deactivation is the 
formation of carbonaceous species, coke, on the catalyst particle, which is 
primarily composed of polyaromatic species49. To maintain a consistent level 
of activity within the reactor, a portion of the used catalyst is replaced with a 
new catalyst, resulting in a stable distribution of catalyst lifetime known as the 
equilibrium catalyst (ECAT). 

For our experiment, n-hexane was selected as a model feedstock since has 
been extensively used in literature to characterize the performances of solid 
acid catalysts, like zeolite, and FCC catalysts50-52. The reaction was investigated 
by following the coke formation over time using confocal fluorescence 
microscopy (CFM). This approach was possible owing to the fluorescent 
nature of the polyaromatic species composing the carbon deposit (emission 
580 nm) formed during the cracking reaction53. The experiment was 
performed in situ on a Nikon A1R HD25 confocal microscope configured with 
an Eclipse Ti2-E inverted microscope body, at 488 nm excitation.  

A calcined (500 °C with a ramp of 20 °C/min for 6h in an inert atmosphere 
of nitrogen) ECAT catalyst particle of 60 µm was loaded into the microreactor. 
After mounting the latter in the specific holder, it was safely fixed on the CFM 
stage with the gas line connected to the inlet and the exhaust to the outlet. The 
catalyst particle was heated at 350 °C and kept at this temperature for 30 min 
under an inert atmosphere with N2 (1 bar). The heaters were actuated and 
controlled using a myRIO controller (1900, National Instrument) and custom-
made LabView program. After the temperature was stabilized, the N2 flow of 
0.1 mL/min was redirected through a bubbler containing 2mL of n-hexane 
acting as carrier gas (see Figure 6). The coke fluorescence emission was 
detected with photomultiplier tubes (PMTs) set to collect emission light in the 
region of 510–720 nm. The CFM measurement was carried out after focusing 
on the middle plane of the particle. During the experiment, the CFM images 
were collected every second for 1h. The coke formation was then evaluated by 
measuring the mean intensity of the particle over time.  
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reciprocal of the temperature follows the Boltzmann statistics and can be used 
as a calibration curve for the measurement in the microreactor.  

For our calibration, impregnated FCC particles with NPs were loaded in 
the microreactor. The temperature-dependent luminescence was recorded for 
different set microheaters temperatures. The temperature relation between 
the NPs and the set temperature can be used to further calibrate the 
microheaters to achieve the desired temperature at the particle location. 

2.3.5 Pressure test 

To test the microreactor under pressure, it was connected to an N2 
cylinder. The flow and pressure of the gas were regulated by means of a 
pressure reducer, a mass flow controller (Bronkhorst EL-FLOW), and a 
backpressure regulator (Bronkhorst EL-PRESS). The latter attached to the 
outlet port of the holder allowed to set and control the pressure within the 
system. All these components were connected via stainless steel gas lines. 
Furthermore, flexible fused silica capillary (OD = 360 µm and ID = 100 µm) 
was used for connection to and from the microreactor system. Finally, the 
presence of possible leaks was checked by submerging the microreactor 
system as mounted in an ethanol bath and observing for any bubble 
formation. The microreactor was successfully tested up to 25 bar with no 
failure or damage of the capillary and no leaks were observed.  

2.3.6 Model reaction 

Fluid catalytic cracking (FCC) was selected as a suitable model catalytic 
system to test the applicability of our microreactor to measure and study the 
activity of a single catalyst particle under realistic conditions. FCC is one of the 
processes used in oil refineries to convert high molecular weight 
hydrocarbons to gasoline and propylene with the currently encouraging 
developments in the use of biomass45 and/or plastic waste as a viable 
alternative source of fuel46-48. It usually occurs at temperatures of 300-500 °C 
and atmospheric pressure45. FCC catalysts are complex heterogenous porous 
spherical particles with an average size of 70 µm. These contain zeolite 
domains, which represent the main acidic (Brønsted) active sites and a matrix 
responsible for the pre-cracking of large hydrocarbons that are limited in the 
penetration of the zeolitic micropore structure. Several deactivation processes 

 

occur during FCC operations. However, the main reason for deactivation is the 
formation of carbonaceous species, coke, on the catalyst particle, which is 
primarily composed of polyaromatic species49. To maintain a consistent level 
of activity within the reactor, a portion of the used catalyst is replaced with a 
new catalyst, resulting in a stable distribution of catalyst lifetime known as the 
equilibrium catalyst (ECAT). 

For our experiment, n-hexane was selected as a model feedstock since has 
been extensively used in literature to characterize the performances of solid 
acid catalysts, like zeolite, and FCC catalysts50-52. The reaction was investigated 
by following the coke formation over time using confocal fluorescence 
microscopy (CFM). This approach was possible owing to the fluorescent 
nature of the polyaromatic species composing the carbon deposit (emission 
580 nm) formed during the cracking reaction53. The experiment was 
performed in situ on a Nikon A1R HD25 confocal microscope configured with 
an Eclipse Ti2-E inverted microscope body, at 488 nm excitation.  

A calcined (500 °C with a ramp of 20 °C/min for 6h in an inert atmosphere 
of nitrogen) ECAT catalyst particle of 60 µm was loaded into the microreactor. 
After mounting the latter in the specific holder, it was safely fixed on the CFM 
stage with the gas line connected to the inlet and the exhaust to the outlet. The 
catalyst particle was heated at 350 °C and kept at this temperature for 30 min 
under an inert atmosphere with N2 (1 bar). The heaters were actuated and 
controlled using a myRIO controller (1900, National Instrument) and custom-
made LabView program. After the temperature was stabilized, the N2 flow of 
0.1 mL/min was redirected through a bubbler containing 2mL of n-hexane 
acting as carrier gas (see Figure 6). The coke fluorescence emission was 
detected with photomultiplier tubes (PMTs) set to collect emission light in the 
region of 510–720 nm. The CFM measurement was carried out after focusing 
on the middle plane of the particle. During the experiment, the CFM images 
were collected every second for 1h. The coke formation was then evaluated by 
measuring the mean intensity of the particle over time.  
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Figure 6: Schematic of the setup used to perform the hexane cracking reaction using the MEMS 
microreactor and confocal fluorescence microscopy (CFM) to detect the coke formation over 
time. The hexane vapor is supplied via N2 as a gas carrier using a glass bubbler. The flow rate is 
controlled by a mass flow meter and a bypass is installed over the bubbler to flush the 
microreactor with N2 prior to reaction while pre-heating the system. 

2.3.7 Holotomography setup 

Holotomographic scans were performed at the European Synchrotron 
Radiation Facility (ESRF, Grenoble France) on the beamline ID16b. The setup 
in Figure 7 involved using a Kirkpatrick-Baez mirror to focus X-rays into a 
nano beam, generating a conical beam. The propagating radiation was 
collected by a CMOS detector (PCO Edge 5.5 Camera) with a pixel size of 6.5 
µm and a resolution of 2560x2160 pixels. The microreactor was secured in the 
proper holder and successively mounted on the rotational stage. This was 
done via a proper baseplate that was designed and attached to the holder in 
order to ensure a perfect fit on the rotational stage present at the beamline.  

The field of view (FOV) and magnification could be adjusted by varying the 
distance between the sample and the secondary source. High-resolution scans 
of the entire particle were conducted with a 45 nm pixel size using an energy 
of 17.5 keV. The tomographic scan involved recording 3200 projections over a 
360-degree rotation for four different propagation distances between the 
sample and detector. The acquisition time for all four distances was 
approximately 20 minutes. The measurement involved the ex situ (without 
performing the catalytic reaction) characterization of an individual FCC ECAT 
catalyst particle previously loaded in the microreactor.  

 

 

Figure 7: Schematic diagram of the holotomography microscope at the beamline ID16b at the 
ESRF. The X-ray is focused into a nano beam by the Kirkpatrick-Baez (KB) mirror. The sample is 
positioned on the rotational stage which allows collecting scans at different angles for the 
tomography and varying the distance between the sample and the detector. The detector is 
located on the far right side of the image. The figure is adapted with permission from54. 

Data processing included phase retrieval calculation using a custom octave 
script based on the Paganin algorithm55 and 3D reconstruction using the 
filtered back projection algorithm implemented in PyHST256. Consistent phase 
retrieval and reconstruction methods were applied to all scans, and additional 
segmentation and resolution estimation were performed using Matlab and 
Avizo softwares.  

The experiment provided valuable information on the applicability (e.g. X-
ray transparency of the SiRN capillary, sample stability, accessible angles 
during rotation, etc.) of the microreactor system for high-resolution X-ray 
microscopy in holotomography configuration. 

2.4 Results 

2.4.1 Fabrication  

The fabrication result of the MEMS microreactor and holder (details in SI 
5) is shown in Figure 8. In Figure 8B, it is possible to appreciate the 
microreactor as mounted in the holder with half of it freely suspended to 
ensure the capillary is optically accessible for the 3D tomographic scan. 
Specifically, the microreactor main body thickness of 500 µm and the location 
of the capillary on the surface allow for 160 over 180 degrees for imaging.  
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Figure 6: Schematic of the setup used to perform the hexane cracking reaction using the MEMS 
microreactor and confocal fluorescence microscopy (CFM) to detect the coke formation over 
time. The hexane vapor is supplied via N2 as a gas carrier using a glass bubbler. The flow rate is 
controlled by a mass flow meter and a bypass is installed over the bubbler to flush the 
microreactor with N2 prior to reaction while pre-heating the system. 

2.3.7 Holotomography setup 

Holotomographic scans were performed at the European Synchrotron 
Radiation Facility (ESRF, Grenoble France) on the beamline ID16b. The setup 
in Figure 7 involved using a Kirkpatrick-Baez mirror to focus X-rays into a 
nano beam, generating a conical beam. The propagating radiation was 
collected by a CMOS detector (PCO Edge 5.5 Camera) with a pixel size of 6.5 
µm and a resolution of 2560x2160 pixels. The microreactor was secured in the 
proper holder and successively mounted on the rotational stage. This was 
done via a proper baseplate that was designed and attached to the holder in 
order to ensure a perfect fit on the rotational stage present at the beamline.  

The field of view (FOV) and magnification could be adjusted by varying the 
distance between the sample and the secondary source. High-resolution scans 
of the entire particle were conducted with a 45 nm pixel size using an energy 
of 17.5 keV. The tomographic scan involved recording 3200 projections over a 
360-degree rotation for four different propagation distances between the 
sample and detector. The acquisition time for all four distances was 
approximately 20 minutes. The measurement involved the ex situ (without 
performing the catalytic reaction) characterization of an individual FCC ECAT 
catalyst particle previously loaded in the microreactor.  

 

 

Figure 7: Schematic diagram of the holotomography microscope at the beamline ID16b at the 
ESRF. The X-ray is focused into a nano beam by the Kirkpatrick-Baez (KB) mirror. The sample is 
positioned on the rotational stage which allows collecting scans at different angles for the 
tomography and varying the distance between the sample and the detector. The detector is 
located on the far right side of the image. The figure is adapted with permission from54. 

Data processing included phase retrieval calculation using a custom octave 
script based on the Paganin algorithm55 and 3D reconstruction using the 
filtered back projection algorithm implemented in PyHST256. Consistent phase 
retrieval and reconstruction methods were applied to all scans, and additional 
segmentation and resolution estimation were performed using Matlab and 
Avizo softwares.  

The experiment provided valuable information on the applicability (e.g. X-
ray transparency of the SiRN capillary, sample stability, accessible angles 
during rotation, etc.) of the microreactor system for high-resolution X-ray 
microscopy in holotomography configuration. 

2.4 Results 

2.4.1 Fabrication  

The fabrication result of the MEMS microreactor and holder (details in SI 
5) is shown in Figure 8. In Figure 8B, it is possible to appreciate the 
microreactor as mounted in the holder with half of it freely suspended to 
ensure the capillary is optically accessible for the 3D tomographic scan. 
Specifically, the microreactor main body thickness of 500 µm and the location 
of the capillary on the surface allow for 160 over 180 degrees for imaging.  
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Figure 8: A) Image of the fabricated holder assembled with all the components and the MEMS 
microreactor. B) zoom-in of the microreactor as mounted in the holder, it is possible to see as 
only half of it is clamped in the holder. This configuration gives access to the free-standing 
capillary. C) Optical microscopy image showing the free-standing capillary of a fabricated device 
with the microheaters, the detection window, and the particle trap. Scale bar 100 µm. 

Finally, in Figure 8C, the zoom-in at the capillary allows for visualization 
of the key features present on the capillary, such as Pt microheaters, detection 
window, and particle trap as presented in the design section. 
The SEM in Figure 9 depicts the free-standing capillary as a result of the SCT 
fabrication.  

 

Figure 9: SEM image of the free-standing capillary after fabrication with a zoom-in showing the 
microchannel configuration with the flat roof, location of the microheaters and respective leads, 
and semicircular bottom. Scale bar left side 100 µm and right side 1 µm. 

 

2.4.2 Microheaters and Sensors characterization  

The average total resistance at room temperature of the microheaters H1 
and H2 was measured resulting in 660 Ω and 790 Ω respectively. The 
difference in the resistance values between the two microheaters is attributed 
to the different length of the leads from the pads to the meander heater. 

To calibrate the microheaters, the electrical resistance versus temperature 
dependence was evaluated using an oil bath as described in the methods 
section 2.3. The calibration responses exhibited high linearity (R2 of 0.9992 for 
H1 and R2 of 0.9996 for H2) in the evaluated temperature range (see SI 6, 
Figure S12A) The TCR obtained was 1.422 Ω/°C for H1 and 1.705 Ω/°C for H2 
with an off-set (R0) of 631.5 Ω and 755 Ω, respectively. After calibrating the 
applied voltage versus the resistance of the microheaters (see SI 6, Figure 
S12B), the sensitivity resulted in 0.01447 V/°C for H1 and 0.0204 V/°C for H2. 
The final temperature resolution was 0.32 °C and 0.23 °C for H1 and H2 
respectively using a 12-bit myRio 1900 microcontroller (nominal range of 
20V). The resolution achieved allowed a precise measurement and control of 
the temperature for both microheaters.  

The microheaters structure shows reversible operation without damage 
up to about 385°C applying a max voltage of about 6V to the microheaters and 
resulting in a current density within the limit for Pt thin film to avoid 
degradation by electromigration 57.  

2.4.3 Temperature NPs validation 

The temperature gradient along the detection window at the particle 
location was evaluated by means of temperature-dependent luminescent NPs. 
The successful loading (see Figure 10A) and NPs fluorescence signal were 
first verified via wide-field UV excitation (see Figure 10B). It was followed by 
luminescence measurement of the upconversion luminescence at different set 
temperatures upon excitation with 980 nm light. The set temperature was 
ensured by using the calibration curves VvsT for H1 and H2 as reported in the 
previous section 2.4.2.  
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Figure 8: A) Image of the fabricated holder assembled with all the components and the MEMS 
microreactor. B) zoom-in of the microreactor as mounted in the holder, it is possible to see as 
only half of it is clamped in the holder. This configuration gives access to the free-standing 
capillary. C) Optical microscopy image showing the free-standing capillary of a fabricated device 
with the microheaters, the detection window, and the particle trap. Scale bar 100 µm. 

Finally, in Figure 8C, the zoom-in at the capillary allows for visualization 
of the key features present on the capillary, such as Pt microheaters, detection 
window, and particle trap as presented in the design section. 
The SEM in Figure 9 depicts the free-standing capillary as a result of the SCT 
fabrication.  

 

Figure 9: SEM image of the free-standing capillary after fabrication with a zoom-in showing the 
microchannel configuration with the flat roof, location of the microheaters and respective leads, 
and semicircular bottom. Scale bar left side 100 µm and right side 1 µm. 

 

2.4.2 Microheaters and Sensors characterization  

The average total resistance at room temperature of the microheaters H1 
and H2 was measured resulting in 660 Ω and 790 Ω respectively. The 
difference in the resistance values between the two microheaters is attributed 
to the different length of the leads from the pads to the meander heater. 

To calibrate the microheaters, the electrical resistance versus temperature 
dependence was evaluated using an oil bath as described in the methods 
section 2.3. The calibration responses exhibited high linearity (R2 of 0.9992 for 
H1 and R2 of 0.9996 for H2) in the evaluated temperature range (see SI 6, 
Figure S12A) The TCR obtained was 1.422 Ω/°C for H1 and 1.705 Ω/°C for H2 
with an off-set (R0) of 631.5 Ω and 755 Ω, respectively. After calibrating the 
applied voltage versus the resistance of the microheaters (see SI 6, Figure 
S12B), the sensitivity resulted in 0.01447 V/°C for H1 and 0.0204 V/°C for H2. 
The final temperature resolution was 0.32 °C and 0.23 °C for H1 and H2 
respectively using a 12-bit myRio 1900 microcontroller (nominal range of 
20V). The resolution achieved allowed a precise measurement and control of 
the temperature for both microheaters.  

The microheaters structure shows reversible operation without damage 
up to about 385°C applying a max voltage of about 6V to the microheaters and 
resulting in a current density within the limit for Pt thin film to avoid 
degradation by electromigration 57.  

2.4.3 Temperature NPs validation 

The temperature gradient along the detection window at the particle 
location was evaluated by means of temperature-dependent luminescent NPs. 
The successful loading (see Figure 10A) and NPs fluorescence signal were 
first verified via wide-field UV excitation (see Figure 10B). It was followed by 
luminescence measurement of the upconversion luminescence at different set 
temperatures upon excitation with 980 nm light. The set temperature was 
ensured by using the calibration curves VvsT for H1 and H2 as reported in the 
previous section 2.4.2.  
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Figure 10: A) Optical microscopy image showing the so-prepared FCC particles impregnated 
with NPs loaded inside the microreactor capillary for the thermoluminescence measurement. 
B) wide-field image of the excited NPs to check the signal intensity through the capillary wall. C) 
Temperature as a function of the applied voltage at the microheaters, as voltage drop present 
through the meander microheaters without considering the leads dimension, with a comparison 
between the measured temperature at the microheaters location via RTD and at the particle 
location via NPs. Scale bar A) and B) is 50 µm. 

In Figure 10C, the measured temperature of the NPs and the Pt 
microheaters were compared and shown as a function of the applied voltage 
at the microheaters. The latter refers to the voltage drop present at the 
meander microheaters accounting for the different leads dimension and 
resulting total resistance value of H1 and H2. The temperature recorded by 
the NPs at the particle trap location revealed a small deviation from the set 
microheaters temperature. This confirmed the existence of a temperature 
gradient along the detection window due to the geometrical distance of both 
microheaters from the particle trap. It is important to mention that a rapid 
reduction of the NPs luminescence was observed at 300 °C due to NPs 
deactivation. This limited the possible calibration at temperatures above 300 
°C, but owing to the linear correlation observed, the extrapolation can be 
performed for higher temperatures.  

Finally, the NPs calibration in Figure 10C can be used to precisely set and 
control the temperature at particle position.  

 

2.4.4 n-hexane cracking experiment 

In situ n-hexane catalytic cracking reaction was performed to showcase 
the operability of the MEMS microreactor. A pre-calcined individual ECAT 
catalyst particle was loaded in the capillary, and the reaction was conducted at 
350 °C and atmospheric pressure. Confocal fluorescence microscopy was used 
to monitor the experiment. The microreactor enabled visible range 
spectroscopic detection without any noticeable autofluorescence or significant 
scattering, indicating successful monitoring of the reaction. The images in 
Figure 11A depict the same focal plane of the particle at different reaction 
times. Prior to the cracking reaction, the particle appeared to be already 
fluorescent, indicating coke residuals still present after the calcination step of 
the ECAT particles. However, the images show an increase in the spatial 
fluorescence intensity of the selected particle plane over time, indicating the 
proceeding of the reaction and thus successful microreactor operation.  

 

Figure 11: A) Fluorescent images of the same focal plane of a single ECAT particle during n-
hexane cracking reaction for different reaction times. The dashed lines are indicating the 
capillary walls and the scale bar is 20 µm. B) Fluorescence mean intensity of the particle plane 
plotted over time with the fitting curve and the resulting equation of the kinetic model as 
proposed by58.  

The resulting normalized mean intensity of the particle vs. time (Figure 
11B) provides insights into the coke formation rate. Although a kinetic 
analysis was beyond the aim of this project, by assuming the fluorescence 
intensity as quantitatively related to the coke species, a kinetic model was 
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Figure 10: A) Optical microscopy image showing the so-prepared FCC particles impregnated 
with NPs loaded inside the microreactor capillary for the thermoluminescence measurement. 
B) wide-field image of the excited NPs to check the signal intensity through the capillary wall. C) 
Temperature as a function of the applied voltage at the microheaters, as voltage drop present 
through the meander microheaters without considering the leads dimension, with a comparison 
between the measured temperature at the microheaters location via RTD and at the particle 
location via NPs. Scale bar A) and B) is 50 µm. 

In Figure 10C, the measured temperature of the NPs and the Pt 
microheaters were compared and shown as a function of the applied voltage 
at the microheaters. The latter refers to the voltage drop present at the 
meander microheaters accounting for the different leads dimension and 
resulting total resistance value of H1 and H2. The temperature recorded by 
the NPs at the particle trap location revealed a small deviation from the set 
microheaters temperature. This confirmed the existence of a temperature 
gradient along the detection window due to the geometrical distance of both 
microheaters from the particle trap. It is important to mention that a rapid 
reduction of the NPs luminescence was observed at 300 °C due to NPs 
deactivation. This limited the possible calibration at temperatures above 300 
°C, but owing to the linear correlation observed, the extrapolation can be 
performed for higher temperatures.  

Finally, the NPs calibration in Figure 10C can be used to precisely set and 
control the temperature at particle position.  

 

2.4.4 n-hexane cracking experiment 

In situ n-hexane catalytic cracking reaction was performed to showcase 
the operability of the MEMS microreactor. A pre-calcined individual ECAT 
catalyst particle was loaded in the capillary, and the reaction was conducted at 
350 °C and atmospheric pressure. Confocal fluorescence microscopy was used 
to monitor the experiment. The microreactor enabled visible range 
spectroscopic detection without any noticeable autofluorescence or significant 
scattering, indicating successful monitoring of the reaction. The images in 
Figure 11A depict the same focal plane of the particle at different reaction 
times. Prior to the cracking reaction, the particle appeared to be already 
fluorescent, indicating coke residuals still present after the calcination step of 
the ECAT particles. However, the images show an increase in the spatial 
fluorescence intensity of the selected particle plane over time, indicating the 
proceeding of the reaction and thus successful microreactor operation.  

 

Figure 11: A) Fluorescent images of the same focal plane of a single ECAT particle during n-
hexane cracking reaction for different reaction times. The dashed lines are indicating the 
capillary walls and the scale bar is 20 µm. B) Fluorescence mean intensity of the particle plane 
plotted over time with the fitting curve and the resulting equation of the kinetic model as 
proposed by58.  

The resulting normalized mean intensity of the particle vs. time (Figure 
11B) provides insights into the coke formation rate. Although a kinetic 
analysis was beyond the aim of this project, by assuming the fluorescence 
intensity as quantitatively related to the coke species, a kinetic model was 
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successfully applied to fit the experimental data. Specifically, a simplified 
kinetic model as proposed in literature58 was used to describe the coke 
formation during the catalytic cracking of hexane.  

[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐] = 𝑎𝑎𝑎𝑎�1 − 𝑐𝑐𝑐𝑐(−𝑘𝑘𝑘𝑘1𝑡𝑡𝑡𝑡)�+ 𝑏𝑏𝑏𝑏�1 − 𝑐𝑐𝑐𝑐(−𝑘𝑘𝑘𝑘2𝑡𝑡𝑡𝑡)�                                                    (1) 

In this model, the overall coke formation is described by two mechanisms: 
one mechanism involves the generation of coke molecules on the catalyst's 
active sites, while the other mechanism elucidates the subsequent 
enlargement of these coke molecules, which are both assumed to follow first-
order kinetics. The experimental data exhibited a good agreement with the 
abovementioned model with a R2 of 0.986. The slight disparity in the 
constants obtained from the fitting suggests that both mechanisms occur at 
the same rate. This indicates that the formation and growth of coke molecules 
are concurrent processes, occurring simultaneously and contributing to the 
overall increase in coke concentration over time. It is important to note that 
conducting a kinetic study on coke formation is beyond the scope of this 
project. However, this approach shows the possibility of performing in situ 
studies of catalytic reactions under realistic conditions using the so-developed 
MEMS-based microreactor.  

2.4.5 Holotomography test 

An individual FCC ECAT catalyst particle was imaged with 
holotomography using the MEMS-based microreactor. The measurement was 
performed after securing the microreactor in the proper holder and fastening 
the latter on the rotational stage as shown in Figure 12. After the mounted 
system was tested for rotation with attached cables (fused silica capillary and 
electric wires), a full tomography ex situ (without performing any catalytic 
reaction) of an entire particle was collected to assess the quality of the images. 

 

 

Figure 12: Photos showing the MEMS microreactor mounted on the X-ray nanoimaging setup at 
the ESRF (beamline ID16b). in the photo it is possible to recognize the X-ray source (1), the 
microreactor mounted on the rotational stage (2), and the X-ray camera (3). The zoom-in shows 
the MEMS microreactor on the rotational stage with the attached cables for the fluidic supply.  

Finally, the tomography was carried out by acquiring 2560 projections for 
four distances (source-sample) with a projection every 0.14°. After applying 
the phase retrieval, the tomography was reconstructed using Filtered Back 
Projection (FBP) algorithm obtaining an image stack of the capillary/particle 
cross-section (see Figure 13A). Figure 13B shows a single reconstructed slice 
of the imaged FCC particle. It is possible to observe the high quality obtained 
with few artifacts present for the missing wedges (20°) due to the 
microreactor geometry. Thus, a resolution of 239 nm was achieved (see SI 7) 
with negligible attenuation by the SiRN capillary walls and no sample 
movement during the rotation. In addition, the capillary structure and 
intensity are appropriate for use as an internal reference when comparing 
different tomographies. 
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successfully applied to fit the experimental data. Specifically, a simplified 
kinetic model as proposed in literature58 was used to describe the coke 
formation during the catalytic cracking of hexane.  

[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐] = 𝑎𝑎𝑎𝑎�1 − 𝑐𝑐𝑐𝑐(−𝑘𝑘𝑘𝑘1𝑡𝑡𝑡𝑡)�+ 𝑏𝑏𝑏𝑏�1 − 𝑐𝑐𝑐𝑐(−𝑘𝑘𝑘𝑘2𝑡𝑡𝑡𝑡)�                                                    (1) 

In this model, the overall coke formation is described by two mechanisms: 
one mechanism involves the generation of coke molecules on the catalyst's 
active sites, while the other mechanism elucidates the subsequent 
enlargement of these coke molecules, which are both assumed to follow first-
order kinetics. The experimental data exhibited a good agreement with the 
abovementioned model with a R2 of 0.986. The slight disparity in the 
constants obtained from the fitting suggests that both mechanisms occur at 
the same rate. This indicates that the formation and growth of coke molecules 
are concurrent processes, occurring simultaneously and contributing to the 
overall increase in coke concentration over time. It is important to note that 
conducting a kinetic study on coke formation is beyond the scope of this 
project. However, this approach shows the possibility of performing in situ 
studies of catalytic reactions under realistic conditions using the so-developed 
MEMS-based microreactor.  

2.4.5 Holotomography test 

An individual FCC ECAT catalyst particle was imaged with 
holotomography using the MEMS-based microreactor. The measurement was 
performed after securing the microreactor in the proper holder and fastening 
the latter on the rotational stage as shown in Figure 12. After the mounted 
system was tested for rotation with attached cables (fused silica capillary and 
electric wires), a full tomography ex situ (without performing any catalytic 
reaction) of an entire particle was collected to assess the quality of the images. 

 

 

Figure 12: Photos showing the MEMS microreactor mounted on the X-ray nanoimaging setup at 
the ESRF (beamline ID16b). in the photo it is possible to recognize the X-ray source (1), the 
microreactor mounted on the rotational stage (2), and the X-ray camera (3). The zoom-in shows 
the MEMS microreactor on the rotational stage with the attached cables for the fluidic supply.  

Finally, the tomography was carried out by acquiring 2560 projections for 
four distances (source-sample) with a projection every 0.14°. After applying 
the phase retrieval, the tomography was reconstructed using Filtered Back 
Projection (FBP) algorithm obtaining an image stack of the capillary/particle 
cross-section (see Figure 13A). Figure 13B shows a single reconstructed slice 
of the imaged FCC particle. It is possible to observe the high quality obtained 
with few artifacts present for the missing wedges (20°) due to the 
microreactor geometry. Thus, a resolution of 239 nm was achieved (see SI 7) 
with negligible attenuation by the SiRN capillary walls and no sample 
movement during the rotation. In addition, the capillary structure and 
intensity are appropriate for use as an internal reference when comparing 
different tomographies. 
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Figure 13: A) the schematization of the image stack after the reconstruction procedure of the 
projections recorder for different angles. B) a single slice from the stack showing the particle in 
the microreactor capillary. Scale bar 15 µm 

2.5 Conclusion 

In this chapter, we proposed a novel MEMS microreactor suitable for high-
resolution XRM of individual catalyst particles under realistic reaction 
conditions. The device, consisting of a free-standing capillary over a 
monolithic silicon chip, has been successfully designed and fabricated by using 
the SCT lithographic process. The trapping of a single catalyst particle has 
been achieved by means of 4 vertical trenches embedded in the capillary. This 
feature allowed keeping the particle in the detection window while flowing 
gas/liquid reactants. Moreover, a proper holder has been developed to 
interface the fluidic and electrical connections on the microreactor and be 
compatible with the XRM setups.  

Temperatures up to 400 °C were obtained by means of Pt microheaters 
allocated in close proximity to the detection window, ensuring localized 
heating and precise control of the reaction temperature. The temperature in 
the detection window has been validated by calibrating the temperature using 
thermoluminescent NPs impregnated on a single catalyst particle up to their 
degradation point (300 °C). Moreover, our microreactor was tested up to 25 
bar providing a new tool for studying a wide variety of catalytic reactions and 
systems, mimicking industrial conditions.  

 

The microreactor operability was showcased by performing n-hexane 
catalytic cracking at 350 °C and atmospheric pressure. The reaction was 
followed with CFM, monitoring in situ the formation of fluorescent carbon 
deposits on a single ECAT particle. The results were in agreement with a 
simplified kinetic model proposed in the literature thus confirming the 
functioning of our microreactor. 

Finally, its compatibility with an XRM setup has been validated by imaging 
a single catalyst particle using holotomography at the beamline ID16b (ESRF, 
Grenoble). High-resolution (50 nm) images were achieved owing to the 
transparency of the SiRN microchannel walls with no movement of the sample 
during the 3D tomographic scan.  

The proposed MEMS microreactor can be therefore used to study in 
situ/operando heterogeneous catalytic reactions at the single particle level 
using XRM. The method can provide a fundamental understanding of the 
activity and deactivation of the catalyst at work under unprecedented 
conditions of temperature and pressure.  
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SI 1 Heat transfer COMSOL simulation  

A COMSOL simulation was conducted to determine the optimal geometry 
and power requirements of the microheaters. These are responsible for 
heating up the reagents and catalyst particles in the microreactor capillary to 
perform the reaction at the desired temperature. The microheaters consist of 
an electrically resistive layer (platinum, Pt) deposited on the external surface 
of the capillary in close proximity to the detection window (above and below 
it). The Pt layer is responsible for Joule heating (Eq. S1) when a voltage is 
applied to it.  

𝑃𝑃𝑃𝑃 =  𝑄𝑄𝑄𝑄𝑒𝑒𝑒𝑒
𝑡𝑡𝑡𝑡

=  𝑉𝑉𝑉𝑉
2

𝑅𝑅𝑅𝑅
                     (S1) 

With P is the power (energy per unit time) converted from electrical energy to 
thermal energy [W], Qe is the amount of heat generated [J], t is the time [s], V is 
the voltage drop across the element [V], and R is the element resistance [Ω].  
The material properties (e.g. composition, thermal stress, electrical 
conductivity) and the geometry of the layer (e.g. thickness, winding width, 
number of width) determine the amount of heat produced. Moreover, the 
substrate properties play a role in the heat transfer and final temperature 
experienced in the microreactor at the particle location.  

In our specific geometry, depicted in Figure 1 or Figure S1, the system 
comprises three layers: the SiRN substrate, a 20 nm tantalum (Ta) adhesion 
layer, and a 200 nm Pt layer. The Ta and Pt layers are designed with a 
meander shape to ensure a more uniform distribution of heat. The COMSOL 
model has been limited to the free-standing capillary with a total length of 2 
mm resembling the real microreactor design. To simulate the electrically 
generated heat, the Electric Currents, Layered Shell interface from the AC/DC 
Module were employed. The Thin Layer feature was utilized to model the thin 
metal film, which is one order of magnitude smaller in dimension than the 
capillary wall thickness. The governing equation is:  

∇𝑡𝑡𝑡𝑡 ∙ (−𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑∇𝑡𝑡𝑡𝑡𝑉𝑉𝑉𝑉) = 0                    (S2) 

where d is the thin layer’s thickness [m], σ is the electric conductivity [S/m], V 
is the electric potential [V], and denotes the gradient operator in the tangential 
directions. To simulate the heat transfer within the thin conducting layer, the 
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With P is the power (energy per unit time) converted from electrical energy to 
thermal energy [W], Qe is the amount of heat generated [J], t is the time [s], V is 
the voltage drop across the element [V], and R is the element resistance [Ω].  
The material properties (e.g. composition, thermal stress, electrical 
conductivity) and the geometry of the layer (e.g. thickness, winding width, 
number of width) determine the amount of heat produced. Moreover, the 
substrate properties play a role in the heat transfer and final temperature 
experienced in the microreactor at the particle location.  

In our specific geometry, depicted in Figure 1 or Figure S1, the system 
comprises three layers: the SiRN substrate, a 20 nm tantalum (Ta) adhesion 
layer, and a 200 nm Pt layer. The Ta and Pt layers are designed with a 
meander shape to ensure a more uniform distribution of heat. The COMSOL 
model has been limited to the free-standing capillary with a total length of 2 
mm resembling the real microreactor design. To simulate the electrically 
generated heat, the Electric Currents, Layered Shell interface from the AC/DC 
Module were employed. The Thin Layer feature was utilized to model the thin 
metal film, which is one order of magnitude smaller in dimension than the 
capillary wall thickness. The governing equation is:  

∇𝑡𝑡𝑡𝑡 ∙ (−𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑∇𝑡𝑡𝑡𝑡𝑉𝑉𝑉𝑉) = 0                    (S2) 

where d is the thin layer’s thickness [m], σ is the electric conductivity [S/m], V 
is the electric potential [V], and denotes the gradient operator in the tangential 
directions. To simulate the heat transfer within the thin conducting layer, the 

Thesis_Final Version_afterPP.indd   53Thesis_Final Version_afterPP.indd   53 23/10/2023   10:20:4323/10/2023   10:20:43



54

Chapter 2 

Thin Layer feature from the Heat Transfer in Solids was used. The heat 
generation per unit area [W/m2] within the thin layer is defined as follows:  

𝑞𝑞𝑞𝑞ℎ = 𝑑𝑑𝑑𝑑𝑄𝑄𝑄𝑄𝜀𝜀𝜀𝜀                      (S3) 

Where 𝑄𝑄𝑄𝑄𝜀𝜀𝜀𝜀 = 𝐽𝐽𝐽𝐽 ∙ 𝐸𝐸𝐸𝐸 = 𝑑𝑑𝑑𝑑|∇𝑡𝑡𝑡𝑡𝑉𝑉𝑉𝑉|2 is the power density [W/m3]. The produced heat 
results as an inward heat flux on the surface of the capillary. 

Under steady-state conditions, the resistive metal layer dissipates the 
generated heat in two ways: upward to the surrounding air (at 20°C) by 
convection and radiation, and downward to the SiRN capillary substrate by 
conduction. The SiRN substrate, in turn, dissipates heat through conduction 
along the capillary substrate and to the fluid inside the capillary, and by 
convection and radiation to the surrounding air. The heat fluxes to the 
surrounding are defined using heat transfer coefficients (h) and surface 
emissivity (ε). The heat transfer was modeled using the Heat Transfer in 
Solids and Fluids module, which computes the following heat balance on the 
described system, as heat flux [W/m2] 

∇ ∙ (−𝑐𝑐𝑐𝑐∇𝑇𝑇𝑇𝑇) = 0                    (S4) 

Where k is the thermal conductivity of the material [W/(m K)] and 𝛻𝛻𝛻𝛻𝑇𝑇𝑇𝑇 is the 
temperature gradient across the material [K/m]. The equation S4 was 
resolved considering the following boundary condition:  

−n ∙ (−𝑐𝑐𝑐𝑐∇𝑇𝑇𝑇𝑇) = 𝑞𝑞𝑞𝑞0 + ℎ(𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡 − 𝑇𝑇𝑇𝑇) + 𝜀𝜀𝜀𝜀𝑑𝑑𝑑𝑑(𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡4 − 𝑇𝑇𝑇𝑇4) − ∇𝑡𝑡𝑡𝑡 ∙ (−𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡∇𝑡𝑡𝑡𝑡𝑇𝑇𝑇𝑇)            (S5) 

Here, n denotes the normal vector of the boundary, k represents thermal 
conductivity [W/(m·K)], h is the heat transfer film coefficient [100 W/(m2·K)], 
and Text is the temperature of the surrounding medium [K]. 𝜀𝜀𝜀𝜀 the emissivity of 
material [-] and 𝑑𝑑𝑑𝑑 the Stefan-Boltzmann constant [W/(m2 K4)]. The last term 
on the right-hand side accounts for the additional flux contributed by the thin 
conducting layer, and the constant ks denotes the thermal conductivity within 
the layer [W/(m·K)]. This term is only applicable to boundaries where the 
layer is present. Similarly, the inward heat flux q0 is equivalent to qh but it 
becomes negligible elsewhere. 

 

 

The simulation results show the temperature profile inside the capillary 
applying 5V and resulting in a temperature at the heaters location of approx. 
340 °C.  

Table S1: Material properties used in the model 

Material k [W/(m K)] ε 
Platinum 71.6 0.9 

SiRN 20 0.7 

Air -0.0023+0.00012 T - 
 

 

Figure S1: COMSOL simulation depicting joule heating and heat transfer in a microreactor 
capillary. A) Three-dimensional geometry showcasing the boundary conditions implemented 
for the simulation. B) Simulation outcome revealing the response to an applied potential of 5V, 
with the maximum temperature recorded at 337°C. C) Axial temperature profile along the 
capillary, plotted by tracing a line passing through its center, showcasing the temperature 
distribution within the system. 
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generation per unit area [W/m2] within the thin layer is defined as follows:  

𝑞𝑞𝑞𝑞ℎ = 𝑑𝑑𝑑𝑑𝑄𝑄𝑄𝑄𝜀𝜀𝜀𝜀                      (S3) 

Where 𝑄𝑄𝑄𝑄𝜀𝜀𝜀𝜀 = 𝐽𝐽𝐽𝐽 ∙ 𝐸𝐸𝐸𝐸 = 𝑑𝑑𝑑𝑑|∇𝑡𝑡𝑡𝑡𝑉𝑉𝑉𝑉|2 is the power density [W/m3]. The produced heat 
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Where k is the thermal conductivity of the material [W/(m K)] and 𝛻𝛻𝛻𝛻𝑇𝑇𝑇𝑇 is the 
temperature gradient across the material [K/m]. The equation S4 was 
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Here, n denotes the normal vector of the boundary, k represents thermal 
conductivity [W/(m·K)], h is the heat transfer film coefficient [100 W/(m2·K)], 
and Text is the temperature of the surrounding medium [K]. 𝜀𝜀𝜀𝜀 the emissivity of 
material [-] and 𝑑𝑑𝑑𝑑 the Stefan-Boltzmann constant [W/(m2 K4)]. The last term 
on the right-hand side accounts for the additional flux contributed by the thin 
conducting layer, and the constant ks denotes the thermal conductivity within 
the layer [W/(m·K)]. This term is only applicable to boundaries where the 
layer is present. Similarly, the inward heat flux q0 is equivalent to qh but it 
becomes negligible elsewhere. 

 

 

The simulation results show the temperature profile inside the capillary 
applying 5V and resulting in a temperature at the heaters location of approx. 
340 °C.  

Table S1: Material properties used in the model 

Material k [W/(m K)] ε 
Platinum 71.6 0.9 

SiRN 20 0.7 

Air -0.0023+0.00012 T - 
 

 

Figure S1: COMSOL simulation depicting joule heating and heat transfer in a microreactor 
capillary. A) Three-dimensional geometry showcasing the boundary conditions implemented 
for the simulation. B) Simulation outcome revealing the response to an applied potential of 5V, 
with the maximum temperature recorded at 337°C. C) Axial temperature profile along the 
capillary, plotted by tracing a line passing through its center, showcasing the temperature 
distribution within the system. 
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SI 2 Holder technical drawing 

 

Figure S2: Technical drawing top part of microreactor holder comprising top, bottom, and sides 
view. All the dimensions are in mm.  

 

 

SI 3 Masks used in the fabrication process as described in 
section 2.3.1 

The masks used in the process flow were designed in CleWin and are 
shown in the figures below. They consist of 7 masks: the first mask is used to 
etch the surface microchannel into the silicon substrate through a pattern 
composed of 3 parallel etching slits; the second mask allows to etch off the 
fluidic port on the back side of the silicon wafer compared to the previous 
step; the third mask is used to create the vertical trenches composing the 
particle trap; The fourth mask is used to deposit thin film structure, like 
microheaters and electric pads; the fifth mask allows to deposit the AlOx layer; 
the sixth mask is used to create electronic access onto the electric pads; the 
last mask is used to etch the breaking grooves used to eventually release the 
single chip obtaining the free-standing capillary.  

 

Figure S3: Channel mask used to etch the microchannel on the surface of the silicon substrate. 
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Figure S4: Fluidic ports mask used to etch the holes on the back side of the silicon wafer to 
access the microchannel on the opposite surface.  

 

Figure S5: Trenches mask to form the SiRN vertical trenches along the channel.  

 

 

 

Figure S6: Metal thin layer mask used for patterning of thin film structures, such as 
microheaters. 

 

Figure S7: AlOx mask to deposit a thin insulating layer on top of the chip to prevent oxidation 
or degradation of the Pt microheaters. 
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Figure S4: Fluidic ports mask used to etch the holes on the back side of the silicon wafer to 
access the microchannel on the opposite surface.  

 

Figure S5: Trenches mask to form the SiRN vertical trenches along the channel.  

 

 

 

Figure S6: Metal thin layer mask used for patterning of thin film structures, such as 
microheaters. 

 

Figure S7: AlOx mask to deposit a thin insulating layer on top of the chip to prevent oxidation 
or degradation of the Pt microheaters. 
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Figure S8: Bond mask to pattern the electric accesses onto the electric pads.  

 

Figure S9: Release mask to etch the silicon substrate in order to define the chip dimension and 
facilitate the cutting and separation of the chips on the wafer. 

 

 

SI 4 NPs luminescence Vs temperature calibration 

 

Figure S10: A) Temperature luminescence of the NaYF4:Er3+ NPs used for the temperature 
validation of the MEMS microreactor. B) calibration curve obtained for the NPs by plotting the 
logarithm of the ratio I2/I1 against the reciprocal temperature in Kelvin 1/T. 

SI 5  Holder fabrication result 

 

Figure S11: A) Photo showing the fabricated holder highlighting the key features present on 
the front (left) and top side (right) of the stainless steel component of the holder. B) Photo 
showing the plastic clamp with the PCB to interface the microheaters. 
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Figure S8: Bond mask to pattern the electric accesses onto the electric pads.  

 

Figure S9: Release mask to etch the silicon substrate in order to define the chip dimension and 
facilitate the cutting and separation of the chips on the wafer. 
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Figure S10: A) Temperature luminescence of the NaYF4:Er3+ NPs used for the temperature 
validation of the MEMS microreactor. B) calibration curve obtained for the NPs by plotting the 
logarithm of the ratio I2/I1 against the reciprocal temperature in Kelvin 1/T. 

SI 5  Holder fabrication result 

 

Figure S11: A) Photo showing the fabricated holder highlighting the key features present on 
the front (left) and top side (right) of the stainless steel component of the holder. B) Photo 
showing the plastic clamp with the PCB to interface the microheaters. 
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SI 6 Temperature heaters calibration  

The Temperature coefficients of resistance (TCR) for both microheatrs 
present on the microreactor were determined using the oil immersion 
method. Figure S12A shows the resistance calibration resulting in a TCR of 
1.422 Ω/°C and 1.705 Ω/°C for H1 and H2 respectively. An offset of 755 Ω for 
H1 and 631.5 Ω for H2. The measure of linearity, R2, is 0.9992 and 0.9996 for 
H1 and H2 respectively. The sensitivity of the microheaters employed as 
sensors were obtained by calibrating the resistance with the applied voltage 
and using the TvsR relation previously mentioned to finally achieve the 
relation between voltage and temperature. Figure S12B shows the linear 
fitting to determine the sensitivity which is equal to 0.0204 V/°C and 0.01447 
V/°C for H1 and H2 respectively (calculated as the reciprocal of the slope of 
the fitted curves). The measure of linearity, R2, is 0.9921 and 0.9950 for H1 
and H2 respectively. 

 

Figure S12: A) Calibration of the microheaters resistance with the temperature performed by 
oil immersion. B) Linear fitting to obtain the sensitivity of the microheaters employed as 
sensors. 

SI 7 Resolution estimation 

The resolution of a tomography slice can be estimated using the "10-90" 
method1, which involves measuring the Full Width at Half Maximum (FWHM) 
of a distinct feature in the reconstructed image. This entails identifying the 
points where the intensity reaches 10% and 90% of the maximum value on 

 

 

either side of the feature and measuring the distance between them. Dividing 
the FWHM by a factor of 2.35 yields the resolution. This estimation provides 
valuable insight into the spatial resolution, enabling the evaluation of the level 
of detail that can be discerned in the tomography slice. 

 

Figure S13: Estimation of the scan resolution of an FCC particle imaged inside the microreactor 
with X-ray holotomography. A) Virtual cut through the FCC particle. B) zoom-in of the region 
(capillary wall) selected for estimation of the resolution with the line profile used to determine 
using C) the 10-90 method the achieved resolution of 5.32 voxel that translates in a resolution 
of 239.4 nm having a pixel size of 45 nm. 
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SI 6 Temperature heaters calibration  

The Temperature coefficients of resistance (TCR) for both microheatrs 
present on the microreactor were determined using the oil immersion 
method. Figure S12A shows the resistance calibration resulting in a TCR of 
1.422 Ω/°C and 1.705 Ω/°C for H1 and H2 respectively. An offset of 755 Ω for 
H1 and 631.5 Ω for H2. The measure of linearity, R2, is 0.9992 and 0.9996 for 
H1 and H2 respectively. The sensitivity of the microheaters employed as 
sensors were obtained by calibrating the resistance with the applied voltage 
and using the TvsR relation previously mentioned to finally achieve the 
relation between voltage and temperature. Figure S12B shows the linear 
fitting to determine the sensitivity which is equal to 0.0204 V/°C and 0.01447 
V/°C for H1 and H2 respectively (calculated as the reciprocal of the slope of 
the fitted curves). The measure of linearity, R2, is 0.9921 and 0.9950 for H1 
and H2 respectively. 

 

Figure S12: A) Calibration of the microheaters resistance with the temperature performed by 
oil immersion. B) Linear fitting to obtain the sensitivity of the microheaters employed as 
sensors. 
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The resolution of a tomography slice can be estimated using the "10-90" 
method1, which involves measuring the Full Width at Half Maximum (FWHM) 
of a distinct feature in the reconstructed image. This entails identifying the 
points where the intensity reaches 10% and 90% of the maximum value on 

 

 

either side of the feature and measuring the distance between them. Dividing 
the FWHM by a factor of 2.35 yields the resolution. This estimation provides 
valuable insight into the spatial resolution, enabling the evaluation of the level 
of detail that can be discerned in the tomography slice. 

 

Figure S13: Estimation of the scan resolution of an FCC particle imaged inside the microreactor 
with X-ray holotomography. A) Virtual cut through the FCC particle. B) zoom-in of the region 
(capillary wall) selected for estimation of the resolution with the line profile used to determine 
using C) the 10-90 method the achieved resolution of 5.32 voxel that translates in a resolution 
of 239.4 nm having a pixel size of 45 nm. 
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3
In Situ Study of Mass Transfer Limitations 

in Plastic Waste Conversion over a Single Catalyst Particle 
using a MEMS-based Microreactor for High-Resolution X-ray 

Microscopy

Plastic waste disposal poses a significant environmental challenge due to its 
persistence and ability to accumulate in the food chain, impacting both human 
and ecosystem health. Catalytic pyrolysis represents an attractive technique 
to convert plastic waste into valuable products due to its flexibility towards 
feedstocks and utilization of existing oil refineries. To optimize plastic waste 
degradation over zeolite-based catalysts, mass transfer limitations and spatial 
changes in pore structure caused by polymer intrusion and coke formation af-
ter cracking need to be investigated. Characterizing the process in situ requires 
techniques and devices that allow for 3D imaging of catalyst particles during 
plastic melting and cracking. This study presents a new method to perform in 
situ 3D analysis of individual catalyst particles using synchrotron-based hard 
X-ray tomography imaging techniques. The combination of hard X-ray holoto-
mography with the innovative micro-electromechanical system (MEMS)-based 
microreactor (presented in chapter 2) allowed for the first time the direct ob-
servation of polymer melting and cracking over a single catalyst particle, po-
tentially providing spatially resolved information on the polymer intrusion and 
changes in the catalyst pore space. In this chapter, we describe the relevance of 
the proposed method and elaborate on the possible improvements in the meas-

urements and data analysis.
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3.1 Introduction 

The widespread use of plastic materials has led to steady growth in their 
consumption due to their versatility and relatively low cost1,2. Despite these 
advantages, plastic waste disposal remains a significant environmental 
challenge because of the chemical inertness of most polymers. The 
accumulation of plastic waste in landfills and natural environments is a 
growing concern for both the environment and human health3,4. Particularly, 
the formation of micro- and nanoplastics poses a significant environmental 
threat5 due to their persistence, ability to accumulate in the food chain, toxicity 
to aquatic life, and impact on human4 and ecosystem health. Global production 
and disposal rates of plastic are on the rise, while current recycling rates are 
estimated at a meager 9 wt%6,7,8. Furthermore, about an estimated 12 wt% of 
plastic is incinerated, contributing to climate change due to the CO2 emitted 
during incineration9. Therefore, there is an urgent need to develop sustainable 
solutions to limit the environmental and health consequences of plastic waste 
disposal.  

To address this issue, innovative solutions are required to improve plastic 
waste management, reduce waste production, and promote recycling. Among 
the currently used strategies, mechanical recycling techniques10,11 are 
attractive due to the low energy demand. The process typically involves plastic 
melting and re-extruding, but it often results in degraded plastic properties. 
On the other hand, chemical routes can convert plastic to its monomers or 
valuable products12,13,14 through e.g. solvolysis, gasification, hydrocracking, and 
pyrolysis, which currently represent the most common conversion process for 
biomass and plastic waste15,16.  

It consists of a thermal treatment (400−700 °C) taking place under an 
inert atmosphere, either with or without the use of a catalyst. Particularly, 
catalytic pyrolysis can be considered an efficient technique due to its 
advantages such as the flexibility of feedstocks and the conversion of plastic 
waste into gasoline-like products13,17. Moreover, the approach involves the 
utilization of existing oil refineries, which can reduce the need for additional 
investment in new infrastructure and make use of the existing knowledge and 
expertise on the oil refinery process. The reaction mechanism of plastic waste 
catalytic pyrolysis is indeed similar to the well-known fluid catalytic cracking 
(FCC)18,19, in which vacuum gas oil (VGO) is converted into gasoline and 

 

propylene in the presence of a solid catalyst with acidic sites20,21 (zeolites). FCC 
catalyst has been used to pyrolyze various forms of plastic waste22,23,24,25,26,27, 
showing high liquid oil (>C5 aromatic and aliphatic hydrocarbons) yields28. 
Recently, FCC catalysts have been used and compared for polypropylene 
cracking29, identifying product distribution and possible limitations in the 
approach.30,31,32 For instance, the high viscosity of plastic results in low contact 
with the catalyst surface, which can translate into reduced reaction efficiency. 
This aspect strongly influences the degradation process, as it hinders the 
direct entry of long-chain polymer molecules into the acid sites of the 
catalyst's micropores, resulting in restricted access and slow mass transfer25,33.  

Therefore, to understand and optimize plastic waste degradation over 
zeolite-based catalysts, mass transfer limitations should be investigated. In 
addition, the spatial change of pore structure caused by polymer intrusion and 
coke formation related to catalytic performance remains to be revealed.  
To gain those information 3D analysis would allow the observation of the 
catalytic process and changes in porous architecture. For this purpose, 
synchrotron-based hard X-ray tomography imaging techniques have emerged 
as important non-destructive tools for 3D studies for spatially resolved 
information on thick (tens of microns) and opaque materials34,35,36,37,38.  
As regards FCC catalysts, hard X-ray methods have been used to assess single-
particle morphology39 and composition, providing insights into the catalyst 
pore structure40, activity, and deactivation mechanism41,42,43. Recently, Vesely et 
al. revealed the effects of carbon deposits within single catalyst bodies using 
hard X-ray holotomography44. The approach consisted of imaging a single 
(coked) catalyst particle before and after calcination to reveal the spatial 
distribution of coke within the pore space. The study opened up the possibility 
of visualizing weakly absorbing organic phases (low atomic number elements, 
i.e. carbonaceous species, polymers) at the macro-pore scale (>50 nm) by hard 
X-rays. To implement the technique for in situ studies, the main experimental 
challenges are related to the design and fabrication of devices permeable to X-
rays, additionally allowing for the control of the sample environment. In the 
literature, few devices have been proposed to address those requirements and 
investigate catalysts with hard X-ray microscopy techniques38,45 with 
limitations in the precise control of the experimental conditions (temperature 
and pressure).  
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3.1 Introduction 

The widespread use of plastic materials has led to steady growth in their 
consumption due to their versatility and relatively low cost1,2. Despite these 
advantages, plastic waste disposal remains a significant environmental 
challenge because of the chemical inertness of most polymers. The 
accumulation of plastic waste in landfills and natural environments is a 
growing concern for both the environment and human health3,4. Particularly, 
the formation of micro- and nanoplastics poses a significant environmental 
threat5 due to their persistence, ability to accumulate in the food chain, toxicity 
to aquatic life, and impact on human4 and ecosystem health. Global production 
and disposal rates of plastic are on the rise, while current recycling rates are 
estimated at a meager 9 wt%6,7,8. Furthermore, about an estimated 12 wt% of 
plastic is incinerated, contributing to climate change due to the CO2 emitted 
during incineration9. Therefore, there is an urgent need to develop sustainable 
solutions to limit the environmental and health consequences of plastic waste 
disposal.  

To address this issue, innovative solutions are required to improve plastic 
waste management, reduce waste production, and promote recycling. Among 
the currently used strategies, mechanical recycling techniques10,11 are 
attractive due to the low energy demand. The process typically involves plastic 
melting and re-extruding, but it often results in degraded plastic properties. 
On the other hand, chemical routes can convert plastic to its monomers or 
valuable products12,13,14 through e.g. solvolysis, gasification, hydrocracking, and 
pyrolysis, which currently represent the most common conversion process for 
biomass and plastic waste15,16.  

It consists of a thermal treatment (400−700 °C) taking place under an 
inert atmosphere, either with or without the use of a catalyst. Particularly, 
catalytic pyrolysis can be considered an efficient technique due to its 
advantages such as the flexibility of feedstocks and the conversion of plastic 
waste into gasoline-like products13,17. Moreover, the approach involves the 
utilization of existing oil refineries, which can reduce the need for additional 
investment in new infrastructure and make use of the existing knowledge and 
expertise on the oil refinery process. The reaction mechanism of plastic waste 
catalytic pyrolysis is indeed similar to the well-known fluid catalytic cracking 
(FCC)18,19, in which vacuum gas oil (VGO) is converted into gasoline and 

 

propylene in the presence of a solid catalyst with acidic sites20,21 (zeolites). FCC 
catalyst has been used to pyrolyze various forms of plastic waste22,23,24,25,26,27, 
showing high liquid oil (>C5 aromatic and aliphatic hydrocarbons) yields28. 
Recently, FCC catalysts have been used and compared for polypropylene 
cracking29, identifying product distribution and possible limitations in the 
approach.30,31,32 For instance, the high viscosity of plastic results in low contact 
with the catalyst surface, which can translate into reduced reaction efficiency. 
This aspect strongly influences the degradation process, as it hinders the 
direct entry of long-chain polymer molecules into the acid sites of the 
catalyst's micropores, resulting in restricted access and slow mass transfer25,33.  

Therefore, to understand and optimize plastic waste degradation over 
zeolite-based catalysts, mass transfer limitations should be investigated. In 
addition, the spatial change of pore structure caused by polymer intrusion and 
coke formation related to catalytic performance remains to be revealed.  
To gain those information 3D analysis would allow the observation of the 
catalytic process and changes in porous architecture. For this purpose, 
synchrotron-based hard X-ray tomography imaging techniques have emerged 
as important non-destructive tools for 3D studies for spatially resolved 
information on thick (tens of microns) and opaque materials34,35,36,37,38.  
As regards FCC catalysts, hard X-ray methods have been used to assess single-
particle morphology39 and composition, providing insights into the catalyst 
pore structure40, activity, and deactivation mechanism41,42,43. Recently, Vesely et 
al. revealed the effects of carbon deposits within single catalyst bodies using 
hard X-ray holotomography44. The approach consisted of imaging a single 
(coked) catalyst particle before and after calcination to reveal the spatial 
distribution of coke within the pore space. The study opened up the possibility 
of visualizing weakly absorbing organic phases (low atomic number elements, 
i.e. carbonaceous species, polymers) at the macro-pore scale (>50 nm) by hard 
X-rays. To implement the technique for in situ studies, the main experimental 
challenges are related to the design and fabrication of devices permeable to X-
rays, additionally allowing for the control of the sample environment. In the 
literature, few devices have been proposed to address those requirements and 
investigate catalysts with hard X-ray microscopy techniques38,45 with 
limitations in the precise control of the experimental conditions (temperature 
and pressure).  
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Herein, we combined the use of hard X-ray holotomography with an 
innovative micro-electromechanical system (MEMS)-based microreactor. This 
allowed us to perform and image in situ and in 3D for the first time the 
dynamic of polymer intrusion after melting and cracking over a single FCC 
catalyst particle. The developed device consists of a monolithic silicon chip 
with a free-standing capillary equipped with heaters and vertical trenches as 
particles trap. The particle spatial confinement ensures its position is always 
in the field of view during the analysis. The thin silicon-rich nitride (SiRN) 
capillary wall makes X-ray attenuation in the hard regime negligible, and the 
free-standing capillary configuration allows optical access to almost 180°. The 
presence of the heaters near the particle trap allows for precise local heating 
in the microreactor, so polymer melting and cracking temperatures could be 
obtained in the capillary. Polypropylene (PP) beads were loaded in the 
microreactor with a single FCC particle and imaged after in situ polymer 
melting and cracking. The current study confirms the applicability of the 
proposed device and method to potentially reveal insights regarding polymer 
to catalyst contact and changes in its pore space during the process. The 
preliminary data processing procedure is reported and follows the one 
proposed by Vesely et al.44, and further advances for both experimental 
approach and analysis are discussed to improve the image resolution and to 
get insightful data interpretation.  

3.2 Experimental methods 

3.2.1 Preliminary test using Dark-field microscopy 

Preliminary experiments were performed by using an optical microscope 
to assess the experiment's feasibility and efficacy using the MEMS-based 
microreactor presented in Chapter 2. The microreactor was loaded with a 
single FCC catalyst particle and polypropylene beads (VISCOL 330P, Sanyo 
Chemical Industries) with a melting temperature of 152°C (see SI 1, Figure 
S1). The experiment was performed in situ by using dark field microscopy, to 
enhance the contrast of the specimen and to be able to distinguish the polymer 
beads in the capillary, otherwise transparent in bright field configuration. The 
microreactor was mounted in the holder and secured on the microscope stage, 
as shown in Figure 1. 

 

 
Figure 1: Picture of the experimental setup used to perform and image plastic (PP) melting and 
cracking over a single FCC catalyst particle. The microreactor was first saturated with N2 and 
then the heaters were actuated up to the melting and cracking temperatures by using a 
microcontroller actuated via a custom LabView program.  

Initially, the chip holder was connected to an N2 gas line through a fused 
silica capillary to obtain an inert atmosphere in the capillary. To induce 
polymer melting, the sample was heated to a temperature of 150 °C with a 
ramp rate of 10 °C min-1. By recording a movie as the temperature in the 
capillary gradually increased, we were able to capture the dilation of PP beads 
and their melting. The second step consisted of reaching the cracking 
temperatures. Therefore, the temperature was set to 300 °C with a ramp rate 
of 20 °C min-1. As the temperature increased, the polymer’s viscosity 
decreased, and once the system reached 300 °C a change in the color of the 
FCC is observed. This is indicative of plastic conversion and consequent coke 
formation and deposition on the catalyst (see Figure 2).  
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in the microreactor, so polymer melting and cracking temperatures could be 
obtained in the capillary. Polypropylene (PP) beads were loaded in the 
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to catalyst contact and changes in its pore space during the process. The 
preliminary data processing procedure is reported and follows the one 
proposed by Vesely et al.44, and further advances for both experimental 
approach and analysis are discussed to improve the image resolution and to 
get insightful data interpretation.  

3.2 Experimental methods 

3.2.1 Preliminary test using Dark-field microscopy 

Preliminary experiments were performed by using an optical microscope 
to assess the experiment's feasibility and efficacy using the MEMS-based 
microreactor presented in Chapter 2. The microreactor was loaded with a 
single FCC catalyst particle and polypropylene beads (VISCOL 330P, Sanyo 
Chemical Industries) with a melting temperature of 152°C (see SI 1, Figure 
S1). The experiment was performed in situ by using dark field microscopy, to 
enhance the contrast of the specimen and to be able to distinguish the polymer 
beads in the capillary, otherwise transparent in bright field configuration. The 
microreactor was mounted in the holder and secured on the microscope stage, 
as shown in Figure 1. 

 

 
Figure 1: Picture of the experimental setup used to perform and image plastic (PP) melting and 
cracking over a single FCC catalyst particle. The microreactor was first saturated with N2 and 
then the heaters were actuated up to the melting and cracking temperatures by using a 
microcontroller actuated via a custom LabView program.  

Initially, the chip holder was connected to an N2 gas line through a fused 
silica capillary to obtain an inert atmosphere in the capillary. To induce 
polymer melting, the sample was heated to a temperature of 150 °C with a 
ramp rate of 10 °C min-1. By recording a movie as the temperature in the 
capillary gradually increased, we were able to capture the dilation of PP beads 
and their melting. The second step consisted of reaching the cracking 
temperatures. Therefore, the temperature was set to 300 °C with a ramp rate 
of 20 °C min-1. As the temperature increased, the polymer’s viscosity 
decreased, and once the system reached 300 °C a change in the color of the 
FCC is observed. This is indicative of plastic conversion and consequent coke 
formation and deposition on the catalyst (see Figure 2).  
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Figure 2: Optical images of polymer beads melting and cracking in situ over a single FCC catalyst 
particle using the MEMS-based microreactor. A-C) were recorded while heating the system to 
150°C. A) is the initial step, in which it’s possible to distinguish the heater, polymer, and catalyst 
particle in the chip capillary. In B) the polymer beads dilate due to the increased temperature 
and C) shows the molten polymer. D-F) Cracking step performed in the chip at 300°C. As the 
reaction proceeds, the particle color is turning to black due to the formation of carbonaceous 
species on the particle. Scale bar 100 µm. 

The test revealed the applicability of the device to study the process, as 
both the melting and cracking of the polymer were successfully induced and 
visualized. Additionally, it was observed that the FCC particle was embedded 
in the molten polymer, resulting in restricted particle movement along the 
capillary during the reaction as compared to its initial position. This 
represents a convenient aspect of in situ imaging, ensuring that the particle 
stays in the field of view (FOV) throughout the process. 
To visualize the polymer intrusion and particle changes in the pore network 
during the process, there is a need for 3D imaging to increase the spatial 

 

resolution. This could be obtained utilizing X-ray microscopy (e.g., 
holotomography).  

3.2.2 Setup holotomography  

The imaging with hard X-ray holotomography was performed at the 
beamline P05 of the PETRA III storage ring at the Deutsches Elektronen 
Synchrotron (DESY, Hamburg), and the experimental setup is schematically 
shown in Figure 346,47. For the measurements, the X-ray beam is first 
monochromized using a Si-111 double crystal monochromator (DCM)46 to an 
energy of 17 keV and then focused by a Fresnel zone plate (FZP)48 determining 
the achievable spatial resolution. A scintillator-based fiber-coupled scientific 
detector with a pixel size of 6.5 µm and a resolution of 2048×2048 pixels from 
Photonic Science is utilized to capture the Fresnel diffraction patterns 
produced by the object. To ensure precise imaging, a beamstop was positioned 
near the FZP, blocking the unfocused beam. Additionally, order sorting 
apertures (OSA) were used to further refine the beam.  

 

Figure 3: A) Overview of the beamline P05 with relevant hardware components and their 
distances to the source. B) experimental setup for the X-ray holotomography. Figure reproduced 
with permissions from Flenner et al.47  
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150°C. A) is the initial step, in which it’s possible to distinguish the heater, polymer, and catalyst 
particle in the chip capillary. In B) the polymer beads dilate due to the increased temperature 
and C) shows the molten polymer. D-F) Cracking step performed in the chip at 300°C. As the 
reaction proceeds, the particle color is turning to black due to the formation of carbonaceous 
species on the particle. Scale bar 100 µm. 

The test revealed the applicability of the device to study the process, as 
both the melting and cracking of the polymer were successfully induced and 
visualized. Additionally, it was observed that the FCC particle was embedded 
in the molten polymer, resulting in restricted particle movement along the 
capillary during the reaction as compared to its initial position. This 
represents a convenient aspect of in situ imaging, ensuring that the particle 
stays in the field of view (FOV) throughout the process. 
To visualize the polymer intrusion and particle changes in the pore network 
during the process, there is a need for 3D imaging to increase the spatial 

 

resolution. This could be obtained utilizing X-ray microscopy (e.g., 
holotomography).  

3.2.2 Setup holotomography  

The imaging with hard X-ray holotomography was performed at the 
beamline P05 of the PETRA III storage ring at the Deutsches Elektronen 
Synchrotron (DESY, Hamburg), and the experimental setup is schematically 
shown in Figure 346,47. For the measurements, the X-ray beam is first 
monochromized using a Si-111 double crystal monochromator (DCM)46 to an 
energy of 17 keV and then focused by a Fresnel zone plate (FZP)48 determining 
the achievable spatial resolution. A scintillator-based fiber-coupled scientific 
detector with a pixel size of 6.5 µm and a resolution of 2048×2048 pixels from 
Photonic Science is utilized to capture the Fresnel diffraction patterns 
produced by the object. To ensure precise imaging, a beamstop was positioned 
near the FZP, blocking the unfocused beam. Additionally, order sorting 
apertures (OSA) were used to further refine the beam.  

 

Figure 3: A) Overview of the beamline P05 with relevant hardware components and their 
distances to the source. B) experimental setup for the X-ray holotomography. Figure reproduced 
with permissions from Flenner et al.47  

Thesis_Final Version_afterPP.indd   73Thesis_Final Version_afterPP.indd   73 23/10/2023   10:20:4723/10/2023   10:20:47



74

Chapter 3

The microreactor holder was mounted on a high precision rotation stage 
and could be moved along the optical axis on an air-bearing slider up to a 
defocus distance of 5 μm. The detector was placed in an adjacent experimental 
hutch at a maximum sample-to-detector distance of 22 m to obtain high image 
magnification without the use of optics and therefore limiting the introduction 
of further artifacts (e.g. aberrations)50. A field of view of 105 μm was used for 
the experiments, with a final voxel size of 102 nm. Approximately 2 h were 
required per sample for mounting, alignment and holotomography. The fast 
scan time and large working distance made the setup suitable for in situ 
experiments. At every source-to-sample distance, 1267 projections were 
acquired over an angular range of 180° resulting in a projection every 0.14°. 

The microreactor with polymer beads and an FCC particle was secured in 
the holder and mounted on the rotational stage as shown in Figure 4. Initially, 
the sample was roughly aligned in the X-ray beam path using an optical 
microscope with a large FOV. Subsequently, the X-ray microscope was 
employed to achieve precise alignment of the sample with respect to both the 
center of rotation and the desired final FOV. 

 

Figure 4: A) Pictures of the MEMS microreactor mounted on the nanotomography endstation 
for in situ measurements at beamline P05 of DESY. B) Zoom-in of the microreactor and free-
standing capillary mounted in a stainless steel holder of adjustable height. The electrical 
connection to the heaters is obtained through a PCB. 

 

3.2.3 Polymer melting and cracking over FCC particle imaged via 
holotomography 

Before the experiments, the microchannel was filled with N2 to ensure an 
inert atmosphere needed for the pyrolysis. The first tomographic scan was 
performed at room temperature. Then, the temperature was increased to 150 
°C with a ramp of 10 °C/min. After this, the heater was turned off and the 
reactor was cooled down to collect another tomography with the molten 
polymer.  
Finally, the temperature was increased to 300 °C to induce the catalytic 
cracking reaction and a tomographic scan was performed afterwards. Images 
of the particle in the microchannel were acquired with a stereomicroscope at 
the beginning and the end of the experiment (see SI 2, Figure S2), revealing 
that the particle color changed from white to black due to the presence of 
carbon deposits on the surface and thus confirming the success of the polymer 
cracking.  

3.2.4 Phase retrieval, Image reconstruction, and Segmentation 

Phase retrieval is an essential step in hard X-ray holotomography, as it 
refers to the reconstruction of the projected phase images from the collected 
diffraction patterns. Those 2D images of the projected phase shift of the 
sample represent the basis for the tomographic reconstruction of the 3D 
relative electron density distribution of the sample.  
Holotomography can make use of various iterative phase retrieval algorithms, 
such as iterative alternating projections49 providing the 2D projections as 
output. Those are aligned with respect to the center of rotation to account for 
any sample movement and motor errors. Following the phase retrieval 
procedure, tomographic reconstruction is carried out using the filter back 
projection (FBP) algorithm. This step enables the creation of a 3D model of the 
sample's electron density, providing detailed insights into its structural 
composition and potentially allowing for quantitative mapping of the electron 
density and material composition. The resulting information is crucial in 
understanding the properties and behavior of the specimen under study. The 
electron density distribution of the sample was transformed into a 16-bit 
integer format for its 3D visualization, followed by additional processing. Data 
were also normalized with respect to the intensity capillary wall of the 

Thesis_Final Version_afterPP.indd   74Thesis_Final Version_afterPP.indd   74 23/10/2023   10:20:4823/10/2023   10:20:48



3

75

In Situ Study of Mass Transfer Limitations in Plastic Waste Conversion over a Single Catalyst Particle 
using a MEMS-based Microreactor for High-Resolution X-ray Microscopy

The microreactor holder was mounted on a high precision rotation stage 
and could be moved along the optical axis on an air-bearing slider up to a 
defocus distance of 5 μm. The detector was placed in an adjacent experimental 
hutch at a maximum sample-to-detector distance of 22 m to obtain high image 
magnification without the use of optics and therefore limiting the introduction 
of further artifacts (e.g. aberrations)50. A field of view of 105 μm was used for 
the experiments, with a final voxel size of 102 nm. Approximately 2 h were 
required per sample for mounting, alignment and holotomography. The fast 
scan time and large working distance made the setup suitable for in situ 
experiments. At every source-to-sample distance, 1267 projections were 
acquired over an angular range of 180° resulting in a projection every 0.14°. 

The microreactor with polymer beads and an FCC particle was secured in 
the holder and mounted on the rotational stage as shown in Figure 4. Initially, 
the sample was roughly aligned in the X-ray beam path using an optical 
microscope with a large FOV. Subsequently, the X-ray microscope was 
employed to achieve precise alignment of the sample with respect to both the 
center of rotation and the desired final FOV. 

 

Figure 4: A) Pictures of the MEMS microreactor mounted on the nanotomography endstation 
for in situ measurements at beamline P05 of DESY. B) Zoom-in of the microreactor and free-
standing capillary mounted in a stainless steel holder of adjustable height. The electrical 
connection to the heaters is obtained through a PCB. 

 

3.2.3 Polymer melting and cracking over FCC particle imaged via 
holotomography 

Before the experiments, the microchannel was filled with N2 to ensure an 
inert atmosphere needed for the pyrolysis. The first tomographic scan was 
performed at room temperature. Then, the temperature was increased to 150 
°C with a ramp of 10 °C/min. After this, the heater was turned off and the 
reactor was cooled down to collect another tomography with the molten 
polymer.  
Finally, the temperature was increased to 300 °C to induce the catalytic 
cracking reaction and a tomographic scan was performed afterwards. Images 
of the particle in the microchannel were acquired with a stereomicroscope at 
the beginning and the end of the experiment (see SI 2, Figure S2), revealing 
that the particle color changed from white to black due to the presence of 
carbon deposits on the surface and thus confirming the success of the polymer 
cracking.  

3.2.4 Phase retrieval, Image reconstruction, and Segmentation 

Phase retrieval is an essential step in hard X-ray holotomography, as it 
refers to the reconstruction of the projected phase images from the collected 
diffraction patterns. Those 2D images of the projected phase shift of the 
sample represent the basis for the tomographic reconstruction of the 3D 
relative electron density distribution of the sample.  
Holotomography can make use of various iterative phase retrieval algorithms, 
such as iterative alternating projections49 providing the 2D projections as 
output. Those are aligned with respect to the center of rotation to account for 
any sample movement and motor errors. Following the phase retrieval 
procedure, tomographic reconstruction is carried out using the filter back 
projection (FBP) algorithm. This step enables the creation of a 3D model of the 
sample's electron density, providing detailed insights into its structural 
composition and potentially allowing for quantitative mapping of the electron 
density and material composition. The resulting information is crucial in 
understanding the properties and behavior of the specimen under study. The 
electron density distribution of the sample was transformed into a 16-bit 
integer format for its 3D visualization, followed by additional processing. Data 
were also normalized with respect to the intensity capillary wall of the 
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microreactor, to perform a direct comparison of the images over the different 
experimental steps. 

Finally, the AvizoTM software package by Thermo Fisher Scientific Inc. was 
used for the post-processing of the reconstructed images. Typically, the images 
are represented using a grayscale color map, where lower electron density 
values are associated with white pixels (voxels), while higher electron density 
values are represented by black pixels. The images were masked and then 
segmented into their corresponding pore space and solid phase in MATLAB via 
k-means clustering algorithm50, or manual thresholding in case of artifacts. 
Further data statistical analysis to assess polymer intrusion was performed 
using MATLAB. 

3.3 Results and Discussion 

The presented data elaboration is intended as preliminary, so it is 
important to recognize that further experiments are required to confirm and 
validate the reported findings and approach to data analysis. This study 
represents the first attempt at conducting in situ polymer melting and cracking 
in a microreactor coupled with hard X-ray holotomography, and both 
elaboration and data interpretation is not straightforward as there are no 
established findings to build upon and support the described methods. We 
report the steps for the data elaboration, which follows the approach reported 
by Vesely et al.44 

3.3.1 Evaluation of plastic intrusion and cracking 

The particle was imaged A) before, B) after the polymer melting, and C) 
after the cracking reaction (Figure 5). The experimental settings and setup 
remained unchanged during the holotomography data acquisition of the three 
steps and therefore, the changes in the greyscale values (electron density) in 
the datasets compared to the initial step are due to the polymer intrusion and 
coke formation respectively.  

 

 

Figure 5: The same 2D virtual slice through the registered volume images of the FCC particle. A) 
at the beginning of the experiment, B) after the polymer melting, and C) after the polymer 
cracking. The white and black pixels (voxels) correspond to low and high electron density 
values, respectively. Despite the low contrast, it is possible to distinguish the molten polymer 
around the particle and the capillary. Scale bar is 10μm. 

The achieved image resolution (see SI 3) allowed for the identification of 
particle macropores above 600 nm. In Figure 5B despite the low contrast, it is 
still possible to discern the presence of the molten polymer as it wets both the 
particle and the capillary while in the third step (Figure 5C), no plastic was 
detected hinting towards its conversion via catalytic cracking. The affinity 
between the polymer and the particle results in a good wetting of the catalyst 
surface.  

By analyzing the mean particle intensity at each stage, one can 
qualitatively observe the progression of the cracking reaction. The shift 
towards more negative gray value intensities in steps B) (-0.0151 ± 0.0023) 
and C) (-0.0134 ± 0.0029) indicates an increase in electron density with 
respect to the step A) (-0.0116 ± 0.0030), ascribable to the presence of the 
polymer and carbonaceous species respectively.  

To compare the different steps, the tomographies were first aligned (see SI 
4), and the alignment quality was assessed using Scale-Invariant Feature 
Transform (SIFT) algorithm (see SI 5). This was performed to ensure that the 
mean displacement between the dataset after alignment lies within the 
achieved effective resolution. Then, to localize the polymer in the porous 
particle, differential contrast X-ray holotomography analysis was carried out 
by subtracting the X-ray holotomography data sets of step B) and step A) (see 
SI 6). The values of the resulting difference were fitted with a Gaussian 
function, and the deviation from the Gaussian function for positive values 
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The achieved image resolution (see SI 3) allowed for the identification of 
particle macropores above 600 nm. In Figure 5B despite the low contrast, it is 
still possible to discern the presence of the molten polymer as it wets both the 
particle and the capillary while in the third step (Figure 5C), no plastic was 
detected hinting towards its conversion via catalytic cracking. The affinity 
between the polymer and the particle results in a good wetting of the catalyst 
surface.  

By analyzing the mean particle intensity at each stage, one can 
qualitatively observe the progression of the cracking reaction. The shift 
towards more negative gray value intensities in steps B) (-0.0151 ± 0.0023) 
and C) (-0.0134 ± 0.0029) indicates an increase in electron density with 
respect to the step A) (-0.0116 ± 0.0030), ascribable to the presence of the 
polymer and carbonaceous species respectively.  

To compare the different steps, the tomographies were first aligned (see SI 
4), and the alignment quality was assessed using Scale-Invariant Feature 
Transform (SIFT) algorithm (see SI 5). This was performed to ensure that the 
mean displacement between the dataset after alignment lies within the 
achieved effective resolution. Then, to localize the polymer in the porous 
particle, differential contrast X-ray holotomography analysis was carried out 
by subtracting the X-ray holotomography data sets of step B) and step A) (see 
SI 6). The values of the resulting difference were fitted with a Gaussian 
function, and the deviation from the Gaussian function for positive values 
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ensured that we were above the noise level. A threshold was applied in 
correspondence to the deviation, to segment the particle matrix and polymer 
(see Figure 6).  

 

Figure 6: Reconstructed volumes of the entire FCC particle A) surface and B) cross-section after 
polymer melting and intrusion in the macro-pores. In the latter volume, the pores filled with the 
polymer are highlighted in purple. 

To get information on the polymer intrusion in the catalyst pore space, we 
reported the distribution of plastic voxels relative to the fraction of pore voxels 
at different radial distances from the surface to the center of the particle (see 
SI 7). This radial distribution indicates that the plastic material is present 
along the whole particle, with 70% of the total pore volume being filled. Some 
empty pores are still present probably due to the scarce accessibility related to 
their geometry (connectivity) or surface wettability. 

3.4 Conclusion and Outlook 

The current study validates the potential of the proposed MEMS-based 
microreactor and hard X-ray holotomography for investigating polymer-
catalyst interactions and pore space changes during the catalytic pyrolysis of 
plastic. PP melting and cracking over the FCC particle were successfully 
performed in situ, and the microreactor showed compatibility with imaging via 
hard X-ray holotomography. Despite small movements caused by the plastic 
melting, the presence of the trap in the capillary allowed us to keep the 

 

particle always in the field of view and allowed for alignment over the 3 steps 
necessary for their direct comparison. The images' grayscale values were 
normalized with respect to the capillary wall which was always in the FOV and 
represents an additional internal standard (together with air outside the 
capillary) to make the comparison quantitative. The phase contrast obtained 
proves the capability of the method to distinguish different phases within the 
particle. Preliminary image processing and analysis provided qualitative 
insights into the polymer intrusion in the particle macropore space, resulting 
in 70% of pores filled with PP. The incomplete filling of the FCC particle pore 
space can be attributed to its complex, heterogeneous, and hierarchical nature, 
in which some pores may be isolated or poorly connected, leading to restricted 
diffusion. Due to the complex and heterogeneous structure of FCC particles, it 
would also be beneficial to test different combinations of polymers and 
catalysts (e.g. fresh, equilibrium) to assess how changes in surface wettability 
influence the overall process.  

To further enhance the research outcomes, improvements in image 
resolution are needed from both experimental and data analysis perspectives. 
The presence of artifacts during the measurements decreases the resolution, 
introducing uncertainties in the analysis. To improve the overall quality of the 
measurements, tomographies should be acquired at different distances (i.e., 
magnifications) between the sample and the detector, improving the signal-to-
noise ratio and reducing the impact of artifacts in the phase retrieval step. 
Moreover, performing two consecutive tomographies of the same sample 
under identical conditions facilitates the possibility of quantitative analysis 
and also provides reliable error evaluation as originated from the 
measurement. This evaluation of measurement errors enhances the accuracy 
and reliability of the tomographic data and enables a more comprehensive 
assessment of the sample and process. 
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SI 7). This radial distribution indicates that the plastic material is present 
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performed in situ, and the microreactor showed compatibility with imaging via 
hard X-ray holotomography. Despite small movements caused by the plastic 
melting, the presence of the trap in the capillary allowed us to keep the 
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necessary for their direct comparison. The images' grayscale values were 
normalized with respect to the capillary wall which was always in the FOV and 
represents an additional internal standard (together with air outside the 
capillary) to make the comparison quantitative. The phase contrast obtained 
proves the capability of the method to distinguish different phases within the 
particle. Preliminary image processing and analysis provided qualitative 
insights into the polymer intrusion in the particle macropore space, resulting 
in 70% of pores filled with PP. The incomplete filling of the FCC particle pore 
space can be attributed to its complex, heterogeneous, and hierarchical nature, 
in which some pores may be isolated or poorly connected, leading to restricted 
diffusion. Due to the complex and heterogeneous structure of FCC particles, it 
would also be beneficial to test different combinations of polymers and 
catalysts (e.g. fresh, equilibrium) to assess how changes in surface wettability 
influence the overall process.  

To further enhance the research outcomes, improvements in image 
resolution are needed from both experimental and data analysis perspectives. 
The presence of artifacts during the measurements decreases the resolution, 
introducing uncertainties in the analysis. To improve the overall quality of the 
measurements, tomographies should be acquired at different distances (i.e., 
magnifications) between the sample and the detector, improving the signal-to-
noise ratio and reducing the impact of artifacts in the phase retrieval step. 
Moreover, performing two consecutive tomographies of the same sample 
under identical conditions facilitates the possibility of quantitative analysis 
and also provides reliable error evaluation as originated from the 
measurement. This evaluation of measurement errors enhances the accuracy 
and reliability of the tomographic data and enables a more comprehensive 
assessment of the sample and process. 
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SI 1 Differential scanning calorimetry of the polymer 

Differential scanning calorimetry (DSC) was conducted with the 
polypropylene sample using a Mettler Toledo DSC 3 STARe system. To examine 
the specific material properties and the thermal history of a sample, the 
sample was heated above the melting point at a defined heating rate. 5 ± 1 mg 
polymer was heated in aluminum sample pans from -60 °C or -30 °C to 250 °C, 
at 10 °C min-1 The melting points were determined as the first peak in the 
thermogram of the first heating cycle. 

 

Figure S1: DSC curves of the two commercial polymers used in this study. The peaks in the 
curves correspond to the melting points, resulting at 144 °C for the 660P sample and 152 °C for 
the 330P sample respectively. 
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SI 2 Bright-field images of the PP beads and FCC particles in the 
microreactor before and after the reaction 

 

Figure S2: Optical images of the channel of the microreactor A) before and B) after cracking. 
The capillary contained 2 PP beads and 2 FCC particles, with the highlighted being the one 
imaged during the melting and cracking processes. Scale bar 200 µm. 

SI 3 X-ray holotomography spatial resolution estimation 

The X-ray holotomography resolution was estimated by following the 
workflow from Holler1. The approach consists of identifying distinctive 
features in the virtual 2D slice, choosing a line segment (red line in Figure 
S3A), and generating an intensity plot along that line. The line analysis was 
performed on the capillary wall for all three samples. The intensity plot 
displays the 10%-90% criteria and determines the edge resolution by 
measuring the distance (indicated by vertical dashed lines). The resolution of 
the tomography 1) resulted to be equal to 568 nm, 2) to 557 nm, and 3) to 483 
nm considering a voxel size of 102 nm.  

 

 

 

Figure S3: A) Example of a line scan used to evaluate the resolution of the recorded data. B) 
Intensity line plot showing the effective voxel resolution of 5.5436 resulting in a final resolution 
of 568 nm. 

SI 4 Registration of datasets 

The volume images obtained from the holotomography measurements 
were aligned using the registration tool within the Avizo 9.4 software package 
(Thermo Fisher Scientific, UK). The volume image of the first step was used as 
a reference, and the volume data for the particle with the polymer and coke 
particle was adjusted for translation, rotation, shear, and scaling. To achieve 
precise alignment, a rough registration was initially carried out based on the 
binary total particle volume (TPV) of each particle, which includes both the 
particle volume and the pore space. In the next step, a second alignment 
iteration was conducted starting from the grayscale volume images derived 
from the previous registration. The registration algorithm employed least 
squares minimization between corresponding pixels in the two images.  

SI 5 Alignment precision assessment  

Scale-Invariant Feature Transform (SIFT) procedure is a widely used 
computer vision algorithm for extracting and matching distinctive features in 
images and is known for its robustness to various transformations, such as 
scaling and rotation. SIFT was used to find identical local features in 2D slices 
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and to assess the alignment precision, a triplet of virtual slices was analyzed in 
the planes x-y. In total, the algorithm detected 20 pairs of distinctive features 
between the slice of the particle in steps A) and C). Among these, 14 were 
recognized in step B). The result is ascribable to the presence of the polymer 
inside the particle which influences the overall contrast and reduces the 
possibility to recognize the same features. Then, the mean square 
displacement for each pair was calculated. The average displacement value 
between A) and C) resulted to be 3.17 voxels, with a standard deviation of 2.24 
voxels. Between slices A) and B), an average value of 3.83 voxels with a 
standard deviation of 2.75 voxels was found. Additionally, between slices B) 
and C), the average displacement value was 3.05 voxels, with a standard 
deviation of 2.90 voxels. Therefore, in each of the reported cases, the 
alignment precision as mean displacement is smaller than the achieved 
effective resolution. Figure S4 reports the positions of the identified features 
denoted by red squares.  

 

Figure S4: SIFT analysis results for the data alignment precision for a virtual slice in the plane x-
y in the central position (slice=200). The features recognized are highlighted as red squares for 
the particle slice A) at the beginning of the experiment, B) after the polymer melting, and C) 
after the polymer cracking. 

SI 6 Thresholding of differential X-ray holotomography data to 
determine the polymer distribution 

A direct comparison between the X-ray holotomography datasets of the 
step with the melted polymer and the initial step was obtained by direct 
subtraction. To do so, the inverted grayscale values of the particle tomography 
were used (positive values for high electron density, negative values for low 

 

 

electron density elements). This process results in a volumetric representation 
that incorporates both positive and negative values. (Figure S5), ascribable to 
the noise in the data. The histogram of the difference values was then fitted 
with a Gaussian function optimizing the fit to the negative part of the 
histogram. The curve provided clear evidence that voxels exhibit positive 
values exceeding the noise level. Subsequently, this threshold was utilized to 
segment the data and recognize voxels containing polymer (voxels with values 
greater than or equal to 0.0044).  

 
Figure S5: Distribution of gray value difference between the X-ray holotomography data sets of 
the measurements before and after polymer melting and intrusion. The histogram was fitted 
using a Gaussian function, with a focus on optimizing the fit to the negative portion of the 
distribution. The right panel of the figure highlights the deviation of the histogram from the 
noise distribution, specifically around the threshold value of X. This threshold value was 
employed to segment the data into two categories: empty voxels (with values below X) and 
voxels containing polymer. 

SI 7 Radial analysis 

The radial distribution2,3 of the polymer within the catalyst pore structure 
was evaluated from the analysis of the PP melting step. Initially, the total 
particle volume (TPV) was generated, reporting the binarized image in which 
voxels belonging to the particle’s volume have a value of 1. Then, the particle 
mask was divided into shells with a thickness of 1 voxel, obtained by 
subtracting the eroded mask of 1 voxel from the original mask. This erosion 
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process is iterated until reaching the center of the particle. To obtain the 
number of voxels referred to as the pore space, the tomography of step 1) was 
segmented by using the k-means clustering algorithm4, by which matrix and 
pore space were recognized. This allowed the evaluation of the voxels 
indicating the pores. Then, for each shell, the fraction of plastic voxels over the 
pore voxels was determined. The results suggest that the polymer is present 
all over the particle radius. However, caution should be exercised when 
interpreting the volume fraction in shells close to or at the center, as they may 
contain only a few voxels and may not be statistically significant for accurate 
characterization of the particle's composition. 

 
Figure S6: Radial distribution of the fraction of plastic voxels to the pore voxels. The graph 
indicates the distribution of the polymer within the particle and its presence across the entire 
radius. In the radial analysis, the last 5–10% (grey area) is usually ignored due to the minimal 
voxels per shell present at diminished particle volumes, which falls into a statistically 
insignificant range. 

  

 

 

Supporting references 

1 Holler, M. et al. X-ray ptychographic computed tomography at 16 nm isotropic 3D 
resolution. Scientific Reports. 4, 1–5 (2014). 

2 Meirer, F. et al. Life and death of a single catalytic cracking particle. Science 
Advances. 1, e1400199 (2015). 

3 Meirer, F. et al. Mapping metals Incorporation of a whole single catalyst particle 
using element specific X-ray nanotomography. Journal of the American Chemical 
Society. 137, 102–105 (2015). 

4 Arthur, D. & Vassilvitskii, S. K-means++: The advantages of careful seeding. 
Proceedings of the Eighteenth Annual ACM-SIAM Symposium on Discrete 
Algorithms, 1027–1035 (2007).  

Thesis_Final Version_afterPP.indd   90Thesis_Final Version_afterPP.indd   90 23/10/2023   10:20:5323/10/2023   10:20:53



3

91

Supporting Information

process is iterated until reaching the center of the particle. To obtain the 
number of voxels referred to as the pore space, the tomography of step 1) was 
segmented by using the k-means clustering algorithm4, by which matrix and 
pore space were recognized. This allowed the evaluation of the voxels 
indicating the pores. Then, for each shell, the fraction of plastic voxels over the 
pore voxels was determined. The results suggest that the polymer is present 
all over the particle radius. However, caution should be exercised when 
interpreting the volume fraction in shells close to or at the center, as they may 
contain only a few voxels and may not be statistically significant for accurate 
characterization of the particle's composition. 

 
Figure S6: Radial distribution of the fraction of plastic voxels to the pore voxels. The graph 
indicates the distribution of the polymer within the particle and its presence across the entire 
radius. In the radial analysis, the last 5–10% (grey area) is usually ignored due to the minimal 
voxels per shell present at diminished particle volumes, which falls into a statistically 
insignificant range. 

  

 

 

Supporting references 

1 Holler, M. et al. X-ray ptychographic computed tomography at 16 nm isotropic 3D 
resolution. Scientific Reports. 4, 1–5 (2014). 

2 Meirer, F. et al. Life and death of a single catalytic cracking particle. Science 
Advances. 1, e1400199 (2015). 

3 Meirer, F. et al. Mapping metals Incorporation of a whole single catalyst particle 
using element specific X-ray nanotomography. Journal of the American Chemical 
Society. 137, 102–105 (2015). 

4 Arthur, D. & Vassilvitskii, S. K-means++: The advantages of careful seeding. 
Proceedings of the Eighteenth Annual ACM-SIAM Symposium on Discrete 
Algorithms, 1027–1035 (2007).  

Thesis_Final Version_afterPP.indd   91Thesis_Final Version_afterPP.indd   91 23/10/2023   10:20:5323/10/2023   10:20:53



Thesis_Final Version_afterPP.indd   92Thesis_Final Version_afterPP.indd   92 23/10/2023   10:20:5323/10/2023   10:20:53



4
Local Pressure Characterization 

of the MEMS-based Microreactor by using Xenon Imaging 
with Transmission X-ray Microscopy

In situ analysis of heterogeneous catalysts involves studying them during active 
chemical reactions, providing insights into their structure, properties, and de-
activation. Microreactors play a crucial role by providing a controlled environ-
ment that closely resembles the catalytic reaction conditions, including elevated 
temperatures and pressures. Thus, precise control over these operating condi-
tions is fundamental to allow reproducibility and accuracy during the analysis. 
This fact highlights the need for specific measurement techniques which enable 
the local monitoring of temperature and pressure with high temporal and spa-
tial resolution. In this work, Transmission X-ray Microscopy (TXM) was applied 
to perform a local pressure characterization of our MEMS-based microreactor 
for pressures up to 20 bar. We can assess the full compatibility of our system 
with the TXM and its capability in withstanding high-pressure conditions opens 
up new opportunities for image catalyst particles at work using high-resolution 

X-ray microscopy.
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4.1 Introduction 

The evolution from pure ex situ examinations to more complex in situ or 
operando characterization methods paved the way for new possibilities to 
reveal the structure–property relation of heterogeneous catalysts. When 
studying catalysts, it is essential to gather information while they are actively 
involved in a chemical reaction as by capturing their dynamic behavior it is 
possible to understand how they function and to investigate why they 
deactivate1. To reliably assess how the catalyst work, it is required to study it 
under conditions that resemble the targeted catalytic reaction, which often 
requires elevated temperatures and pressures. Therefore, there is a 
continuous requirement for the development of devices that could mimic the 
operating reaction environment and the integration of analytical tools for 
process monitoring2. Specially designed microreactors represent efficient tools 
for chemical analysis and catalyst characterization, allowing for precise 
control over the experimental conditions. The applicability of a microreactor 
system for a catalytic process mostly depends upon the material compatibility 
(with the required chemicals and analytical technique) and the conditions of 
temperature and pressure it can operate.  

Temperature control in the microreactor systems is commonly obtained by 
depositing a resistive heating element, such as a thin layer of metal or metal 
alloy, directly onto the surface of the microreactor3-6 or by heating coils or 
wires wounded around the microreactor or external sources (e.g. furnaces and 
hot gun). Their control is typically achieved using temperature controllers, 
which regulate the power supplied to the heaters based on the measured 
temperature feedback. Pressure control and calibration of experimental setups 
are commonly achieved by using a pressure sensor or back pressure regulator 
along the line that connects the pressurized tank to the cell/microreactor or 
downstream.  

To precisely measure and characterize the actual temperature and 
pressure conditions in the reaction chamber, and get information on their 
spatial homogeneity, local measurements are needed. While local temperature 
calibration and control can be obtained by means of sensors of thermo-
dependent materials, such as NPs7,8, as shown in Chapter 2, Raman 
thermometry9,10, or micro resistance temperature detectors (RTDs)11,12, the 
local pressure information is not trivial. In the literature, several methods have 

 

 

been proposed to be able to locally measure the pressure in microchannels, 
such as Pressure Sensitive Paints (PSPs)13-15 or pressure transducers16-18, 
which are limited in applicability due to the necessity of specific design 
requirements and maximum pressure detectable.  

In relation thereto, X-ray absorption imaging (Transmission X-ray 
microscopy, TXM) can be considered a valuable technique to determine and 
calibrate the local pressure in microchannels with high spatial resolution. 
Transmission X-ray microscopy (TXM) is an advanced imaging technique that 
enables the visualization of specimens by quantifying the absorption of X-rays. 
By measuring the amount of X-rays absorbed by the specimen, a high-contrast 
image is generated that directly correlates with the electron density of the 
constituent elements within the specimen19. In the case of gases, the electron 
density is influenced by various factors, including temperature and pressure. 
At higher pressures, the electron density increases leading to the formation of 
an electron-rich region, which translates into a pressure dependence of the X-
ray attenuation. By using high atomic number gases such as xenon a high 
contrast image can be obtained and by changing the pressure and thus the 
electron density it is possible to image and measure the pressure locally in a 
microenvironment.  

In this chapter, TXM was applied to locally measure the pressure inside the 
MEMS-based microreactor presented in Chapter 2 by filling it with xenon at 
the pressure of 10, 15, and 20 bar. The method proposed allowed for 
calibration of the pressure inside the microreactor at the particle location up 
to 20 bar (the maximum limit of the pressure tank used for the experiment). 
The xenon X-ray absorption contrast images showed good agreement with the 
externally applied pressures. Moreover, this test highlighted the compatibility 
of the MEMS-based microreactor with TXM microscopy and its capabilities for 
high-pressure applications.  

Additionally, the same method and approach of using high-resolution TXM 
combined with the MEMS-based microreactor and xenon can be used to map 
the pore space of porous media20, such as heterogeneous catalysts and 
adsorbents. In this way, the visualization of pores below the current resolution 
limit of the TXM (  ̴50 nm)21 will be possible as described in the outlook 
section of this chapter.  
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At higher pressures, the electron density increases leading to the formation of 
an electron-rich region, which translates into a pressure dependence of the X-
ray attenuation. By using high atomic number gases such as xenon a high 
contrast image can be obtained and by changing the pressure and thus the 
electron density it is possible to image and measure the pressure locally in a 
microenvironment.  

In this chapter, TXM was applied to locally measure the pressure inside the 
MEMS-based microreactor presented in Chapter 2 by filling it with xenon at 
the pressure of 10, 15, and 20 bar. The method proposed allowed for 
calibration of the pressure inside the microreactor at the particle location up 
to 20 bar (the maximum limit of the pressure tank used for the experiment). 
The xenon X-ray absorption contrast images showed good agreement with the 
externally applied pressures. Moreover, this test highlighted the compatibility 
of the MEMS-based microreactor with TXM microscopy and its capabilities for 
high-pressure applications.  

Additionally, the same method and approach of using high-resolution TXM 
combined with the MEMS-based microreactor and xenon can be used to map 
the pore space of porous media20, such as heterogeneous catalysts and 
adsorbents. In this way, the visualization of pores below the current resolution 
limit of the TXM (  ̴50 nm)21 will be possible as described in the outlook 
section of this chapter.  
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4.2 Methods 

4.2.1 Transmission X-ray Microscopy (TXM) setup 

The imaging was performed with an Xradia full-field Transmission X-ray 
Microscope at the beamline 6.2C of the Stanford Synchrotron Radiation 
Lightsource (SSRL) at SLAC National Accelerator Laboratory, Menlo Park, 
California, USA. The setup is represented in Figure 1 and consists of a 
monochromator equipped with Si(111) and Si(311) crystals to allow beam 
energy adjustment.  

 
Figure 1: Schematic Illustration of the Transmission X-ray Microscope Setup. X-ray photons are 
emitted from the source (left) and pass through a precise pinhole aperture, which collimates the 
beam. The focused X-ray beam then illuminates the sample (center), allowing for high-
resolution imaging of the internal structure. To control the contrast and optimize the image 
quality, a zone plate is positioned between the sample and detector (right), enabling efficient 
manipulation of the X-ray wavefront. Finally, the X-ray photons are detected and converted into 
a digital signal for further analysis and visualization. The figure is based on22. 

The X-ray photon energy can be selected in the range of 5 to 14 keV. In this 
technique, the monochromatic X-rays are transmitted through the sample and 
focused onto a scintillator screen, which works as detector plane for X-rays. 
The focusing is possible by employing a triple-stacked zone plate, functioning 
as the microscope’s objective lens. The final image is formed on the 
downstream scintillator screen and collected by using an optical microscope 
with a CMOS (complementary metal-oxide semiconductor) camera. The 
microscope has a fixed field of view (FOV) of approximately 15 x 15 µm2 or 30 
x 30 µm2 depending on the energy selected. Larger FOVs are possible by 
performing mosaic imaging with subsequent stitching to achieve a maximum 

 

 

FOV of 200 x 200 µm2. The high penetration depth of hard X-ray radiation 
allows imaging of thick samples from 10 to 100 microns. These characteristics 
are suitable for imaging using the MEMS-based microreactor capillary.  

4.2.2 Experimental setup 

The MEMS microreactor, as presented in Chapter 2, was secured in the 
proper holder and mounted on the rotational stage for the tomographic 
measurement (see Figure 2B). The microreactor inlet was connected to the 
xenon bottle via a mass flow controller (MFC) and the outlet was closed in 
order to pressurize the microreactor at the desired pressure. The latter was 
set and measured by means of a back pressure regulator located in between 
the MFC and microreactor inlet (see Figure 2A). Single projection images of 
the capillary filled with xenon at a fixed angle were collected at 6900 eV for 3 
different pressures (10, 15, and 20 bar). Moreover, a projection image was 
recorded without xenon as a reference for the attenuation contribution of the 
capillary and the surrounding air. The energy was selected to achieve high 
contrast for the xenon being still compatible with the geometrical distances 
required (microreactor – zone plate) to perform the imaging. Lower energies 
were possible only for distances (sample–zone plate) smaller than 22 mm 
which represents the microreactor holder greatest dimension (see holder 
design chapter 2). The data collection involved capturing 5 exposures of 2 x 2 
mosaic with reference images taken before the capillary imaging.  
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technique, the monochromatic X-rays are transmitted through the sample and 
focused onto a scintillator screen, which works as detector plane for X-rays. 
The focusing is possible by employing a triple-stacked zone plate, functioning 
as the microscope’s objective lens. The final image is formed on the 
downstream scintillator screen and collected by using an optical microscope 
with a CMOS (complementary metal-oxide semiconductor) camera. The 
microscope has a fixed field of view (FOV) of approximately 15 x 15 µm2 or 30 
x 30 µm2 depending on the energy selected. Larger FOVs are possible by 
performing mosaic imaging with subsequent stitching to achieve a maximum 

 

 

FOV of 200 x 200 µm2. The high penetration depth of hard X-ray radiation 
allows imaging of thick samples from 10 to 100 microns. These characteristics 
are suitable for imaging using the MEMS-based microreactor capillary.  

4.2.2 Experimental setup 

The MEMS microreactor, as presented in Chapter 2, was secured in the 
proper holder and mounted on the rotational stage for the tomographic 
measurement (see Figure 2B). The microreactor inlet was connected to the 
xenon bottle via a mass flow controller (MFC) and the outlet was closed in 
order to pressurize the microreactor at the desired pressure. The latter was 
set and measured by means of a back pressure regulator located in between 
the MFC and microreactor inlet (see Figure 2A). Single projection images of 
the capillary filled with xenon at a fixed angle were collected at 6900 eV for 3 
different pressures (10, 15, and 20 bar). Moreover, a projection image was 
recorded without xenon as a reference for the attenuation contribution of the 
capillary and the surrounding air. The energy was selected to achieve high 
contrast for the xenon being still compatible with the geometrical distances 
required (microreactor – zone plate) to perform the imaging. Lower energies 
were possible only for distances (sample–zone plate) smaller than 22 mm 
which represents the microreactor holder greatest dimension (see holder 
design chapter 2). The data collection involved capturing 5 exposures of 2 x 2 
mosaic with reference images taken before the capillary imaging.  

Thesis_Final Version_afterPP.indd   97Thesis_Final Version_afterPP.indd   97 23/10/2023   10:20:5423/10/2023   10:20:54



98

Chapter 4 

 

 
Figure 2: A) Schematic illustration of the setup used to pressurize xenon in the MEMS-based 
microreactor. The xenon bottle is connected to the microreactor via a pressure reducer and a 2-
way valve. A mass flow controller (MFC) is utilized to ensure constant and controlled delivery of 
xenon for pressurizing the microreactor. A digital pressure meter is positioned along the line 
before the microreactor to measure the system's pressure. To maintain a closed system, the 
microreactor outlet is sealed with a closed-end fitting. B) Picture of the MEMS-based 
microreactor mounted on the rotational stage of the TXM at the beamline 6.2c (SSRL, USA) 
highlighting the key microscope components. 

4.3 Results and Discussion  

To measure and calibrate locally the pressure in the microreactor, pure 
xenon gas was imaged inside the capillary at different applied pressures, 
applied, and recorded by means of a pressure transducer. In our particular 
scenario, the X-ray radiation passes through the air to reach the microreactor, 
traverses the silicon-rich nitride (SiRN) walls of the capillary, interacts with 
the material inside the capillary, and then continues its path to ultimately 
reach the detector. In Figure 3A the projections of the microreactor capillary 
for the reference and the three different applied pressures are shown. If the 
collected projections are not normalized, the grayscale value of each pixel in 
the images directly relates to the X-ray absorption and the linear attenuation 
coefficient (µ) of the materials encountered along the path of the X-ray beam 
(Lambert-Beer, Eq. 1 in Chapter 1). The linear attenuation coefficient is 
dependent on the electron density of the material with high attenuation 
observed for high atomic number element. When dealing with gases, the linear 
attenuation coefficient exhibits a dependence also on the density, which 
consequently relies on gas pressure. By increasing the gas pressure, its 
electron density also increases resulting in a larger attenuation of the X-rays 
visible as a brighter (more absorption) image in the four panels of Figure 3A. 
Unlike solid materials, gases do not have well-defined atomic or molecular 

 

 

boundaries due to their highly disordered nature. Therefore, using mass 
attenuation coefficients, taking into account the total mass of the gas, is more 
appropriate for characterizing their attenuation behavior. The mass 
attenuation coefficient turns out to be dependent only on the X-ray energy. So 
the Lambert-Beer equation translates in the following form for gases: 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 =  ∑ �𝜇𝜇𝜇𝜇𝑖𝑖𝑖𝑖
𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖
� 𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖 𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛

𝑖𝑖𝑖𝑖𝑖𝑖                       (1) 

Where 𝜇𝜇𝜇𝜇𝑖𝑖𝑖𝑖
𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖

 mass attenuation coefficient of the gas [cm2/g], 𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖 the gas density 

[g/cm3], and 𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖 the path length [cm]. By using the tabulated value obtained 
from the National Institute for Standards and Technology database (NIST 23) 
for the mass attenuation coefficient for the xenon at the used energy of 6900 
eV, the pressure (PXe) is calculated through the density via the ideal gas law.  

The pressure is then calculated using Eq. 2. 

𝑃𝑃𝑃𝑃𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 =  𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝑥𝑥𝑥𝑥𝑐𝑐𝑐𝑐

𝑖
�𝜇𝜇𝜇𝜇𝜌𝜌𝜌𝜌�𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋

∙ 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 ∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅                                   (2) 

With Abs, the X-ray absorption of the xenon at the measured pressure, which is 
directly related to the intensity as mentioned earlier [-], xc, the channel 
diameter [cm], MWXe, the molar weight of the xenon [g/mol], R, the ideal gas 
constant [(cm3 bar)/(K mol)], and T, the temperature [K].  
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With Abs, the X-ray absorption of the xenon at the measured pressure, which is 
directly related to the intensity as mentioned earlier [-], xc, the channel 
diameter [cm], MWXe, the molar weight of the xenon [g/mol], R, the ideal gas 
constant [(cm3 bar)/(K mol)], and T, the temperature [K].  
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Figure 3: A) Single projection of the capillary filled with xenon at different pressures. The 
images depict the capillary region within the cell, illustrating the correlation between pressure 
and X-ray intensity. As pressure increases, there is a noticeable rise in intensity, indicating 
higher X-ray absorption. This observation demonstrates the relationship between pressure 
levels and X-ray absorption within the capillary. Scale bar 10 µm. B) Pressure calibration in the 
microreactor is achieved by converting the intensities in linear attenuation of the xenon directly 
dependent on the gas pressure.  

The comparison between the applied pressure measured using an external 
pressure sensor and the local pressure inside the capillary is depicted in 
Figure 3B. It is worth mentioning that the reference projection without xenon 
was utilized to determine the attenuation coefficient of the xenon gas at 

 

 

different applied pressures, taking into account the attenuation contributed 
solely by the air and the bare capillary. The fitted curve demonstrates a 
remarkable alignment between the experimentally measured pressures and 
the applied pressures. The slope of 0.9830 indicates a close resemblance to the 
ideal scenario represented by the identity line (y = x) with a unit slope. 
Additionally, this outcome serves as evidence of the microreactor's stability 
and its ability to withstand high pressures without any leakage.  

4.4 Conclusion 

In this chapter, we measured the pressure inside the MEMS-based 
microreactor by using TXM in combination with a high-absorbing gas (xenon). 
This method allowed us to locally measure and calibrate the pressure into the 
microreactor with high spatial resolution. Moreover, the results showed and 
highlight the great compatibility of our microreactor with high-resolution 
Transmission X-ray Microscopy and capabilities in withstanding high 
pressures (20 bar). This confirms the applicability of the MEMS-based 
microreactor as an innovative tool to perform in situ/operando studies of 
catalytic processes at realistic reaction conditions of temperature and 
pressure using high-resolution X-ray microscopy.  

4.5 Outlook 

This microreactor represents a valuable tool 1) to perform catalytic 
reactions where using a pulsed flow of reactants with the possibility to 
precisely and rapidly control the reaction and study the related changes of the 
pore network by performing a tomography after each gas pulse, and 2) to let a 
strongly absorbing (non-reactive) noble gas such as Xe intrude the pore space 
of the catalyst at high pressures (up to tens of bars). By performing 
tomography before and after Xe gas intrusion, accessible regions (voxels) 
containing pores too small to be resolved will become apparent due to an 
increase in X-ray absorption depending on gas uptake. This comparison will 
also allow us to obtain the ‘negative’ of the pore space while avoiding 
arbitrarily chosen intensity thresholds to segment 3D data into solid matter 
and pores (see Figure 4). By combining pulsed gas feed catalytic experiments 
that change the catalysts’ pore space due to deactivation and noble gas 
intrusion experiments before and after catalysis, we will be able to map 
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highlight the great compatibility of our microreactor with high-resolution 
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pressure using high-resolution X-ray microscopy.  
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reactions where using a pulsed flow of reactants with the possibility to 
precisely and rapidly control the reaction and study the related changes of the 
pore network by performing a tomography after each gas pulse, and 2) to let a 
strongly absorbing (non-reactive) noble gas such as Xe intrude the pore space 
of the catalyst at high pressures (up to tens of bars). By performing 
tomography before and after Xe gas intrusion, accessible regions (voxels) 
containing pores too small to be resolved will become apparent due to an 
increase in X-ray absorption depending on gas uptake. This comparison will 
also allow us to obtain the ‘negative’ of the pore space while avoiding 
arbitrarily chosen intensity thresholds to segment 3D data into solid matter 
and pores (see Figure 4). By combining pulsed gas feed catalytic experiments 
that change the catalysts’ pore space due to deactivation and noble gas 
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dynamic changes in the pores pace of a solid catalyst obtaining information at 
unprecedented temporal and spatial resolution. Moreover, the above-
mentioned microreactor will also allow us to reach pressures at which xenon 
reaches its supercritical point (ca. 58 bar, potentially possible with our 
microreactor which can theoretically withstand the mentioned pressure owing 
to the low stress silicon nitride, the channel geometry and its monolithic 
nature) which would cause a strong increase of X-ray absorption in regions 
where Xe liquified. Due to capillary condensation, this would occur at lower 
pressures in smaller pores (similar to Hg porosimetry) giving even more 
information about the dimension of pores smaller than the spatial resolution 
achieved via X-ray imaging.  

The abovementioned test was performed but unfortunately due to the 
presence of motor jitter, fluctuations in the beam, and inadequate projection 
angles, the quality of the reconstruction was strongly affected, resulting in 
compromised results. As a consequence, further elaboration was not possible 
to prove the approach proposed here in the outlook. 

 
Figure 4: Schematic of the differential contrast imaging applied on a single porous particle by 
using xenon intrusion as a contrast agent to improve resolution. A) In the first step, a 
tomography of the base particle is performed. B) Only larger pores (above 50nm) are resolved 
after the volume reconstruction which leads to a loss of information on the pore network of the 
analyzed material. C) A second tomography can be performed after xenon (high electron-dense 
element) intrusion. The presence of xenon in the pores results in a higher contrast image of the 
pore space making it possible to better segment and gain information below the voxel size. D) 
Result of the pore space as imaged using xenon intrusion where also the smaller pores (in 
green) below the voxel size are resolved and visible. 
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dynamic changes in the pores pace of a solid catalyst obtaining information at 
unprecedented temporal and spatial resolution. Moreover, the above-
mentioned microreactor will also allow us to reach pressures at which xenon 
reaches its supercritical point (ca. 58 bar, potentially possible with our 
microreactor which can theoretically withstand the mentioned pressure owing 
to the low stress silicon nitride, the channel geometry and its monolithic 
nature) which would cause a strong increase of X-ray absorption in regions 
where Xe liquified. Due to capillary condensation, this would occur at lower 
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5
Accessibility Study of Porous Materials 

at the Single Particle Level as Evaluated within a Multiplexed 
Microfluidic Chip with Fluorescence Microscopy

Understanding the mass transfer phenomena taking place in solid catalysts, 
batteries, fuel cells, and adsorbents is essential to improve their performanc-
es. Uptake experiments of ultraviolet-active or fluorescent probes represent a 
direct way to directly provide an accessibility measure of porous particles. We 
propose a new method to evaluate the accessibility of functional porous mate-
rials at the single-particle level. A multiplexed polydimethylsiloxane microflu-
idic device and a fluorescence microscope are employed to assess the uptake 
of fluorescent molecules in porous particles over time. The device allows for 
performing multiple uptake experiments in parallel, enabling the comparison 
of different particles under the same conditions. We showcase the method by 
studying the diffusion and adsorption properties of a dye in different silica 
model particles. The approach allows for probing interparticle heterogeneity 
in accessibility and accessible surface area as well as the dependence of these 
parameters on electrostatic interactions between the particle and the probe 

molecules.

This chapter is adapted from: 
Broccoli, A.*, Carnevale, L.*, Mayorga González, R.*, Dorresteijn, J.M., Weckhuysen, B.M., Ol-
thuis W., Odijk M., and Meirer F. (2023). Accessibility Study of Porous Materials at the Single 
Particle Level as Evaluated within a Multiplexed Microfluidic Chip with Fluorescence Mi-
croscopy. 
In press to Chem Catalysis.
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5.1 Introduction  

Molecular transport is a key aspect in the applications of most functional 
porous materials, as it determines their performances as adsorbents, batteries, 
fuel cells, and solid catalysts1. The efficiency of these materials depends on 
diffusion, adsorption, and desorption processes taking place inside their 
pores, which are in turn influenced by the physicochemical interactions 
between the pore walls and guest molecules1–4. Therefore, understanding 
these phenomena is essential for designing functional materials with much 
improved performances.  

A direct way for elucidating mass transfer processes in porous materials is 
based on uptake and release experiments of ultraviolet (UV)-active or 
fluorescent probes, directly providing a pore accessibility measure (i.e., how 
easily molecules enter the porous host). One example of such an approach is 
offered by the so-called Akzo Nobel Accessibility Index (AAI) test4–6 introduced 
for Fluid Catalytic Cracking (FCC) particles, which is also used industrially. The 
method is based on measuring the uptake of UV-active molecules into catalyst 
particles by tracking the relative concentration of the molecules in solution 
over time (Figure 1A and 1B), providing a relative measure of the penetration 
rate. In this approach, it is assumed that the behavior of the entire system 
replicates the one of an individual particle. However, structural and 
compositional differences exist within a catalyst batch7,8, that cannot be 
captured by ensemble-averaged analytical measurements.  

Characterizing the uptake process of individual particles would be 
beneficial to supplement the data obtained from bulk methods, and also to 
capture heterogeneities among particles. This has been tried with different 
techniques. Recently, confocal laser scanning microscopy (CLSM) has proven 
to be a useful tool for visualizing the inner structure of materials. It has been 
applied to monitor the uptake of dyes9–11 and dye-labeled particles12,13 on the 
single-particle scale. The approach allowed a direct visualization of the 
particle’s accessible porosity and the correlation between its structure and 
activity. This provides useful insight for the design of more efficient materials. 
Moreover, microimaging techniques based on interference microscopy (IFM) 
and IR microscopy (IRM)2,14,15 were successfully used for recording the 
evolution of guest molecule distributions in nanoporous host materials. 
Furthermore, advanced electron16–22 and X-ray23–28 microscopy techniques, 

 

 

have been applied to (partially) map the pore volume of individual particles in 
3 dimensions and simulate mass transfer within them.  

The mentioned analytical measurements require expensive equipment and 
sample preparation, and some of them are unfortunately also destructive. 
Furthermore, the number of particles that can be studied with these methods 
is very limited. Recently, microfluidic devices have been used to characterize 
catalysts at the single particle level in a high throughput fashion by isolating 
catalyst particles based on their activity29 and metal loading30. However, this 
kind of approach has not yet been used to study intra-particle mass transport.  

Here we propose a fast, cheap, and reproducible method (Figure 1C and 
1D) to compare accessibility between and within different porous particles in 
a high throughput fashion. We used only a polydimethylsiloxane (PDMS) 
multiplexed microfluidic device and a fluorescence microscope and we imaged 
and compared the uptake of fluorescent molecules by individual mesoporous 
silica particles. Moreover, we performed experiments using different solution 
conditions, to evaluate the influence of electrostatic interactions between 
guest molecules and host material on the overall uptake process. Furthermore, 
by suppressing these interactions the measured accessibilities were – for the 
tested samples – able to probe pore size accurately, obtaining a distribution 
comparable to the results from N2 physisorption method. Additionally, the 
saturation values of the uptake curves allowed us to study changes in 
accessible surface area as a function of guest-host interactions of individual 
particles, which cannot be distinguished with bulk and non-chemically 
sensitive techniques, such as gas physisorption. Finally, we investigated 
through simulations how internal diffusion, adsorption, and external mass 
transfer affected the shape of the uptake curves. 

The experiments were performed using microfluidic devices consisting of 
two PDMS layers, and a glass slide (Figure S1), as previously reported31,32. The 
top layer contains four chambers, which allow the performance of three 
experiments in parallel under the same conditions, while keeping a reference 
chamber to control for photobleaching (Figure 1C). In the experiments, each 
chamber is loaded with various porous SiO2 particles. Then, all chambers are 
filled with water to first fill pores of the hydrophilic material by capillary 
forces, this process takes place in less than a second33. Finally, the chambers 
are filled with a fluorescent dye solution. The mean fluorescence intensity, as a 
measure of dye concentration in each particle, is tracked individually as a 
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5.1 Introduction  

Molecular transport is a key aspect in the applications of most functional 
porous materials, as it determines their performances as adsorbents, batteries, 
fuel cells, and solid catalysts1. The efficiency of these materials depends on 
diffusion, adsorption, and desorption processes taking place inside their 
pores, which are in turn influenced by the physicochemical interactions 
between the pore walls and guest molecules1–4. Therefore, understanding 
these phenomena is essential for designing functional materials with much 
improved performances.  

A direct way for elucidating mass transfer processes in porous materials is 
based on uptake and release experiments of ultraviolet (UV)-active or 
fluorescent probes, directly providing a pore accessibility measure (i.e., how 
easily molecules enter the porous host). One example of such an approach is 
offered by the so-called Akzo Nobel Accessibility Index (AAI) test4–6 introduced 
for Fluid Catalytic Cracking (FCC) particles, which is also used industrially. The 
method is based on measuring the uptake of UV-active molecules into catalyst 
particles by tracking the relative concentration of the molecules in solution 
over time (Figure 1A and 1B), providing a relative measure of the penetration 
rate. In this approach, it is assumed that the behavior of the entire system 
replicates the one of an individual particle. However, structural and 
compositional differences exist within a catalyst batch7,8, that cannot be 
captured by ensemble-averaged analytical measurements.  

Characterizing the uptake process of individual particles would be 
beneficial to supplement the data obtained from bulk methods, and also to 
capture heterogeneities among particles. This has been tried with different 
techniques. Recently, confocal laser scanning microscopy (CLSM) has proven 
to be a useful tool for visualizing the inner structure of materials. It has been 
applied to monitor the uptake of dyes9–11 and dye-labeled particles12,13 on the 
single-particle scale. The approach allowed a direct visualization of the 
particle’s accessible porosity and the correlation between its structure and 
activity. This provides useful insight for the design of more efficient materials. 
Moreover, microimaging techniques based on interference microscopy (IFM) 
and IR microscopy (IRM)2,14,15 were successfully used for recording the 
evolution of guest molecule distributions in nanoporous host materials. 
Furthermore, advanced electron16–22 and X-ray23–28 microscopy techniques, 

 

 

have been applied to (partially) map the pore volume of individual particles in 
3 dimensions and simulate mass transfer within them.  

The mentioned analytical measurements require expensive equipment and 
sample preparation, and some of them are unfortunately also destructive. 
Furthermore, the number of particles that can be studied with these methods 
is very limited. Recently, microfluidic devices have been used to characterize 
catalysts at the single particle level in a high throughput fashion by isolating 
catalyst particles based on their activity29 and metal loading30. However, this 
kind of approach has not yet been used to study intra-particle mass transport.  

Here we propose a fast, cheap, and reproducible method (Figure 1C and 
1D) to compare accessibility between and within different porous particles in 
a high throughput fashion. We used only a polydimethylsiloxane (PDMS) 
multiplexed microfluidic device and a fluorescence microscope and we imaged 
and compared the uptake of fluorescent molecules by individual mesoporous 
silica particles. Moreover, we performed experiments using different solution 
conditions, to evaluate the influence of electrostatic interactions between 
guest molecules and host material on the overall uptake process. Furthermore, 
by suppressing these interactions the measured accessibilities were – for the 
tested samples – able to probe pore size accurately, obtaining a distribution 
comparable to the results from N2 physisorption method. Additionally, the 
saturation values of the uptake curves allowed us to study changes in 
accessible surface area as a function of guest-host interactions of individual 
particles, which cannot be distinguished with bulk and non-chemically 
sensitive techniques, such as gas physisorption. Finally, we investigated 
through simulations how internal diffusion, adsorption, and external mass 
transfer affected the shape of the uptake curves. 

The experiments were performed using microfluidic devices consisting of 
two PDMS layers, and a glass slide (Figure S1), as previously reported31,32. The 
top layer contains four chambers, which allow the performance of three 
experiments in parallel under the same conditions, while keeping a reference 
chamber to control for photobleaching (Figure 1C). In the experiments, each 
chamber is loaded with various porous SiO2 particles. Then, all chambers are 
filled with water to first fill pores of the hydrophilic material by capillary 
forces, this process takes place in less than a second33. Finally, the chambers 
are filled with a fluorescent dye solution. The mean fluorescence intensity, as a 
measure of dye concentration in each particle, is tracked individually as a 
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function of time resulting in individual uptake curves (Figure 1D) constructed 
from the experimental data using a self-developed Matlab™ code.  

 
Figure 1 Schematic representation of the experimental methods to evaluate the accessibility of 
particles in bulk and at the single particle level. A) A stirred tank contains both UV-active 
molecules and porous particles. The concentration in the solution decreases due to the uptake 
of the porous material. B) Based on the concentration change, the bulk uptake 
[mol/g(material)] is computed and used to characterize the material’s accessibility. C) A 
multiplexed microfluidic device containing 4 chambers is filled with porous particles and a 
liquid containing a fluorescent dye. One reference chamber (left) is left empty to control for 
photobleaching. As fluorescent molecules enter the porous particles, their fluorescence 
increases. D) The fluorescence of individual particles (in the highlighted squares) is tracked 
over time to assess the uptake of fluorophores and in turn the accessibility of individual 
particles. Curves a and b correspond to particles with the same accessible adsorption capacity 
(both curves plateau at the same value), but different accessibilities (a>b). Particle c is rather 
accessible (saturation is reached quickly) but the total uptake of fluorophores is less than in 
particles a and b. Particle d corresponds to a particle with very low accessibility (saturation is 
not reached during the time of the experiment). 

One can get information from the following features of these curves: 1) the 
final value of the curve contains information about the saturation state of the 
particle. If it is flat, the equilibrium in the uptake process has been reached 
(i.e., the particle surface is saturated with dye and there is no concentration 
change in the particle pore volume, Figure S2). Otherwise, uptake is still 

 

 

ongoing. 2) The intensity value reached after saturation contains information 
about the adsorption properties of the system. The higher this value, the more 
adsorption took place, which can be related to the surface area of the material. 
3) The shape of the curve, i.e., how the curve’s slope changes over time, 
contains information about the accessibility of the particle. The steeper the 
slope, the faster saturation is reached, and the more accessible the particle is.  

5.2 Theoretical background  

The interpretation of uptake data can be divided into two categories, based 
on the adsorption or diffusion as rate-limiting step. The latter represents the 
most common case for macroscopic adsorbent materials34,35. Several models 
have been developed to describe the experimentally obtained uptake curves36. 
However, most of these models require reaching a saturation state to extract 
the relevant parameters. The so-called intra-particle diffusion model37 does 
not have this requirement and is therefore widely used for slow uptake 
experiments. Here the fractional uptake q(t) usually expressed in 
mg(probe)/g(solid) is plotted as a function of t0.5 38,39,48–57,40,58–62,41–47.  
At low saturation values with an ideal mixing of the liquid phase (i.e., the dye 
concentration in solution is constant in space), this would initially result in a 
linear curve that eventually reaches a plateau, representing saturation of the 
sorbent material (Figure 2A). In the case of prominent external mass transfer 
effects (no ideal mixing), a stagnant layer, i.e. a concentration gradient in the 
vicinity of the particle, is formed during uptake, slowing it down and resulting 
in a non-linear regime for small time values57,56 (Figure 2B). Typically, linear 
regression is performed on the linear part of the uptake curve (Eq. 1) and its 
slope is used to quantify the so-called intra-particle diffusion rate constant63 
Kp (mg/g min0.5), which we refer to as accessibility index:  

𝑞𝑞𝑞𝑞(𝑡𝑡𝑡𝑡) = 𝐾𝐾𝐾𝐾𝑝𝑝𝑝𝑝 𝑡𝑡𝑡𝑡0.5 + 𝐶𝐶𝐶𝐶𝑦𝑦𝑦𝑦                                                                                                            (1) 

The y-intercept Cy [mg/g] is typically used to evaluate the extent of the 
boundary layer thickness and therefore the external mass transfer effects. 
When the fitted line passes through the origin, the external mass transport is 
negligible. Otherwise, a non-zero y-intercept value indicates a relevant 
contribution of the boundary layer effects to the measured intra-particle 
diffusion. Both positive38,39,48–53,40–47 and negative54–57 Cy values have been 
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function of time resulting in individual uptake curves (Figure 1D) constructed 
from the experimental data using a self-developed Matlab™ code.  

 
Figure 1 Schematic representation of the experimental methods to evaluate the accessibility of 
particles in bulk and at the single particle level. A) A stirred tank contains both UV-active 
molecules and porous particles. The concentration in the solution decreases due to the uptake 
of the porous material. B) Based on the concentration change, the bulk uptake 
[mol/g(material)] is computed and used to characterize the material’s accessibility. C) A 
multiplexed microfluidic device containing 4 chambers is filled with porous particles and a 
liquid containing a fluorescent dye. One reference chamber (left) is left empty to control for 
photobleaching. As fluorescent molecules enter the porous particles, their fluorescence 
increases. D) The fluorescence of individual particles (in the highlighted squares) is tracked 
over time to assess the uptake of fluorophores and in turn the accessibility of individual 
particles. Curves a and b correspond to particles with the same accessible adsorption capacity 
(both curves plateau at the same value), but different accessibilities (a>b). Particle c is rather 
accessible (saturation is reached quickly) but the total uptake of fluorophores is less than in 
particles a and b. Particle d corresponds to a particle with very low accessibility (saturation is 
not reached during the time of the experiment). 

One can get information from the following features of these curves: 1) the 
final value of the curve contains information about the saturation state of the 
particle. If it is flat, the equilibrium in the uptake process has been reached 
(i.e., the particle surface is saturated with dye and there is no concentration 
change in the particle pore volume, Figure S2). Otherwise, uptake is still 

 

 

ongoing. 2) The intensity value reached after saturation contains information 
about the adsorption properties of the system. The higher this value, the more 
adsorption took place, which can be related to the surface area of the material. 
3) The shape of the curve, i.e., how the curve’s slope changes over time, 
contains information about the accessibility of the particle. The steeper the 
slope, the faster saturation is reached, and the more accessible the particle is.  

5.2 Theoretical background  

The interpretation of uptake data can be divided into two categories, based 
on the adsorption or diffusion as rate-limiting step. The latter represents the 
most common case for macroscopic adsorbent materials34,35. Several models 
have been developed to describe the experimentally obtained uptake curves36. 
However, most of these models require reaching a saturation state to extract 
the relevant parameters. The so-called intra-particle diffusion model37 does 
not have this requirement and is therefore widely used for slow uptake 
experiments. Here the fractional uptake q(t) usually expressed in 
mg(probe)/g(solid) is plotted as a function of t0.5 38,39,48–57,40,58–62,41–47.  
At low saturation values with an ideal mixing of the liquid phase (i.e., the dye 
concentration in solution is constant in space), this would initially result in a 
linear curve that eventually reaches a plateau, representing saturation of the 
sorbent material (Figure 2A). In the case of prominent external mass transfer 
effects (no ideal mixing), a stagnant layer, i.e. a concentration gradient in the 
vicinity of the particle, is formed during uptake, slowing it down and resulting 
in a non-linear regime for small time values57,56 (Figure 2B). Typically, linear 
regression is performed on the linear part of the uptake curve (Eq. 1) and its 
slope is used to quantify the so-called intra-particle diffusion rate constant63 
Kp (mg/g min0.5), which we refer to as accessibility index:  

𝑞𝑞𝑞𝑞(𝑡𝑡𝑡𝑡) = 𝐾𝐾𝐾𝐾𝑝𝑝𝑝𝑝 𝑡𝑡𝑡𝑡0.5 + 𝐶𝐶𝐶𝐶𝑦𝑦𝑦𝑦                                                                                                            (1) 

The y-intercept Cy [mg/g] is typically used to evaluate the extent of the 
boundary layer thickness and therefore the external mass transfer effects. 
When the fitted line passes through the origin, the external mass transport is 
negligible. Otherwise, a non-zero y-intercept value indicates a relevant 
contribution of the boundary layer effects to the measured intra-particle 
diffusion. Both positive38,39,48–53,40–47 and negative54–57 Cy values have been 
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reported in the literature. Positive values are interpreted as fast adsorption by 
the material; thus, it is not possible to capture the actual starting point of the 
adsorption process. Negative values are related to a diffusion process retarded 
by the boundary layer effects. Moreover, some studies use the intercept of the 
fitted line with the x-axis to evaluate external mass transfer effects58–62. 
Therefore, the exact physical meaning of the Cy parameter proposed in the 
aforementioned model remains unclear. 

 

Figure 2 A) Ideal uptake curve with purely intraparticle diffusion and B) with external mass 
transfer contribution. 

To investigate the significance of the accessibility index Kp and the y-intercept 
Cy, uptake simulations were performed by solving Fick’s second law with the 
finite difference method. In our model (SI 2), no flux at the center of the 
particle and external mass transfer effects at the particle surface were 
included in the boundary conditions. Moreover, adsorption was considered to 
be much faster than the diffusion process, which established diffusion to be 
the rate-limiting step. As a result, local equilibrium between the diffusing and 
adsorbed substance can be postulated. To simplify, we assumed a linear 
dependence between the concentration of the free and adsorbed substance. 
The molecular uptake in porous particles is mostly dominated by three 
parameters: 1) the internal particle diffusion coefficient D [m2/s], which 
increases with the pore size and pore interconnectivity; 2) the external mass 
transfer coefficient k [m/s], which depends on diffusion and convection 
outside the particle and correlates positively with D (SI 2, Eq. 7); and 3) the 
adsorption coefficient R (unitless proportionality constant expressing the ratio 
between adsorbed concentration and concentration in solution, SI 2, Eq. 2). 

 

 

The latter depends on the wall-molecule interactions as well as the number of 
accessible adsorption sites.  

We performed a sensitivity analysis (Figure 3) to assess how these three 
parameters affect the uptake curve shape and its parameters Kp and Cy. 
Increasing the internal diffusion coefficient D of the particle resulted in a 
higher slope of the linear part of the uptake, i.e., higher accessibility index Kp, 
and a more negative y-axis intercept Cy (Figure 3A and 3D). A similar effect on 
Kp is observed by increasing k (reducing the external mass transfer 
limitations). However, it also shifts the linear regime of the uptake curve to 
shorter times, which results in a less negative y-intercept (Figure 3B and 3E). 
Finally, increasing the adsorption coefficient R increases the accessibility index 
Kp and decreases the y-intercept Cy (Figure 3C and 3F). It is worth noting that 
the external mass transfer coefficient k and the effective diffusion coefficient 
𝐷𝐷𝐷𝐷′ = 𝐷𝐷𝐷𝐷

1+𝑅𝑅𝑅𝑅
 which includes adsorption, are positively correlated due to the 

boundary conditions equating flow at the two sides of the solid-liquid 
interphase (SI 2, Eq. 7). Hence, increasing the internal particle diffusion 
coefficient D will result in higher external mass transport (higher k) and vice-
versa. However, both parameters contribute differently to the y-axis intercept 
Cy. Since the y-axis intercept is determined by several parameters, it should 
not be used to evaluate external mass transfer only.  

In an uptake experiment, while using particles of the same material and 
pore volume, but different pore sizes, one varies the internal diffusion 
coefficient D and therefore the external mass transfer coefficient k as well as 
the adsorption coefficient R (as different surface areas are obtained). All of 
these values correlate positively with the amount of adsorbed material 
(uptake, q(t)) and the accessibility index Kp). Interestingly our experimental 
results show that the accessibility index and the y-axis intercept are correlated 
(Figure S3), proving the redundancy of using both parameters to characterize 
porous materials. Therefore, we will provide only the accessibility index Kp 
values obtained in the experiments to characterize and compare the processes.  
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reported in the literature. Positive values are interpreted as fast adsorption by 
the material; thus, it is not possible to capture the actual starting point of the 
adsorption process. Negative values are related to a diffusion process retarded 
by the boundary layer effects. Moreover, some studies use the intercept of the 
fitted line with the x-axis to evaluate external mass transfer effects58–62. 
Therefore, the exact physical meaning of the Cy parameter proposed in the 
aforementioned model remains unclear. 

 

Figure 2 A) Ideal uptake curve with purely intraparticle diffusion and B) with external mass 
transfer contribution. 

To investigate the significance of the accessibility index Kp and the y-intercept 
Cy, uptake simulations were performed by solving Fick’s second law with the 
finite difference method. In our model (SI 2), no flux at the center of the 
particle and external mass transfer effects at the particle surface were 
included in the boundary conditions. Moreover, adsorption was considered to 
be much faster than the diffusion process, which established diffusion to be 
the rate-limiting step. As a result, local equilibrium between the diffusing and 
adsorbed substance can be postulated. To simplify, we assumed a linear 
dependence between the concentration of the free and adsorbed substance. 
The molecular uptake in porous particles is mostly dominated by three 
parameters: 1) the internal particle diffusion coefficient D [m2/s], which 
increases with the pore size and pore interconnectivity; 2) the external mass 
transfer coefficient k [m/s], which depends on diffusion and convection 
outside the particle and correlates positively with D (SI 2, Eq. 7); and 3) the 
adsorption coefficient R (unitless proportionality constant expressing the ratio 
between adsorbed concentration and concentration in solution, SI 2, Eq. 2). 

 

 

The latter depends on the wall-molecule interactions as well as the number of 
accessible adsorption sites.  

We performed a sensitivity analysis (Figure 3) to assess how these three 
parameters affect the uptake curve shape and its parameters Kp and Cy. 
Increasing the internal diffusion coefficient D of the particle resulted in a 
higher slope of the linear part of the uptake, i.e., higher accessibility index Kp, 
and a more negative y-axis intercept Cy (Figure 3A and 3D). A similar effect on 
Kp is observed by increasing k (reducing the external mass transfer 
limitations). However, it also shifts the linear regime of the uptake curve to 
shorter times, which results in a less negative y-intercept (Figure 3B and 3E). 
Finally, increasing the adsorption coefficient R increases the accessibility index 
Kp and decreases the y-intercept Cy (Figure 3C and 3F). It is worth noting that 
the external mass transfer coefficient k and the effective diffusion coefficient 
𝐷𝐷𝐷𝐷′ = 𝐷𝐷𝐷𝐷

1+𝑅𝑅𝑅𝑅
 which includes adsorption, are positively correlated due to the 

boundary conditions equating flow at the two sides of the solid-liquid 
interphase (SI 2, Eq. 7). Hence, increasing the internal particle diffusion 
coefficient D will result in higher external mass transport (higher k) and vice-
versa. However, both parameters contribute differently to the y-axis intercept 
Cy. Since the y-axis intercept is determined by several parameters, it should 
not be used to evaluate external mass transfer only.  

In an uptake experiment, while using particles of the same material and 
pore volume, but different pore sizes, one varies the internal diffusion 
coefficient D and therefore the external mass transfer coefficient k as well as 
the adsorption coefficient R (as different surface areas are obtained). All of 
these values correlate positively with the amount of adsorbed material 
(uptake, q(t)) and the accessibility index Kp). Interestingly our experimental 
results show that the accessibility index and the y-axis intercept are correlated 
(Figure S3), proving the redundancy of using both parameters to characterize 
porous materials. Therefore, we will provide only the accessibility index Kp 
values obtained in the experiments to characterize and compare the processes.  
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Figure 3 Uptake simulations obtained considering a 35 µm spherical particle. A) Uptake curves 
obtained changing the internal diffusion coefficient D (k = 10-8 m/s and R = 100) B) the external 
mass transfer coefficient k (D = 10-12 m2/s and R = 100) and C) the adsorption coefficient R (D = 
10-12 m2/s and k = 10-8 m/s). D), E) and F) show the slopes (accessibility indices) and y-
intercepts of the inflection point tangents of the uptake curves shown in A), B) and C) 
respectively. 

 

 

5.3 Materials and methods 

5.3.1 Chip fabrication 

The microfluidic devices were obtained by standard photolithography as 
previously reported by Vollertsen et al.32 and Broccoli et al31. SU8 (MicroChem, 
USA) was used for the control layer wafers, with 20 µm high channels, while 
for the flow layers wafers, SU8 was used to first obtain channels with 
rectangular sections (~48 µm high) in the areas without valves, and AZ40XT 
(MicroChemicals, Germany) was used to create channels ~35 µm high with a 
rounded profile. In the area with valves, the rounded profile of the flow 
channels is needed to ensure their correct closing without leakage.  

The chips were obtained by multilayer soft lithography. PDMS (RTV615, 
Permacol, The Netherlands) base and curing agent were mixed to obtain the 
flow (7:1 w/w base to curing agent) and control layers (20:1 w/w base to 
curing agent). The PDMS was degassed for ~ 2 h.  
A ~30 µm thick layer of PDMS was obtained on the control layer by spin 
coating, while the flow layer was obtained by pouring the PDMS on the mold. 
Both wafers were cured at 60°C for 45 min. Once cooled, the PDMS flow layer 
was cut from the wafer and the inlets and outlets were punched with a 1 mm 
hole puncher. The SiO2 particles (SUNSPERA, AGC Si- Tech Co., Ltd) were 
manually deposited in the chip chamber of the flow layer by using a needle 
(SEIRIN J-type needle No.3) and a stereomicroscope (Olympus). Due to the 
sticky nature of PDMS, once placed on the layer the particles don’t move. After 
the deposition of the particles on the flow layer, it was aligned on the control 
wafer, and the layers were cured overnight at 60°C. The chip was cut from the 
wafer and the control inlet was punched out with a 0.75 mm biopsy puncher. 
Finally, the chip was bonded to a microscope glass slide using a plasma cleaner 
(model CUTE, Femto Science, South Korea).  
The valves of the microfluidic chip were driven by pneumatic actuation. The 
channel of the control layer was filled with water and pressurized with air (1.5 
bar) by solenoid valves (Festo, Netherlands), controlled via a custom LabView 
program.  
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(MicroChemicals, Germany) was used to create channels ~35 µm high with a 
rounded profile. In the area with valves, the rounded profile of the flow 
channels is needed to ensure their correct closing without leakage.  

The chips were obtained by multilayer soft lithography. PDMS (RTV615, 
Permacol, The Netherlands) base and curing agent were mixed to obtain the 
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Both wafers were cured at 60°C for 45 min. Once cooled, the PDMS flow layer 
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manually deposited in the chip chamber of the flow layer by using a needle 
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sticky nature of PDMS, once placed on the layer the particles don’t move. After 
the deposition of the particles on the flow layer, it was aligned on the control 
wafer, and the layers were cured overnight at 60°C. The chip was cut from the 
wafer and the control inlet was punched out with a 0.75 mm biopsy puncher. 
Finally, the chip was bonded to a microscope glass slide using a plasma cleaner 
(model CUTE, Femto Science, South Korea).  
The valves of the microfluidic chip were driven by pneumatic actuation. The 
channel of the control layer was filled with water and pressurized with air (1.5 
bar) by solenoid valves (Festo, Netherlands), controlled via a custom LabView 
program.  

Thesis_Final Version_afterPP.indd   115Thesis_Final Version_afterPP.indd   115 23/10/2023   10:21:0123/10/2023   10:21:01



116

Chapter 5

5.3.2 Uptake experiments 

For the uptake experiments, the chip chambers were first filled with 
deionized water (PURELAB flex) so that the particles were soaked in the 
solvent. Rhodamine 110 Chloride (Sigma Aldrich) 100 µM in deionized water 
was used as fluorescent solution at pH 4.3 (solution 1) and ionic strength 
1.3·10-4 mol/L. Higher ionic strength (9.4·10-3 mol/L) of solution 2 and 3 was 
obtained by adding respectively NaCl (Sigma Aldrich) 0.01M as supporting 
electrolyte and NaOH (Sigma Aldrich) 0.01M to adjust the pH to 7. The 
solutions were injected from the inlet by using a pressure pump (Fluigent, 
Germany) regulating the flow from a fluid reservoir to the flow layer. After 
that, the chambers were closed by pressurizing the valve and the chip 
channels were filled with a fluorescent solution of Rhodamine 110 Chloride 
(Sigma Aldrich) 100 µM by using a bypass channel. Once the solution was 
uniformly present in the channels, the chambers were opened and filled with 
it. For image acquisition, a fluorescence microscope (Leica DMi 5000M) with a 
BGR filter cube and a Hamamatsu ORCA-Flash4.0 camera were used with a 
pE300ultra LED illumination system (CoolLED, U.K.). The images were 
acquired every minute using the MicroManager microscope control software64. 
For the pH and conductivity measures, a Mettler Toledo SevenMulti Lab Meter 
was used.  

5.4 Results and Discussion 

To showcase the developed method, we used SiO2 particles with almost 
monodisperse pore size distributions (i.e., 50 nm, 35 nm, and 23 nm) (Figure 
5A and SI 4) often used as catalyst supports (e.g., olefin polymerization 
catalysis). Rhodamine 110 (Rh110) (Figure 5B) was used as a fluorescent 
probe due to its photostability65,66, high quantum yield, and fluorescent 
intensity being proportional to its concentration (Figure S5). Therefore, 
particle fluorescent intensity values were directly used to obtain the uptake 
curves (see SI 6), and the accessibility index was defined in min0.5 units. The 
particles were placed in the chambers leaving one empty that was used as a 
reference to check the photostability of the dye (Figure 1C). Uptake 
experiments were conducted for 5 h and images were acquired every minute. 
Figures 4A and 4B display a cropped version of the fluorescence microscopy 
images recorded at the beginning and end of the experiments using 50 nm 

 

 

pore-size particles showing an overall, but heterogeneous increase in intensity. 
Some particles display an intensity (i.e., concentration) gradient within them, 
whereas others show a more homogeneous dye distribution, hinting toward 
different pore connectivity.  

 

Figure 4 A) Zoomed-in and cropped fluorescence microscopy image of the microfluidic 
chamber containing silica particles with 50 nm pores at the beginning and B) end of the 
experiment. Scale bar 150 μm. C) Uptake curves of particles shown in Figure 4A and 4B. D) 
Uptake curves are linearized when plotted over t0.5. E) and F) show the mean uptake curves 
obtained from the ones in Figures C and D. The shaded area represents the standard deviation 
of all particles considered (n=18). 
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5.3.2 Uptake experiments 
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that, the chambers were closed by pressurizing the valve and the chip 
channels were filled with a fluorescent solution of Rhodamine 110 Chloride 
(Sigma Aldrich) 100 µM by using a bypass channel. Once the solution was 
uniformly present in the channels, the chambers were opened and filled with 
it. For image acquisition, a fluorescence microscope (Leica DMi 5000M) with a 
BGR filter cube and a Hamamatsu ORCA-Flash4.0 camera were used with a 
pE300ultra LED illumination system (CoolLED, U.K.). The images were 
acquired every minute using the MicroManager microscope control software64. 
For the pH and conductivity measures, a Mettler Toledo SevenMulti Lab Meter 
was used.  

5.4 Results and Discussion 

To showcase the developed method, we used SiO2 particles with almost 
monodisperse pore size distributions (i.e., 50 nm, 35 nm, and 23 nm) (Figure 
5A and SI 4) often used as catalyst supports (e.g., olefin polymerization 
catalysis). Rhodamine 110 (Rh110) (Figure 5B) was used as a fluorescent 
probe due to its photostability65,66, high quantum yield, and fluorescent 
intensity being proportional to its concentration (Figure S5). Therefore, 
particle fluorescent intensity values were directly used to obtain the uptake 
curves (see SI 6), and the accessibility index was defined in min0.5 units. The 
particles were placed in the chambers leaving one empty that was used as a 
reference to check the photostability of the dye (Figure 1C). Uptake 
experiments were conducted for 5 h and images were acquired every minute. 
Figures 4A and 4B display a cropped version of the fluorescence microscopy 
images recorded at the beginning and end of the experiments using 50 nm 

 

 

pore-size particles showing an overall, but heterogeneous increase in intensity. 
Some particles display an intensity (i.e., concentration) gradient within them, 
whereas others show a more homogeneous dye distribution, hinting toward 
different pore connectivity.  

 

Figure 4 A) Zoomed-in and cropped fluorescence microscopy image of the microfluidic 
chamber containing silica particles with 50 nm pores at the beginning and B) end of the 
experiment. Scale bar 150 μm. C) Uptake curves of particles shown in Figure 4A and 4B. D) 
Uptake curves are linearized when plotted over t0.5. E) and F) show the mean uptake curves 
obtained from the ones in Figures C and D. The shaded area represents the standard deviation 
of all particles considered (n=18). 
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The final mean fluorescence intensity of the particles resulted higher than in 
the bulk solution, due to the adsorption of the probe molecules in the pore 
structure. Figure 4C shows the mean intensities of particles of the same 
sample as a function of time (the initial intensity of each particle was 
subtracted). Even particles that belong to the same batch, differ strongly in 
their uptake curves and therefore accessibilities. Traditional bulk experiments 
could not have measured this, which highlights the importance of the 
proposed method for elucidating inter-particle heterogeneity. Plotting the 
same uptakes versus t0.5 results in a sigmoid-like (asymmetric sigmoid) 
(Figure 4D). The non-linear beginning of the curve suggests external mass 
transfer limitations. That is, a concentration gradient is formed outside the 
particle that slows the internal diffusion down. Moreover, the fact that the 
curves are reaching a plateau, means that, as expected, at some point in time 
the particles are starting to get saturated with dye.  

Apart from varying the pore size of the particles to compare the uptake 
rates, we evaluated how the guest-host electrostatic interactions reflected 
upon the overall uptake process. These were tuned by using solutions at 
different ionic strength or pH. The pH affected the charge of the dye67 and the 
pore-wall surface charge density, but its fluorescence properties remained 
unchanged (Figure S7). In the case of silica higher pH results in more negative 
surface charge density68. The ionic strength of the solution influences the 
extent of the electrical double layer (EDL), a region where the liquid is not 
electroneutral because it contains a high concentration of counter-ions 
attracted by an oppositely charged surface69. If the characteristic length of the 
EDL (commonly called the Debye length) is greater than the pore radius, there 
is an overlap between EDLs extending from opposite surfaces in the pores 
(schematically shown in Figure 5C), which slows down or even prevents the 
entrance of (probe) molecules with the same charge as the counter-ions due to 
electrostatic repulsion. 

We performed experiments using three different solutions: 1. pH = 4.3, 2. 
pH = 4.3, and 0.01M NaCl as supporting electrolyte, and 3. pH = 7 (Figure 5C, 
5D, and 5E). Solution 1 and 2 have the same pH but different ionic strengths 
(1.3·10-4 and 9.4·10-3 mol/L, respectively) which translate into different Debye 
lengths (26 nm in solution 1 and 3 nm in solutions 2 and 3) (see SI 8). On the 
other hand, solutions 2 and 3 have the same ionic strength (Debye length), but 
different pH. The solutions used in the experiments have a pH above the silica 

 

 

isoelectric point (pH~2)70. Therefore, the oxide surface hydroxyls are 
deprotonated and the silica surface is negatively charged71. For all solutions, 
the uptake speed increased as a function of pore size and they all seem to be 
affected by external mass transfer as they show a non-linear regime at low t0.5 
values (Figure 5F, 5G, and 5H). However, mass transfer varied dramatically for 
the different conditions. Solution 1 (pH = 4.3) displayed the slowest uptake, 
with its linearized curve not reaching an inflection point and showing only 
small differences between samples with different pore sizes (Figure 5F). The 
linearized uptake curve of solution 2 (pH = 4.3, and 0.01M NaCl) reached the 
inflection point, showing moderate differences based on pore size (Figure 
5G). Solution 3 (pH = 7) proved to be the fastest with respect to uptake and 
showed signs of saturation (i.e., the linearized uptake curve surpassed its 
inflection point) and the largest differences between the different porous silica 
samples (Figure 5H).  
This behavior can be explained by the electrostatic interactions of the different 
systems: solution 1 (pH =  4.3) causes Rh110 and silica to be positively67 and 
negatively charged70 respectively. Moreover, due to the low ionic strength of 
the system, an overlapping EDL (Debye length: 26 nm > rpore) predominantly 
containing cations is formed in the vicinity of the pore walls, which interacts 
with the incoming Rh110+ repulsively, slowing the diffusion process down 
(Figure 5C and 5F). Solution 2 (pH = 4.3, and 0.01M NaCl), with higher ionic 
strength, results in a smaller Debye length (3 nm) leading to milder repulsive 
electrostatic interactions between the EDL and the guest molecules as well as 
faster mass transport (Figure 5D and 5G). Similar Debye length effects of pore 
diffusion have been reported previously72–74. Solution 3 (pH = 7) has the same 
ionic strength as solution 2 (pH = 4.3, and 0.01M NaCl) and therefore a 
comparable Debye length. Moreover, at pH = 7, while silica has a higher 
negative surface density68, Rh110 forms zwitterions due to the deprotonation 
of the carboxyl group and the amino group carries a positive charge67. 
Therefore, the guest-host electrostatic interactions are the lowest in this case, 
which results in a faster uptake and saturation (Figure 5E and 5H). As the 
strength of electrostatic interactions decreases (Figure 5C, 5D, and 5E), the 
pore size and structure become more dominant for the uptake process. This 
explains why we observe small, moderate, and large uptake differences 
between pore sizes in solutions 1, 2, and 3, respectively, in our experiments 
(Figure 5F, 5G, and 5H). 
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The final mean fluorescence intensity of the particles resulted higher than in 
the bulk solution, due to the adsorption of the probe molecules in the pore 
structure. Figure 4C shows the mean intensities of particles of the same 
sample as a function of time (the initial intensity of each particle was 
subtracted). Even particles that belong to the same batch, differ strongly in 
their uptake curves and therefore accessibilities. Traditional bulk experiments 
could not have measured this, which highlights the importance of the 
proposed method for elucidating inter-particle heterogeneity. Plotting the 
same uptakes versus t0.5 results in a sigmoid-like (asymmetric sigmoid) 
(Figure 4D). The non-linear beginning of the curve suggests external mass 
transfer limitations. That is, a concentration gradient is formed outside the 
particle that slows the internal diffusion down. Moreover, the fact that the 
curves are reaching a plateau, means that, as expected, at some point in time 
the particles are starting to get saturated with dye.  

Apart from varying the pore size of the particles to compare the uptake 
rates, we evaluated how the guest-host electrostatic interactions reflected 
upon the overall uptake process. These were tuned by using solutions at 
different ionic strength or pH. The pH affected the charge of the dye67 and the 
pore-wall surface charge density, but its fluorescence properties remained 
unchanged (Figure S7). In the case of silica higher pH results in more negative 
surface charge density68. The ionic strength of the solution influences the 
extent of the electrical double layer (EDL), a region where the liquid is not 
electroneutral because it contains a high concentration of counter-ions 
attracted by an oppositely charged surface69. If the characteristic length of the 
EDL (commonly called the Debye length) is greater than the pore radius, there 
is an overlap between EDLs extending from opposite surfaces in the pores 
(schematically shown in Figure 5C), which slows down or even prevents the 
entrance of (probe) molecules with the same charge as the counter-ions due to 
electrostatic repulsion. 

We performed experiments using three different solutions: 1. pH = 4.3, 2. 
pH = 4.3, and 0.01M NaCl as supporting electrolyte, and 3. pH = 7 (Figure 5C, 
5D, and 5E). Solution 1 and 2 have the same pH but different ionic strengths 
(1.3·10-4 and 9.4·10-3 mol/L, respectively) which translate into different Debye 
lengths (26 nm in solution 1 and 3 nm in solutions 2 and 3) (see SI 8). On the 
other hand, solutions 2 and 3 have the same ionic strength (Debye length), but 
different pH. The solutions used in the experiments have a pH above the silica 

 

 

isoelectric point (pH~2)70. Therefore, the oxide surface hydroxyls are 
deprotonated and the silica surface is negatively charged71. For all solutions, 
the uptake speed increased as a function of pore size and they all seem to be 
affected by external mass transfer as they show a non-linear regime at low t0.5 
values (Figure 5F, 5G, and 5H). However, mass transfer varied dramatically for 
the different conditions. Solution 1 (pH = 4.3) displayed the slowest uptake, 
with its linearized curve not reaching an inflection point and showing only 
small differences between samples with different pore sizes (Figure 5F). The 
linearized uptake curve of solution 2 (pH = 4.3, and 0.01M NaCl) reached the 
inflection point, showing moderate differences based on pore size (Figure 
5G). Solution 3 (pH = 7) proved to be the fastest with respect to uptake and 
showed signs of saturation (i.e., the linearized uptake curve surpassed its 
inflection point) and the largest differences between the different porous silica 
samples (Figure 5H).  
This behavior can be explained by the electrostatic interactions of the different 
systems: solution 1 (pH =  4.3) causes Rh110 and silica to be positively67 and 
negatively charged70 respectively. Moreover, due to the low ionic strength of 
the system, an overlapping EDL (Debye length: 26 nm > rpore) predominantly 
containing cations is formed in the vicinity of the pore walls, which interacts 
with the incoming Rh110+ repulsively, slowing the diffusion process down 
(Figure 5C and 5F). Solution 2 (pH = 4.3, and 0.01M NaCl), with higher ionic 
strength, results in a smaller Debye length (3 nm) leading to milder repulsive 
electrostatic interactions between the EDL and the guest molecules as well as 
faster mass transport (Figure 5D and 5G). Similar Debye length effects of pore 
diffusion have been reported previously72–74. Solution 3 (pH = 7) has the same 
ionic strength as solution 2 (pH = 4.3, and 0.01M NaCl) and therefore a 
comparable Debye length. Moreover, at pH = 7, while silica has a higher 
negative surface density68, Rh110 forms zwitterions due to the deprotonation 
of the carboxyl group and the amino group carries a positive charge67. 
Therefore, the guest-host electrostatic interactions are the lowest in this case, 
which results in a faster uptake and saturation (Figure 5E and 5H). As the 
strength of electrostatic interactions decreases (Figure 5C, 5D, and 5E), the 
pore size and structure become more dominant for the uptake process. This 
explains why we observe small, moderate, and large uptake differences 
between pore sizes in solutions 1, 2, and 3, respectively, in our experiments 
(Figure 5F, 5G, and 5H). 
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Figure 5 A) Silica particles (diameter: 35 µm) with almost uniform pore size distributions. 
Three pore sizes were used: 50, 35, and 23 nm. B) Rh110 chemical structure. Rh110 has a 
hydrodynamic diameter of 0.77 nm and is positively charged when solved in water75. C-E) 
Schematic of electrostatic interactions between Rh110 and the negatively charged pore-walls 
under different conditions. C) pH = 4.3: A cationic electric double layer overlap (blue-shaded 
area) is present inside the pore which repulses the Rh110(+). D) pH = 4.3 and 0.01M NaCl: 
Increasing the ionic strength reduces the Debye length and creates a neutrally charged region 
within the pore that allows Rh110(+) to enter the pore more easily. E) pH = 7: The surface 
charge density of the pore walls is more negative. However, Rh110(±) is neutrally charged so no 
main probe-wall electrostatic interactions are present. F, G, H) Uptake curves corresponding to 
the conditions described in C, D, and E, respectively. Decreasing the electrostatic interactions 
has 2 effects on the uptake curves: it speeds up the process and it also increases the differences 
between samples as the pore size gradually becomes more relevant (note the difference in the y-
axis scale). 

Figure 6A shows the obtained accessibility index distribution for different 
particles and wall-probe electrostatic interactions. The accessibility was 

 

 

evaluated from the slope of the uptake curve inflection point tangent (SI 9, 
Figure S8). It is worth mentioning that this analysis approach cannot be used if 
the first derivative of the uptake curve does not reach a maximum during the 
experiment (i.e., the curve has no inflection point).  

 

Figure 6 A) Comparison of accessibility index distribution of silica particles with different pore 
sizes (50, 35, and 23 nm) obtained by performing the experiments with fluorescent solutions at 
different pH but with the same ionic strength. The number of particles analyzed is ~ 50. At pH 7 
the accessibility was higher as there are less electrostatic interactions. B) The accessibility index 
distribution at pH=7 and C) the pore size distribution measured with N2-physisorption show 
similarities in terms of peak position and overlap. The BET surface areas were ~ 523 m²/g (23 
nm sample), ~ 439 m²/g (35 nm sample), and ~ 344 m²/g (50 nm sample). 

The experiments performed with solution 1 (pH = 4.3) do not meet this 
criterion and cannot be analyzed in this fashion. As qualitatively described by 
the uptake curves, the accessibility index decreases with pore size, and the 
differences are more pronounced for solution 3 (weak electrostatic 
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Figure 5 A) Silica particles (diameter: 35 µm) with almost uniform pore size distributions. 
Three pore sizes were used: 50, 35, and 23 nm. B) Rh110 chemical structure. Rh110 has a 
hydrodynamic diameter of 0.77 nm and is positively charged when solved in water75. C-E) 
Schematic of electrostatic interactions between Rh110 and the negatively charged pore-walls 
under different conditions. C) pH = 4.3: A cationic electric double layer overlap (blue-shaded 
area) is present inside the pore which repulses the Rh110(+). D) pH = 4.3 and 0.01M NaCl: 
Increasing the ionic strength reduces the Debye length and creates a neutrally charged region 
within the pore that allows Rh110(+) to enter the pore more easily. E) pH = 7: The surface 
charge density of the pore walls is more negative. However, Rh110(±) is neutrally charged so no 
main probe-wall electrostatic interactions are present. F, G, H) Uptake curves corresponding to 
the conditions described in C, D, and E, respectively. Decreasing the electrostatic interactions 
has 2 effects on the uptake curves: it speeds up the process and it also increases the differences 
between samples as the pore size gradually becomes more relevant (note the difference in the y-
axis scale). 

Figure 6A shows the obtained accessibility index distribution for different 
particles and wall-probe electrostatic interactions. The accessibility was 

 

 

evaluated from the slope of the uptake curve inflection point tangent (SI 9, 
Figure S8). It is worth mentioning that this analysis approach cannot be used if 
the first derivative of the uptake curve does not reach a maximum during the 
experiment (i.e., the curve has no inflection point).  

 

Figure 6 A) Comparison of accessibility index distribution of silica particles with different pore 
sizes (50, 35, and 23 nm) obtained by performing the experiments with fluorescent solutions at 
different pH but with the same ionic strength. The number of particles analyzed is ~ 50. At pH 7 
the accessibility was higher as there are less electrostatic interactions. B) The accessibility index 
distribution at pH=7 and C) the pore size distribution measured with N2-physisorption show 
similarities in terms of peak position and overlap. The BET surface areas were ~ 523 m²/g (23 
nm sample), ~ 439 m²/g (35 nm sample), and ~ 344 m²/g (50 nm sample). 

The experiments performed with solution 1 (pH = 4.3) do not meet this 
criterion and cannot be analyzed in this fashion. As qualitatively described by 
the uptake curves, the accessibility index decreases with pore size, and the 
differences are more pronounced for solution 3 (weak electrostatic 
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this case is even larger than for solution 1 (pH = 4.3). We assume that this is 
because some regions of the pore space of the particles remain inaccessible 
when a large EDL is present. This would be the case for regions connected 
through narrow bottle-necks where the EDL overlap is the highest, impeding 
Rh110 to access the whole particle void volume. Compared to N2-
physisorption which provides a single BET-surface area for an ensemble of 
particles, our method, on the other hand, delivers individual particle 
information. Furthermore, N2-physisorption provides the accessible surface 
area under specific (inert) conditions, while our method can be applied under 
varying probe-host electrostatic interactions and is sensitive to them. This 
could be potentially exploited to determine the accessible surface area for a 
specific guest molecule (e.g., differently sized molecules within a catalyst 
particle). Moreover, the porous silica particles used in this study are, as 
mentioned above, commonly impregnated with metallocenes as active centers 
and used as olefin polymerization catalysts76. The chemosensitivity of our 
effective surface area measurements could be used to characterize silica 
support particles regarding their impregnation potential. 

 

Figure 7 A) Distribution of mean fluorescent intensities of the silica model particles under 
different conditions after reaching saturation. Smaller pores result in higher saturation 
intensities, as they imply larger surface areas. At pH = 7, the equilibrium concentrations are the 
lowest since Rh110(±) is neutrally charged and less attracted to the silica walls. At pH 4.3 
silica(-) and Rh110(+) have opposite charges resulting in higher saturation concentrations. 
Adding salt to the pH = 4.3 solution decreases the Debye length to the point where there is no 
EDL overlap. Pores connected through narrow bottle-necks with high EDL overlap become 
accessible as the pore entrance is no longer fully occupied by positively charged ions. Therefore, 
the total accessible porosity increases compared to the case of pH 4.3. As a result, the available 
surface area and the saturation concentrations increase as well. B) Zoom-in of red rectangle in 
A). The box plots display the median, the lower and upper quartiles as well as non-outlier 
minima and maxima.  

interactions). The difference between 35 nm and 23 nm for solution 2 
(moderate electrostatic interactions) falls within the error bar of the 
measurement. At pH = 7 (weak electrostatic interactions), however, the 
measurement remains sensitive to these differences. Therefore, by 
suppressing the probe-wall electrostatic interactions, it is possible to probe 
accessibility as dominated by the pore structure (pore size and shape). This 
becomes clear if one compares the accessibility index distribution at pH = 7 
(Figure 6B) with the pore size distribution obtained with N2 physisorption 
(Figure 6C). Note that both distributions show a significant overlap of the 35 
nm sample with both the 23 nm and the 50 nm samples. Further, the relative 
peak positions are similarly distributed with respect to each other. 

To investigate the adsorption behavior of the system, the fluorescence of 
individual particles was measured and compared after two weeks of uptake, to 
ensure that saturation was reached (Figure 7). For all evaluated conditions, 
the same trend could be observed for the pore size: the equilibrium intensity, 
and therefore the equilibrium concentration increases as the pore size 
decreases. All model particles have roughly the same total porosity (~30%). If 
the total porosity is constant, the surface area available for adsorption 
decreases as a function of pore size. This explains why the amount of adsorbed 
Rh110 increases when particles with smaller pores are probed – intensity 
therefore directly correlates with surface area (BET results, SI 4). 
Nevertheless, the amount of adsorbed Rh110 also seems to depend strongly 
on the conditions used for the experiment. Interestingly, when Rh110 is 
neutrally charged (pH = 7, solution 3), the saturation intensity values are the 
lowest even though these conditions showed the fastest diffusion (Figure 5H 
and Figure 6A). This can be explained by the weak attractive electrostatic 
interactions between the probe and the walls. On the other hand, in the case of 
solution 1 (pH = 4.3), Rh110 and the silica walls have opposite charges, which 
results in a higher amount of probe electrostatically adsorbed on the walls 
after reaching equilibrium. Despite the repulsive electrostatic interactions 
between the EDL and Rh110 that slow diffusion down (Figure 5F), after long 
time periods, the Rh110 molecules eventually cross the predominantly 
positively charged EDL and adsorb on the negatively charged pore walls. If the 
Debye length is reduced by adding salt (solution 2, pH = 4.3 + NaCl), the 
interactions with the EDL are substantially reduced and the uptake is 
accelerated (Figure 5G). Interestingly, the final amount of adsorbed species in 
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this case is even larger than for solution 1 (pH = 4.3). We assume that this is 
because some regions of the pore space of the particles remain inaccessible 
when a large EDL is present. This would be the case for regions connected 
through narrow bottle-necks where the EDL overlap is the highest, impeding 
Rh110 to access the whole particle void volume. Compared to N2-
physisorption which provides a single BET-surface area for an ensemble of 
particles, our method, on the other hand, delivers individual particle 
information. Furthermore, N2-physisorption provides the accessible surface 
area under specific (inert) conditions, while our method can be applied under 
varying probe-host electrostatic interactions and is sensitive to them. This 
could be potentially exploited to determine the accessible surface area for a 
specific guest molecule (e.g., differently sized molecules within a catalyst 
particle). Moreover, the porous silica particles used in this study are, as 
mentioned above, commonly impregnated with metallocenes as active centers 
and used as olefin polymerization catalysts76. The chemosensitivity of our 
effective surface area measurements could be used to characterize silica 
support particles regarding their impregnation potential. 

 

Figure 7 A) Distribution of mean fluorescent intensities of the silica model particles under 
different conditions after reaching saturation. Smaller pores result in higher saturation 
intensities, as they imply larger surface areas. At pH = 7, the equilibrium concentrations are the 
lowest since Rh110(±) is neutrally charged and less attracted to the silica walls. At pH 4.3 
silica(-) and Rh110(+) have opposite charges resulting in higher saturation concentrations. 
Adding salt to the pH = 4.3 solution decreases the Debye length to the point where there is no 
EDL overlap. Pores connected through narrow bottle-necks with high EDL overlap become 
accessible as the pore entrance is no longer fully occupied by positively charged ions. Therefore, 
the total accessible porosity increases compared to the case of pH 4.3. As a result, the available 
surface area and the saturation concentrations increase as well. B) Zoom-in of red rectangle in 
A). The box plots display the median, the lower and upper quartiles as well as non-outlier 
minima and maxima.  

interactions). The difference between 35 nm and 23 nm for solution 2 
(moderate electrostatic interactions) falls within the error bar of the 
measurement. At pH = 7 (weak electrostatic interactions), however, the 
measurement remains sensitive to these differences. Therefore, by 
suppressing the probe-wall electrostatic interactions, it is possible to probe 
accessibility as dominated by the pore structure (pore size and shape). This 
becomes clear if one compares the accessibility index distribution at pH = 7 
(Figure 6B) with the pore size distribution obtained with N2 physisorption 
(Figure 6C). Note that both distributions show a significant overlap of the 35 
nm sample with both the 23 nm and the 50 nm samples. Further, the relative 
peak positions are similarly distributed with respect to each other. 

To investigate the adsorption behavior of the system, the fluorescence of 
individual particles was measured and compared after two weeks of uptake, to 
ensure that saturation was reached (Figure 7). For all evaluated conditions, 
the same trend could be observed for the pore size: the equilibrium intensity, 
and therefore the equilibrium concentration increases as the pore size 
decreases. All model particles have roughly the same total porosity (~30%). If 
the total porosity is constant, the surface area available for adsorption 
decreases as a function of pore size. This explains why the amount of adsorbed 
Rh110 increases when particles with smaller pores are probed – intensity 
therefore directly correlates with surface area (BET results, SI 4). 
Nevertheless, the amount of adsorbed Rh110 also seems to depend strongly 
on the conditions used for the experiment. Interestingly, when Rh110 is 
neutrally charged (pH = 7, solution 3), the saturation intensity values are the 
lowest even though these conditions showed the fastest diffusion (Figure 5H 
and Figure 6A). This can be explained by the weak attractive electrostatic 
interactions between the probe and the walls. On the other hand, in the case of 
solution 1 (pH = 4.3), Rh110 and the silica walls have opposite charges, which 
results in a higher amount of probe electrostatically adsorbed on the walls 
after reaching equilibrium. Despite the repulsive electrostatic interactions 
between the EDL and Rh110 that slow diffusion down (Figure 5F), after long 
time periods, the Rh110 molecules eventually cross the predominantly 
positively charged EDL and adsorb on the negatively charged pore walls. If the 
Debye length is reduced by adding salt (solution 2, pH = 4.3 + NaCl), the 
interactions with the EDL are substantially reduced and the uptake is 
accelerated (Figure 5G). Interestingly, the final amount of adsorbed species in 
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5.5 Conclusion and Outlook 

A novel analytical method to study the accessibility of individual porous 
particles in a high-throughput fashion was proposed and showcased using 
reference silica particles. From the conducted experiments, the following 
conclusions could be drawn: 1) Particles from the same batch showed great 
heterogeneity in terms of accessibility and number of accessible adsorption 
sites, which could not have been resolved with traditional bulk analytical 
methods. 2) The probe-wall electrostatic interactions proved to be of 
paramount importance for mass transfer and adsorption within mesoporous 
materials. 3) Therefore, conditions where these interactions are suppressed 
were employed to probe particles’ accessibility as dominated by porosity. The 
pore-size probing sensitivity of our approach was similar to the one obtained 
with N2-physisorption. 4) Evaluating the saturation intensities proved to be 
suitable for studying surface area at the single particle level. Contrary to gas-
physisorption methods, where the results are independent of the surface 
chemistry, our method can be used to study the changes in accessible surface 
area as a function of the probe-host interactions, which could be used to study 
catalyst support impregnation. 5) Two linearized uptake curve parameters 
were found to be relevant for this kind of experiment: the accessibility index 
and the saturation intensity. The y-axis intercept, typically reported in mass 
transfer studies, proved to be redundant, as it strongly correlated with the 
accessibility index. Our validated method should be used to conduct uptake 
experiments using different probes and complex porous materials. Moreover, 
modifications to the microfluidic device can be made in order to make it 
compatible with organic solvents, expanding the application to the use of 
hydrophobic dyes and particles. 
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5.5 Conclusion and Outlook 

A novel analytical method to study the accessibility of individual porous 
particles in a high-throughput fashion was proposed and showcased using 
reference silica particles. From the conducted experiments, the following 
conclusions could be drawn: 1) Particles from the same batch showed great 
heterogeneity in terms of accessibility and number of accessible adsorption 
sites, which could not have been resolved with traditional bulk analytical 
methods. 2) The probe-wall electrostatic interactions proved to be of 
paramount importance for mass transfer and adsorption within mesoporous 
materials. 3) Therefore, conditions where these interactions are suppressed 
were employed to probe particles’ accessibility as dominated by porosity. The 
pore-size probing sensitivity of our approach was similar to the one obtained 
with N2-physisorption. 4) Evaluating the saturation intensities proved to be 
suitable for studying surface area at the single particle level. Contrary to gas-
physisorption methods, where the results are independent of the surface 
chemistry, our method can be used to study the changes in accessible surface 
area as a function of the probe-host interactions, which could be used to study 
catalyst support impregnation. 5) Two linearized uptake curve parameters 
were found to be relevant for this kind of experiment: the accessibility index 
and the saturation intensity. The y-axis intercept, typically reported in mass 
transfer studies, proved to be redundant, as it strongly correlated with the 
accessibility index. Our validated method should be used to conduct uptake 
experiments using different probes and complex porous materials. Moreover, 
modifications to the microfluidic device can be made in order to make it 
compatible with organic solvents, expanding the application to the use of 
hydrophobic dyes and particles. 
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SI 1 Microfluidic Device  

 

Figure S1: A) Schematic and B, C) cross-section of the microfluidic device used for the uptake 
experiments. A) shows the chip 4 chambers: one is empty and used as a reference chamber 
while the other 3 are filled with porous particle samples. The bypass channel is used to purge 
the channels without contaminating the chambers when switching liquids. B) Valve cross-
section in open configuration. The channels in the flow layer are shown in green, while the 
control layer channel is shown in white. The rounded profile of the flow channel is needed to 
ensure the closing of the valve without leaking. C) Chamber cross section showing the position 
of the particles. Due to the loading procedure and the sticky nature of PDMS, the particles tend 
to stay attached to the top layer. 

SI 2 Uptake Simulations  

The concentration profile changes during the uptake process were 
simulated by solving Fick's second law (Eq. 1) in spherical coordinates with 
adsorption. Therefore, the porous particle was modeled as pseudo 
homogenous porous sphere with an internal liquid phase diffusion coefficient 
D [m2/s], an adsorption coefficient R [-], and an external mass transfer 
coefficient k [m/s]. The uptake process as well as the variables used for the 
simulation are schematically depicted in Figure S2 

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
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𝑟𝑟𝑟𝑟2

 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝑟𝑟𝑟𝑟
�𝑟𝑟𝑟𝑟2 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕𝑟𝑟𝑟𝑟
� − 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
                  (1)  

A linear relationship between the adsorbed concentration S [mg/m3] and the 
concentration C [mg/m3] in the solution was considered, assuming diffusion as 
a limiting process in the sorption process.  

𝑆𝑆𝑆𝑆 = 𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶                                       (2) 

By combining equations (1) and (2) Fick's law can be rewritten to  
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where 𝐷𝐷𝐷𝐷′ represents an effective diffusion (including adsorption):  

𝐷𝐷𝐷𝐷′ = 𝐷𝐷𝐷𝐷
1+𝑅𝑅𝑅𝑅

                      (4) 

The initial dye concentration inside the particle’s pores 𝐶𝐶𝐶𝐶0 as well as the 
adsorbed concentration S0 were assumed to be 0.  

𝐶𝐶𝐶𝐶 = 𝐶𝐶𝐶𝐶0 = 0                       𝑡𝑡𝑡𝑡 = 0 ∀ 𝑟𝑟𝑟𝑟                                (5)  

𝑆𝑆𝑆𝑆 = 𝑆𝑆𝑆𝑆0 = 0              𝑡𝑡𝑡𝑡 = 0 ∀ 𝑟𝑟𝑟𝑟                                (6)  

Further, the following conditions were implemented:  

1) The molecular flow at both sides of the liquid-solid interface has to be the 
same (Eq. 7). This boundary condition at r = 𝑅𝑅𝑅𝑅𝑝𝑝𝑝𝑝 (particle radius) relates 
internal and external mass transfer through a positive correlation between the 
effective diffusion coefficient 𝐷𝐷𝐷𝐷′ and the external mass transfer coefficient k. 
Both of these parameters correlate positively with the accessibility index 
(Figure 3).  
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=  𝑘𝑘𝑘𝑘  (𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵 − 𝐶𝐶𝐶𝐶)        𝑡𝑡𝑡𝑡 > 0                 (7) 

where CB is the concentration in the bulk solution (constant over time) and  

2) Due to the symmetry of the system the first derivative of the concentration 
profile should be zero at the center of the spherical particle.  
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= 0        𝑡𝑡𝑡𝑡 > 0                          (8)  
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SI 1 Microfluidic Device  

 

Figure S1: A) Schematic and B, C) cross-section of the microfluidic device used for the uptake 
experiments. A) shows the chip 4 chambers: one is empty and used as a reference chamber 
while the other 3 are filled with porous particle samples. The bypass channel is used to purge 
the channels without contaminating the chambers when switching liquids. B) Valve cross-
section in open configuration. The channels in the flow layer are shown in green, while the 
control layer channel is shown in white. The rounded profile of the flow channel is needed to 
ensure the closing of the valve without leaking. C) Chamber cross section showing the position 
of the particles. Due to the loading procedure and the sticky nature of PDMS, the particles tend 
to stay attached to the top layer. 

SI 2 Uptake Simulations  

The concentration profile changes during the uptake process were 
simulated by solving Fick's second law (Eq. 1) in spherical coordinates with 
adsorption. Therefore, the porous particle was modeled as pseudo 
homogenous porous sphere with an internal liquid phase diffusion coefficient 
D [m2/s], an adsorption coefficient R [-], and an external mass transfer 
coefficient k [m/s]. The uptake process as well as the variables used for the 
simulation are schematically depicted in Figure S2 
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A linear relationship between the adsorbed concentration S [mg/m3] and the 
concentration C [mg/m3] in the solution was considered, assuming diffusion as 
a limiting process in the sorption process.  

𝑆𝑆𝑆𝑆 = 𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶                                       (2) 

By combining equations (1) and (2) Fick's law can be rewritten to  
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where 𝐷𝐷𝐷𝐷′ represents an effective diffusion (including adsorption):  

𝐷𝐷𝐷𝐷′ = 𝐷𝐷𝐷𝐷
1+𝑅𝑅𝑅𝑅

                      (4) 

The initial dye concentration inside the particle’s pores 𝐶𝐶𝐶𝐶0 as well as the 
adsorbed concentration S0 were assumed to be 0.  

𝐶𝐶𝐶𝐶 = 𝐶𝐶𝐶𝐶0 = 0                       𝑡𝑡𝑡𝑡 = 0 ∀ 𝑟𝑟𝑟𝑟                                (5)  

𝑆𝑆𝑆𝑆 = 𝑆𝑆𝑆𝑆0 = 0              𝑡𝑡𝑡𝑡 = 0 ∀ 𝑟𝑟𝑟𝑟                                (6)  

Further, the following conditions were implemented:  

1) The molecular flow at both sides of the liquid-solid interface has to be the 
same (Eq. 7). This boundary condition at r = 𝑅𝑅𝑅𝑅𝑝𝑝𝑝𝑝 (particle radius) relates 
internal and external mass transfer through a positive correlation between the 
effective diffusion coefficient 𝐷𝐷𝐷𝐷′ and the external mass transfer coefficient k. 
Both of these parameters correlate positively with the accessibility index 
(Figure 3).  
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=  𝑘𝑘𝑘𝑘  (𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵 − 𝐶𝐶𝐶𝐶)        𝑡𝑡𝑡𝑡 > 0                 (7) 

where CB is the concentration in the bulk solution (constant over time) and  

2) Due to the symmetry of the system the first derivative of the concentration 
profile should be zero at the center of the spherical particle.  
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The partial differential equation including the initial and boundary conditions 
was solved with a homemade Matlab code using the finite difference method:  

𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛+1 = 𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛 + 𝐷𝐷𝐷𝐷′∆𝜕𝜕𝜕𝜕
∆𝑟𝑟𝑟𝑟2

[𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖+1𝑛𝑛𝑛𝑛 − 2𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛 + 𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖−1𝑛𝑛𝑛𝑛]                      (9)  

The total probe molecule concentration profile consists of the sum of the 
concentration in the pore space of the particle (𝐶𝐶𝐶𝐶), and the concentration 
adsorbed on the pore-walls (𝑆𝑆𝑆𝑆):  

𝐶𝐶𝐶𝐶𝜕𝜕𝜕𝜕𝑡𝑡𝑡𝑡𝜕𝜕𝜕𝜕(𝑟𝑟𝑟𝑟) = 𝑆𝑆𝑆𝑆(𝑟𝑟𝑟𝑟) + 𝐶𝐶𝐶𝐶(𝑟𝑟𝑟𝑟)                        (10) 

This value was integrated over the whole radius of the particle for each time 
step n and used to calculate the uptake as: 

𝑞𝑞𝑞𝑞 =  (𝜕𝜕𝜕𝜕−𝜕𝜕𝜕𝜕0)
𝑚𝑚𝑚𝑚𝐶𝐶𝐶𝐶

𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠                    (11) 

with mc [g] the sorbent amount and Vs [mL] the volume of the solution.  

 

Figure S2: Schematic of the uptake process showing the variables used and assumptions made. 
A) Initial conditions: at the beginning of the process, we assume that the dye concentration 
outside of the particle is constant, CB. Within the particle, the adsorbed concentration CB, as well 
as the concentration in the liquid phase C0, are assumed to be 0. B) Uptake process: The 
concentration far away from the particle is assumed to be constant CB. In the vicinity of the 
particle, a stagnant layer, i.e., a concentration gradient characterized by the external mass 
transfer coefficient k, is formed. Within the particle, the adsorbed and liquid concentrations are 
spatially dependent, these concentration profiles are characterized by the internal diffusion 
coefficient D and the adsorption constant R. C) Saturation: there are no concentration gradients 
on either the liquid or adsorbed phase. Since there are no concentration gradients, there is no 
driving force for diffusion or adsorption. The particle is in equilibrium and cannot take up more 
dye. 

The so-calculated uptake plotted as function of t0.5 results in the uptake curve 
of the particle (Figure 3). According to Eq. 4, if the adsorption increases, the 
effective diffusion coefficient decreases (steep and persistent concentration 
gradient). Nevertheless, the overall amount of material taken up by the 
particle increases (Figure 3C). Increasing D and/or k has the same effect on 
the accessibility. 

SI 3 Uptake Curve Parameters 

Interestingly, the experimentally obtained accessibility indices and y-axis 
intercepts are strongly correlated (Figure S3A, and S7B). Therefore, if one 
wants to quantify the pore space of a material through uptake experiments, 
one of these parameters would suffice. Preferably, the accessibility index 
should be used, as it is positively correlated with pore size, adsorption 
coefficient, and external mass transfer coefficient and all these parameters 
result in faster uptake rates as they grow. 

 

Figure S3: Experimental data- scatter plot to show the correlation of accessibility index and y-
axis intercept. A) Solution 2 (pH= 4.3; 0.01M NaCl) B) Solution 3 (pH = 7). The accessibility 
index of solution 1 (pH 4.3) could not be calculated because the curves did not show an 
inflection point (Figure 5F). 

SI 4 Characterization of SiO2 particles  

Focused Ion Beam Scanning Electron Microscopy (FIB-SEM) and N2 
physisorption were performed on the SiO2 particle samples to visualize and 
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The partial differential equation including the initial and boundary conditions 
was solved with a homemade Matlab code using the finite difference method:  

𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛+1 = 𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛 + 𝐷𝐷𝐷𝐷′∆𝜕𝜕𝜕𝜕
∆𝑟𝑟𝑟𝑟2

[𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖+1𝑛𝑛𝑛𝑛 − 2𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛 + 𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖−1𝑛𝑛𝑛𝑛]                      (9)  

The total probe molecule concentration profile consists of the sum of the 
concentration in the pore space of the particle (𝐶𝐶𝐶𝐶), and the concentration 
adsorbed on the pore-walls (𝑆𝑆𝑆𝑆):  

𝐶𝐶𝐶𝐶𝜕𝜕𝜕𝜕𝑡𝑡𝑡𝑡𝜕𝜕𝜕𝜕(𝑟𝑟𝑟𝑟) = 𝑆𝑆𝑆𝑆(𝑟𝑟𝑟𝑟) + 𝐶𝐶𝐶𝐶(𝑟𝑟𝑟𝑟)                        (10) 

This value was integrated over the whole radius of the particle for each time 
step n and used to calculate the uptake as: 

𝑞𝑞𝑞𝑞 =  (𝜕𝜕𝜕𝜕−𝜕𝜕𝜕𝜕0)
𝑚𝑚𝑚𝑚𝐶𝐶𝐶𝐶

𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠                    (11) 

with mc [g] the sorbent amount and Vs [mL] the volume of the solution.  

 

Figure S2: Schematic of the uptake process showing the variables used and assumptions made. 
A) Initial conditions: at the beginning of the process, we assume that the dye concentration 
outside of the particle is constant, CB. Within the particle, the adsorbed concentration CB, as well 
as the concentration in the liquid phase C0, are assumed to be 0. B) Uptake process: The 
concentration far away from the particle is assumed to be constant CB. In the vicinity of the 
particle, a stagnant layer, i.e., a concentration gradient characterized by the external mass 
transfer coefficient k, is formed. Within the particle, the adsorbed and liquid concentrations are 
spatially dependent, these concentration profiles are characterized by the internal diffusion 
coefficient D and the adsorption constant R. C) Saturation: there are no concentration gradients 
on either the liquid or adsorbed phase. Since there are no concentration gradients, there is no 
driving force for diffusion or adsorption. The particle is in equilibrium and cannot take up more 
dye. 

The so-calculated uptake plotted as function of t0.5 results in the uptake curve 
of the particle (Figure 3). According to Eq. 4, if the adsorption increases, the 
effective diffusion coefficient decreases (steep and persistent concentration 
gradient). Nevertheless, the overall amount of material taken up by the 
particle increases (Figure 3C). Increasing D and/or k has the same effect on 
the accessibility. 

SI 3 Uptake Curve Parameters 

Interestingly, the experimentally obtained accessibility indices and y-axis 
intercepts are strongly correlated (Figure S3A, and S7B). Therefore, if one 
wants to quantify the pore space of a material through uptake experiments, 
one of these parameters would suffice. Preferably, the accessibility index 
should be used, as it is positively correlated with pore size, adsorption 
coefficient, and external mass transfer coefficient and all these parameters 
result in faster uptake rates as they grow. 

 

Figure S3: Experimental data- scatter plot to show the correlation of accessibility index and y-
axis intercept. A) Solution 2 (pH= 4.3; 0.01M NaCl) B) Solution 3 (pH = 7). The accessibility 
index of solution 1 (pH 4.3) could not be calculated because the curves did not show an 
inflection point (Figure 5F). 

SI 4 Characterization of SiO2 particles  

Focused Ion Beam Scanning Electron Microscopy (FIB-SEM) and N2 
physisorption were performed on the SiO2 particle samples to visualize and 

Thesis_Final Version_afterPP.indd   135Thesis_Final Version_afterPP.indd   135 23/10/2023   10:21:1923/10/2023   10:21:19



136

Chapter 5 

 

check their mesoporosity. Focused Ion Beam Milling Scanning Electron 
Microscopy (FIB-SEM) was performed on an FEI Helios NanoLab G3 UC 
microscope. Samples were loaded on Al stubs with carbon tape and sputter-
coated with 10 nm of Pt, before the measurement. Beam currents of 0.1 nA 
and 2 kV were used to image particles with dwell times varying between 1 and 
5 μs, depending on the imaging mode. External morphologies were imaged by 
collecting secondary electrons (SE) with an Everhart–Thornley detector (ETD), 
while cross-sections were imaged by collecting back scattered electrons (BSE) 
with a through-the-lens detector (TLD) with a dual scanning electron 
microscope focused-ion beam. Cross-sections were obtained with a Gallium 
FIB operating at 2.5 nA for milling, removing half of the particle material. 
Then, Pt deposition was performed with 0.77 nA for a protective layer on top 
of the surface of the particle and subsequent cleaning with precision milling 
operating at 2.5 nA the exposed cross-section. N2 physisorption measurements 
of the SiO2 particles were performed using a Micromeritics TriStar 3000 
instrument operating at −196 °C. Before performing the measurements, the 
particles were dried for 15h at 200 °C under N2. The resulting surface area 
values were 344 m²/g; 439 m²/g; 523 m²/g for the 50, 35, and 23 nm pore 
size particles, respectively.  

 

Figure S4: SEM image of FIB-cut particles showing mesopores of the different samples used for 
the experiments. 

SI 5 Calibration curves  

To verify the correlation between the dye concentration and the 
fluorescence intensity both in bulk and in the particles, experiments were 
performed using solutions of Rhodamine 110 at pH 7 at different 
concentrations. The measured intensity grew linearly as a function of the 

concentration, suggesting that the fluorescence intensity can be used as a 
measure of concentration in the used concentration range.  

 

Figure S5: Calibration curves of Rhodamine 110 at pH 7 A) in the bulk solutions and B) in the 
particles with 35 nm pore size. In B) the particles were in contact with the solutions at different 
concentrations until they reached the equilibrium. The measured intensity grew linearly as a 
function of the bulk solution concentration, suggesting that the fluorescence intensity can be 
used as a measure of concentration in the used concentration range. The error bars in A) 
represent the standard deviation of the mean intensity over the 4 chambers and in B) represent 
the standard deviation of the mean particle intensity. The number of particles analyzed is ~ 50. 

SI 6 Image Processing 

The fluorescence microscopy images (Figure S5A, and S5B) were 
processed using custom Matlab code. The pixels that correspond to particles 
are segmented using the Segmentation Editor from ImageJ (Figure S5C). The 
mean pixel intensity of each of these regions was calculated for each picture. 
Figure S5D shows the intensity changes over time0.5 for individual particles of 
the same batch. Note that the particles that were in contact with the lateral 
walls of the chambers were excluded from the analysis as their contact surface 
area with the liquid was reduced.  
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check their mesoporosity. Focused Ion Beam Milling Scanning Electron 
Microscopy (FIB-SEM) was performed on an FEI Helios NanoLab G3 UC 
microscope. Samples were loaded on Al stubs with carbon tape and sputter-
coated with 10 nm of Pt, before the measurement. Beam currents of 0.1 nA 
and 2 kV were used to image particles with dwell times varying between 1 and 
5 μs, depending on the imaging mode. External morphologies were imaged by 
collecting secondary electrons (SE) with an Everhart–Thornley detector (ETD), 
while cross-sections were imaged by collecting back scattered electrons (BSE) 
with a through-the-lens detector (TLD) with a dual scanning electron 
microscope focused-ion beam. Cross-sections were obtained with a Gallium 
FIB operating at 2.5 nA for milling, removing half of the particle material. 
Then, Pt deposition was performed with 0.77 nA for a protective layer on top 
of the surface of the particle and subsequent cleaning with precision milling 
operating at 2.5 nA the exposed cross-section. N2 physisorption measurements 
of the SiO2 particles were performed using a Micromeritics TriStar 3000 
instrument operating at −196 °C. Before performing the measurements, the 
particles were dried for 15h at 200 °C under N2. The resulting surface area 
values were 344 m²/g; 439 m²/g; 523 m²/g for the 50, 35, and 23 nm pore 
size particles, respectively.  

 

Figure S4: SEM image of FIB-cut particles showing mesopores of the different samples used for 
the experiments. 

SI 5 Calibration curves  

To verify the correlation between the dye concentration and the 
fluorescence intensity both in bulk and in the particles, experiments were 
performed using solutions of Rhodamine 110 at pH 7 at different 
concentrations. The measured intensity grew linearly as a function of the 

concentration, suggesting that the fluorescence intensity can be used as a 
measure of concentration in the used concentration range.  

 

Figure S5: Calibration curves of Rhodamine 110 at pH 7 A) in the bulk solutions and B) in the 
particles with 35 nm pore size. In B) the particles were in contact with the solutions at different 
concentrations until they reached the equilibrium. The measured intensity grew linearly as a 
function of the bulk solution concentration, suggesting that the fluorescence intensity can be 
used as a measure of concentration in the used concentration range. The error bars in A) 
represent the standard deviation of the mean intensity over the 4 chambers and in B) represent 
the standard deviation of the mean particle intensity. The number of particles analyzed is ~ 50. 

SI 6 Image Processing 

The fluorescence microscopy images (Figure S5A, and S5B) were 
processed using custom Matlab code. The pixels that correspond to particles 
are segmented using the Segmentation Editor from ImageJ (Figure S5C). The 
mean pixel intensity of each of these regions was calculated for each picture. 
Figure S5D shows the intensity changes over time0.5 for individual particles of 
the same batch. Note that the particles that were in contact with the lateral 
walls of the chambers were excluded from the analysis as their contact surface 
area with the liquid was reduced.  
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Figure S6: A) Fluorescence microscopy image recorded at the beginning of the uptake process. 
B) Fluorescence microscopy image recorded after 5 h of uptake displays higher intensities for 
each particle. C) The pixels that belong to particles were segmented. The mean intensity of each 
of these regions was calculated for each time. D) Mean intensity changes within the chamber on 
the left as a function of the time0.5. The initial intensity values were subtracted so that the curves 
begin at an intensity equal to 0. Each uptake curve refers to an individual particle. 

  

SI 7 Reference Chambers and Photostability  

 

Figure S7: Mean intensities over time of the solutions of Rhodamine 110 used for the uptake 
experiments as evaluated from the reference chamber. In all the cases, the solutions show 
photostability within the 5 h of the experiment. 

SI 8 Debye length calculation  

The Debye length was estimated as follows: 

 

𝜆𝜆𝜆𝜆𝐷𝐷𝐷𝐷 = �
𝜀𝜀𝜀𝜀𝐾𝐾𝐾𝐾𝐵𝐵𝐵𝐵𝑇𝑇𝑇𝑇

2𝑒𝑒𝑒𝑒2𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴𝐼𝐼𝐼𝐼
 

where: 

ε is the solvent dielectric constant [F/m]; 𝐾𝐾𝐾𝐾𝐵𝐵𝐵𝐵 is the Boltzmann constant 
[C2/(J·m)]; 𝑇𝑇𝑇𝑇 is the temperature [K], 𝑒𝑒𝑒𝑒 is the elementary charge [C], 𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴 is 
Avogadro’s constant [mol-1], and 𝐼𝐼𝐼𝐼 is the ionic strength [mol/L].  

SI 9 Accessibility index Determination 

In order to quantify the speed of the uptake process, many published 
studies fit a line to a fraction of the uptake-t0.5 curve. The resulting slope is 
used as a parameter to quantify the extent of the internal mass transfer1,2,3. 
Moreover, the intercept with the y-axis is usually used to evaluate the external 
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SI 9 Accessibility index Determination 

In order to quantify the speed of the uptake process, many published 
studies fit a line to a fraction of the uptake-t0.5 curve. The resulting slope is 
used as a parameter to quantify the extent of the internal mass transfer1,2,3. 
Moreover, the intercept with the y-axis is usually used to evaluate the external 
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mass transfer limitations4. However, to the best of our knowledge, no 
publication clarifies how the “linear part” of the curve was chosen. Performing 
a linear regression on different, arbitrarily chosen, parts of the curve can lead 
to different slopes (and y-axis intercepts) on the same dataset. To quantify our 
data in a systematic way, we determined the inflection point of each uptake- 
t0.5 curve as well as its first derivative. The inflection point tangent was used to 
replace the linear fit usually used in literature. Figure S8 displays an uptake 
curve together with its inflection point tangent used to approximate the 
“linear part of the curve”.  

 

Figure S8: Experimental data of uptake of the solution at pH 7 from one silica particle with 50 
nm pores.  

Supporting References 

1 Rainer, D. R., Rautiainen, E. & Imhof, P. Novel lab-scale deactivation method for FCC 
catalyst: Inducing realistic accessibility responses to iron poisoning. Applied 
Catalysis A: General 249, 69–80 (2003). 

2 Psarras, A. C., Iliopoulou, E. F., Nalbandian, L., Lappas, A. A. & Pouwels, C. Study of 
the accessibility effect on the irreversible deactivation of FCC catalysts from 
contaminant feed metals. Catalysis Today 127, 44–53 (2007). 

3 Connor, P. O. & Nl, H. ( 12 ) United States Patent. 2, (2004). 

4 Sze, M. F. F. & McKay, G. An adsorption diffusion model for removal of para-
chlorophenol by activated carbon derived from bituminous coal. Environmental 
Pollution 158, 1669–1674 (2010). 

 

Thesis_Final Version_afterPP.indd   140Thesis_Final Version_afterPP.indd   140 23/10/2023   10:21:2123/10/2023   10:21:21



5

141

Supporting Information 

 

mass transfer limitations4. However, to the best of our knowledge, no 
publication clarifies how the “linear part” of the curve was chosen. Performing 
a linear regression on different, arbitrarily chosen, parts of the curve can lead 
to different slopes (and y-axis intercepts) on the same dataset. To quantify our 
data in a systematic way, we determined the inflection point of each uptake- 
t0.5 curve as well as its first derivative. The inflection point tangent was used to 
replace the linear fit usually used in literature. Figure S8 displays an uptake 
curve together with its inflection point tangent used to approximate the 
“linear part of the curve”.  

 

Figure S8: Experimental data of uptake of the solution at pH 7 from one silica particle with 50 
nm pores.  

Supporting References 

1 Rainer, D. R., Rautiainen, E. & Imhof, P. Novel lab-scale deactivation method for FCC 
catalyst: Inducing realistic accessibility responses to iron poisoning. Applied 
Catalysis A: General 249, 69–80 (2003). 

2 Psarras, A. C., Iliopoulou, E. F., Nalbandian, L., Lappas, A. A. & Pouwels, C. Study of 
the accessibility effect on the irreversible deactivation of FCC catalysts from 
contaminant feed metals. Catalysis Today 127, 44–53 (2007). 

3 Connor, P. O. & Nl, H. ( 12 ) United States Patent. 2, (2004). 

4 Sze, M. F. F. & McKay, G. An adsorption diffusion model for removal of para-
chlorophenol by activated carbon derived from bituminous coal. Environmental 
Pollution 158, 1669–1674 (2010). 

 

Thesis_Final Version_afterPP.indd   141Thesis_Final Version_afterPP.indd   141 23/10/2023   10:21:2223/10/2023   10:21:22



Thesis_Final Version_afterPP.indd   142Thesis_Final Version_afterPP.indd   142 23/10/2023   10:21:2223/10/2023   10:21:22



6
Diffusion through Single Porous Particles Studied 

in a Microfluidic System

The understanding of diffusion through porous materials is a crucial aspect of 
designing superior materials for applications involving membranes, adsorption, 
or catalyst particles. The performance of catalyst particles is often influenced by 
inter-particle inhomogeneities, which are barely attainable with bulk analytical 
methods. To overcome this problem, a microfluidic system has been designed 
and fabricated to perform a mass transfer study at single-particle level using 
fluorescence microscopy. This was achieved by partial embedding of a porous 
particle in a barrier between two streams of liquid and applying a concentration 
gradient of a fluorescent probe over it. The proposed approach allowed us to 
obtain diffusion coefficient values for individual particles. Moreover, this meth-
od provides information on the connected porosity of the analyzed particle as 
well as an estimation of the adsorbed amount of the diffusing molecules inside 
the particle. The diffusion was studied for porous SiO2 particles, a well-known 
material used as commercial support for catalysts and adsorbents, with differ-

ent pore sizes of 3, 10, and 30 nm.
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Chapter 6 

6.1 Introduction 

Porous materials are widely used in catalytic, adsorption, and separation 
processes and their technological applications are strongly dependent upon 
the transport mechanism and rate of guest molecules in the porous system. 
For instance, in porous catalysts1-3, diffusion can dictate the catalytic activity, 
selectivity, and product yield. Similarly, the performance of fuel cells is linked 
to ion diffusion in the electrode4,5, while molecular sieves and membrane 
separations rely on the diffusion rates of diverse species in the porous 
medium6,7. Therefore, understanding the underlying phenomena is essential to 
describe and design superior materials.  

Critical aspects of the diffusion process are related to the interaction 
between molecules and solid surfaces, and how molecular systems behave in a 
confined environment with reduced dimensionality8,9. Particularly, the pore 
dimension and morphology play a central role in molecular transport, as they 
determine the guest-host interactions. Porous materials have interconnected 
pores or voids, which can range in size from nanometer to the micrometer 
scale. They can be composed of an ordered or complex hierarchical pore 
network commonly differentiated in macro- (> 50 nm), meso- (between 50 nm 
and 2 nm), and micropores (< 2 nm)10. In larger pores, transportation 
primarily occurs through molecular diffusion and viscous flow. As the pore 
size decreases, there is a growing probability for the diffusing molecule to 
collide with the pore walls, rather than other molecules. Eventually, when the 
pore diameter becomes similar to the molecule dimension, the molecule is 
unable to escape the force field exerted by the intermolecular forces (e.g. 
electrostatic interactions, van der Waals forces, hydrogen bonding) at the pore 
wall, leading to a dramatic decrease in its diffusivity. Additionally, pore 
connectivity affects the molecular transport through the porous material, 
determining the diffusion paths11.  

When talking of diffusion transport under a known gradient of 
concentration, the transport in different regions of porosity may be controlled 
by a combination of the aforementioned mechanisms. For instance, involve the 
phenomenon of fluid-phase diffusion within the central area of the pore. and 
diffusion due to the movement of molecules along the pore walls8,12. The 
complexity of this system makes the experimental differentiation of the 
relative contributions not trivial. Thus, an effective diffusivity has been defined 

 

to describe the overall diffusion process13. This can be evaluated and 
expressed in terms of bulk diffusivity, the total porosity of the material, and 
the tortuosity of the pores.  

Extensive research has been carried out to gain insight in the intraparticle 
diffusion behavior of molecules and measure the effective diffusivity of porous 
media in different conditions. Methods that allow for the direct observation 
and in situ monitoring of diffusion processes are desirable to study and 
improve porous materials for their respective applications. Bulk techniques 
have been proposed in the literature, such as diaphragm cells14,15, adsorption 
diffusion16,17, chromatographic techniques18-20 and reaction-diffusion 
approach21. Despite the statistical relevance of these bulk analyses, they 
provide only an apparent description, not considering intra- and interparticle 
heterogeneities. Therefore, in the last years, a trend in recent research is to 
develop single particle analysis methods to overcome the bulk limitations. For 
example, interference microscopy (IFM) and IR-micro-imaging have been used 
to study the transient effective diffusion in single crystals22-24. 

One possible approach is the use of microfluidics, which allows the 
characterization of heterogeneous systems with precise control of micro 
volumes and small sample sizes.  

In this work, a microfluidic system has been designed and fabricated to 
perform a study of the diffusion process at the single-particle level. It consists 
of an easy and reproducible method in which transport of molecules through 
the particle can be followed by means of fluorescence microscopy. Our 
approach is based on the visualization and study of the diffusion process in an 
isolated porous particle induced by a concentration gradient of a fluorescent 
solution between two chambers. In the proposed setup, the two chambers are 
separated with a fixed volume ensure by the implementation of closed-valves, 
and only connected by the porous particle. Therefore, the change in 
concentration of the fluorescent probe in both chambers over time gives 
insight into the diffusion mechanism of the probe molecule in the porous 
material. Moreover, the final equilibrium concentration in the chambers is 
directly related to the adsorption capacity of the particle. Finally, the device 
has been successfully tested by measuring particles with different mean pore 
size and assessing their effective diffusion coefficient.  
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Diffusion through Single Porous Particles Studied in a Microfluidic System 

6.1 Introduction 

Porous materials are widely used in catalytic, adsorption, and separation 
processes and their technological applications are strongly dependent upon 
the transport mechanism and rate of guest molecules in the porous system. 
For instance, in porous catalysts1-3, diffusion can dictate the catalytic activity, 
selectivity, and product yield. Similarly, the performance of fuel cells is linked 
to ion diffusion in the electrode4,5, while molecular sieves and membrane 
separations rely on the diffusion rates of diverse species in the porous 
medium6,7. Therefore, understanding the underlying phenomena is essential to 
describe and design superior materials.  

Critical aspects of the diffusion process are related to the interaction 
between molecules and solid surfaces, and how molecular systems behave in a 
confined environment with reduced dimensionality8,9. Particularly, the pore 
dimension and morphology play a central role in molecular transport, as they 
determine the guest-host interactions. Porous materials have interconnected 
pores or voids, which can range in size from nanometer to the micrometer 
scale. They can be composed of an ordered or complex hierarchical pore 
network commonly differentiated in macro- (> 50 nm), meso- (between 50 nm 
and 2 nm), and micropores (< 2 nm)10. In larger pores, transportation 
primarily occurs through molecular diffusion and viscous flow. As the pore 
size decreases, there is a growing probability for the diffusing molecule to 
collide with the pore walls, rather than other molecules. Eventually, when the 
pore diameter becomes similar to the molecule dimension, the molecule is 
unable to escape the force field exerted by the intermolecular forces (e.g. 
electrostatic interactions, van der Waals forces, hydrogen bonding) at the pore 
wall, leading to a dramatic decrease in its diffusivity. Additionally, pore 
connectivity affects the molecular transport through the porous material, 
determining the diffusion paths11.  

When talking of diffusion transport under a known gradient of 
concentration, the transport in different regions of porosity may be controlled 
by a combination of the aforementioned mechanisms. For instance, involve the 
phenomenon of fluid-phase diffusion within the central area of the pore. and 
diffusion due to the movement of molecules along the pore walls8,12. The 
complexity of this system makes the experimental differentiation of the 
relative contributions not trivial. Thus, an effective diffusivity has been defined 

 

to describe the overall diffusion process13. This can be evaluated and 
expressed in terms of bulk diffusivity, the total porosity of the material, and 
the tortuosity of the pores.  

Extensive research has been carried out to gain insight in the intraparticle 
diffusion behavior of molecules and measure the effective diffusivity of porous 
media in different conditions. Methods that allow for the direct observation 
and in situ monitoring of diffusion processes are desirable to study and 
improve porous materials for their respective applications. Bulk techniques 
have been proposed in the literature, such as diaphragm cells14,15, adsorption 
diffusion16,17, chromatographic techniques18-20 and reaction-diffusion 
approach21. Despite the statistical relevance of these bulk analyses, they 
provide only an apparent description, not considering intra- and interparticle 
heterogeneities. Therefore, in the last years, a trend in recent research is to 
develop single particle analysis methods to overcome the bulk limitations. For 
example, interference microscopy (IFM) and IR-micro-imaging have been used 
to study the transient effective diffusion in single crystals22-24. 

One possible approach is the use of microfluidics, which allows the 
characterization of heterogeneous systems with precise control of micro 
volumes and small sample sizes.  

In this work, a microfluidic system has been designed and fabricated to 
perform a study of the diffusion process at the single-particle level. It consists 
of an easy and reproducible method in which transport of molecules through 
the particle can be followed by means of fluorescence microscopy. Our 
approach is based on the visualization and study of the diffusion process in an 
isolated porous particle induced by a concentration gradient of a fluorescent 
solution between two chambers. In the proposed setup, the two chambers are 
separated with a fixed volume ensure by the implementation of closed-valves, 
and only connected by the porous particle. Therefore, the change in 
concentration of the fluorescent probe in both chambers over time gives 
insight into the diffusion mechanism of the probe molecule in the porous 
material. Moreover, the final equilibrium concentration in the chambers is 
directly related to the adsorption capacity of the particle. Finally, the device 
has been successfully tested by measuring particles with different mean pore 
size and assessing their effective diffusion coefficient.  
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6.2 Theoretical framework - Mathematical model description 

The microfluidic system developed in this study to measure the diffusion 
coefficient of species C through a single porous particle is outlined in Figure 1  

 

Figure 1: The schematic illustrates the setup employed to determine the diffusion coefficient 
through an individual porous particle. The image depicts three distinct stages of the 
experiment: the initial state, the diffusion process, and the point of equilibrium in the system. 

To describe the process, a simplified mathematical model considering a 
pseudo-steady state condition was used. Thus, the variation in the solute 
quantity in a chamber is equivalent to the flux passing through the particle in a 
time increment of dt.  

−𝑉𝑉𝑉𝑉1
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑1
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Where C1 and C2 [mol/m3] are the concentrations in the high and low 
concentration chamber respectively, V1 and V2 [m3] are the volumes of the two 
chambers, A [m2] is the particle cross-section area through which the diffusion 
occurs, L [m] is diffusion path length, and D [m2/s] is the effective diffusion 
coefficient of the molecule through the porous particle.  
By combining Eq. 1 and 2, the differential variation of the concentration 
difference in both chambers over time can be obtained and expressed as 
follow: 

 

𝑑𝑑𝑑𝑑(𝐶𝐶𝐶𝐶1−𝐶𝐶𝐶𝐶2)
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𝑉𝑉𝑉𝑉2
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Which can be integrated between time t and 0 and solved to obtain a 
linearized form of the Eq. 3. 

ln (𝐶𝐶𝐶𝐶1−𝐶𝐶𝐶𝐶2)𝑡𝑡𝑡𝑡

(𝐶𝐶𝐶𝐶1−𝐶𝐶𝐶𝐶2)0
= −𝐷𝐷𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝛼𝛼𝛼𝛼 𝑡𝑡𝑡𝑡        (4) 

With α [m-2]the constant parameter related to the device geometry. 

𝛼𝛼𝛼𝛼 =  𝐴𝐴𝐴𝐴
𝐿𝐿𝐿𝐿

( 1
𝑉𝑉𝑉𝑉1

+ 1
𝑉𝑉𝑉𝑉2

)                      (5) 

By measuring the concentration difference of the two chambers over time 
and knowing the constant α, Eq. 4 can be used to estimate the diffusion 
coefficient from the slope of the line fitting the experimental data. A 
geometrical simplification for the particle has been applied, considering the 
particle as a cylinder with A equal to the mean of the particle cross-sections 
along L.  

To fully describe the process, a more detailed model is needed to include 
the adsorption and accumulation onto the particle during the diffusion 
without limiting the model at the steady state condition. Due to time 
constraints, we could not pursue the last route so the simplified model will be 
used to elaborate and estimate the diffusion coefficient for the experiments 
performed in this chapter. Consideration of a more complete mathematical 
model will be provided in the conclusion section. 

6.3 Chip design  

The microfluidic device is composed of a fluidic layer, a control layer, and 
an elastomeric membrane in between. The fluidic layer consists of two parallel 
V-shaped chambers (33 nL) whose geometry allows for valve positioning on 
the control layer. The chambers were designed to obtain low volumes to 
reduce the experimental time (Eq. 4) taking into account the fabrication limits. 
The chambers were separated by a distance of 50 µm at the closest point. This 
aspect of our design is fundamental since this represents the location where 
the porous particle is placed and trapped during the fabrication process. In 
this setting, the particle acts as the only connection point (septum) between 
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Diffusion through Single Porous Particles Studied in a Microfluidic System 

6.2 Theoretical framework - Mathematical model description 

The microfluidic system developed in this study to measure the diffusion 
coefficient of species C through a single porous particle is outlined in Figure 1  

 

Figure 1: The schematic illustrates the setup employed to determine the diffusion coefficient 
through an individual porous particle. The image depicts three distinct stages of the 
experiment: the initial state, the diffusion process, and the point of equilibrium in the system. 

To describe the process, a simplified mathematical model considering a 
pseudo-steady state condition was used. Thus, the variation in the solute 
quantity in a chamber is equivalent to the flux passing through the particle in a 
time increment of dt.  
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With α [m-2]the constant parameter related to the device geometry. 

𝛼𝛼𝛼𝛼 =  𝐴𝐴𝐴𝐴
𝐿𝐿𝐿𝐿

( 1
𝑉𝑉𝑉𝑉1

+ 1
𝑉𝑉𝑉𝑉2

)                      (5) 

By measuring the concentration difference of the two chambers over time 
and knowing the constant α, Eq. 4 can be used to estimate the diffusion 
coefficient from the slope of the line fitting the experimental data. A 
geometrical simplification for the particle has been applied, considering the 
particle as a cylinder with A equal to the mean of the particle cross-sections 
along L.  

To fully describe the process, a more detailed model is needed to include 
the adsorption and accumulation onto the particle during the diffusion 
without limiting the model at the steady state condition. Due to time 
constraints, we could not pursue the last route so the simplified model will be 
used to elaborate and estimate the diffusion coefficient for the experiments 
performed in this chapter. Consideration of a more complete mathematical 
model will be provided in the conclusion section. 

6.3 Chip design  

The microfluidic device is composed of a fluidic layer, a control layer, and 
an elastomeric membrane in between. The fluidic layer consists of two parallel 
V-shaped chambers (33 nL) whose geometry allows for valve positioning on 
the control layer. The chambers were designed to obtain low volumes to 
reduce the experimental time (Eq. 4) taking into account the fabrication limits. 
The chambers were separated by a distance of 50 µm at the closest point. This 
aspect of our design is fundamental since this represents the location where 
the porous particle is placed and trapped during the fabrication process. In 
this setting, the particle acts as the only connection point (septum) between 
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the two chambers. These can be independently filled with the probe solution 
and solvent respectively by using separate inlets and outlets. A fixed volume in 
the chambers throughout the experiment is ensured by means of 2 closed 
valves located along each channel (Figure 2).  

 

Figure 2: A) 3D rendering of the device design composed of three layers: a control layer to 
actuate and control the valves (orange), a Viton membrane (black), and a flow layer where the 
fluidic channels, the two chambers, and the trapped particle are located (green). B) Scheme of 
the valve design with the final dimensions used to fabricate the device. C) Cross-sectional view 
of the 3-layer chip to show the valve mechanism in the open and closed configuration. D) Cross-
sectional view of the device to show the membrane clamping design.  

 

The valves are pneumatically actuated and employ a membrane-based 
design25-27. They comprise two channels, which are separated by a barrier of 
700 µm, a displacement chamber with a diameter of 1 mm (evaluated by a 
COMSOL simulation of the membrane displacement for different pressures, 
see SI 1) positioned in the control layer underneath the barrier, and an 
elastomeric membrane in between (see Figure 2B and 2C). The valve has a 
normally closed configuration, thus relatively little pressure (mbar) is needed 
to push the membrane against the barrier to ensure the closure and tightness 
of the chamber. On the other hand, vacuum pressure (mbar) is required to pull 
the membrane away from the barrier and open the valve to allow flow through 
the chamber. The two valves positioned on each of the channels are connected 
to a single actuation port so that they are pressurized simultaneously. 
Both fluidic and control layers include raised ridges of two different heights. 
The lower ridges (190 µm) are positioned to clamp and ensure compression of 
the membrane along the channel and the valve. The higher ridges (300 µm) 
serve as physical stops that set the distance between the fluidic and control 
layer determining the degree of compression on the membrane. These higher 
ridges are located in a region where no membrane is present to obtain direct 
contact with the ridges of the opposing block (see Figure 2D). The proper 
functioning of the valve system and the device is reached by using 8 screws 
positioned in close proximity to the physical stops which clamp and compress 
the three layers together.  
Moreover, rounded corners are implemented at the valve seat to minimize 
bubble trapping while filling or washing the chambers. Inlet, outlet, and valve 
actuation ports are interfaced with a pressure pump using 1/16 PEEK tubing 
connected to the device by friction. Finally, the use of dark and opaque 
material for the membrane necessitates care in the chip design to be optically 
accessible. On the other hand, in fluorescence measurements the black 
background is beneficial for imaging reducing the scattered light and the stray 
light coupling.  

6.4 Experimental methods 

The diffusion experiments were carried out using a solution of n-heptane 
(Sigma-Aldrich) and Pyrromethene 567 (PM567, exc. 518 em. 547) as a 
fluorescent molecular probe with a concentration of 50 µM. The dye was 

Thesis_Final Version_afterPP.indd   148Thesis_Final Version_afterPP.indd   148 23/10/2023   10:21:2523/10/2023   10:21:25



6
149

Diffusion through Single Porous Particles Studied in a Microfluidic System 

the two chambers. These can be independently filled with the probe solution 
and solvent respectively by using separate inlets and outlets. A fixed volume in 
the chambers throughout the experiment is ensured by means of 2 closed 
valves located along each channel (Figure 2).  

 

Figure 2: A) 3D rendering of the device design composed of three layers: a control layer to 
actuate and control the valves (orange), a Viton membrane (black), and a flow layer where the 
fluidic channels, the two chambers, and the trapped particle are located (green). B) Scheme of 
the valve design with the final dimensions used to fabricate the device. C) Cross-sectional view 
of the 3-layer chip to show the valve mechanism in the open and closed configuration. D) Cross-
sectional view of the device to show the membrane clamping design.  

 

The valves are pneumatically actuated and employ a membrane-based 
design25-27. They comprise two channels, which are separated by a barrier of 
700 µm, a displacement chamber with a diameter of 1 mm (evaluated by a 
COMSOL simulation of the membrane displacement for different pressures, 
see SI 1) positioned in the control layer underneath the barrier, and an 
elastomeric membrane in between (see Figure 2B and 2C). The valve has a 
normally closed configuration, thus relatively little pressure (mbar) is needed 
to push the membrane against the barrier to ensure the closure and tightness 
of the chamber. On the other hand, vacuum pressure (mbar) is required to pull 
the membrane away from the barrier and open the valve to allow flow through 
the chamber. The two valves positioned on each of the channels are connected 
to a single actuation port so that they are pressurized simultaneously. 
Both fluidic and control layers include raised ridges of two different heights. 
The lower ridges (190 µm) are positioned to clamp and ensure compression of 
the membrane along the channel and the valve. The higher ridges (300 µm) 
serve as physical stops that set the distance between the fluidic and control 
layer determining the degree of compression on the membrane. These higher 
ridges are located in a region where no membrane is present to obtain direct 
contact with the ridges of the opposing block (see Figure 2D). The proper 
functioning of the valve system and the device is reached by using 8 screws 
positioned in close proximity to the physical stops which clamp and compress 
the three layers together.  
Moreover, rounded corners are implemented at the valve seat to minimize 
bubble trapping while filling or washing the chambers. Inlet, outlet, and valve 
actuation ports are interfaced with a pressure pump using 1/16 PEEK tubing 
connected to the device by friction. Finally, the use of dark and opaque 
material for the membrane necessitates care in the chip design to be optically 
accessible. On the other hand, in fluorescence measurements the black 
background is beneficial for imaging reducing the scattered light and the stray 
light coupling.  

6.4 Experimental methods 

The diffusion experiments were carried out using a solution of n-heptane 
(Sigma-Aldrich) and Pyrromethene 567 (PM567, exc. 518 em. 547) as a 
fluorescent molecular probe with a concentration of 50 µM. The dye was 
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selected due to its apolar nature and molecular size of ~1.3 nm. The diffusivity 
of the chosen dye was measured through porous silica particles with different 
pore sizes of 3 nm, 10 nm, and 30 nm with an average diameter of ~ 75 µm 
(CARiACT Q, Fuji Silysia Chemical LTD).  

A concentration gradient across the particle was induced by filling the two 
chambers with solutions at different concentrations, i.e., one chamber was 
filled with the 50 µM fluorescent solution while the other was filled only with 
the solvent. Diffusion through the particle was measured/followed over time 
as the system reached the equilibrium condition by means of fluorescence 
microscopy. During the process, the images were acquired by using a wide-
field inverted microscope (Leica DMi5000 M) equipped with CoolLED pE300 
light source, and a BGR filter cube.  

Once the device was secured onto the microscope stage, the inlets were 
connected to the reservoirs containing the solution via 1/16” (1.58 mm) PEEK 
tubing. The same connection was used to interface the valve actuation port 
with a pressure pump (Fluigent) to be able to apply positive and negative 
pressures. A tight connection to the device was guaranteed by inserting 
directly the PEEK tubing in the inlets/valve holes by friction being their 
dimension (1.5 mm) slightly smaller than the tubing diameter. 

To exclude capillarity in the particle pore space, this was first soaked with 
solvent by filling both chambers with n-heptane. The experiment started once 
the top chamber was filled with the fluorescent solution and a pressure of 500 
mbar was applied to the valves to guarantee a fixed volume throughout the 
experiment. Images were automatically collected (MicroManager, ImageJ) 
every 20 minutes for 4h following the change in fluorescence in both 
chambers using 50% of the full LED power in order to limit the dye 
photobleaching.  
The dye photostability was evaluated over time by filling both chambers with a 
fluorescent solution and collecting images every 20 min for 4h. The results are 
reported in the SI 2. 

6.4.1 Fabrication 

The materials of the three layers mentioned in the previous section were 
selected to be solvent resistant therefore to be suitable for experiments using 
aqueous or organic solutions.  

 

The fluidic layer was fabricated in epoxy resin by a double-casting procedure 
(see Figure 3). A negative mold of the flow layer design was obtained by 
pouring degassed liquid PDMS (polymer to crosslinker ratio of 15:1) over a 
PMMA master template. The latter has the same design as the flow layer and 
was fabricated using micromilling (DATRON Neo, Germany). The PDMS was 
cured for 120 min at 60°C to be then peeled from the PMMA master template. 
Thus, the negative PDMS mold was covered with scotch tape to protect it from 
dust.  
After obtaining the negative mold in PDMS, a single porous particle was 
wedged and trapped in between the negatives of the two parallel chamber 
profiles by using an optical microscope and a thin needle (thickness of 100 
µm). This procedure was possible due to the soft and flexible nature of the 
PDMS mold which allowed it to trap the particle by deforming its local 
structure.  

In the following step, the clear epoxy resin (EpoFix, Struers) was mixed 
with its curing agent in a ratio of 8:1 and degassed. A pre-polymerization of 
2.5 hours (time evaluated as reported in SI 3) in air led to a high-viscosity 
liquid polymer that was poured into the negative PDMS mold containing the 
trapped particle. The high viscosity of the resin avoids its penetration into the 
particle pores. The hardening and full polymerization of the epoxy resin flow 
layer was carried out at room temperature for 48h. During this step, a flat 
thick PDMS layer was placed on top of the epoxy resin to guarantee a clear and 
flat surface after the polymerization. Eventually, holes for the clamping screws 
were drilled in the epoxy resin flow layer.  
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selected due to its apolar nature and molecular size of ~1.3 nm. The diffusivity 
of the chosen dye was measured through porous silica particles with different 
pore sizes of 3 nm, 10 nm, and 30 nm with an average diameter of ~ 75 µm 
(CARiACT Q, Fuji Silysia Chemical LTD).  

A concentration gradient across the particle was induced by filling the two 
chambers with solutions at different concentrations, i.e., one chamber was 
filled with the 50 µM fluorescent solution while the other was filled only with 
the solvent. Diffusion through the particle was measured/followed over time 
as the system reached the equilibrium condition by means of fluorescence 
microscopy. During the process, the images were acquired by using a wide-
field inverted microscope (Leica DMi5000 M) equipped with CoolLED pE300 
light source, and a BGR filter cube.  

Once the device was secured onto the microscope stage, the inlets were 
connected to the reservoirs containing the solution via 1/16” (1.58 mm) PEEK 
tubing. The same connection was used to interface the valve actuation port 
with a pressure pump (Fluigent) to be able to apply positive and negative 
pressures. A tight connection to the device was guaranteed by inserting 
directly the PEEK tubing in the inlets/valve holes by friction being their 
dimension (1.5 mm) slightly smaller than the tubing diameter. 

To exclude capillarity in the particle pore space, this was first soaked with 
solvent by filling both chambers with n-heptane. The experiment started once 
the top chamber was filled with the fluorescent solution and a pressure of 500 
mbar was applied to the valves to guarantee a fixed volume throughout the 
experiment. Images were automatically collected (MicroManager, ImageJ) 
every 20 minutes for 4h following the change in fluorescence in both 
chambers using 50% of the full LED power in order to limit the dye 
photobleaching.  
The dye photostability was evaluated over time by filling both chambers with a 
fluorescent solution and collecting images every 20 min for 4h. The results are 
reported in the SI 2. 

6.4.1 Fabrication 

The materials of the three layers mentioned in the previous section were 
selected to be solvent resistant therefore to be suitable for experiments using 
aqueous or organic solutions.  

 

The fluidic layer was fabricated in epoxy resin by a double-casting procedure 
(see Figure 3). A negative mold of the flow layer design was obtained by 
pouring degassed liquid PDMS (polymer to crosslinker ratio of 15:1) over a 
PMMA master template. The latter has the same design as the flow layer and 
was fabricated using micromilling (DATRON Neo, Germany). The PDMS was 
cured for 120 min at 60°C to be then peeled from the PMMA master template. 
Thus, the negative PDMS mold was covered with scotch tape to protect it from 
dust.  
After obtaining the negative mold in PDMS, a single porous particle was 
wedged and trapped in between the negatives of the two parallel chamber 
profiles by using an optical microscope and a thin needle (thickness of 100 
µm). This procedure was possible due to the soft and flexible nature of the 
PDMS mold which allowed it to trap the particle by deforming its local 
structure.  

In the following step, the clear epoxy resin (EpoFix, Struers) was mixed 
with its curing agent in a ratio of 8:1 and degassed. A pre-polymerization of 
2.5 hours (time evaluated as reported in SI 3) in air led to a high-viscosity 
liquid polymer that was poured into the negative PDMS mold containing the 
trapped particle. The high viscosity of the resin avoids its penetration into the 
particle pores. The hardening and full polymerization of the epoxy resin flow 
layer was carried out at room temperature for 48h. During this step, a flat 
thick PDMS layer was placed on top of the epoxy resin to guarantee a clear and 
flat surface after the polymerization. Eventually, holes for the clamping screws 
were drilled in the epoxy resin flow layer.  
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Figure 3: Fabrication protocol of the three-layers device. 

Likewise, the control layer made out of Delrin was designed using 3D-CAD 
software (SolidWorks 2021) and directly fabricated using micromilling 
(Datron Neo). Therefore, the control layer could be reused for different chips, 
while the flow layers needed to be fabricated for every particle under study.  

The device was finally assembled by placing a pre-cutted Viton membrane 
with a thickness of 250 µm in between the fluidic and the control layer. 8 
screws and nuts were tightly screwed to reach the right membrane 
compression. This was evaluated by looking at the low ridges which appear 
darker than channels and chambers. Finally, holes of 0.75 mm were punched 
in the Viton membrane to ensure fluidic connection between the flow and 
control layers. 

 

6.5 Results and Discussion  

6.5.1 Fabrication  

The fabrication results of the device are shown in Figure 4.  

 

Figure 4: Picture of a fabricated A) control (Delrin) and B) Zoom-in of the valve displacement 
chambers located on the control layer. C) Flow layer (clear epoxy resin) and D) chambers 
located on the flow layer. Scale bar 500 µm. 

The microfluidic chip material was selected to be compatible with a wide 
range of solvents to enhance the device versatility. The solvent compatibility 
has been assessed by performing swelling tests submerging the Viton 
membrane and the flow layer in water, isopropanol, n-heptane, and toluene. 
Viton showed great compatibility to all the tested solvents with no detectable 
swelling after 1 day of direct contact with the solvent. A good compatibility 
was also observed for the epoxy resin used to fabricate the flow layer which 
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Figure 3: Fabrication protocol of the three-layers device. 

Likewise, the control layer made out of Delrin was designed using 3D-CAD 
software (SolidWorks 2021) and directly fabricated using micromilling 
(Datron Neo). Therefore, the control layer could be reused for different chips, 
while the flow layers needed to be fabricated for every particle under study.  

The device was finally assembled by placing a pre-cutted Viton membrane 
with a thickness of 250 µm in between the fluidic and the control layer. 8 
screws and nuts were tightly screwed to reach the right membrane 
compression. This was evaluated by looking at the low ridges which appear 
darker than channels and chambers. Finally, holes of 0.75 mm were punched 
in the Viton membrane to ensure fluidic connection between the flow and 
control layers. 

 

6.5 Results and Discussion  

6.5.1 Fabrication  

The fabrication results of the device are shown in Figure 4.  

 

Figure 4: Picture of a fabricated A) control (Delrin) and B) Zoom-in of the valve displacement 
chambers located on the control layer. C) Flow layer (clear epoxy resin) and D) chambers 
located on the flow layer. Scale bar 500 µm. 

The microfluidic chip material was selected to be compatible with a wide 
range of solvents to enhance the device versatility. The solvent compatibility 
has been assessed by performing swelling tests submerging the Viton 
membrane and the flow layer in water, isopropanol, n-heptane, and toluene. 
Viton showed great compatibility to all the tested solvents with no detectable 
swelling after 1 day of direct contact with the solvent. A good compatibility 
was also observed for the epoxy resin used to fabricate the flow layer which 
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had no change in weight and dimensions after 1 day of exposure. However, a 
swelling of 25 wt% and a visible change in the morphology was identified by 
inspecting the structures of the flow layer after exposure (see SI 4). Therefore, 
n-heptane was selected as organic solvent to perform the diffusion 
experiments. 

Figure 5 shows the assembled device. The compression of the membrane 
was firstly qualitatively evaluated by looking at the darker area visible at the 
flow layer/membrane interface as in Figure 5A. The area coincides with the 
higher ridges designed to enclose the channels and chambers to maximize the 
membrane compression in that specific location.  

 

Figure 5: A) Front view of the assembled device and B) back view showing the fluidic and 
valves inlets/outlets. 

Valves leakage and chambers tightness were tested using a chip with no 
particle embedded during the fabrication process. The valve performance was 
first evaluated by measuring the flow rate at the outlets while applying 
different pressures at the inlets (0-1000 mbar) and the valve actuation ports 
(0-750 mbar). The results are shown in Figure S5 (see SI 5). The valve stayed 
naturally closed (no pressure applied to the valve actuation port) up to 275 
mbar applied to the device inlet. With higher pressures at the inlet, the 
membrane will deform and the valve gets into an open state (Figure 2C) and 
consequently, a certain flow rate is detected at the outlet. By applying a 
pressure to the valve of 750 mbar no flow was observed at the outlet up to 
almost 1 bar of inlet pressure.  
Furthermore, the chamber’s tightness was evaluated by filling both chambers 
with an organic solvent (e.g. n-heptane) and observing for bubble formation 

 

using optical microscopy. No solvent evaporation was observed, proving the 
stability and tightness of the valves over time ensuring a fixed volume of 
solution during the diffusion experiment.  

As previously mentioned, a pre-polymerization step in the fabrication 
process was included to avoid epoxy resin penetration in the pore space. To 
confirm the effectiveness of the procedure, SEM-EDX (see SI 6) analyses of 
particles embedded in the resin following the fabrication protocol have been 
performed. The resin was not detected in the particle as no carbon content 
was visible in the analyzed particles, confirming the pore space to be freely 
accessible for the diffusing molecules.  

A trapped particle in the flow layer is depicted in Figure 6, where it is 
possible to appreciate the result of the fabrication and particle trapping. 

 

Figure 6: Brightfield image of a fabricated flow layer with a trapped particle between the two 
chambers. The zoomed-in image shows the interfaces of the particle with the chambers. Scale 
bar 150 µm. 

To check if the particle served as the only contact between the two chambers, a 
device without a trapped particle was tested by filling one chamber with the 
fluorescent dye. The stability of its intensity confirmed that the chambers are 
separated and no diffusion occurs through the device materials, thus ensuring 
the mass transfer phenomena only via the porous particle. The particle-
chamber interface can be determined from Figure 6 and used in the 
mathematical model to estimate the diffusion and adsorption coefficient of the 
particle under study.  
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had no change in weight and dimensions after 1 day of exposure. However, a 
swelling of 25 wt% and a visible change in the morphology was identified by 
inspecting the structures of the flow layer after exposure (see SI 4). Therefore, 
n-heptane was selected as organic solvent to perform the diffusion 
experiments. 

Figure 5 shows the assembled device. The compression of the membrane 
was firstly qualitatively evaluated by looking at the darker area visible at the 
flow layer/membrane interface as in Figure 5A. The area coincides with the 
higher ridges designed to enclose the channels and chambers to maximize the 
membrane compression in that specific location.  

 

Figure 5: A) Front view of the assembled device and B) back view showing the fluidic and 
valves inlets/outlets. 

Valves leakage and chambers tightness were tested using a chip with no 
particle embedded during the fabrication process. The valve performance was 
first evaluated by measuring the flow rate at the outlets while applying 
different pressures at the inlets (0-1000 mbar) and the valve actuation ports 
(0-750 mbar). The results are shown in Figure S5 (see SI 5). The valve stayed 
naturally closed (no pressure applied to the valve actuation port) up to 275 
mbar applied to the device inlet. With higher pressures at the inlet, the 
membrane will deform and the valve gets into an open state (Figure 2C) and 
consequently, a certain flow rate is detected at the outlet. By applying a 
pressure to the valve of 750 mbar no flow was observed at the outlet up to 
almost 1 bar of inlet pressure.  
Furthermore, the chamber’s tightness was evaluated by filling both chambers 
with an organic solvent (e.g. n-heptane) and observing for bubble formation 

 

using optical microscopy. No solvent evaporation was observed, proving the 
stability and tightness of the valves over time ensuring a fixed volume of 
solution during the diffusion experiment.  

As previously mentioned, a pre-polymerization step in the fabrication 
process was included to avoid epoxy resin penetration in the pore space. To 
confirm the effectiveness of the procedure, SEM-EDX (see SI 6) analyses of 
particles embedded in the resin following the fabrication protocol have been 
performed. The resin was not detected in the particle as no carbon content 
was visible in the analyzed particles, confirming the pore space to be freely 
accessible for the diffusing molecules.  

A trapped particle in the flow layer is depicted in Figure 6, where it is 
possible to appreciate the result of the fabrication and particle trapping. 

 

Figure 6: Brightfield image of a fabricated flow layer with a trapped particle between the two 
chambers. The zoomed-in image shows the interfaces of the particle with the chambers. Scale 
bar 150 µm. 

To check if the particle served as the only contact between the two chambers, a 
device without a trapped particle was tested by filling one chamber with the 
fluorescent dye. The stability of its intensity confirmed that the chambers are 
separated and no diffusion occurs through the device materials, thus ensuring 
the mass transfer phenomena only via the porous particle. The particle-
chamber interface can be determined from Figure 6 and used in the 
mathematical model to estimate the diffusion and adsorption coefficient of the 
particle under study.  
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6.5.2 Diffusion experiments 

The device was showcased by studying the diffusion process of the 
fluorescent dye PM567 through porous silica particles with different pore 
sizes of 3 nm, 10 nm, and 30 nm. Figure 7A and 7B show the fluorescence 
images collected at the beginning and the end of the experiment (4h) for the 
30 nm silica particle. The change in the fluorescence intensity with a decrease 
in the top chamber to the detriment of the bottom chamber over time is visible 
and measured quantitatively after normalization, as reported in Figure 7C. As 
the intensity of the fluorescent dye is proportional to its concentration (see SI 
7), the quantification of the diffusion process was performed by using directly 
the intensity values. An equilibrium condition in the system within almost 2h 
is reached as the chambers display the same intensity.  

 

Figure 7: Example of fluorescence images A) at the beginning and B) at the end of the 
experiment where both chambers reached the same intensity. Scale bar 500 µm. C) Plot of the 
mean fluorescence intensity of both chambers over time. The intensity in both chamber reaches 
the equilibrium after about 120 min with a normalized intensity of 0.492. Chamber intensities 
were normalized with respect to the initial intensity after background subtraction.  

Our device shows the possibility and benefit to visualize and quantify the 
diffusion process for individual microparticles. Moreover, the adsorbed 
amount onto the particle can be measured by checking the mass balance 

 

(subtracting the mean intensity values of both chambers at the equilibrium, 
e.g., 0.492 as in Figure 7, to the initial intensity) between the two chambers.  

Figure 8A shows the linear fitting of the logarithm of the concentration 
difference in the two chambers (I1,t – I2,t) normalized over the difference at 
time zero (I1,0 – I2,0) versus time for the three different tested particles. The 
diffusion coefficient is estimated from the slopes of the curves which are 
directly related as reported in Eq. 4. For all three datasets the R2 of the linear 
fitting is above 0.99 meaning a good linearity of the plotted experimental data. 
The process of diffusion results to be faster for the particle with the largest 
pore size of 30 nm which translates into a diffusivity of 1.81 x 10-10 m2/s. By 
decreasing the pore dimension to 10 nm a smaller diffusivity is observed of 
1.17 x 10-10 m2/s. As the pore size approaches the dye molecule dimension, the 
diffusion proves to be significantly slower with a diffusivity of 3.25 x 10-12 
m2/s. This dissimilarity can be ascribed to the limited freedom of the molecule 
to move through the pore space, with the molecules-walls interactions being 
predominant in the diffusion process. Under these circumstances, the dye 
likely tends to accumulate in the pores decreasing their accessibility and the 
overall diffusion rate. Moreover, it is worth mentioning that the obtained 
values for the diffusivity are in line with the literature28. 

As previously mentioned, the mass balance between the two chambers 
can provide insights on the adsorbed amount in the particle. It is comparable 
in the case of particles with 30 and 10 nm being 1.5% and 1.8% of the initial 
concentration (calculated as the percentage of the adsorbed amount of guest 
molecules with respect to their initial amount). For the smaller pore size, this 
approach cannot be used due to the slow nature of the diffusion process which 
requires a longer period to reach the equilibrium than the experimental time 
of 4h. As mentioned before, a strong influence is expected of the adsorption 
due to the comparable size of the diffusing molecule and pore. Finally, the 
proposed approach has the potential to reveal the presence of connected pores 
within the sample under analysis. This represents a fundamental aspect in the 
study of membranes and molecular sieves, in which molecules need to fully 
access and diffuse over the porous structure.  
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sizes of 3 nm, 10 nm, and 30 nm. Figure 7A and 7B show the fluorescence 
images collected at the beginning and the end of the experiment (4h) for the 
30 nm silica particle. The change in the fluorescence intensity with a decrease 
in the top chamber to the detriment of the bottom chamber over time is visible 
and measured quantitatively after normalization, as reported in Figure 7C. As 
the intensity of the fluorescent dye is proportional to its concentration (see SI 
7), the quantification of the diffusion process was performed by using directly 
the intensity values. An equilibrium condition in the system within almost 2h 
is reached as the chambers display the same intensity.  

 

Figure 7: Example of fluorescence images A) at the beginning and B) at the end of the 
experiment where both chambers reached the same intensity. Scale bar 500 µm. C) Plot of the 
mean fluorescence intensity of both chambers over time. The intensity in both chamber reaches 
the equilibrium after about 120 min with a normalized intensity of 0.492. Chamber intensities 
were normalized with respect to the initial intensity after background subtraction.  

Our device shows the possibility and benefit to visualize and quantify the 
diffusion process for individual microparticles. Moreover, the adsorbed 
amount onto the particle can be measured by checking the mass balance 

 

(subtracting the mean intensity values of both chambers at the equilibrium, 
e.g., 0.492 as in Figure 7, to the initial intensity) between the two chambers.  

Figure 8A shows the linear fitting of the logarithm of the concentration 
difference in the two chambers (I1,t – I2,t) normalized over the difference at 
time zero (I1,0 – I2,0) versus time for the three different tested particles. The 
diffusion coefficient is estimated from the slopes of the curves which are 
directly related as reported in Eq. 4. For all three datasets the R2 of the linear 
fitting is above 0.99 meaning a good linearity of the plotted experimental data. 
The process of diffusion results to be faster for the particle with the largest 
pore size of 30 nm which translates into a diffusivity of 1.81 x 10-10 m2/s. By 
decreasing the pore dimension to 10 nm a smaller diffusivity is observed of 
1.17 x 10-10 m2/s. As the pore size approaches the dye molecule dimension, the 
diffusion proves to be significantly slower with a diffusivity of 3.25 x 10-12 
m2/s. This dissimilarity can be ascribed to the limited freedom of the molecule 
to move through the pore space, with the molecules-walls interactions being 
predominant in the diffusion process. Under these circumstances, the dye 
likely tends to accumulate in the pores decreasing their accessibility and the 
overall diffusion rate. Moreover, it is worth mentioning that the obtained 
values for the diffusivity are in line with the literature28. 

As previously mentioned, the mass balance between the two chambers 
can provide insights on the adsorbed amount in the particle. It is comparable 
in the case of particles with 30 and 10 nm being 1.5% and 1.8% of the initial 
concentration (calculated as the percentage of the adsorbed amount of guest 
molecules with respect to their initial amount). For the smaller pore size, this 
approach cannot be used due to the slow nature of the diffusion process which 
requires a longer period to reach the equilibrium than the experimental time 
of 4h. As mentioned before, a strong influence is expected of the adsorption 
due to the comparable size of the diffusing molecule and pore. Finally, the 
proposed approach has the potential to reveal the presence of connected pores 
within the sample under analysis. This represents a fundamental aspect in the 
study of membranes and molecular sieves, in which molecules need to fully 
access and diffuse over the porous structure.  
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Figure 8: A) Fitting of the experimental data with Eq. 4 for the three studied particles (pore 
size: 30nm, 10nm, and 3nm). B) Comparison of the diffusivity values obtained for the three 
particles.  

6.6 Conclusion and Recommendations 

The described approach and microfluidic system allowed us to 
measure the effective diffusion through a single porous particle by means of 
fluorescence microscopy. The device has been successfully designed and 
fabricated using Epoxy resin, resulting in good chemical compatibility with 
organic solvents and excellent stability over the experimental time of 4h. It has 
been showcased by trapping silica porous particles with different pore sizes 
and following the mass transfer of fluorescent probe molecules in time.  

The device geometry allows for the evaluation of connected porosity 
over the trapped porous media and to estimate the adsorbed amount of the 
diffusing species. A simple mathematical approach based on the mass balance 
between the two chambers and pseudo-steady-state condition over the 
particle has been used to estimate the diffusion coefficients. The results 
obtained revealed the dependency of the diffusivity on the pore size, with 
higher diffusivity and less adsorbed amount measured for larger pores and 
significant slow diffusion for pores approaching the molecule size. This latter 
could be explained due to more favorable molecule interaction with the pore 
wall that brings to accumulation and decrease of the pore volume accessible 
for diffusion or possibly less connected porosity. 

An improved mathematical model would be needed to better describe 
the diffusion-adsorption process. This could be obtained by considering a 

 

diffusional model based on Fick’s second law and solving it in space and time. 
In this way, the concentration dependency of the particle along the diffusion 
length and over time is taken into account. 

   

Thesis_Final Version_afterPP.indd   158Thesis_Final Version_afterPP.indd   158 23/10/2023   10:21:2823/10/2023   10:21:28



6
159

Diffusion through Single Porous Particles Studied in a Microfluidic System 

 

Figure 8: A) Fitting of the experimental data with Eq. 4 for the three studied particles (pore 
size: 30nm, 10nm, and 3nm). B) Comparison of the diffusivity values obtained for the three 
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measure the effective diffusion through a single porous particle by means of 
fluorescence microscopy. The device has been successfully designed and 
fabricated using Epoxy resin, resulting in good chemical compatibility with 
organic solvents and excellent stability over the experimental time of 4h. It has 
been showcased by trapping silica porous particles with different pore sizes 
and following the mass transfer of fluorescent probe molecules in time.  

The device geometry allows for the evaluation of connected porosity 
over the trapped porous media and to estimate the adsorbed amount of the 
diffusing species. A simple mathematical approach based on the mass balance 
between the two chambers and pseudo-steady-state condition over the 
particle has been used to estimate the diffusion coefficients. The results 
obtained revealed the dependency of the diffusivity on the pore size, with 
higher diffusivity and less adsorbed amount measured for larger pores and 
significant slow diffusion for pores approaching the molecule size. This latter 
could be explained due to more favorable molecule interaction with the pore 
wall that brings to accumulation and decrease of the pore volume accessible 
for diffusion or possibly less connected porosity. 

An improved mathematical model would be needed to better describe 
the diffusion-adsorption process. This could be obtained by considering a 

 

diffusional model based on Fick’s second law and solving it in space and time. 
In this way, the concentration dependency of the particle along the diffusion 
length and over time is taken into account. 
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SI 1 Membrane deflection estimation 

The membrane of a valve can be modeled as a circular plate, clamped 
along its perimeter. Assuming that the pressure on the membrane is uniformly 
distributed, which is the case for this situation, then the deflection, w [m], at 
any distance r [m], from the center is described using the following equation. 

𝑤𝑤𝑤𝑤(𝑟𝑟𝑟𝑟) =  𝑃𝑃𝑃𝑃
64𝑀𝑀𝑀𝑀

(𝑎𝑎𝑎𝑎2 − 𝑟𝑟𝑟𝑟2)2                   (S1) 

Where P is the pressure in [mbar], a is the membrane radius in [m] M is the 
flexural rigidity, given by the following equation: 

𝑀𝑀𝑀𝑀 =  𝐸𝐸𝐸𝐸𝐸3

12(1−𝑣𝑣𝑣𝑣2)
                     (S2) 

where ν is Poisson’s ratio in [-], E is Young’s modulus [Pa], and h [m] is the 
membrane height. 

From the equation S1 and S2 it is possible to observe that the membrane 
displacement is dependent on the fourth power of the valve radius and 
inversely dependent on the third power of the membrane thickness. For this 
reason, a larger deflection is expected increasing the valve dimension and 
decreasing its thickness. In our scenario, both terms are fixed with no 
possibility of freedom. The membrane thickness is 250 µm, which is the 
thinnest Viton membrane manufactured, and the valve diameter is 1 mm, 
which is imposed as the maximum limit by the design requirement. This is due 
to the close proximity of the two chambers to trap the particle. The COMSOL 
model was used to estimate the membrane deflection by applying pressures 
from 250 to 1000 mbar and determine the feasibility of the valve actuation. 
The deflection of a clamped circular membrane subjected to uniform pressure 
distribution can be calculated using equation S1. To compute the deflection, 
one must provide inputs such as the membrane's radius, thickness, Young's 
modulus, and Poisson ratio. Hence, Young's modulus of 12 MPa obtained by 
the supplier and a Poisson ratio of 0.45 common for elastomeric materials1 
will be employed. This represents only an estimation to evaluate the feasibility 
in terms of valve size and pressure to actuate it.  
The results considering the parameters mentioned above are shown in Figure 
S1: 
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where ν is Poisson’s ratio in [-], E is Young’s modulus [Pa], and h [m] is the 
membrane height. 

From the equation S1 and S2 it is possible to observe that the membrane 
displacement is dependent on the fourth power of the valve radius and 
inversely dependent on the third power of the membrane thickness. For this 
reason, a larger deflection is expected increasing the valve dimension and 
decreasing its thickness. In our scenario, both terms are fixed with no 
possibility of freedom. The membrane thickness is 250 µm, which is the 
thinnest Viton membrane manufactured, and the valve diameter is 1 mm, 
which is imposed as the maximum limit by the design requirement. This is due 
to the close proximity of the two chambers to trap the particle. The COMSOL 
model was used to estimate the membrane deflection by applying pressures 
from 250 to 1000 mbar and determine the feasibility of the valve actuation. 
The deflection of a clamped circular membrane subjected to uniform pressure 
distribution can be calculated using equation S1. To compute the deflection, 
one must provide inputs such as the membrane's radius, thickness, Young's 
modulus, and Poisson ratio. Hence, Young's modulus of 12 MPa obtained by 
the supplier and a Poisson ratio of 0.45 common for elastomeric materials1 
will be employed. This represents only an estimation to evaluate the feasibility 
in terms of valve size and pressure to actuate it.  
The results considering the parameters mentioned above are shown in Figure 
S1: 
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Figure S1: Simulated displacement for the Viton membrane at various pressures. Valve radius 1 
mm. 

A maximum displacement of 10 µm can be achieved by applying a negative 
pressure of 1000 mbar, which is sufficient for the intendent application of 
filling the chamber and ensure a closed volume throughout the experiment. 
However, from experimental verification a pressure of 500 mbar resulted to be 
enough to actuate the valve and allow flow through the chamber. 

SI 2 Fluorescence dye stability (PM567) 

 

Figure S2: Chamber intensity over time filled with a 50 µM solution of PM567 in n-heptane. 
Data points were collected every 20 min for 4h. 

 

 

 

SI 3 Pre-polymerization time estimation via Washburn equation 

To evaluate the factors influencing the penetration of the resin in the 
pores, the processes that regulate resin impregnation was examined. By 
approximating micromodel channels with capillaries, the advancement of the 
invading fluid is influenced by various factors, including capillarity, viscous 
drag, and inertia. When horizontal resin flow is considered and hydrostatic 
pressure loss can be disregarded, the flow behavior is described by 
Washburn's equation: 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 𝑅𝑅𝑅𝑅2

8𝜇𝜇𝜇𝜇𝑑𝑑𝑑𝑑
�2𝛾𝛾𝛾𝛾
𝑅𝑅𝑅𝑅
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�                    (S3) 

where 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡 is the capillary penetration velocity [m/s], R the pore radius [m], 
µ is the fluid viscosity [Pa·s], γ the surface tension [N/m], and θ is the 
advancing contact angle [degrees]. The resin viscosity is time dependent 
property that increases while the polymerization proceeds and can be 
approximated as: 

𝜇𝜇𝜇𝜇(𝑡𝑡𝑡𝑡) = 𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑                     (S4) 

With a and b being constants which experimentally resulted to be respectively 
0.5164 Pa·s and 6.3048 x 10-4 s-1 for the epoxy resin used to fabricate the flow 
layer. By integrating equation S3 after the substitution of the fluid viscosity 
term with eq. S4, an estimation of the penetration depth with time can be 
obtained. This information can provide at which viscosity (pre-polymerization 
time) no relevant resin penetration is observed for a pore of a specific 
diameter. The parameters used in our specific case are a radius of 15 nm which 
is the maximum pore dimension used in this chapter; a surface tension of 
0.039 N/m; a contact angle of 51° experimentally determined. Figure S3 
shows that after approx. 2h the resin viscosity is too high to penetrate in the 
pores of 15 nm in radius.  
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Figure S1: Simulated displacement for the Viton membrane at various pressures. Valve radius 1 
mm. 

A maximum displacement of 10 µm can be achieved by applying a negative 
pressure of 1000 mbar, which is sufficient for the intendent application of 
filling the chamber and ensure a closed volume throughout the experiment. 
However, from experimental verification a pressure of 500 mbar resulted to be 
enough to actuate the valve and allow flow through the chamber. 

SI 2 Fluorescence dye stability (PM567) 

 

Figure S2: Chamber intensity over time filled with a 50 µM solution of PM567 in n-heptane. 
Data points were collected every 20 min for 4h. 
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approximating micromodel channels with capillaries, the advancement of the 
invading fluid is influenced by various factors, including capillarity, viscous 
drag, and inertia. When horizontal resin flow is considered and hydrostatic 
pressure loss can be disregarded, the flow behavior is described by 
Washburn's equation: 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 𝑅𝑅𝑅𝑅2

8𝜇𝜇𝜇𝜇𝑑𝑑𝑑𝑑
�2𝛾𝛾𝛾𝛾
𝑅𝑅𝑅𝑅
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�                    (S3) 

where 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡 is the capillary penetration velocity [m/s], R the pore radius [m], 
µ is the fluid viscosity [Pa·s], γ the surface tension [N/m], and θ is the 
advancing contact angle [degrees]. The resin viscosity is time dependent 
property that increases while the polymerization proceeds and can be 
approximated as: 

𝜇𝜇𝜇𝜇(𝑡𝑡𝑡𝑡) = 𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑                     (S4) 

With a and b being constants which experimentally resulted to be respectively 
0.5164 Pa·s and 6.3048 x 10-4 s-1 for the epoxy resin used to fabricate the flow 
layer. By integrating equation S3 after the substitution of the fluid viscosity 
term with eq. S4, an estimation of the penetration depth with time can be 
obtained. This information can provide at which viscosity (pre-polymerization 
time) no relevant resin penetration is observed for a pore of a specific 
diameter. The parameters used in our specific case are a radius of 15 nm which 
is the maximum pore dimension used in this chapter; a surface tension of 
0.039 N/m; a contact angle of 51° experimentally determined. Figure S3 
shows that after approx. 2h the resin viscosity is too high to penetrate in the 
pores of 15 nm in radius.  
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Figure S3: Visualization of the penetration depth for R = 15 nm (particle Q30). After 150 min 
the curve reaches a plateau with no resin penetration. This time has been selected as pre-
polymerization time to increase the resin viscosity before the casting of the flow layer with the 
trapped particle. 

SI 4 Epoxy resin swelling tests 

The flow layer in epoxy resin after fabrication was checked for chemical 
stability by performing swelling tests. The samples were first placed in an 
oven at 100°C to remove all the water. Subsequently, the flow layers were 
weighted, then submerged in different solutions of water, ethanol, heptane, 
and toluene for 24h to be successively weighted again. The swelling ratio has 
been determined using the following equation S5: 

𝑆𝑆𝑆𝑆 =  𝑤𝑤𝑤𝑤
𝑤𝑤𝑤𝑤0

                                  (S5) 

With w0 and w is the weight of the epoxy resin before and after the solvent 
exposure respectively. The epoxy resin showed great stability in the presence 
of water, ethanol, and heptane with no appreciable swelling after 24h of 
exposure. While swelling after exposure to toluene was 1.39 as also 
degradation occurred as shown in Figure S4.  

 

 

 

Figure S4: Epoxy resin flow layer after swelling test of 24h with toluene. Scale bar 500 µm. 

SI 5 Valve test 

To evaluate the efficiency of the valve in its normally closed state, 
increasing pressures were applied at the chip inlet and the eventual presence 
of flow at the outlet was detected by connecting it to a flow meter (Fluigent 
FLOW UNIT S). No flow was detected by applying pressures up to 275 mbar. 
Higher pressures led to the deformation and opening of the membrane.  

 

Figure S5: Flow rate measured at the outlet of the channel by applying different inlet pressures 
and valve pressures to keep the valve in its closed configuration. 

SI 6 SEM-EDX 

SEM-EDX was performed in order to address the epoxy resin penetration 
into the particle pore space. A sample of epoxy resin with silica particles 
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SI 6 SEM-EDX 

SEM-EDX was performed in order to address the epoxy resin penetration 
into the particle pore space. A sample of epoxy resin with silica particles 
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embedded was prepared by following the same procedure as the fabrication 
process with the pre-polymerization step of 150 min using a plastic vial. The 
bottom of the so-prepared sample was cut off and polished until the particles 
were reached in order to expose their cross-section. As shown in Figure S6, no 
carbon is present inside the particle which shows that the resin cannot intrude 
in the pores during the fabrication process. Silicon and oxygen have been used 
as control being the particle composed of silica.  

 

Figure S6: SEM-EDX of the particles with 30 nm pore size embedded in epoxy resin (EpoFix) 
following the fabrication procedure as shown in Figure 3 to prepare the flow layer. 

  

 

 

SI 7 Calibration curve PM567 

 

Figure S7: Calibration curve of PM567 in the chamber. In red is the linear fitting.  
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7.1 Summary 

Heterogeneous catalysts are characterized by a multi-length scale 
structure with a complex pore network that exhibits specific tortuosity and 
pore connectivity. This structure plays a crucial role in catalytic processes, 
defining the activity and selectivity towards specific reaction products. A 
spatial and time-resolved structure-activity relationship is fundamental to 
enhance and improve catalyst performance. Traditional characterization 
methods for solid catalysts typically provide averaged information across the 
analyzed batch of particles, overlooking the intra and interparticle 
heterogeneities inherent in these materials. Exploring solid catalysts at 
varying depths and during operations (in situ or operando) allows us to obtain 
complementary information, which is crucial for obtaining a comprehensive 
understanding of the underlying mechanisms governing catalytic reactions.  

This thesis contributes to the advancement of innovative microfluidic 
devices for investigating heterogeneous catalysts at the single particle level in 
real reaction conditions. The microfluidic devices presented in the chapters 
allow for in situ imaging of compositional and structural changes of individual 
catalyst particles with high spatial resolution (Chapters 2, 3, and 4), and 
studying the influence of the particle porosity (pore size, surface area) on the 
mass transport (Chapter 5 and 6). 

A powerful technique that is increasingly applied to image catalysts with 
high spatial resolution is high-resolution 3D hard X-ray microscopy, which has 
proven to provide non-destructive structural information of catalyst particles. 
However, a significant challenge lies in the necessity of performing these 
measurements in situ and operando conditions. Therefore, in Chapter 2 we 
developed a new MEMS-based microreactor that enables studies of single 
catalyst particles using high-resolution 3D hard X-ray microscopy under 
realistic reaction conditions. The microreactor is made of silicon and is 
equipped with a free-standing silicon-rich nitride (SiRN) capillary which can 
confine and keep in place a catalyst particle up to 100 µm in size thanks to a 
trap (geometrical striction) along it. The free-standing nature of the capillary 
is suitable for 3D hard X-ray microscopy enabling tomographic scan with 
optical access in transmission of 160 over 180°. The relatively thin walls (  ̴ 1 
µm) and material of the capillary minimize X-ray attenuation which can be 
considered negligible during the measurement and does not affect the final 

measurement. Moreover, the microreactor can operate under high pressures 
(up to 25 bar) owing to the monolithic nature of the microreactor and high 
temperatures (up to 400 °C) being equipped with integrated on top of the 
capillary thin film platinum microheaters. By using Joule heating the 
microheaters can be rapidly actuated providing fast and localized heat for the 
reaction. The same microheaters once calibrated can be used as sensors to 
enable the detection and control of the reaction conditions. The microreactor 
is mounted on a stainless-steel holder for rotation as well as enable access to 
the fluidic/electrical connections interfaces. A reaction, such as hexane 
cracking over a single Fluid catalytic cracking (FCC) particle, was performed 
showing the capabilities of the microreactor for the study of relevant catalytic 
reactions mimicking realistic operating conditions. Finally, we successfully 
tested our microreactor at the beamline ID16b (ESRF, Grenoble) acquiring a 
tomographic scan of an FCC particle inside the microreactor showing that no 
attenuation by the capillary and excellent stability are attainable by using our 
microreactor.  

The MEMS-based microreactor, as presented in Chapter 2, in combination 
with hard X-ray holotomography was then used in Chapter 3 to study the 
catalytic pyrolysis of plastic reaction and the influence of feedstock viscosity in 
the polymer catalyst interaction. The microreactor allowed the confinement of 
an individual catalyst particle and polypropylene (PP) bead and precisely 
control the temperature to successfully perform in situ melting and cracking of 
PP over an FCC catalyst particle. By employing hard X-ray holotomography, the 
process was imaged, providing 3D information and distinguishing different 
phases within the sample, including the polymer, pores, and particle matrix. 
Preliminary findings showed approximately 70% of the FCC particle's pores 
filled with PP during the melting step, with incomplete filling attributed to the 
complex and heterogeneous nature of the particle. The study suggests the 
potentiality of our microreactor for a real catalytic application using X-ray 
microscopy. Once the compatibility of the microreactor with X-ray microscopy 
in phase contrast was assessed, Transmission X-ray microscopy (TXM) was 
used to perform the microreactor pressure characterization by means of a 
high-absorbing gas, such as Xenon in Chapter 4. The proposed approach 
allowed us to determine the local pressure at the particle location inside the 
microreactor with high spatial resolution owing to the X-ray attenuation 
dependency of the gases (Xenon) with pressure. Moreover, the microreactor 
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structure with a complex pore network that exhibits specific tortuosity and 
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defining the activity and selectivity towards specific reaction products. A 
spatial and time-resolved structure-activity relationship is fundamental to 
enhance and improve catalyst performance. Traditional characterization 
methods for solid catalysts typically provide averaged information across the 
analyzed batch of particles, overlooking the intra and interparticle 
heterogeneities inherent in these materials. Exploring solid catalysts at 
varying depths and during operations (in situ or operando) allows us to obtain 
complementary information, which is crucial for obtaining a comprehensive 
understanding of the underlying mechanisms governing catalytic reactions.  

This thesis contributes to the advancement of innovative microfluidic 
devices for investigating heterogeneous catalysts at the single particle level in 
real reaction conditions. The microfluidic devices presented in the chapters 
allow for in situ imaging of compositional and structural changes of individual 
catalyst particles with high spatial resolution (Chapters 2, 3, and 4), and 
studying the influence of the particle porosity (pore size, surface area) on the 
mass transport (Chapter 5 and 6). 

A powerful technique that is increasingly applied to image catalysts with 
high spatial resolution is high-resolution 3D hard X-ray microscopy, which has 
proven to provide non-destructive structural information of catalyst particles. 
However, a significant challenge lies in the necessity of performing these 
measurements in situ and operando conditions. Therefore, in Chapter 2 we 
developed a new MEMS-based microreactor that enables studies of single 
catalyst particles using high-resolution 3D hard X-ray microscopy under 
realistic reaction conditions. The microreactor is made of silicon and is 
equipped with a free-standing silicon-rich nitride (SiRN) capillary which can 
confine and keep in place a catalyst particle up to 100 µm in size thanks to a 
trap (geometrical striction) along it. The free-standing nature of the capillary 
is suitable for 3D hard X-ray microscopy enabling tomographic scan with 
optical access in transmission of 160 over 180°. The relatively thin walls (  ̴ 1 
µm) and material of the capillary minimize X-ray attenuation which can be 
considered negligible during the measurement and does not affect the final 

measurement. Moreover, the microreactor can operate under high pressures 
(up to 25 bar) owing to the monolithic nature of the microreactor and high 
temperatures (up to 400 °C) being equipped with integrated on top of the 
capillary thin film platinum microheaters. By using Joule heating the 
microheaters can be rapidly actuated providing fast and localized heat for the 
reaction. The same microheaters once calibrated can be used as sensors to 
enable the detection and control of the reaction conditions. The microreactor 
is mounted on a stainless-steel holder for rotation as well as enable access to 
the fluidic/electrical connections interfaces. A reaction, such as hexane 
cracking over a single Fluid catalytic cracking (FCC) particle, was performed 
showing the capabilities of the microreactor for the study of relevant catalytic 
reactions mimicking realistic operating conditions. Finally, we successfully 
tested our microreactor at the beamline ID16b (ESRF, Grenoble) acquiring a 
tomographic scan of an FCC particle inside the microreactor showing that no 
attenuation by the capillary and excellent stability are attainable by using our 
microreactor.  

The MEMS-based microreactor, as presented in Chapter 2, in combination 
with hard X-ray holotomography was then used in Chapter 3 to study the 
catalytic pyrolysis of plastic reaction and the influence of feedstock viscosity in 
the polymer catalyst interaction. The microreactor allowed the confinement of 
an individual catalyst particle and polypropylene (PP) bead and precisely 
control the temperature to successfully perform in situ melting and cracking of 
PP over an FCC catalyst particle. By employing hard X-ray holotomography, the 
process was imaged, providing 3D information and distinguishing different 
phases within the sample, including the polymer, pores, and particle matrix. 
Preliminary findings showed approximately 70% of the FCC particle's pores 
filled with PP during the melting step, with incomplete filling attributed to the 
complex and heterogeneous nature of the particle. The study suggests the 
potentiality of our microreactor for a real catalytic application using X-ray 
microscopy. Once the compatibility of the microreactor with X-ray microscopy 
in phase contrast was assessed, Transmission X-ray microscopy (TXM) was 
used to perform the microreactor pressure characterization by means of a 
high-absorbing gas, such as Xenon in Chapter 4. The proposed approach 
allowed us to determine the local pressure at the particle location inside the 
microreactor with high spatial resolution owing to the X-ray attenuation 
dependency of the gases (Xenon) with pressure. Moreover, the microreactor 
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showed excellent stability withstanding a pressure of up to 20 bar and 
compatibility with TXM. This result confirms the great potentiality and 
versatility of our microreactor which can operate at high pressures in 
combination with absorption contrast X-ray microscopy.  

As already mentioned, the effectiveness of materials used as catalysts or 
adsorbents is directly determined by the ability of a molecule (e.g., reagent or 
adsorbate) to access their pore space. In Chapter 5 we provide a novel high-
throughput method to assess the accessibility of individual porous particles 
using a microfluidic device with parallel chambers that allow for visualization 
of the uptake of probe molecules in porous particles over time via fluorescence 
microscopy. The method was showcased using highly homogeneous silica 
particles with uniform pore sizes and comparable porosities. Interestingly, our 
findings revealed intriguing heterogeneity in accessibility among particles 
from the same batch, despite having identical pore sizes. This variation in 
accessibility could not be resolved using conventional bulk methods. 
Moreover, we discovered that by manipulating the electrostatic interactions 
between the fluorescent probe molecule and the silica surface, through 
adjustments in pH and ionic strength, we could induce substantial changes in 
mass transfer. Notably, when minimizing these interactions, the predominant 
influence on the uptake process shifted to the particle's pore structure. This 
highlights the potential of our chemically sensitive approach to effectively 
probe and quantify the particle's surface area.  

Building upon this research, a complementary study was carried out in 
Chapter 6 where a new microfluidic system enables the measurement of 
effective diffusion through individual porous particles using fluorescence 
microscopy. In this case, the microfluidic device, constructed using epoxy 
resin, allows for the confinement of a single particle between two chambers 
equipped with closed valves, ensuring a fixed volume throughout the 
experiment. By applying a concentration gradient through the confined 
particle, the system facilitates the assessment of the effective diffusivity of the 
molecular probe. To validate the capabilities of the device, we measured the 
effective diffusivity of a fluorescent molecule (Pyrromethene 567) in an apolar 
solution across three porous silica particles with varying pore sizes (30 nm, 10 
nm, and 3 nm). The obtained values, derived using a simple mathematical 
model, followed the expected trend according to the pore dimensions. The 
particle with a larger pore size exhibited a higher diffusivity (1.81 x 10-10 

m2/s), while the 3 nm particle displayed a lower diffusivity (3.25 x 10-12 m2/s). 
Our microfluidic device not only allows for the visualization and quantification 
of diffusion processes at the level of individual microparticles but also 
provides the advantage of estimating the adsorbed amount at equilibrium 
through the mass balance between the two chambers. Furthermore, the 
device's geometry has the potential to indicate connected porosity, making it 
applicable for assessing this parameter in catalyst particles and molecular 
sieves.  

7.2 Outlook and Recommendations 

This Ph.D. thesis presents a detailed description of various microfluidic 
devices utilized for the investigation and characterization of individual catalyst 
particles. Chapter 2 shows the development and the applications (Chapters 3 
and 4) of an innovative microreactor system, it provides a cutting-edge tool 
that can be used to study relevant industrial catalytic reactions in realistic 
conditions with 3D high-resolution X-ray microscopy. Further development in 
microreactor design and fabrication has the potential to expand the 
capabilities of the current setup. One example of improvement is through an 
enhanced microreactor design, which can minimize missing wedges and 
enhance the quality of tomographic scans by reducing artifacts generated 
during the volume reconstruction of the sample. Additionally, optimizing the 
design of the holder by minimizing its size would enable the use of our 
microreactor for low X-ray energies, making it compatible with critical X-ray 
source-sample-detector distances at lower energies. Moreover, there is room 
for enhancing the performance of the microheaters in terms of maximum 
temperature and stability. This can be achieved by exploring alternative 
metals, for example molybdenum, as well as investigating diverse capping 
layers to prevent metal oxidation during operation. By pursuing these 
improvements, we can further advance the capabilities of our microreactor 
system, enhancing its usability, scan quality, and stability.  

The following two chapters show the use of the microreactor in 
combination with the main X-ray microscopy techniques. Specifically, in 
Chapter 3 the microreactor was used to study the catalytic pyrolysis of 
polymer over an FCC catalyst particle employing X-ray holotomography. While 
our preliminary results exhibit promising advancements, further 
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Our microfluidic device not only allows for the visualization and quantification 
of diffusion processes at the level of individual microparticles but also 
provides the advantage of estimating the adsorbed amount at equilibrium 
through the mass balance between the two chambers. Furthermore, the 
device's geometry has the potential to indicate connected porosity, making it 
applicable for assessing this parameter in catalyst particles and molecular 
sieves.  

7.2 Outlook and Recommendations 

This Ph.D. thesis presents a detailed description of various microfluidic 
devices utilized for the investigation and characterization of individual catalyst 
particles. Chapter 2 shows the development and the applications (Chapters 3 
and 4) of an innovative microreactor system, it provides a cutting-edge tool 
that can be used to study relevant industrial catalytic reactions in realistic 
conditions with 3D high-resolution X-ray microscopy. Further development in 
microreactor design and fabrication has the potential to expand the 
capabilities of the current setup. One example of improvement is through an 
enhanced microreactor design, which can minimize missing wedges and 
enhance the quality of tomographic scans by reducing artifacts generated 
during the volume reconstruction of the sample. Additionally, optimizing the 
design of the holder by minimizing its size would enable the use of our 
microreactor for low X-ray energies, making it compatible with critical X-ray 
source-sample-detector distances at lower energies. Moreover, there is room 
for enhancing the performance of the microheaters in terms of maximum 
temperature and stability. This can be achieved by exploring alternative 
metals, for example molybdenum, as well as investigating diverse capping 
layers to prevent metal oxidation during operation. By pursuing these 
improvements, we can further advance the capabilities of our microreactor 
system, enhancing its usability, scan quality, and stability.  

The following two chapters show the use of the microreactor in 
combination with the main X-ray microscopy techniques. Specifically, in 
Chapter 3 the microreactor was used to study the catalytic pyrolysis of 
polymer over an FCC catalyst particle employing X-ray holotomography. While 
our preliminary results exhibit promising advancements, further 
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improvements are necessary to minimize the presence of artifacts in the 
collected data. To achieve this, we propose acquiring data at multiple sample-
detector distances, significantly enhancing the signal-to-noise ratio and 
mitigating the impact of artifacts. Furthermore, conducting two consecutive 
tomographies of the same sample under identical conditions enables accurate 
quantitative analysis and reliable error evaluation, leading to stronger and 
more confident results.  
Furthermore, our method offers the opportunity to investigate the catalytic 
process's dependence on polymer molecular weight and catalyst surface 
wettability by examining various combinations of these properties.  
In Chapter 4, the microreactor proved to be compatible with transmission X-
ray microscopy by performing local pressure characterization. We believe that 
the possibility of using the microreactor to conduct catalytic reactions with 
precise and rapid control of the reaction conditions and to use a strongly 
adsorbing noble gas like xenon to intrude the catalyst pores at high pressure 
can allow the mapping of dynamic changes in the catalyst's pore space with 
high temporal and spatial resolution. This can be achieved by performing the 
subtraction of the tomographic scan before and after xenon intrusion for 
different reaction times.  

The use of microfluidic technology is exploited even further with the 
devices presented in Chapters 5 and 6. Both devices are complementary and 
provide alternative tools to perform detailed investigations of the mass 
transport of probe molecules in heterogeneous catalysts at the individual 
particle level. Also, in this case, improvements in the chip designs could be 
beneficial to be more versatile. For example, the microfluidic chip used in 
Chapter 5 to measure the accessibility of a fluorescent dye in porous particles 
could benefit from a change in the device material to be able to withstand 
measurement in the presence of organic solvents and expand its applicability. 
Additionally, by fitting the concentration fronts observed in the porous particle 
with an adsorption-diffusion model, spatially resolved insights and intra-
particle heterogeneities can be obtained.  

7.3 Samenvatting 

Heterogene katalysatoren worden gekenmerkt door een structuur met 
meerdere lengteschalen en een complex poriënnetwerk dat speci�ieke 
tortuositeit en poriënconnectiviteit vertoont. Deze structuur speelt een cruciale 
rol in katalytische processen en bepaalt de activiteit en selectiviteit ten opzichte 
van speci�ieke reactieproducten. Een ruimtelijke en tijdgerelateerde structuur-
activiteitsrelatie is essentieel om de prestaties van katalysatoren te verbeteren 
en te optimaliseren. Traditionele karakteriseringsmethoden voor vaste 
katalysatoren resulteren in een gemiddelde over de geanalyseerde partij 
deeltjes, waardoor de intra- en interdeeltje heterogeniteiten inherent aan deze 
materialen over het hoofd worden gezien. Het onderzoeken van vaste 
katalysatoren gedurende operatie op verschillende dieptes (in situ of operando) 
stelt ons in staat om aanvullende informatie te verkrijgen die cruciaal is voor 
een grondig begrip van de onderliggende mechanismen die katalytische 
reacties beheersen. 

Dit proefschrift draagt bij aan de ontwikkeling van innovatieve 
micro�luı̈dische apparaten voor het onderzoeken van heterogene katalysatoren 
op het niveau van individuele deeltjes onder reële reactieomstandigheden. De 
micro�luı̈dische apparaten die worden gepresenteerd in de hoofdstukken 
maken het mogelijk om in situ de samenstellings- en structuurveranderingen 
van afzonderlijke katalysatordeeltjes met een hoge ruimtelijke resolutie 
(hoofdstukken 2, 3 en 4) in beeld te brengen, en voor het bestuderen van de 
invloed van de deeltjesporositeit (poriegrootte, oppervlakte) op de 
massatransport (hoofdstukken 5 en 6). 

Een krachtige techniek die steeds vaker wordt toegepast om katalysatoren 
met een hoge ruimtelijke resolutie te beeldvormen, is hoge resolutie 3D harde 
röntgenmicroscopie. Het is aangetoond dat deze techniek niet-destructieve 
structurele informatie van katalysatordeeltjes kan leveren. Een aanzienlijke 
uitdaging ligt echter in de noodzaak om deze metingen in situ en operando uit 
te voeren. Daarom hebben we in hoofdstuk 2 een nieuwe MEMS-gebaseerde 
microreactor ontwikkeld die studies van afzonderlijke katalysatordeeltjes 
mogelijk maakt met behulp van hoge resolutie 3D harde röntgenmicroscopie 
onder realistische reactieomstandigheden. De microreactor is gemaakt van 
silicium en is uitgerust met een vrijstaande siliciumrijke nitride (SiRN) capillair, 
die een katalysatordeeltje tot 100 µm in grootte kan vangen en op zijn plaats 
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improvements are necessary to minimize the presence of artifacts in the 
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mitigating the impact of artifacts. Furthermore, conducting two consecutive 
tomographies of the same sample under identical conditions enables accurate 
quantitative analysis and reliable error evaluation, leading to stronger and 
more confident results.  
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massatransport (hoofdstukken 5 en 6). 

Een krachtige techniek die steeds vaker wordt toegepast om katalysatoren 
met een hoge ruimtelijke resolutie te beeldvormen, is hoge resolutie 3D harde 
röntgenmicroscopie. Het is aangetoond dat deze techniek niet-destructieve 
structurele informatie van katalysatordeeltjes kan leveren. Een aanzienlijke 
uitdaging ligt echter in de noodzaak om deze metingen in situ en operando uit 
te voeren. Daarom hebben we in hoofdstuk 2 een nieuwe MEMS-gebaseerde 
microreactor ontwikkeld die studies van afzonderlijke katalysatordeeltjes 
mogelijk maakt met behulp van hoge resolutie 3D harde röntgenmicroscopie 
onder realistische reactieomstandigheden. De microreactor is gemaakt van 
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kan houden dankzij een deeltjes-val (geometrische restrictie) . De vrijstaande 
aard van het capillair is geschikt voor 3D harde röntgenmicroscopie, waardoor 
een tomogra�ische scan met optische transmissie van 160 over 180° mogelijk 
is. De relatief dunne wanden (  ̴1 µm) en het materiaal van het capillair 
minimaliseren röntgenabsorptie, wat verwaarloosbaar kan worden beschouwd 
tijdens de meting en geen invloed heeft op de uiteindelijke meting. Bovendien 
kan de microreactor werken onder hoge drukken (tot 25 bar) dankzij de 
monolithische aard van de microreactor en hoge temperaturen (tot 400 °C) 
omdat hij is uitgerust met geı̈ntegreerde dunne-�ilm-platinamicroverwarmers 
bovenop het capillair. Met behulp van Joule-verwarming kunnen de 
microverwarmers snel en lokaal warmte leveren voor de reactie. Dezelfde 
microverwarmers kunnen na kalibratie worden gebruikt als sensoren om de 
detectie en controle van de reactieomstandigheden mogelijk te maken. De 
microreactor is gemonteerd op een roestvrijstalen houder voor rotatie en om 
toegang te bieden tot de interfaces van de vloeistof/elektrische aansluitingen. 
Een reactie, zoals hexaan kraken over een enkel ‘Fluid Catalytic Cracking’ (FCC) 
deeltje, is uitgevoerd, waarbij de capaciteiten van de microreactor voor het 
bestuderen van relevante katalytische reacties onder realistische operatie 
omstandigheden zijn getoond. Ten slotte hebben we onze microreactor met 
succes getest bij de beamline ID16b (ESRF, Grenoble), waarbij een 
tomogra�ische scan van een ‘Fluid Catalytic Cracking’ (FCC) deeltje binnen de 
microreactor is verkregen, wat aantoont dat er geen attenuatie door het 
capillair is en dat uitstekende stabiliteit haalbaar is door gebruik te maken van 
onze microreactor. 

De MEMS-gebaseerde microreactor, zoals gepresenteerd in hoofdstuk 2, 
werd vervolgens gebruikt in hoofdstuk 3 gebruikt in combinatie met hard X-
ray holotomogra�ie om de katalytische pyrolyse van plastic reactie te 
bestuderen en de invloed van de viscositeit van het uitgangsmateriaal op de 
interactie tussen het polymeer en de katalysator. De microreactor maakte het 
mogelijk om een individueel katalysatordeeltje en een polypropyleen (PP) kraal 
te vangen en de temperatuur nauwkeurig te regelen om met succes in situ het 
smelten en kraken van PP over een FCC-katalysatordeeltje uit te voeren. Door 
gebruik te maken van harde röntgen holotomogra�ie werd het proces in beeld 
gebracht, waarbij 3D-informatie werd verkregen en verschillende fasen binnen 
het monster werden onderscheiden, waaronder het polymeer, de poriën en de 
deeltjesmatrix. Voorlopige bevindingen toonden aan dat ongeveer 70% van de 

 

Voortbouwend op dit onderzoek werd in hoofdstuk 6 een aanvullende 
studie uitgevoerd, waarbij een nieuw micro�luıd̈isch systeem de meting van 
effectieve diffusie door individuele poreuze deeltjes mogelijk maakt met behulp 
van �luorescentiemicroscopie. In dit geval maakt het micro�luı̈dische apparaat, 
dat is gebouwd met behulp van epoxyhars, het mogelijk om een enkel deeltje te 
begrenzen tussen twee kamers uitgerust met gesloten kleppen, waarbij een vast 
volume tijdens het experiment wordt gegarandeerd. Door een 
concentratiegradiënt aan te brengen dwars door het begrensde deeltje, maakt 
dit systeem de beoordeling van de effectieve diffusiviteit van de moleculaire 
sonde mogelijk. Om de capaciteiten van het apparaat te valideren, hebben we 
de effectieve diffusiviteit van een �luorescente molecuul (Pyrromethene 567) in 
een apolaire oplossing gemeten over drie poreuze silicadeeltjes met 
verschillende poriegroottes (30 nm, 10 nm en 3 nm). De verkregen waarden, 
afgeleid met behulp van een eenvoudig wiskundig model, volgden de verwachte 
trend volgens de porieafmetingen. Het deeltje met een grotere poriegrootte 
vertoonde een hogere diffusiviteit (1.81 x 10-10 m2/s), terwijl het deeltje van 3 
nm een lagere diffusiviteit vertoonde (3.25 x 10-12 m2/s). Ons micro�luı̈dische 
apparaat maakt niet alleen visualisatie en kwanti�icering van diffusieprocessen 
op het niveau van individuele micropartikels mogelijk, maar biedt ook het 
voordeel van het schatten van de geabsorbeerde hoeveelheid in evenwicht door 
de massabalans tussen de twee kamers. Bovendien heeft de geometrie van het 
apparaat het potentieel om verbonden porositeit aan te geven, waardoor het 
toepasbaar is voor het beoordelen van deze parameter in katalysatordeeltjes en 
moleculaire zeven. 

7.4 Toekomstperspectieven en Aanbevelingen 

Dit proefschrift presenteert een gedetailleerde beschrijving van 
verschillende micro�luı̈dische apparaten die worden gebruikt voor het 
onderzoek en de karakterisering van individuele katalysatordeeltjes. 
Hoofdstuk 2 toont de ontwikkeling en de toepassingen (hoofdstukken 3 en 4) 
van een innovatief microreactorsysteem. Het biedt een geavanceerd instrument 
dat kan worden gebruikt om relevante industriële katalytische reacties te 
bestuderen onder realistische omstandigheden met behulp van 3D 
röntgenmicroscopie met een hoge resolutie. Verdere ontwikkeling in het 
ontwerp en de fabricage van de microreactor heeft het potentieel om de 
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een tomogra�ische scan met optische transmissie van 160 over 180° mogelijk 
is. De relatief dunne wanden (  ̴1 µm) en het materiaal van het capillair 
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Een reactie, zoals hexaan kraken over een enkel ‘Fluid Catalytic Cracking’ (FCC) 
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succes getest bij de beamline ID16b (ESRF, Grenoble), waarbij een 
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microreactor is verkregen, wat aantoont dat er geen attenuatie door het 
capillair is en dat uitstekende stabiliteit haalbaar is door gebruik te maken van 
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vertoonde een hogere diffusiviteit (1.81 x 10-10 m2/s), terwijl het deeltje van 3 
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apparaat maakt niet alleen visualisatie en kwanti�icering van diffusieprocessen 
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Dit proefschrift presenteert een gedetailleerde beschrijving van 
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mogelijkheden van de huidige opstelling uit te breiden. Een voorbeeld van 
verbetering is het verbeterde ontwerp van de microreactor, waardoor 
ontbrekende wiggen kunnen worden geminimaliseerd en de kwaliteit van 
tomogra�ische scans kan worden verbeterd door artefacten te verminderen die 
worden gegenereerd tijdens de volumereconstructie van het monster. 
Bovendien zou een verbetering van het ontwerp van de houder mogelijk zijn 
door de grootte te minimaliseren waardoor het gebruik bij lagere 
röntgenenergieën mogelijk wordt, waardoor het compatibel is met kritieke 
röntgenbron-monster-detector afstanden bij lagere energieën. Bovendien is er 
ruimte voor verbetering van de prestaties van de microverwarmers wat betreft 
maximale temperatuur en stabiliteit. Dit kan worden bereikt door alternatieve 
metalen, te onderzoeken, evenals het onderzoeken van verschillende deklagen 
om oxidatie van het metaal tijdens de werking te voorkomen. Door deze 
verbeteringen na te streven, kunnen we de mogelijkheden van ons 
microreactorsysteem verder verbeteren, o.a. door de bruikbaarheid, de scan-
kwaliteit en de stabiliteit ervan vergroten. 

De twee opvolgende hoofdstukken tonen het gebruik van de microreactor 
in combinatie met de belangrijkste röntgenmicroscopietechnieken. In het 
bijzonder wordt in hoofdstuk 3 de microreactor gebruikt om de katalytische 
pyrolyse van polymeer over een FCC-katalysatordeeltje te bestuderen met 
behulp van röntgenholotomogra�ie. Hoewel onze voorlopige resultaten 
veelbelovende vooruitgang laten zien, zijn verdere verbeteringen nodig om de 
aanwezigheid van artefacten in de verzamelde gegevens te minimaliseren. Om 
dit te bereiken, stellen we voor om gegevens te verwerven bij verschillende 
monster-detectorafstanden, waardoor de signaal-ruisverhouding aanzienlijk 
wordt verbeterd en de invloed van artefacten wordt verminderd. Bovendien 
maakt het uitvoeren van twee opeenvolgende tomogra�ieën van hetzelfde 
monster onder identieke omstandigheden een nauwkeurige kwantitatieve 
analyse en betrouwbare foutenevaluatie mogelijk, wat leidt tot sterkere en meer 
betrouwbare resultaten. Bovendien biedt onze methode de mogelijkheid om de 
a�hankelijkheid van het katalytische proces van het moleculair gewicht van het 
polymeer en de bevochtigbaarheid van het katalysatoroppervlak te 
onderzoeken door verschillende combinaties van deze eigenschappen te 
onderzoeken. 

In hoofdstuk 4 heeft de microreactor bewezen compatibel te zijn met 
transmissieröntgenmicroscopie door een lokale drukkarakterisering uit te 

 

voeren. We geloven dat de mogelijkheid om de microreactor te gebruiken voor 
het uitvoeren van katalytische reacties met precieze en snelle controle van de 
reactieomstandigheden en het gebruik van een sterk absorberend edelgas zoals 
xenon om de poreuze ruimte van de katalysator bij hoge druk binnen te dringen, 
het mogelijk maakt om dynamische veranderingen in de poreuze ruimte van de 
katalysator in kaart te brengen met hoge temporele en ruimtelijke resolutie. Dit 
kan worden bereikt door de aftrek van de tomogra�ische scan vóór en na 
xenonintrusie uit te voeren voor verschillende reactietijden. 

De micro�luıd̈ische technologie wordt zelfs verder benut met de apparaten 
gepresenteerd in hoofdstukken 5 en 6. Beide apparaten zijn complementair en 
bieden alternatieve instrumenten om gedetailleerde onderzoeken uit te voeren 
naar het massatransport van probeermoleculen in heterogene katalysatoren op 
het niveau van individuele deeltjes. Ook in dit geval kunnen verbeteringen in de 
chipontwerpen gunstig zijn om veelzijdiger te zijn. Bijvoorbeeld, de 
micro�luı̈dische chip die werd gebruikt in hoofdstuk 5 om de toegankelijkheid 
van een �luorescerende kleurstof in poreuze deeltjes te meten, zou baat kunnen 
hebben bij een verandering in het materiaal van het apparaat om metingen in 
aanwezigheid van organische oplosmiddelen te kunnen weerstaan en de 
toepasbaarheid ervan te vergroten. Bovendien, door de concentratiepro�ielen 
die worden waargenomen in het poreuze deeltje te passen bij een adsorptie-
diffusie model, kunnen ruimtelijk opgeloste inzichten en intra-deeltje 
heterogeniteiten worden verkregen. 
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pyrolyse van polymeer over een FCC-katalysatordeeltje te bestuderen met 
behulp van röntgenholotomogra�ie. Hoewel onze voorlopige resultaten 
veelbelovende vooruitgang laten zien, zijn verdere verbeteringen nodig om de 
aanwezigheid van artefacten in de verzamelde gegevens te minimaliseren. Om 
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