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Abstract 
Silica aerogels are highly porous, translucent materials with the lowest thermal conductivities 

among solids. They are produced via sol-gel process and subsequent drying to replace the pore 

liquid by air without significant alterations of the silica skeleton. During ambient-pressure 

drying (APD), evaporation generates capillary forces that put the liquid under tension, which 

is balanced by the compression of the silica skeleton. This results in substantial drying 

shrinkage that is made partially reversible by surface modification of silica gels. Past a critical 

shrinkage, the gels re-expand through the spring-back effect (SBE), demonstrating a 

remarkable elasticity for a silica-based material. However, the description of the evaporation 

and deformation mechanisms remains mostly theoretical and few experiments were performed 

to investigate the APD process in-operando.  

This thesis aims to provide an empirical description of the evolution of silica gels 

properties during drying, thermal treatment and mechanical compression. The main 

motivation is to unveil the underlying mechanisms of the drying shrinkage and spring-back by 

addressing the kinetics of the gels' phase composition during APD. Another incentive is to 

quantify the capability of silica aerogels to recover large deformations related to drying 

shrinkage and uniaxial compression and evaluate the corresponding changes in the aerogels' 

nanostructure.  

Silica gels were prepared by a sol-gel process from tetraethyl orthosilicate and were 

casted as 16 mm tall cylinders, followed by modification with trimethylchlorosilane. Specimen 

were dried at ambient-pressure to produce monolithic aerogels. The average phase 

composition of the gels during APD was successfully computed by developing a novel 

quantitative imaging workflow based on in-operando X-ray micro-computed tomography 

(µCT). The emergence of the SBE was correlated to an equal volume fraction of silica skeleton, 

hexane and gas in the gels. To this regard, the re-expansion was arguably caused by a local 

relaxation of the drying stress, indicating a depletion of solvent in some pores. Simulations on 

unmodified gels supported the incidence of condensation reactions during drying. 

Further analysis of µCT data allowed to map the distribution of liquid and vapor in the 

gels during drying, which notably uncovered evidence of evaporation of the pore liquid by 

cavitation. This was supported by estimations using classical nucleation theory, and by separate 

in-operando wide-angle X-ray scattering experiments showing a significant volume of gas in 

the gels prior to the SBE. The onset of evaporation by meniscus recession was manifested by 

a drying front travelling across the specimen and was correlated to a heterogeneous SBE.  
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Initially limited after drying, the spring-back was completed by thermal annealing 

resulting in a "two-step" SBE. The related nanostructural changes were evaluated by small-

angle X-ray scattering, giving insights on the causes of partial re-expansion after drying. 

Annealed silica aerogels showed significant compressibility and a plastic behavior under 

uniaxial compression, and it was found that residual deformations were completely recovered 

by a second thermal annealing at the macro- and nano-scale. The deformation mechanisms 

upon compression were addressed by analyzing changes in fractal dimension and mean cluster 

size, which supported a phenomenology of compaction by sequential shrinkage of large pores. 

To this day, the size of monolithic silica aerogels produced by APD remains limited due 

to the susceptibility of silica gels to mechanical failure. This thesis contributes to a better 

understanding of the evaporation mechanisms, which is relevant to evaluate and predict the 

stress state in gels during drying. Moreover, the occurrence of cavitation brings new aspects 

on the APD process and highlights the potential of reducing the drying stress and thus the risk 

of cracks by tuning the gels' preparation and drying conditions to promote cavitation. Re-

expansion of silica aerogels can be controlled by thermal activation thus qualifying aerogels as 

programmable materials, which broadens their potential utilization in several fields such as 

thermal insulation.  
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Kurzfassung  
Siliziumdioxid-Aerogele sind hochporöse, lichtdurchlässige Materialien mit den niedrigsten 

Wärmeleitfähigkeiten unter den Feststoffen. Sie werden durch ein Sol-Gel-Verfahren und 

anschließendem Trocknen hergestellt, bei dem die Porenflüssigkeit durch Luft ersetzt wird, 

ohne dass sich das Gerüst aus Siliziumdioxid (engl.: Silica) wesentlich verändert. Bei der 

Trocknung bei Umgebungsdruck (engl.: ambient-pressure drying, APD) entstehen durch die 

Verdampfung Kapillarkräfte, die die Flüssigkeit unter Spannung setzen, was durch die 

Kompression des Siliziumdioxidgerüsts ausgeglichen wird. Dies führt zu einer beträchtlichen 

Schrumpfung beim Trocknen, die durch eine Oberflächenmodifizierung der Silica-Gele 

teilweise reversibel gemacht werden kann. Nach einer kritischen Schrumpfung dehnen sich die 

Gele durch einen Rücksprung-Effekt (engl.: spring-back effect, SBE) wieder aus, was eine 

bemerkenswerte Elastizität für ein Material auf Siliziumdioxidbasis darstellt. Die Beschreibung 

der Verdampfungs- und Verformungsmechanismen ist jedoch bis heute weitgehend nur 

theoretisch beschrieben, und nur wenige Experimente wurden durchgeführt, um den APD-

Prozess in-operando zu untersuchen.  

Ziel dieser Arbeit ist es, eine empirische Beschreibung der Entwicklung der 

Eigenschaften von Silica-Aerogelen während der Trocknung, der thermischen Behandlung 

und der mechanischen Kompression zu liefern. Eine zentrale Motivation der Arbeit besteht 

darin, die zugrundeliegenden Mechanismen der Trockenschrumpfung und des SBE 

aufzudecken, indem die Kinetik der Phasenzusammensetzung der Gele während der APD 

untersucht wird. Des Weiteren wird untersucht, wodurch Silica-Aerogele in der Lage sind 

große Verformungen, verursacht durch Trockenschrumpfung bzw. einachsige Kompression, 

rückgängig zu machen und wie sich dabei die Nanostruktur der Aerogele ändert. 

Silica-Aerogele wurden durch ein Sol-Gel-Verfahren aus Tetraethylorthosilikat 

hergestellt und in 16 mm hohe Zylinder gegossen, die anschließend mit Trimethylchlorsilan 

modifiziert wurden. Die Proben wurden bei Umgebungsdruck getrocknet, um monolithische 

Aerogele herzustellen. Die durchschnittliche Phasenzusammensetzung der Gele während der 

APD wurde erfolgreich durch die Entwicklung eines neuartigen quantitativen 

Bildgebungsverfahrens auf Grundlage eines In-Operando-Ansatzes mit Röntgen-Mikro-

Computertomographie (µCT) berechnet. Das Auftreten des SBE korrelierte mit einem 

gleichen Volumenanteil von Silikaskelett, Hexan und Gas in den Gelen. Die Ausdehnung 

während des SBE wurde durch eine lokale Relaxation der Trocknungsspannungen verursacht 

bedingt durch eine Leerung einiger Poren von Lösungsmittel. Simulationen an unmodifizierten 
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Gelen bestätigten das Auftreten von irreversiblen Kondensationsreaktionen während der 

Trocknung. 

Eine weitere Analyse der µCT-Daten ermöglichte es, die Verteilung von Flüssigkeit und 

Dampf in den Gelen während der Trocknung abzubilden, was insbesondere Hinweise auf eine 

Verdampfung der Porenflüssigkeit durch den Prozess der Kavitation ergab. Diese Erkenntnis 

wurde durch Einschätzungen anhand der klassischen Keimbildungstheorie und durch In-

Operando-Weitwinkel-Röntgenstreuungsexperimente gestützt, die ein erhebliches 

Gasvolumen in den Gelen vor dem SBE zeigten. Der Beginn der Verdampfung durch 

Meniskus-Rezession zeigte sich in einer Trocknungsfront, die sich quer über die Probe 

bewegte, und wurde mit einem heterogenen SBE in Verbindung gebracht. 

Die nach dem Trocknen zunächst begrenzte Wiederherstellung der ursprünglichen 

Form durch den SBE wurde durch Tempern vervollständigt und die nanostrukturellen 

Veränderungen wurden durch Röntgenkleinwinkelstreuung ausgewertet, was Einblicke in die 

Ursachen der teilweisen Wiederausdehnung nach dem Trocknen lieferte. Getemperte Silica-

Aerogele zeigten eine signifikante Komprimierbarkeit und ein plastisches Verhalten bei 

einachsiger Kompression, und es wurde festgestellt, dass Restverformungen durch Tempern 

sowohl auf der Makro- als auch auf der Nanoskala wieder vollständig zurückgebildet werden 

konnten. Die Verformungsmechanismen bei der Kompression wurden durch die Analyse der 

Veränderungen der fraktalen Dimensionen und der mittleren Clustergröße untersucht, die 

insbesondere auf eine Verdichtung durch Schrumpfung der großen Poren hindeuteten. 

Bis heute ist die Probengröße der durch APD hergestellten monolithischen Silica-

Aerogele aufgrund der Anfälligkeit von Silica-Gelen für mechanisches Versagen begrenzt. 

Diese Arbeit trägt zu einem besseren Verständnis der Verdampfungsmechanismen bei, was 

für die Bewertung und Vorhersage des Spannungszustands in Gelen während der Trocknung 

von Bedeutung ist. Darüber hinaus zeigt das Auftreten von Kavitation neue Aspekte des APD-

Prozesses und verdeutlicht das Potenzial, den Trocknungsstress und damit das Risiko von 

Rissen zu verringern, indem die Präparations- und Trocknungsbedingungen des Gels so 

abgestimmt werden, dass Kavitation gefördert wird. Die Wiederausdehnung von Silica-

Aerogelen kann durch thermische Aktivierung kontrolliert werden, wodurch sie als 

programmierbare Materialien eingestuft werden können. Diese Eigenschaft erweitert ihr 

Potenzial für verschiedene Anwendungen wie beispielsweise Wärmedämmung. 
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1 Introduction 
1.1 Motivation and goals 

We spend a significant portion of our life indoors: buildings, houses and residences. In 

temperate climates, those environments are kept warm by diverse heating installations (fire 

stove, radiators, and central heating). In Europe, the residential sector accounted for about 

28 % of the total energy consumption in 2021,1 among which 64 % was dedicated to household 

space heating.2 This results in a total of 18 % of the yearly energy input spent solely for heating 

buildings, creating incentives for the reduction of the associated greenhouse emissions. The 

fundamental reason for the high amount of energy spent in space heating is that it is difficult 

to keep the warmth: heat flows from hot to cold regions.   

Buildings' walls, roofs, floors and ceilings alleviate heat losses by slowing down the 

diffusion of the heat across their thickness, which is greatly improved throughout the 

incorporation of interlayers of thermal insulating materials. The performance of an insulating 

material can be represented by its thermal conductivity. Whereas concrete3 typically has a 

thermal conductivity of 1.5 W m-1 K-1, conventional insulation materials4 (e.g. mineral wool 

and glass wool) show much lower values at 0.031 – 0.045 W m-1 K-1, highlighting the 

importance of thermal insulation in buildings. Even though it is possible to increase the 

thickness of thermal insulation layers to reduce heat losses, a more desirable solution consists 

in using materials with lower thermal conductivities to achieve the same insulation while saving 

space and raw materials.  

Aerogels stand out as inert, light and superinsulation materials with thermal 

conductivities5 of about 0.015 W m-1 K-1, making them ideal candidates for improving the 

thermal insulation in old and new buildings. The thermal insulation properties of aerogels arise 

from their unique porous network combining small pores (in nanometer range) and high 

porosity, resulting in a lower thermal conductivity than air at ambient temperature.6 Among 

aerogels, silica systems are particularly suited for thermal insulation as they show among the 

lowest thermal conductivities5 and are well-known in terms of processing and properties.7,8 

Furthermore, silica aerogels can be manufactured into transparent/translucent products, 

enabling their incorporation in glazed windows9,10 and even in load-bearing translucent bricks.11 

However, the majority of commercially available products rely on silica aerogel granules that 

show lower thermal insulation properties and lower transmittance compared to monolithic 
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("single piece") aerogels.9,12 The reason for that is that it remains demanding to manufacture 

silica aerogel monoliths with the current methods.  

Producing silica aerogels requires exchanging the pore liquid of a gel for air without 

significant alteration of the silica skeleton structure,13 which is achieved by drying. Ambient-

pressure drying (APD, also called evaporative drying) is the most feasible process in terms of 

cost14 and can produce both silica aerogels monoliths and granules. Upon evaporation of the 

liquid that is confined in nanometer-sized pores, the liquid enters in tension due to the capillary 

pressure and is balanced by the compression of the silica skeleton, resulting in drying shrinkage 

of the gel.15 Drying shrinkage is made reversible via surface modification using silylating 

agents,16 which enables the gel re-expansion during drying called the spring-back effect (SBE). 

The SBE of silica gels illustrates a surprising deformation of the gels' solid matrix for a ceramic 

material that is not observed in other forms of silica like glass or quartz and remains mostly 

unexplored. Unveiling the origin and phenomenology of the SBE -and thus the mechanisms 

of the evaporative drying process - not only represents a fundamental research question, but 

may also bring substantial progress in the production of large aerogel monoliths by APD, 

which remains the main limitation of this process.  

The current dissertation is part of a joined project between the Max Planck Institute of 

Colloids and Interfaces and the Chair of Advanced Ceramic Materials at Technische 

Universität Berlin, with the primary objective of studying the phenomenology of the SBE in 

ambient-pressure dried silica aerogels. This topic was tackled with different research questions, 

approaches and methods throughout this collaboration. Within this joined project, Fabian 

Zemke recently made valuable contributions to the aerogel community, issuing a PhD 

dissertation17 and three publications18–20 on the nanostructural characterization of the SBE. A 

notable outcome of that work was the impact that different silylating agent had on the 

nanostructural features of the gels during drying such as fractal dimension, mean cluster size 

and particle size, which was achieved by the development of an experimental protocol and 

modeling workflow based on in-situ X-ray scattering measurements. 

The research questions that build the framework of this thesis relate to the conditions 

of emergence of the SBE, the underlying evaporation mechanisms of the APD process and 

the deformation mechanisms associated to the compression and re-expansion of the solid silica 

network. These questions are used to outline the goals of the dissertation in consideration to 

the technical capabilities that may be needed to investigate them. To this regard, part of this 

thesis is dedicated to the development of a new methodology based on the quantitative imaging 

analysis of in-operando X-ray micro-computed tomography (µCT) measurements. A workflow 
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is developed aiming at generating spatial and temporal phase composition maps of materials 

undergoing dynamic shape and composition changes, such as silica gels.   

The first goal of this dissertation is to reveal the kinetics of the ambient-pressure drying 

process by evaluating the evolution of the solid, liquid and gas volumes in monolithic silica 

gels, which remains mostly unknown. In practice, it should be assessed if these parameters can 

be derived by modeling data collected on a lab-source µCT instrument using a quantitative 

imaging approach. Differences between silylated and non-silylated silica gels will notably be 

addressed. 

The second goal is to explore cavitation as a potential evaporation mechanism during 

the ambient-pressure drying of silica gels. The motivation of this study lies in the conclusions 

drawn from the first goal, which align with the hypothesis of evaporation by cavitation 

proposed by Scherer and Smith nearly 30 years ago.21 Cavitation is known to occur in other 

mesoporous materials, but has never been observed in silica gels. An advanced workflow based 

on µCT data will be established with the purpose to calculate the vapor/air distribution within 

the gels during drying, which may uncover experimental evidence of solvent cavitation.  

The third goal is to evaluate the compressibility of dry and annealed silica aerogel 

monoliths, and to assess whether residual deformations can be recovered at a macro- and 

nano-scale via thermal treatment at mild temperatures. The interest of this goal is dual, as it 

may unveil the cause(s) of the incomplete spring-back effect during the drying of silica gels 

and provide information on the deformation mechanisms of the solid silica network. Parallels 

between evaporative drying and uniaxial compression tests will also be discussed. 

1.2 Structure of the thesis 

This dissertation is organized as follows: 

 

Chapter 1 introduces the motivation and main goals of this dissertation, how they were 

addressed and describes the structure of the thesis. 

 

Chapter 2 covers the state-of-the-art of the research on silica aerogels with an emphasis on the 

evaporative drying, spring-back efficiency, and thermal treatment and stability of silylated silica 

gels. 
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Chapter 3 describes the materials synthesized in this thesis, the methods used to characterize 

them and how the generated data were managed. This chapter outlines the impact of the 

synthesis and preparation conditions on the quality and spring-back of the produced silica gels. 

A short review on each method is also presented, covering the basics and how it can be applied 

to aerogel materials. Concrete application of the methods are described in chapters 4, 5 and 6. 

 

Chapter 4 presents the synthesis route used to produce silica gels samples for µCT experiments. 

The findings of the µCT quantitative imaging workflow and the associated drying model 

applied to the APD of silylated silica gels are described. The emergence of the spring-back 

effect is correlated to the average phase composition of the drying gels and the limitations of 

the model are discussed by performing simulations based on µCT data collected on unmodified 

gels. The content of this chapter is published as: Gonthier, J.; Rilling, T.; Scoppola, E.; Zemke, 

F.; Gurlo, A.; Fratzl, P.; Wagermaier, W. In Operando µCT Imaging of Silylated Silica Aerogels 

during Ambient Pressure Drying and Spring-Back. Chem. Mater. 2023, 35 (18), 7683–7693.  

 

Chapter 5 revisits the evaporation mechanisms of silylated silica gels during APD using a 

spatially resolved µCT quantitative imaging approach enabling to generate composition maps. 

It presents experimental evidences of evaporation by cavitation and discusses the possible 

consequences on the production of monolithic aerogels by evaporative drying. The content of 

this chapter is published as: Gonthier, J.; Scoppola, E.; Rilling, T.; Gurlo, A.; Fratzl, P.; 

Wagermaier, W. Solvent cavitation during Ambient Pressure Drying of Silica Aerogels. 

Langmuir 2024, 40 (25), 12925–12938. 

 

Chapter 6 reports the synthesis and post-drying treatment used to prepare silica gels and 

aerogels' samples for SAXS/WAXS measurements. This chapter is dedicated to the 

interpretation on the structural changes of silica aerogels upon annealing and mechanical 

compression, highlighting the recovery capabilities of silica aerogels by thermal treatment. The 

content of this chapter has been submitted in Journal of Sol-Gel Science and Technology on 

the 15th of April 2024 and is currently under review. 

 

Chapter 8 summarizes the major findings of this work and suggests directions for further 

investigations and applications. 
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In addition to the aforementioned manuscripts, I have contributed in the following publication 

related to the topic of this thesis but not included: Zemke, F.; Gonthier, J.; Scoppola, E.; 

Simon, U.; Bekheet, M. F.; Wagermaier, W.; Gurlo, A. Origin of the Springback Effect in 

Ambient-Pressure-Dried Silica Aerogels: The Effect of Surface Silylation. Gels 2023, 9 (2), 160. 

 

The graphs in this thesis were generated using the scientific color maps batlow, lapaz, lisbon, 

oslo and tokyo22 to prevent visual distortion of the data and exclusion of readers with color-

vision deficiencies.23 
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2 State-of-the-art 
2.1 Overview 

It is surprisingly difficult to find a consensus on a unique definition of aerogels. Some 

definitions rely on the extrinsic properties of the material itself such as the one proposed by 

Liebner et al.: "Aerogels are solids that feature very low density, high specific surface area and consist of a 

coherent open-porous network of loosely packed, bonded particles or fibers".24 Such a definition has the 

advantage of being inclusive as it does not restrict the kind of compounds that can be prepared 

as aerogels, neither does it restrict the preparation methods. It also gives an overview of the 

properties that can be expected from an aerogel. Alternative definitions are based on the 

process used to produce them. To quote Hüsing and Schubert: "[aerogels are] materials in which 

the typical structure of the pores and the network is largely maintained […] while the pore liquid of a gel is 

replaced by air ".25 This definition -although more restrictive- gives more insights on the process 

used to produce aerogels. 

The first aerogels were made out of silica26 which remains nowadays the most studied 

system with the highest potential of commercialization for its thermal insulation properties.7,8 

Other systems include ceramics (titania,27 alumina,28 zirconia29), cellulose,30 carbon31 and hybrid 

compounds.32–34 Besides applications in the thermal insulation sector, aerogels can be prepared 

to promote their photocatalytic activity,32 they can be used as biocompatible carriers for drug 

delivery35 and as reusable sorbent to clean-up organic liquids36 and water contaminants.37 

The extrinsic properties of aerogels arise from their characteristic porous network that 

combines high porosity (> 80 %), large specific surface area (200 – 1000 m2 g-1) and a pore 

size distribution ranging from a few nm to about hundred nm,13 making aerogels a subclass of 

mesoporous materials. Their extremely low thermal conductivity is a consequence of the small 

pore size that alleviates energy exchange of the gas molecules confined in the gel.5 Aerogels 

mechanical properties are intimately related to their porosity38 and also depend on the intrinsic 

properties of the solid matrix. Cellulose aerogels are rather compressible and show a near-zero 

Poisson's ratio39 while silica aerogels are generally described as elastic but brittle.40,41 This fragile 

behavior under mechanical stimuli is a limiting factor for their applications in some fields9 and 

also in their production (chapter 2.3). The brittle nature of silica aerogels can notably be 

circumvented by fiber reinforcement42 or by creating architectured structures.43 More details 

on the mechanical properties of silica aerogels will be given in chapter 6.  
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2.2 Sol-gel process 

This section gives a brief summary on the synthesis of aerogels by sol-gel processes, focusing 

on silica systems. The sol-gel process is well described in the literature, and its description here 

is mainly inspired from three excellent references on that topic: the book Sol-Gel Science by 

Brinker and Scherer44 and the chapters "Overview of the Sol-Gel Process"45 and "Gel-Phase 

Processing and Solvent Exchange"46 from the Springer Handbook of Aerogels. Statements 

related to other references than those are explicitly cited in the text. 

Sol-gel processes consist in the preparation of ceramics, organics and composite 

materials via the synthesis of a sol and the gelation of the sol. A sol is a colloidal suspension 

of solid or liquid particles in another liquid, where the particle size is typically 1 – 1000 nm. 

Blood and paint are examples of sols. The sol-gel transition corresponds to the point where a 

sol loses the properties of a suspension and becomes a solid phase (see Figure 2.1), which is 

represented by a sharp increase in viscosity. That transition is the result of chemical bonds 

forming between the particles of the sol that create clusters, which then grow by aggregation 

and eventually become large enough so that they extend throughout the solution. The resulting 

material is called a gel. Following the formal definition from IUPAC, a gel is a "non-fluid colloidal 

network that is expanded throughout its whole volume by a fluid".47 Using a less rigorous phrasing, a gel 

is an object composed of a solid matrix whose pores are filled with a continuous fluid phase. 

Jellies and mucus are examples of gels. Moreover, a gel whose dimensions exceed a few 

millimeters can be called a monolith.  

 
Figure 2.1 Sketch of the sol-gel process to produce an aerogel. Reprinted from ref.44 with permission 

from Elsevier. 

The sol-gel process for the production of silica aerogels can be broken down into three 

steps: synthesis, aging and drying. Drying will be detailed in chapter 2.3, being the most critical 

part in the production of aerogels. The synthesis step consists in the creation of a sol and in 

the gel formation via chemical reactions of a precursor within a medium. There are mainly two 

classes of precursors used to produce silica gels: silicon alkoxides and sodium silicate. Silicon 

alkoxides are molecules consisting of a metal (here silicon) surrounded by organic compounds 

(ligands) with the formula Si(OR)4, where R is an alkyl group. They are hydrophobic and 
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immiscible in water. Tetraethyl orthosilicate (TEOS) is a common silicon alkoxide and has the 

chemical formula: Si(OC2H5)4, but several other silicon alkoxides are also used,48 and the 

reactivity highly depends on the alkoxy group. Sodium silicate (Na2SiO3), also commonly 

referred to as waterglass, is a low-cost precursor used as an alternative to silicon alkoxides.49 

Silicon alkoxides are usually preferred for the synthesis of silica gels because of the more 

lengthy process involved in the sol-gel process using waterglass that notably requires additional 

steps to eliminate sodium salts generated during the reaction.50,51 

The preparation of silica gels from silicon alkoxides is carried out by mixing the 

precursor with an alcohol (e.g. ethanol) and water. Under these conditions, there are two 

reactions happening: hydrolysis and condensation. Hydrolysis reaction replaces an alkoxide 

group −OR from the precursor by a hydroxyl group −OH and releases an alcohol molecule 

according to eq. (2.1). Condensation reaction corresponds to the formation of a siloxane bond 

(Si− O − Si) between two metal centers. Condensation can occur between two silanol groups 

(SiOH), in which case it releases a water molecule (eq. (2.2)), or between a silanol and a silicon 

alkoxide group, releasing an alcohol molecule (eq. (2.3)).  

 ≡ Si − OR + H2O  ⇌   ≡ Si − OH + ROH, (2.1) 

 ≡ Si − OR + HO− Si  ⇌   ≡ Si− O − Si ≡ + ROH, (2.2) 

 ≡ Si− OH + HO− Si  ⇌   ≡ Si− O − Si ≡ + H2O. (2.3) 

The rate of hydrolysis and condensation reactions has a significant influence on the 

structure of the sol and is dictated by the pH of the solution: hydrolysis occurs faster than 

condensation under acidic conditions and the trend is reversed under basic conditions. Acid-

catalyzed reactions result in chain-like polymeric sols (low degree of cross-linking) while base-

catalyzed reactions generate highly branched colloidal particles (high degree of cross-linking). 

Adjusting the pH during the sol-gel process allows to control the morphology of the sol, which 

ultimately influences the structure of the aerogel. As the reactions go on, the particles in the 

sol collide and condense with each other leading to the formation of the gel, which in the case 

of alkoxide precursors can be called an alcogel. Gels formed under acidic conditions have a 

branched silica skeleton that is relatively compact, whereas basic environments creates a 

skeleton made of rather porous silica clusters. As it will be discussed in section 2.3, the drying 

stress and shrinkage highly depend on the gels' pore size and on the compliance of the silica 

skeleton. Therefore, the structures formed in acid- and base-catalyzed gels have a critical 

impact during the drying of the gels. Two-step acid/base catalyzed procedures can produce 

highly porous silica gels featuring a "pearl-necklace" structure while keeping a reasonable 
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gelation time.49 In the two-step procedures, the hydrolysis of a silicon precursor (e.g. TEOS) 

is carried out in a solvent (e.g. ethanol) and is promoted by adding an acid (e.g. HCl) and sub-

stoichiometric amounts of water. In a second step, further water and a base (e.g. NH4OH) are 

added to the silica sol to enhance condensation reactions and activate the gelation of the sol. 

The two-step acid/base catalyzed procedure is commonly used to produce translucent, 

monolithic aerogels from TEOS and tetramethyl orthosilicate (TMOS) precursors.16,51–54  

Gelation is usually followed by aging to strengthen the silica skeleton and improve the 

mechanical properties of silica gels, which is required prior to drying. Cross-linking and 

aggregation of the silica clusters does not stop at the sol-gel transition and the diffusion of 

residual oligomers (small alkoxide chains or clusters) through the porous network leads to 

further condensation reactions. This process is enhanced by exposing the gels to temperatures 

of ca. 50 – 75 °C to promote the diffusion of species through the pores55 and the dissolution-

precipitation process of surface silica groups (typically silanol).56,57 It results in the growth of 

the necks in between the silica nanoparticles. Syneresis is another consolidation mechanism 

that can occur during aging and more generally during the storage of gels in a solvent, where 

the pore liquid is forced out of the solid network resulting in shrinkage of the gels. This 

mechanism is arguably driven by condensation reactions.58 The shrinkage caused by syneresis 

in silica gels is not well documented, but some authors reported a linear shrinkage of 10 %59 

and 14 %14 upon gelation and Bisson et al. mentioned a volume shrinkage as high as 20 vol %.57 

Another factor influencing the structure of the silica gels is the size of the alkoxy groups 

attached to the metal center, as the steric hindrance is more pronounced in large molecules 

and can affect the degree of cross-linking during polymerization. 

Most sol-gel processes include an additional step after aging that is the surface 

modification and is required if the gel is to be dried at ambient-pressure. Moreover, the pore 

liquid is usually exchanged for another solvent/liquid regardless of the drying procedure. These 

aspects will be covered in the next chapter. 

In conclusion, the synthesis of gels by a sol-gel process is well documented for the silica 

systems and the two-step acid/base procedures stand out among other synthesis routes to 

synthesize gels suitable for the preparation of aerogels. The structure of silica gels produced 

from silicon alkoxide can be tuned in a numerous ways by adjusting the precursor:water:solvent 

ratio, the solution pH and the aging conditions. Steiner et al. recently compiled detailed 

protocols on the synthesis of aerogels from a multitude of starting materials (silica, cellulose, 

carbon),60 which gives useful details to researchers unfamiliar with the sol-gel process.  
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2.3 Evaporative drying and monolithic aerogels 

This chapter covers the evaporative drying process of silica aerogels with an emphasis on the 

production of monolithic specimen. The reason why drying is the most critical step in the 

synthesis of aerogels can be explained with an example and a single equation. Let us consider 

a capillary dipped into a liquid: an interface (a meniscus) forms between the liquid and the 

vapor inside of the capillary. At the capillary walls, the contact point between the solid and 

liquid phases forms an angle 𝜃𝜃 whose extent depends on the total surface energy balance. For 

example, a straw dipped in water will generate a concave meniscus (𝜃𝜃 < 90°), corresponding 

to a slight rise of the water at the capillary walls because the surface energy of the solid-liquid 

interface is lower than the one of solid-vapor (see Figure 2.2). The water "wets" the capillary. 

The curvature of the meniscus corresponds to a pressure difference across the liquid-vapor 

interface called capillary pressure, which is given by the Young-Laplace equation:61,62 

 Δ𝑝𝑝 = 𝑝𝑝0 − 𝑝𝑝𝑙𝑙 =
2𝛾𝛾𝐿𝐿𝐿𝐿 cos 𝜃𝜃

𝑟𝑟𝑐𝑐
, (2.4) 

where Δ𝑝𝑝 is the capillary pressure, 𝑝𝑝0 is the vapor pressure, 𝑝𝑝𝑙𝑙 is the pressure in the liquid, 𝛾𝛾𝐿𝐿𝐿𝐿 

is the surface tension of the liquid-vapor interface and 𝑟𝑟𝑐𝑐 is the capillary radius and is set as 

𝑟𝑟𝑐𝑐 > 0. For wetting fluids (𝜃𝜃 < 90°), 𝑝𝑝𝑙𝑙 can be negative: the liquid is under tension.63,64 The 

smaller the capillary radius, the higher the tension. In the case of stiff solids (e.g. a glass 

capillary), the tension in the liquid is balanced by the rise of water in the capillary to reach an 

equilibrium between the capillary pressure and the atmospheric pressure, as illustrated in 

Figure 2.2.  

 
Figure 2.2 Rise of a liquid in capillary tubes of decreasing radii 𝑟𝑟𝑐𝑐. The vapor pressure 𝑝𝑝0 and the 
pressure in the liquid 𝑝𝑝0 are depicted in the figure, and the contact angle 𝜃𝜃 is shown in the inset 

(orange box). 
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Let us now replace the capillary by a porous media with open pores filled with a solvent: 

upon evaporation of the solvent, a meniscus forms in the pores at the surface of the material. 

Most solvents fully wet gels,65 thus the contact angle is 𝜃𝜃 ≈ 0. For small pores, the liquid is 

under tension according to eq. (2.4) but unlike the example of the capillary tubes, the tension 

in the liquid cannot be balanced by capillary rise and is instead balanced by the compression 

of the solid network embedding the liquid.66 The small pore size of silica gels results in capillary 

pressures that can reach 100 MPa.21,66 This, combined with the rather compliant and 

compressible matrix of silica gels40,67,68 generates a substantial shrinkage of the gel. This has 

two detrimental effects on the final structure of the dry gels: 1) the drying stress and the stress 

gradients can create cracks, thus the difficulty of producing large monolithic aerogels by 

APD,15,69 and 2) the shrinkage creates contact points between the silica clusters covered with 

silanol groups, which can undergo further condensation reactions resulting in irreversible 

compaction of the gels upon evaporative drying.57 To this regard, dry gels that underwent 

irreversible shrinkage have degraded properties due to the collapse of the pores, and are called 

xerogels.13,47 Drying shrinkage is the main limitation of the APD process and requires finding 

approaches to alleviate the drying stress and related deformations. One approach consists in 

tuning the sol-gel synthesis to produce gels with a skeleton made of larger particles to improve 

the gels' stiffness and with larger pores to reduce the capillary pressure. As previously stated, 

gels synthesized via a two-step acid/base procedure have been shown to withstand the APD 

process and to enable the production of monolithic products. The other two main approaches 

to improve the APD process are solvent exchange and surface modification, which are 

performed after the aging of the gels.  

Exchanging the pore liquid by a solvent with a lower surface tension directly decreases 

the capillary pressure according to eq. (2.4). In alkoxide-based silica gels, ethanol is usually 

exchanged for n-hexane that has a surface tension against air of only 18.2 mN m-1 at 20 °C.70 

In comparison, the surface tension of water is 73 mN m-1 at 20 °C and that of liquid nitrogen 

is 9.1 mN m-1 at -196 °C.71 It has also been shown that the solvent used to dry the gels has an 

impact on the dry gels transparency, surface area and hydrophobicity.72 Solvent exchange is 

performed after aging of the gel. In practice, it is done by moving a specimen from its initial 

solution to another container, the exchange occurring by diffusion.46 A similar procedure is 

used to prepare cement pastes for microstructural characterization.73  

Chemical surface modification or derivatization consists in replacing the silanol groups 

at the surface of the silica nanoparticles (that are hydrophilic) by hydrophobic groups to 

prevent condensation reactions to occur during drying shrinkage. The advent of surface 
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modification using trimethylchlorosilane (TMCS) uncovered the reversible shrinkage of silica 

gels dried by APD, resulting in partial recovery of the gel volume that is referred to as the 

spring-back effect (SBE).16,74,75 Surface modification is carried out similarly as solvent exchange 

by immersing gels in a solution containing a silylating agent. Typical silylating agents used in 

the modification of silica gels are TMCS, hexamethyldisilazane (HMDS or sometimes HMDZ), 

and hexamethyldisiloxane (HMDSO).49 The effect of the silylating agents on the SBE and on 

the aerogels' properties is a major topic in the research on evaporative drying,72,76–80 and still 

receives attention.19,20,81,82 Zemke et al. notably emphasized the importance of a complete 

surface modification to enable the SBE, as traces of residual silanol groups could still 

significantly affect the gels re-expansion.19 On the other hand, excess modification can also 

alter the mechanical properties of the gels and increase the risk of cracks developing during 

APD.59,83 The completeness of the surface modification relies on the diffusion of the silylating 

species through the porous network and their reactivity with the silanol groups. For these 

reasons, TMCS is the most used silylating agent as it is highly reactive and has a relatively small 

molecular size compared to other compounds, allowing it to diffuse through small pores and 

it also alleviates pore blocking effects upon reaction.19,78  

The extent of the SBE dictates the final properties of aerogels and can be quantified by 

the relative change in volume throughout drying as 𝑉𝑉𝑑𝑑 𝑉𝑉0⁄ , with 𝑉𝑉𝑑𝑑 and 𝑉𝑉0 the dry gel and 

alcogel volume, respectively. This ratio is sometimes referred to as the spring-back 

efficiency59,83 or volume shrinkage,51,84 but is not systematically reported in the literature, 

arguably due to the challenges related to measuring the alcogels dimensions and the dry gels 

volume that break into smaller pieces. Additionally, the method used to measure the gels 

dimensions is often not reported. Different silylating agents result in different extents of the 

SBE. TMCS-modified gels stand out with the highest average spring-back efficiency.17 Some 

authors claim very high spring-back efficiencies (> 99 vol %,51 94.5 vol %59), but at this point 

it is important to differentiate the volume recovery of the gels upon drying, and the volume 

recovery upon heat-treatment. 

Post-drying thermal annealing is often performed to complete the SBE and increases 

the porosity and surface area of dry gels.85 Annealing is usually done at mild temperatures 

within 150 – 230 °C.59,74–76,83,84,86,87 The thermal stability of TEOS-based silica aerogels modified 

with TMCS is around 400 °C,19,78,82,84 although values of 260 °C85 and 350 °C80 have been 

reported. Beyond ca 400 °C, the methyl groups at the surface of the silica nanoparticles are 

oxidized,19 leading to a degradation of the aerogel properties and notably the loss of 

hydrophobicity. Thus, annealing temperatures of ~200 °C should not lead to any chemical 
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decomposition of the silica skeleton. Heat-treatments at high temperatures (> 400 °C) lead to 

severe densification of the gel,88 an increase of the pore size and possibly mechanical failure.89 

Annealing or drying at mild temperatures also seems to conserve the monolithicity of silica 

aerogels,59,74,83,85,86 but is also used to produce granules.68,87,90 

Monolithic aerogels have higher optical transmittance and insulating properties than 

granules, thus the interest of preventing mechanical failure during the APD process. Fracture 

can occur during drying shrinkage but also during the SBE,18 the fragments re-expand 

individually resulting in highly porous granules4,68,80 (Figure 2.3). Cracking of the gel happens 

when the stress on the silica skeleton exceeds its fracture toughness, which can be alleviated 

by tuning the gel structure (synthesis, aging) and by optimizing the drying conditions. The 

deformation of porous materials during drying or upon mechanical action is a wide research 

topic38,66,91 and is not only relevant to sol-gel materials,65 but also ceramics,92,93 in geology94 and 

cementitious materials.95 Slower drying rates generate a more homogeneous distribution of 

stress, which reduces the risk of cracks. The duration of the APD process to produce aerogel 

monoliths varies largely in the literature, it can last between a few hours86 to a few 

days.19,51,59,80,83–85,96 Interestingly, it has recently been shown that highly porous monolithic silica 

gels can be produced by evaporative drying without surface modification, provided that the 

gels are dried slowly enough (up to 18 days).14 The gels dried by that manner did not spring-

back, but also did not show a significant drying shrinkage. The authors reported that the dry 

gel height was 94 % of alcogel height, whereas gels commonly shrink down to ca 20 vol % of 

their original volume before spring-back.59,74 This suggests that the drying-related stress in 

mesoporous gels is not yet fully understood. The evaporation mechanisms during the APD 

process of porous materials will be reviewed in chapter 5. 

 
Figure 2.3 Illustration of the ambient-pressure drying of a silica alcogel (a) to produce monolithic 
aerogels (b41, c59) and aerogel granules (d4, e68). The scale bar in all panels is 12 mm. Panels (b,c) 

reprinted from refs.41,59, respectively, with permission from Elsevier. Panel (d) reprinted from ref.4 
with permission from Springer Nature. Panel (e) reprinted from ref.68, CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/). 

https://creativecommons.org/licenses/by/4.0/
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Besides APD, supercritical drying (SCD) and freeze-drying (FD) are alternatives 

methods that circumvent capillary pressure by replacing the pore liquid by air without any 

liquid-vapor interface. In SCD, the pore liquid is brought to a supercritical state by increasing 

its pressure and temperature and is then evacuated, effectively bypassing the liquid-vapor 

transformation. In FD, the pore liquid is frozen and evacuated by sublimation. Solvent 

exchange is also needed with these alternative drying methods, as well as surface modification 

when producing hydrophobic aerogels. Additionally, for SCD performed with supercritical 

CO2, the miscibility of different solvents must be taken into account. Gels filled with water for 

example require an additional solvent exchange step as CO2 and water are immiscible.97 The 

disadvantage of SCD methods resides in the initial investment and manufacturing costs related 

to the instrumental setup,8,98 especially compared to APD processes. FD methods seem yet 

unable to produce monolithic aerogels reliably especially for silica-based gels, usually resulting 

in cracked or powder product.8,57 Nevertheless, it is worth noting the efforts of some 

researchers to go in that direction.99  

Solvent exchange, aging and surface silylation are key steps in the production of silica 

aerogels by APD. The spring-back effect is enabled by chemical modification of the gels and 

can be completed by thermal annealing at mild temperatures. This is notably emphasized by 

ongoing efforts on the optimization of silylation procedures to produce high-quality aerogels 

by APD.81 On the other hand, the improvement of APD processes is directly linked to the 

spring-back efficiency, which highlights the importance of better understanding the emergence 

of the SBE and the deformation mechanisms of the silica skeleton. Recent studies have paved 

the way towards that goal by assessing the macroscopic and structural deformations upon 

spring-back of silica gels.18,20,68 Further investigation on the kinetics of the APD process is yet 

required, as recently illustrated by the relations between drying rate and drying shrinkage.14 To 

this regard, further efforts should be directed towards a systematic evaluation of the drying 

conditions (evaporation rate and temperature) and the drying-related deformations of the gels. 

This could unveil the kinetics of the SBE and may allow surpassing the current size limitations 

of monolithic aerogels produced by APD.
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3 Materials and methods 
3.1 Specimens 

This section summarizes the synthesis procedures that were performed throughout this thesis 

to produce silica aerogels and discusses the impact of the synthesis conditions, casting and 

thermal annealing on the quality and spring-back of the silica gels. It also highlights the learning 

process that permitted to produce aerogels with satisfying properties.  

13 batches were produced; the main parameters of each batch are described in Table 3.1. 

The first four synthesis batches (A1–B2) were adapted from the work of our collaborator 

Zemke, which is itself adapted from the synthesis of Wei et al.51 All batches were produced 

from a two-step acid/base catalyzed sol-gel synthesis with the same total TEOS:EtOH:H2O 

molar ratio at 1:8:3.6, where EtOH stands for ethanol. The pH was controlled with solutions 

of hydrochloric acid (HCl) in EtOH and ammonium hydroxide (NH4OH) in water. In a first 

step, a mixture of TEOS:EtOH:H2O at a molar ratio of 1:3:1 was prepared and the pH was 

adjusted by adding 2.6⋅10-4 moles of HCl per mole of TEOS. In a second step, further ethanol 

and water were added to the mixture: 5 moles of EtOH and 2.6 moles of H2O per mole of 

TEOS, along with different amounts of NH4OH (Table 3.1). After gelation, the pore liquid 

(ethanol) was exchanged for n-hexane by rinsing the gels with solutions of n-hexane in ethanol 

of 0/100, 25/75, 50/50 and 75/25 vol % every 24 h, followed by rinsing in pure n-hexane 

four times every 24 h. The gels were then silylated by immersing them in solutions of TMCS 

in n-hexane at 3, 3, 6 and 6 vol % every 24 h for batches A1 – C1, D1, D2, D4 and D5. The 

TMCS:TEOS molar ratio was varied depending on the batch (Table 3.1). Less TMCS was used 

in batches D3 and E1 – E3, thus the concentration of the silylation solutions was 1.5, 1.5, 3 

and 3 vol %. After surface modification, the gels were finally rinsed in pure n-hexane four 

times every 24 h. The total volume of the rinsing and silylation solutions differed among the 

batches (Table 3.1). In batches C1 and E1 – E3, some gels were not silylated and kept as 

unmodified references. Unless mentioned otherwise, the spring-back efficiency was evaluated 

by measuring the diameter and height of the gels with a micrometric caliper at three locations 

(3x diameter, 3x height). 

Three generations of molds were produced to cast the solution into cylindrical samples: 

M1, M2 and M3 (Figure 3.1). The M1 series refers to a set of five single-part molds made from 

PTFE consisting in 8 cylindrical slots. Each mold of the set had a different depth:diameter of   
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Table 3.1 Summary of the synthesis batches. All quantities other than (*) are expressed as a molar 
ratio versus TEOS that is fixed at one. (*) is a volume of solvent (L) per mol of TEOS for a single 
solvent exchange step, the solvent being a mixture of EtOH and n-hexane. The amount of TMCS 
reported corresponds to the total amount of TMCS used over the four modification steps. (1) The 

samples from C1 are used in chapters 4 and 5. (2) The samples from E2 and E3 are used in chapter 6. 

 1st step 2nd step 3rd step Mold 

Batch TEOS EtOH H2O HCl EtOH H2O NH4OH Solv.(*) TMCS  
A1 1 3 1 2.6⋅10-4 5 2.6 1⋅10-3 - - M1 

A2 1 3 1 2.6⋅10-4 5 2.6 1⋅10-3 - - M1 

B1 1 3 1 2.6⋅10-4 5 2.6 1⋅10-3 3.7-6.4 5.3-9.0 M2 

B2 1 3 1 2.6⋅10-4 5 2.6 4⋅10-3 3.7-6.4 5.3-9.0 M2 

C1(1) 1 3 1 2.6⋅10-4 5 2.6 4⋅10-3 1.2 1.7 M3 

D1 1 3 1 2.6⋅10-4 5 2.6 4⋅10-3 2.3 1.7 M3 

D2 1 3 1 2.6⋅10-4 5 2.6 4⋅10-3 2.3 1.7 M3 

D3 1 3 1 2.6⋅10-4 5 2.6 4⋅10-3 2.3 1 M3 

D4 1 3 1 2.6⋅10-4 5 2.6 4⋅10-3 2.3 4.5 M3 

D5 1 3 1 2.6⋅10-4 5 2.6 4⋅10-3 2.3 1.7 M3 

E1 1 3 1 2.6⋅10-4 5 2.6 4⋅10-3 - - M3 

E2(2) 1 3 1 2.6⋅10-4 5 2.6 4⋅10-3 2.3 1 M3 

E3(2) 1 3 1 2.6⋅10-4 5 2.6 4⋅10-3 2.3 1 M3 
 

16:8, 12:8, 8:8, 12:6 and 9:6, in mm. The motivation behind the different geometries was to 

test if larger monoliths (i.e. 16:8 mm) could be produced. The M2 series is a set of five two-

part molds with the same slot dimensions as the M1 series, but each mold consists in a top 

PTFE part and a bottom part out of PEEK joined together by 10 screws. The M3 series consist 

in five identical two-part molds made from PEEK with slots at a depth:diameter ratio of 16:8 

mm. PTFE and PEEK materials were chosen for the molds given their chemical resistance 

against n-hexane. 

The first three synthesis attempts (batches A1, A2, B1) failed to produce gels that sprung 

back. The sol produced in batch A1 did not gel, which was possibly due to the use of an HCl 

1M solution that had deteriorated due to improper storage conditions or that was expired. A 

new acidic solution was produced and used for batch A2, which led to a successful gelation. 

However, extracting the gels from the molds M1 required using a tweezer as they were blocked 

in the slots. The extraction was not possible without substantial damage to the samples, which 

were discarded. The molds design was then improved by manufacturing the M2 mold series 

as two-part molds using PEEK at the bottom. The reason to use PEEK for the bottom part 

instead of PTFE lies in its higher resistance to creep compared to the later,100,101 which may be 

an issue when assembling two parts with screws. The effectiveness of the molds M2 was tested  
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Figure 3.1 (a) Mold from the M1 series (PTFE, one-part) with 8 slots each at a depth and diameter of 

16 and 8 mm, respectively. The slots are filled with water. (b) Mold from the M2 series (PTFE in 
white, PEEK in green, two-part) with slots at a depth and diameter of 12 and 8 mm, respectively. (c) 

Mold from the M3 series (PEEK, two-part) with slots at a depth and diameter of 12 and 8 mm, 
respectively. The scale bar is 20 mm in each panel. Panel (c) reprinted from ref.102, CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/) 

with batch B1. This time, the molds permitted a flawless extraction of the gels that underwent 

a following solvent exchange and surface modification procedure. The amount of solvent was 

not controlled in batch A2, but was between 3.7 and 6.4 L per mol of TEOS (or per mol of 

SiO2). The amount of TMCS was between 5.3 and 9.0 mol per mol of TEOS. The gels were 

dried at ambient-pressure and the resulting dry gels are shown in Figure 3.2a. The gels showed 

no SBE and their final volume was about 13 vol % of the mold volume in which they were 

casted. Small air inclusions (bubbles) were observed at the surface of the gels. The gels' outer 

surface and core were hydrophobic, suggesting a successful modification by TMCS. The 

absence of SBE in batch B1 was attributed to an incorrect concentration of the ammonia 

solution added in the 2nd step of the sol-gel process.  

Batch B2 was produced using a corrected ammonia solution that was consistent with 

ref.19 and all other quantities were kept the same as in B1. This time, the gels from B2 showed 

a non-negligible SBE during drying, resulting in bluish dry gels with a final volume about 21 

vol % of the molds volume (Figure 3.2b). Small air inclusions were still visible at the bottom 

of the gels, which corresponded to the contact between the two parts of the molds. At the 

same location, some gels showed a reduced diameter that was possibly due to the deformation 

of the top part of the mold (PTFE) upon assembling the molds. All gels were monolithic and 

those casted in the mold with a depth:diameter ratio of 16:8 mm showed the overall highest 

quality among the five geometries. According to these results, the M3 set of molds was 

manufactured as 5 molds with the same depth:diameter ratio at 16:8 mm. Both parts of the 

molds were made from PEEK. 

https://creativecommons.org/licenses/by/4.0/
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Figure 3.2 Digital pictures of dry gels prepared from different batches. (a) Several gels from batch B1 

that did not spring-back. Air bubbles can be seen at the surface of the samples. The length scale is 
indicated for only one gel due to the perspective. (b) Five gels from batch B2. From left to right, the 
height:diameter ratio of the slots used to cast the gels is 16:8, 12:8, 8:8, 12:6, 9:6 in mm. (c) Three of 
the dry gels from batch C1 casted with the molds M3 (depth:diameter of 16:8 mm) that displayed a 
cloudy core. (d) Five gels from the batches D1 – D5 casted with the molds M3. The gel from D3 

showed the highest spring-back and quality among this set with no cracks nor bubbles. The scale bar 
is 8 mm in panels (b-d). 

Batch C1 was produced using the M3 molds with the objective to improve the SBE 

compared to batch B2. Two changes were made to the synthesis and casting steps in 

accordance to the experimental procedures reported by Hwang et al.59,83 It was proposed that 

air bubbles form during gelation due to the vaporization of air dissolved in the gel at higher 

temperatures.83 Thus, the solution was defoamed under slight vacuum after casting as an 

attempt to avoid that effect. This was done by inserting the molds in a desiccator and by 

pumping air out until the bubbling of the solution. The amount of solvent in the solvent 

exchange steps was also controlled, and the total TMCS content was adjusted to reach a 

TMCS:TEOS molar ratio of 1.7:1 as it has been shown that excess modification can have a 

detrimental effect.59 The other synthesis conditions were identical to B2. The spring-back 

efficiency of five gels was evaluated by segmentation of in-operando µCT measurements 

(chapter 4) and was calculated as the ratio between the dry gel and the alcogel volume. It was 

on average 29.4 vol %. The gels still had air inclusions, but less than in batches B1 and B2. 

Some gels displayed a cloudy texture in their core (Figure 3.2c) that could not be explained or 

linked to a specific parameter of the synthesis. Finally, a large disk of 47 mm of diameter and 

~10 mm of height was casted in a PTFE bottle to assess if it can produce a monolithic gel but 

the disk cracked already during the surface modification steps, and collapsed during drying.  
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TEM micrographs were acquired on one modified and one unmodified gel from batch 

C1 to assess the difference in re-expansion at the nanoscale upon silylation. The samples were 

ground into a fine powder and dry loaded onto TEM grids (Cu 300-mesh covered by a lacey 

carbon film) following the recommendation of ref.103 The morphology of the ground specimen 

was observed using a JEM-F200 microscope (JEOL, Tokyo, Japan) at an accelerating voltage 

of 80 kV. Bright-field image were acquired by limiting a maximum the exposure of an area to 

the electron beam to alleviate beam damage. Figure 3.3 shows the TEM micrographs of the 

silylated and unmodified gels. A pear-necklace structure could clearly be seen in the silylated 

gel, consistent with previous observations in silica aerogels.103–105 The micrographs of the 

unmodified gels revealed rather dense aggregates caused by the irreversible compaction of the 

structure during drying. The size of the silica nanoparticles in the modified gel was estimated 

in the software Fiji106 by measuring the diameter of 40 particles in Figure 3.3a-c. An average 

diameter of 2.7 ± 0.7 nm was found. 

Batches D1 – D5 were achieved in parallel with the motivation to investigate the 

influence of some parameters on the quality and spring-back of the gels. The synthesis route 

for those five batches were the same as C1 to the exception of the following points: D1 was 

not stirred during casting, while D2 – D5 were. D1 – D4 were not defoamed during casting, 

while D5 was. The TMCS:TEOS molar ratio of D3 and D4 was 1:1 and 4.5:1, respectively. D5 

was produced the same way as C1 and was used as a control. Five dry gels issued from D1 – 

D5 are shown in Figure 3.2d. Stirring the solution during casting did not have an effect on the 

re-expansion and quality of the gel by comparing D1 and D2. The defoaming of the solution 

did not seem to have a significant impact on the amount of air bubbles in the gels by comparing 

D2 and D5. Gels produced at a TMCS:TEOS ratio of 1:1 (D3) showed the highest re-

expansion and overall quality, compared to the higher ratios (D2 and D4). However, D3 dry 

gels did not show a substantial improvement of the SBE, as the gels volume was about 27 vol 

% of the molds volume. 

Batch E1 was produced with the same procedure as D3, but the two parts of the M3 

molds were attached more loosely together. The motivation was to asses if it results in a larger 

extent of air inclusions in the gel, since defoaming did not prevent the apparition of bubbles. 

Some molds leaked during gelation, and visual inspection of some gels revealed significantly 

more air inclusions than in batch D3. The samples from E1 were discarded. 

Batches E2 and E3 had the same procedure as D3 and were achieved in parallel to create 

2x40 gels. Upon casting, the two parts of the molds were assembled very tightly to prevent air 

bubbles in the gels. Overall, the dry gels from E2 and E3 were of the highest quality among all 
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Figure 3.3 TEM micrographs of a modified gel from batch C1 (a-c) and of an unmodified gel from 
batch C1 (d). The porous structure of the modified gel is clearly visible, as well as the silica particles. 

In comparison, the unmodified gel appears much denser and the particles cannot clearly be 
distinguished. The scale bar is displayed at the bottom of each panel. 

batches, although some samples still had air inclusions (Figure 3.4). Some samples also showed 

a reduced diameter at their bottom, it was believed to be caused by the deformation of PEEK 

upon too strong tightening of the mold parts together. Five gels from E2 and E3 were used 

for the experiments reported in chapter 6, and the spring-back efficiency of one gel was 

assessed by in-operando µCT at 26.5 vol %. An annealing treatment at 230 °C for 1 h of the 

gels from E2 and E3 did not degrade the quality of the gels and resulted in significant re-

expansion (Figure 3.4). The total spring-back efficiency after annealing was assessed on one 

gel by µCT at 85.5 vol % (chapter 6). 
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Figure 3.4 Digital picture of three samples produced from batch E2. From left to right: an 

unmodified dry gel, a dry gel and an annealed gel. Cracks are visible on the top of the unmodified gel, 
while the other two samples are monolithic without any visible defects. A slight reduction of diameter 

can be seen at the bottom of the three gels, presumably caused by the deformation of the molds 
during gelation. 

This paragraph summarizes miscellaneous notes about the improvement of the synthesis 

procedure throughout the 13 batches. Before gelation at 50 °C, it was very important to close 

tightly the PTFE bottles in which the molds were inserted, otherwise the solution may 

evaporate significantly. To this regard, it was found best to add about 1 mL of EtOH in the 

PTFE bottles before inserting the molds, which acted as a buffer to prevent evaporation of 

the solution. Another good practice was to cast a precise amount of solution in the molds to 

create a convex meniscus at the top of the mold. Some amount of solution irremediably 

evaporated upon gelation and the gels shrank slightly due to syneresis. As a result, the convex 

surface at the top of the gel flattened to a relatively even surface that was optimal for 

mechanical tests. Note that this was relatively difficult to achieve since very slight tilting of the 

molds during the procedure led to the spilling of the solution. Moreover, forming a convex 

meniscus was easier to do with the PEEK molds than with the PTFE ones, as the contact 

angle between the solution and PTFE was rather low, leading to spreading of the solution on 

the mold surface. Lastly, disassembling the two-part molds after gelation takes 1–2 min and to 

prevent premature drying of the gels in the meantime, ethanol was splashed regularly on the 

top surface of the molds to keep the samples wet. 

Despite the attempts to improve the spring-back efficiency upon APD, the maximum 

re-expansion was relatively low when compared to the synthesis route employed by Zemke et 

al.19 While the spring-back efficiency was not explicitely reported in Zemke's publications, it 

could be estimated to be at least 60 vol % based on the volume of a dry TMCS-modified gel 

(542.4 mm3) and on the volume of the molds (1.5 x 1 x 0.6 cm) reported in ref.19 Batches B2 

– E3 were achieved using the same procedure in the 1st and 2nd step of the synthesis as in ref.19 

(Table 3.1), suggesting the difference in SBE was not related to the sol-gel synthesis. The 

different shape and dimensions of the specimen was also not believed to be responsible for 

such a difference in the re-expansion. One possible explanation could be different temperature 
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and humidity conditions during the sol-gel synthesis. Another explanation could reside in the 

TMCS:TEOS molar ratio, which was not controlled in the original procedures.18–20 However, 

the investigations on the effect of the TMCS content from batches D2 – D4 suggested that it 

did not have a large impact on the SBE within the tested values.  

The substantial re-expansion of the gels upon annealing allows to rule out the possibility 

that the SBE was hindered by insufficient silylation of the gels, since siloxane bonds created 

by condensation between surface silanol groups would not be affected by heat treatment. On 

the contrary, this volume recovery suggested the presence of residual hexane and/or 

entanglement of the silica clusters (see chapter 6). Residual liquid would likely be confined in 

the smallest pores where it could not evaporate completely during drying, resulting in residual 

stress on the solid networks that would prevent a complete re-expansion. To this regard, a 

possible explanation for the different SBE behaviors could lie in the pore size of the gels, the 

samples produced in this thesis having a smaller pore size than those produced in Zemke's 

work. 

In conclusion, high quality silica aerogels could be produced by an iterative process 

throughout several batches produced with different synthesis conditions, molds, surface 

modifications and post-drying thermal treatment. Although the spring-back efficiency of the 

dry aerogels was limited, the samples endured the drying shrinkage adequately resulting in 

monolithic and almost flawless pieces. Moreover, the aerogels conserved their monolithicity 

upon further re-expansion by thermal annealing. While air inclusions could not be completely 

avoided, they were reduced by developing better molds and by adapting the casting procedure. 

In this thesis, defoaming the solution prior to gelation did not seem to have a significant impact 

on the presence of air inclusions. Further improvement of the molds could help increasing 

even more the aerogels quality and should be of general interest. The effect of the 

TMCS:TEOS or TMCS:SiO2 molar ratio on the spring-back effect was not major for the 

produced samples but should be systematically reported in the literature to enhance 

reproducibility of the experiments. 

3.2 Data management 

All samples and measurements were digitally reported in the internal sample database of the 

Max Planck Institute of Colloids and Interfaces: https://webdb02.mpikg.mpg.de/sampledb/ 

in accordance to the rules of the institute. This database is not in open access. The samples 

recorded on the database consist of a unique sample ID, a custom sample tag, the creator of 

https://webdb02.mpikg.mpg.de/sampledb/
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the sample, group leader, record creation date, sample creation date, the species of the sample, 

the storage location and a short description of the sample. The measurements recorded on the 

database share a similar structure with additional details on the device used for the 

measurement. 

While the sample database contains all the official records, I have documented all my 

research throughout my PhD on another medium, due to the limitations of the sample 

database and other tools. I chose to work on a OneNote notebook as it proved to be, in my 

opinion, the most versatile digital tool to organize text, tables and images into sections and 

pages. During the first part of my PhD, I documented most of my work on a physical notebook 

that I then reported in my digital notebook. The second part of my PhD being mostly 

computational, I reported directly my observations and findings in the digital notebook. The 

notebook is organized into the following sections: 

1) README: information for external readers, list of abbreviations. 

2) Meetings: content and outcomes of each meeting. 

3) Samples: synthesis routes and created samples. 

4) Experiments: measurements/tests with limited significance. 

5) Measurements: parameters, conditions and some discussion on the main 

measurements. 

6) Analysis: discussion, interpretation and general notes on the results of the syntheses or 

measurements. Overall organized by method.  

7) Python: external documentation on the python scripts developed during my research, 

the changes and updates of each script is organized by versions of the code. The pages 

in this section also contain some extent of discussion. 

8) Conferences: reports of conferences/seminars/workshops. 

9) Others: miscellaneous notes notably on some admin, hardware and some life-pro-tips. 

Each section contains a set of pages that are labelled with the creation date and a custom 

identifiant. When a sample or measurements appears on a page, its link to the sample database 

is provided. Additionally, the records of all samples and measurements on the database point 

towards the latest version of my digital notebook via a link to a directory internally available 

on the institute servers.   

All data are stored and archived on different internal servers of the institute. This 

includes data generated by any measurement and data generated by processing or modeling a 

dataset. In accordance to the code of good scientific practice, all data linked to a given 
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publication are grouped and archived on a data repository. The data linked to the first102 and 

second107 publication are archived on the Edmond repository here: 

https://doi.org/10.17617/3.OYI3T9. The data linked to the submitted manuscript in chapter 

6 are archived on the Edmond repository here: https://doi.org/10.17617/3.MAZXUW. 

3.3 AI tools 

The author discloses the limited use of DeepL translator in this dissertation to translate some 

words from French to English, and to assist on the translation of the abstract from English to 

German. No other artificial intelligence tools were used. 

3.4 Review of characterization methods 

3.4.1 X-ray micro-computed tomography 

This section provides the basic working principle of X-ray micro-computed tomography 

(µCT), giving an overview on the underlying physical mechanisms, its applications and 

limitations. An emphasis is given on lab-source µCT instruments. X-ray computed tomography 

(CT) is an imaging method providing morphological information of an object, allowing to 

investigate its shape and internal structure via the use of penetrating radiations. The final data 

generated by such method consists of a stack of consecutive digital images called slices that 

form the 3D volume of the measured object. CT takes advantage of the low absorption of X-

ray radiations through materials made of elements with a low to medium atomic number.108 

Thus, one predominant field of application is the characterization of biologic materials 

(invertebrates,109 teeth,110 bone,111 fungi,112 biofilms113), but CT also sees applications in 

geology,114 batteries115 and cement-based materials.116 CT methods are distinguished by their 

achievable resolution: conventional CT provides a resolution in the millimeter range (0.1 mm 

and above), µCT refers to resolutions in the micron range (0.1 µm and above) and nanoCT 

goes down to resolutions at ca 10 nm.108 The working principle of the three CT methods is 

similar, and unless mentioned otherwise, the rest of this section details these methods 

indifferently. CT generally consist of three steps: acquisition, reconstruction and segmentation. 

The acquisition step is the measurement by itself where images of a specimen are 

recorded. A typical CT instrument consists of an X-ray source, a rotating stage and a detector 

(Figure 3.5). An alternative configuration also exists, in which the X-ray source and detector 

https://doi.org/10.17617/3.OYI3T9
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rotate around a stationary sample stage. During acquisition, a series of images are taken at 

different angles by shooting X-rays at a target. The images are called projections or radiographs 

and are formed by the light transmitted through the specimen upon irradiation. There are two 

configurations of CT instruments, the parallel beam and the cone beam geometry, the latter is 

shown in Figure 3.5. Generally, parallel beams can only be achieved using synchrotron 

radiations, which is normally associated with nanoCT methods as it permits to reach higher 

resolutions.117 Cone-beam geometry is achieved with lab-source CT instruments relying on X-

ray tubes as a source of radiation, which comprises a cathode and an anode in a vacuum 

chamber. Upon application of a voltage, electrons are emitted and accelerated from the 

cathode towards the anode. The resulting emission of X-rays from the anode target (e.g. 

tungsten) are narrowed down by collimators into a conical beam directed at the sample.108 The 

resolution of a CT measurement relying on the cone-beam geometry depends on the source-

to-object distance (SOD) and the source-to-detector distance (SDD). Higher resolutions are 

achieved upon decreasing the SOD and increasing the SDD.118  

 
Figure 3.5 Illustration of the acquisition of a CT scan using a cone beam setup. The X-ray source is 
directed at a sample under rotation and the projections are acquired on a detector. Reprinted from 

ref.108 with permission from Springer Nature. 

The detector of a CT instrument records the transmitted intensity and transforms it into 

a digital image (e.g. in 16-bit tiff format). This is typically achieved through the use of a 

scintillator that converts X-rays into visible light, which is then converted into an electric signal 

for image generation.108 A projection thus consists in a 2D array of pixels, each pixel having a 

certain intensity referred to as the gray level or gray value. 

When light is shined at an object, its transmission through that object depends on the 

light energy and on the properties of the material. That relationship is given by Lambert-Beer's 

law:118 

 𝐼𝐼(𝐸𝐸) = 𝐼𝐼0(𝐸𝐸)𝑒𝑒−𝜇𝜇(𝐸𝐸)𝑑𝑑 , (3.1) 
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where 𝐼𝐼 is the transmitted intensity of the incident beam, 𝐸𝐸 is the beam energy, 𝐼𝐼0 is the initial 

intensity of the incident beam, 𝜇𝜇 is the linear attenuation coefficient of the material and 𝑑𝑑 is 

the thickness of the material along the beam path. The gray value in the projections is 

proportional to the transmitted intensity 𝐼𝐼. The transmission of light through an object does 

not only depend on its thickness, but on the intricate property of the material to absorb light, 

which is measured by the attenuation coefficient 𝜇𝜇. The latter depends on the energy of the 

beam and on the materials composition, notably on the apparent density and atomic weight119 

and its values are tabulated in the literature.120 According to eq. (3.1), the CT projection of a 

pure specimen (e.g. water) with a constant thickness would be seen as a monochrome image 

(constant gray value). However most specimen show variations in both thickness and 

composition. In multi-component materials, the average linear attenuation coefficient along 

the beam path is given by the weighted sum of the attenuation coefficient of each individual 

component. The Lambert-Beer's law becomes: 

 𝐼𝐼(𝐸𝐸) = 𝐼𝐼0(𝐸𝐸)𝑒𝑒−∑ 𝜇𝜇𝑖𝑖(𝐸𝐸)𝑑𝑑𝑖𝑖𝑖𝑖 , (3.2) 

with 𝜇𝜇𝑖𝑖 the attenuation coefficient of the species 𝑖𝑖 and 𝑑𝑑𝑖𝑖 the length of the corresponding 

species along the beam path. 

The variations in attenuation coefficient and thickness result in different brightness and 

contrast in the projections, as illustrated in Figure 3.6 with the example of a walnut. In the 

walnut projections, the area surrounding the walnut appears bright (high gray value) because 

the attenuation coefficient of air in the energy range of X-ray light is essentially zero. The shell 

and flesh of the walnut appear darker (low gray value) because of a partial absorption of X-

rays. While CT projections already provide some extent of morphological information via the 

contrast in transmission from the different parts of the walnut, the reconstruction of the scan 

enables the recovery of the spatial distribution of the attenuation coefficients of the sample. 

The reconstruction step corresponds to the computation of a stack of slices from the 

series of projections. The mathematical relation between the projections and the slices is 

described by the Radon transform.121 The description of Radon transform and the 

reconstruction algorithms go beyond the scope of this section and will thus not be discussed. 

A summary of the corresponding computational approaches can be found in the excellent 

review of CT by Withers et al.108 The reconstructed stack of slices forms a 3D array of voxels 

(cubic volume elements) with the voxel size corresponding to the resolution of the CT 

measurement. The gray value of a voxel is independent of the specimen thickness and is 

directly proportional to the attenuation coefficient of the part of the sample located within that  
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Figure 3.6 Example of a complete µCT procedure on a walnut sample (a). Acquisition of a series of 

projections (b), reconstruction into slices (c) and segmentation in a 3D visualization software to 
generate a 3D volume (d). The three slices shown in panel (c) correspond to three perpendicular 

cross-section planes across the sample. Panels (b-d) reprinted from ref.122, CC BY 4.0 
(https://creativecommons.org/licenses/by/4.0/). 

voxel. Given the relationship between the transmitted intensity and the attenuation coefficient, 

the contrast in the slices is essentially inverted compared to the projections (Figure 3.6c). 

At this point, it is important to clarify the differences between monochromatic and 

polychromatic radiations. Besides the geometrical configuration of the beam, synchrotron-

source and lab-source CT instruments differ by the energy spectrum of the associated 

radiations. Whereas synchrotron enables the production of highly monochromatic X-rays,123 

X-ray tubes generate radiations with a broad range of wavelengths (polychromatic).108 

Therefore, the data generated using a monochromatic source are related to the physical 

attenuation coefficient of the material, which notably allows elemental analysis by correlating 

the data with tabulated values.120 This is generally not possible with laboratory CT instruments, 

due to polychromatic radiations. The majority of detectors do not allow the differentiation of 

photons energy, thus the transmitted intensity recorded on the detector represents a mix of 

the intensity of light at different wavelengths.124 In that case, the gray values in the 

reconstructed slices are proportional to the reconstructed attenuation coefficient (RAC), which 

is not a physical value. However, recent advances in CT detectors have uncovered the 

possibility of performing 3D chemical analysis using laboratory µCT instruments.125 This 

method is referred to as spectral CT and can essentially generate a 4D dataset with three spatial 

dimension and one energy dimension. In 2021, the first commercial spectral CT instrument 

was brought to the market by TESCAN.126 

Image segmentation can be considered as the last step of a CT experiment and allows to 

extract quantitative information from the reconstructed volumes. Segmentation is the process 

of creating one or more masks from an image, where a mask is a binary image with the same 

dimensions as the original image. In tomography measurements, a mask is a 3D image and is 

https://creativecommons.org/licenses/by/4.0/
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more commonly referred to as a region of interest (ROI). Taking the example of the walnut 

(Figure 3.6d), the ROIs could be: 1) the background (air), 2) the sample holder, 3) the walnut 

shell and 4) the walnut flesh.  

Segmentation can be performed via manual labelling of the voxels, automatic techniques 

or deep learning algorithms. Automatic segmentation techniques are based on different 

features of the dataset and ROIs. A popular method is the Otsu thresholding,127 which 

proceeds by separating the gray values of the dataset into two classes by minimizing the 

variance of the gray value histogram. Other techniques are based on the connectivity of the 

labeled voxels, allowing for example to split the voxels belonging to the surface of the walnut 

flesh from those belonging to the core. The advent of deep learning algorithms for image 

processing has substantially facilitated the segmentation of large and complex dataset,128 which 

beneficiates from the steady improvements of computational power and algorithms efficiency. 

Basic morphological information that can be computed from the derived ROIs includes 

the ROI volume, its surface area, and the minimum/maximum thickness of the volume. 

Examples of advanced morphological characterization are distance maps (minimal distance 

between a labeled voxel and the background) and porous microstructure analysis to derive e.g. 

pore size distributions. The segmentation and related analyses can be performed with custom 

image processing routines, but is usually carried out using 3D visualization software such as 

Amira,129 Dragonfly130 and Fiji.106 

Several artifacts can appear upon reconstruction of µCT projections and it is important 

for the users to be aware of them to differentiate real and artificial features in the specimen. 

Some CT artifacts can be avoided by selecting suitable acquisition parameters and by ensuring 

the sample remains static during scanning.108 Geometrical correction routines are generally 

included in reconstruction software and allow to correct for small displacements of the sample 

and axes.131 Beam hardening is the most common artifact in lab-source CT instruments and is 

relatively difficult to correct completely (Figure 3.7a). It is caused by the non-linear attenuation 

of radiations with different wavelengths across the specimen thickness.132 Within the energy 

range of radiations emitted from X-ray tubes (30 – 300 keV),108 the attenuation coefficient of 

most materials decreases as the light energy increases, not accounting for absorption edges.132 

Therefore, soft X-rays (low energy) are absorbed preferentially which results in a shift of the 

energy spectrum of the transmitted light to higher energies: the beam hardens.131 Beam 

hardening depends on the thickness of the material along the beam path as in eq. (3.1), leading 

to a relatively higher intensity recorded along the sample's core than along its edges.132 Upon 

reconstruction, this effect is propagated to the slices and results in an apparent lower 
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attenuation coefficient in the specimen core (Figure 3.7a). Another common artifact in lab-

source CT systems is the anode heel effect, which is manifested by the presence of an intensity 

gradient along one axis of the cone beam.133 As electrons accelerated from the cathode reach 

the anode material, they interact with the latter at different depths. The X-rays generated 

deeper in the anode are more attenuated by the anode material than those generated close the 

anode surface.134 This creates X-rays with different energy spectra along the cathode-anode 

axis, resulting in apparent variations of the gray values in µCT projections as illustrated in 

Figure 3.7b, which are also propagated to the slices. The variations in the slices' gray values 

caused by CT artifacts could be misinterpreted as a density change, and can affect negatively 

the segmentation procedures relying on thresholding methods. 

 
Figure 3.7 (a) Beam hardening artifact in a vertical slice. (b) Anode heel effect in a µCT projection of 
a water tube, the inset graph shows the gray values vertical profile within the depicted box. Panel (a) 

reprinted from ref.131 with permission from SAGE Publications. 

Although CT and µCT methods are interesting to characterize materials with structural 

features in the millimeter to micrometer range, they are unable to resolve the structure of silica 

aerogels whose characteristic size is below one micron. There is little literature on µCT 

measurements applied to aerogels. Zhang et al. performed µCT scans at a 20 µm resolution to 

characterize the macropores size distribution in hybrid manganese oxide aerogels.135 Partow et 

al. also evaluated the macropores in lignin-based aerogels.135 It is worth noting that in the latter 

study, the authors reported performing nano-CT measurements while the maximum resolution 

of the CT instrument used in that study is 0.5 µm,136 thus qualifying the technique as µCT. 

Quantitative imaging analysis of µCT data is also possible –to some extent– using lab-

source CT instruments. Phillips et al. could notably calculate approximate density values of 

ceramics by analyzing the gray values in the slices.137 Similarly, Borisenko evaluated density 

gradients in divinyl benzene aerogels138 and during the gelation of TEOS-based gels139 for 

applications as laser targets. Despite the polychromatic nature of X-ray radiations, some extent 
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of chemical analysis can be performed with lab-source µCT instruments. This will be further 

explored in chapters 4 and 5, which describes the application of µCT to silica gels during 

drying.  

3.4.2 Small-angle x-ray scattering 

Small-angle X-ray scattering (SAXS) is a non-destructive method used to probe the structure 

of materials at the nanoscale140 and can notably complement CT methods when higher 

resolution is required. It sees applications for several materials and is especially well-suited for 

investigating disordered or hierarchical materials and two-phase systems.141 Notable examples 

include macromolecules142 and colloidal suspensions,143 bone,111 microporous ceramics144 and 

aerogels.145–147 Synchrotron-source provides the possibility to perform measurements at 

ambient pressure thanks to the high flux of X-ray radiations that mitigate air absorption.123 

This aspect, combined with the non-destructive nature of X-ray radiations, enable in-operando 

nanostructural characterization of materials under different stimuli and processes such as 

polymerization148 or mineralization.149 In the aerogel community, in-operando SAXS has been 

used to evaluate the evolution of specimens' structure during gelation,150 drying18,20 and during 

mechanical tests.39  

X-ray scattering is the interaction of light with the electrons within a material. SAXS and 

wide-angle X-ray scattering (WAXS) are more precisely based on the elastic scattering process 

(without energy loss) of X-ray radiations with the electrons of an atom.141 Upon irradiation of 

an object with an X-ray beam, each scatterer (electrons) in the beam path can interact with the 

incident light and emit a spherical wave. The interference of each individual spherical waves 

generates a 2D scattering pattern that is recorded on a detector (Figure 3.8). 

The difference between the incident beam direction and the scattered beam is expressed 

as a function of an angle 2𝜃𝜃 and is characteristic of the distances between the scattering 

centers,140 which in a two phase system can be understood as the distance between basic 

structural units.147 The intensity recorded on the detector is proportional to the density of the 

scattering centers within the probed volume and to a property of the material called scattering 

length density.141 In the case of X-ray scattering, the scattering length density is proportional 

to the electron density of the material,151 which corresponds to the probability of finding an 

electron at a given position. The scattering intensity in multicomponent materials arises from 

the different electron densities of its individual components. 
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Figure 3.8 Illustration of a SAXS experiment. A focused X-ray beam is emitted from a source 

towards a specimen. The beam interacts with the specimen, generating a cone of scattered X-rays that 
are recorded on a detector. Transmitted radiations are blocked with a beamstop (in orange). The 

scattering angle 2𝜃𝜃, scattering vector 𝑞𝑞 and azimuthal angle 𝜒𝜒 are depicted. 

The change in direction of the beam upon scattering is expressed with the modulus of 

the scattering vector 𝑞𝑞 rather than the angle 2𝜃𝜃, which is defined as:152 

 
𝑞𝑞 =

4𝜋𝜋 sin(𝜃𝜃)
𝜆𝜆

 (3.3) 

where 𝜆𝜆 is the incident light wavelength. The scattering vector is a coordinate in the reciprocal 

space, thus the inverse of the scattering vector represents a distance in the real space. Specimen 

with an isotropic structure generate scattering patterns with a rotational symmetry, as the one 

illustrated in Figure 3.8. Anisotropic structures result in intensity variations along the azimuthal 

direction of the scattering patterns. A typical example is the orientations of the chains in 

polymers under tensile test, which create a strong anisotropy at the nanoscale.153 In order to 

analyze X-ray scattering data, the 𝑞𝑞 spacing need to be calibrated from the detector's pixels 

array, which is achieved by measuring standards.141 In a similar manner, the scattering intensity 

can be absolutely calibrated using a standard154 and by normalizing the intensity by the 

specimen thickness among other things, in which case the scattering intensity is expressed in 

absolute units (cm-1).155 Absolute calibration allows to extract more quantitative information 

from SAXS data and also allows comparison with data acquired with different instruments.141 

After calibration, the intensity in the scattering patterns is expressed as 𝐼𝐼(𝑞𝑞,𝜒𝜒), where 𝜒𝜒 is the 

azimuthal direction in the scattering patterns.  

Aerogels created by sol-gel process have an isotropic structure,151 thus the analysis of 

SAXS measurements is performed on the scattering profiles 𝐼𝐼(𝑞𝑞) that are derived by integrating 

𝐼𝐼(𝑞𝑞,𝜒𝜒) over 𝜒𝜒. Figure 3.9 shows a scattering profile characteristic of an aerogel. The variations 
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of intensity over 𝑞𝑞 arise from the electron density difference between the aerogel solid skeleton 

and the air confined in the pores at different length scales.140 The small 𝑞𝑞 region (small-angle) 

corresponds to large objects and the high 𝑞𝑞 region (wide-angle) corresponds to small objects. 

The scattering profile of aerogels can be divided into three characteristic length scales. At small 

q values, the aerogel structure is essentially homogeneous, resulting in a constant scattering 

signal (plateau in the small-angle region in Figure 3.9).145 At an intermediate q range after the 

plateau, structural inhomogeneities are evidenced by a decrease in the scattering intensity with 

increasing q values. In silica aerogels, the scattering intensity over this q range is described by 

a power-law decay with an exponent −𝐷𝐷𝑓𝑓 called the fractal dimension. Over the corresponding 

length scale, the structure of silica aerogels is representative of a fractal geometry with a 

dimension 𝐷𝐷𝑓𝑓.156 Fractals are geometric shapes that appear similar at different length scales.143 

Romanesco broccoli is a good example of an everyday item displaying a fractal geometry. The 

fractal dimension gives information on the distribution of the silica skeleton in space, and can 

be related to the aggregation mechanisms during the gelation.143,146 The fractal range extends 

from 𝑞𝑞 ≈ 𝜉𝜉−1 to 𝑞𝑞 ≈ 𝑎𝑎−1, where 𝜉𝜉 is called the mean cluster size or correlation length and 𝑎𝑎 

corresponds to the size of the primary particles constituting the clusters. The mean cluster size 

is the critical length above which the local density is constant (homogeneous structure).156 The 

crossover at 𝑞𝑞 ≈ 𝑎𝑎−1 marks the end of the fractal region as the scattering intensity drops at 

larger q values. This scattering region is called the Porod's region and the corresponding signal 

arises from the abrupt interface between the particles and the gas phase in the pores.147 Within 

this q range, the scattering intensity typically evolves as 𝐼𝐼(𝑞𝑞) ∝ 𝑞𝑞−4, where the -4 exponent  
 

 
Figure 3.9 Log-log plot of the scattering profile 𝐼𝐼(𝑞𝑞) typical for an aerogel displaying a fractal 

structure. The insets depict the mean cluster size 𝜉𝜉 and the particle size 𝑎𝑎. The fractal and Porod 
regions are highlighted. Adapted from ref.156, CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/). 
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indicates a sharp surface of the particles.152 At larger q values (𝑞𝑞 ≈ 10 nm-1), the signal arises 

from the molecular structure of the material145 which is defined as wide-angle X-ray scattering 

(WAXS). 

The analysis of scattering data can be particularly complex, especially in in-operando 

measurements that create time-series of scattering profiles 𝐼𝐼(𝑞𝑞). Alternatively, modeling of the 

SAXS data has been shown to be a valuable way to compute advanced information on the 

nanostructure of aerogels. By modeling SAXS data of silylated silica gels dried in-operando, 

Zemke et al. notably found non-negligible variations in the primary particle size during drying 

and spring-back possibly pointing towards a contraction and relaxation of the structure beyond 

the fractal range.20 Omote & Iwata were able to simulate the 3D structure of a silica aerogel 

from ex-situ SAXS modeling.157 SAXS measurements are sometimes complemented with 

atomic force microscopy (AFM)158 and TEM105,150,157,159 to visualize the morphology of the 

structure with a resolution down to a few nanometers and even lower. Chapter 6 reports the 

application of SAXS/WAXS to silica aerogels under uniaxial compression. 

3.4.3 Uniaxial compression tests 

In materials science, the mechanical properties of a material have to be considered in the 

conception, processing and application of a component. When measuring the mechanical 

properties, the choice of the solicitation method is always driven by the component's design: 

a jute rope is measured under tension (tensile test), a steel beam under flexion (flexural test), a 

concrete cube under compression (compression test).160 In the literature, monolithic aerogels 

are most often manufactured as cylinders41,67,68,161,162 or disks.53,59,89 Their mechanical properties 

are thus commonly measured uniaxial compression tests, though three-point bending tests are 

sometimes used.40 This section will discuss the basics of uniaxial compression tests and present 

some characteristics of materials during deformation. 

The specimen shape has a substantial influence on the stress distribution and fracture 

mode, which is particularly well-known for concrete samples.163,164 In general, cylindrical 

samples with an aspect ratio (length over diameter) of 2 are best suited for compression.163–165 

Samples with such a geometry tend to experience mechanical failure by cracking,163 while 

cylinders with a smaller aspect ratio and cubes are subject to shear fracture or crushing.163,165 

To this regard, Darvell emphasized the difficulty of comparing the compressive strength of 

materials measured under different conditions, with different specimen designs.165 
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Compression tests like tensile tests can be carried out in two modes: force controlled or 

displacement controlled. The latter seems to be exclusively used in the aerogel community, 
40,54,68,90 although there does not seem to be a specific reason. Andreev et al. reported in cyclic 

fatigue tests that displacement controlled mode led to a less brittle failure in silica refractories 

than the force controlled mode.166 It will be assumed for the rest of this section that 

measurements are performed on a cylindrical sample in the displacement mode. 

In uniaxial compression tests, a specimen is placed between two plates whose 

displacement is controlled by a motor and the force on the plates is monitored by a load cell. 

Most commercial instruments allow to perform compression, tensile and flexural tests with a 

single machine. The values computed during a compression test are the stress and strain that 

are defined as follows. The engineering stress in the material is 𝜎𝜎 = 𝐹𝐹 𝐴𝐴0⁄ , where 𝐹𝐹 is the force 

and 𝐴𝐴0 is the initial cross-section area of the specimen. The axial strain is 𝜀𝜀ax = (ℎ − ℎ0) ℎ0⁄ , 

where ℎ is the height of the specimen during the test and ℎ0 is its initial height. The initial 

height is usually defined by pre-loading a specimen until a noticeable change in the force is 

recorded. The transverse strain is 𝜀𝜀tr = (𝑑𝑑 − 𝑑𝑑0) 𝑑𝑑0⁄ , where 𝑑𝑑 is the sample diameter and 𝑑𝑑0 is 

its initial diameter. The force and height of the specimen are given by the load cell and motor 

displacement from which the stress-strain curve can be calculated. If the material is subject to 

large deformations, it is preferable to calculate the true stress 𝜎𝜎 = 𝐹𝐹 𝐴𝐴⁄  by using the actual 

cross-section area 𝐴𝐴 of the specimen during loading, as it may vary significantly.  

Mechanical properties of a specimen are derived by interpreting the stress-strain curves. 

At small deformation, the relationship between stress and strain is given by Hook's law: 𝜎𝜎 =

𝐸𝐸𝜀𝜀, where 𝐸𝐸 is Young's modulus and 𝜀𝜀 is the axial strain. Young's modulus is a measure of the 

deformation of a material under stress in the elastic regime and is an important property to 

consider in materials selection process. It is generally measured upon applying small load or 

strain. Stiff materials such as ceramics and metals have a Young's modulus within 10 – 10 GPa, 

while elastomers have much lower values at 0.1 – 100 MPa.160 When compressed, a specimen 

may exhibit a lateral contraction or expansion that can be characterized by Poisson's ratio: 𝜈𝜈 =

−𝑑𝑑𝜀𝜀tr 𝑑𝑑𝜀𝜀ax⁄ . Most materials have a positive Poisson's ratio, i.e. expand laterally when 

compressed axially, but can also have negative ratios depending on materials macro- and 

micro-structure.43,167 The strength of a material is defined as the stress at which mechanical 

failure occurs and is referred to as compressive strength in compression tests. Accordingly, the 

maximum deformation at the rupture is called the fracture strain. 

Materials can have different response upon unloading that are characterized as elastic, 

viscoelastic or plastic behaviors. The deformation is said elastic if a specimen returns to its 
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original shape upon removing the load, as illustrated in Figure 3.10a.160 In that case, the final 

strain is 0 % and the path along the stress-strain curve during unloading is the same as during 

loading. On the other hand, the presence of a hysteresis (closed loop) in the stress-strain curve 

is characteristic of viscoelastic deformations and indicates that energy was dissipated in the 

material during the deformation (Figure 3.10b). This energy dissipation can notably occur 

through friction (in rocks)168 or dislocations (in plastics and metals).169 If the specimen does 

not recover its original shape upon unloading, the deformation is said plastic and is illustrated 

in Figure 3.10c.  

Silica aerogels display viscoelastic or plastic responses in uniaxial compression tests.41,68 

Some authors have investigated the impact of silica aerogels' apparent density on their 

mechanical properties, like Young's modulus,40,41,68 compressive strength,40,170 fracture 

strain,67,68 and strain recovery.68,171 In general, less dense aerogels are more compressible (higher 

fracture strain), show higher compressive strength and lower Young's modulus. Interestingly, 

Sivaraman et al.68 observed a non-linear dependency of the strain recovery with aerogels' 

density that was the highest for gels at around 0.1 g cm-3. The application of uniaxial 

compression tests to silica aerogels is presented in chapter 6. 

 
Figure 3.10 Illustration of different kind of deformations in the stress-strain curves from uniaxial 
compression experiments without fracture. (a) In elastic deformation, the loading and unloading 

paths are confounded and the specimen returns to its original shape after unloading. (b) Viscoelastic 
deformations are characterized by a hysteresis in the stress-strain curve.168 (c) Plasticity corresponds 

to irreversible deformations after unloading.  
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4 In operando µCT imaging of silylated 
silica aerogels during ambient pressure 
drying and spring back 
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4.1 Background 

Only few studies have tackled the conditions of emergence of the spring-back effect and result 

in structural and compositional changes, while the impact of the synthesis, aging, surface 

modification, and drying on the spring-back efficiency has been exhaustively 

studied.14,49,56,76,77,79,81,83 It is difficult to quantitatively track structural and compositional 

variations during drying as it generally requires a controlled environment under ambient 

conditions and the use of non-destructive methods. To this regard, X-ray imaging techniques 

like SAXS and µCT are well suited for measuring dynamic processes at ambient conditions 

and provide enough space for experiments on gels contained in a drying chamber. Where 

SAXS provides structural information from 2 to 500 nm,147 µCT can generate 3D volumes of 

samples of various sizes with a maximum resolution of about 1 µm. Although elemental 

analysis is technically not possible with lab-source CT instruments (chapter 3.1), it is possible 

to extract some quantitative compositional information of a specimen from the collected 

data.137  

This chapter reports the principles and results of an in-operando µCT quantitative 

imaging workflow to investigate the changes in the shape and average composition of TMCS-

modified and unmodified silica gels during APD. The calculated silica skeleton, pore liquid and 

gas during drying provide valuable information on the kinetics of the APD process and spring-

back. The drying shrinkage and SBE are correlated to the porosity and composition of the 

pores during drying. The skeletal density calculated by µCT quantitative imaging is compared 

to typical values determined by helium pycnometry, and the reliability of the method is 

discussed. The data on the xerogels resulting from the drying of unmodified gels are challenged 

by simulating condensation reactions related to drying shrinkage. A mixture of gaseous and 

liquid phases is already present in the gels before the maximum shrinkage, which challenges 

the common assumptions that gas penetrates the pores in parallel to the SBE. 

4.2 Materials and Methods 

Synthesis. Silica alcogels were produced by a two-step sol–gel synthesis adapted from refs.19,51 

A silica sol (53 mL) was prepared by mixing 14.58 g (0.07 mol) of tetraethyl orthosilicate (98%, 

Sigma-Aldrich) with 6.130 mL of ethanol (99.96%, VWR Chemicals), 6.130 mL of a solution 

of hydrochloric acid (37%, Carl Roth) in ethanol (2.449 × 10–4 vol %), and 1.260 mL of water. 

The sol was covered and stirred for 90 min. Ethanol (16.13 g) was added, and 3.285 mL of a 
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solution of ammonium hydroxide (25%, Merck) in water (6.678 × 10–3 vol %) was introduced 

dropwise to promote the gelation. The sol was covered and stirred slowly for 30 min and was 

then casted into two-part molds made of polyether ether ketone (PEEK) using a micropipette. 

The molds have eight cylindrical slots with a depth and diameter of 16 and 8 mm, respectively 

(Figure A.1a), and each slot was filled with 785 µL of solution, resulting in cylindrical samples 

each containing 1.04 × 10–3 mol of SiO2. After casting, the sol was defoamed at room 

temperature by applying a light vacuum for 2 min in a desiccator to remove the air dissolved 

in the sol. Each mold was inserted in a closed polytetrafluoroethylene (PTFE) container and 

left to gel at 50 °C for 24 h. Upon unmolding, the silica gels were splashed with ethanol to 

prevent drying and were stored in 1.2 L of ethanol per mole of SiO2 at room temperature for 

24 h. Ethanol was exchanged for n-hexane (99%, Carl Roth) stepwise by replacing the initial 

volume of ethanol for an equivalent volume of mixtures of 25/75, 50/50, and 75/25 vol % of 

n-hexane in ethanol every 24 h. The gels were rinsed four times with the same volume of n-

hexane every 24 h. Some gels were then modified with trimethylsilyl chloride (TMCS; 99%, 

Sigma-Aldrich). The surface modification was conducted in four steps successively replacing 

n-hexane by the same volume of a TMCS in n-hexane solutions of 3, 3, 6, and 6 vol % every 

24 h. The total TMCS/SiO2 molar ratio was 1.7. The modified gels were finally rinsed with the 

same volume of n-hexane every 24 h four times and were stored in n-hexane. The samples 

were stored for different durations before drying, up to 6 months. 

In operando APD by µCT. Five modified and two unmodified silica gels were dried at 

ambient pressure using an in operando µCT method for a total of seven samples. The modified 

gels are labeled M1–M5 and the unmodified gels U1–U2. Prior to µCT experiments, a sample 

was transferred from its n-hexane storage solution into a tailored PEEK chamber closed with 

a lid (Figure A.1b). The chamber was inserted in an EasyTom 160/150 CT system (RX 

Solutions, Chavanod, France) equipped with a micro-focus tube (tungsten filament) and a flat 

panel detector (cesium iodide scintillator). The PEEK chamber has a 0.4 mm wall thickness to 

limit X-ray absorption. The distance between the chamber and the tube was minimized to 

reach a voxel size of 11 µm while keeping the sample in the field of view during drying. During 

the APD of a single sample, a series of 141 µCT scans were acquired at a voltage and current 

of 135 kV and 200 µA, respectively. One scan consisted of 64 projections captured in the step 

and shot mode without reference images in only 1 min. Each scan was preceded by a black 

and gain calibration of 1 and 3 min, respectively. The time step between each tomography was 

about 6 min, and the total duration of the experiment was ca. 14 h. The first scan was done 

with the chamber closed, and then, the lid of the chamber was exchanged for a second lid with 
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a 6 mm diameter opening to begin the drying. The moment of the lid exchange was defined as 

𝑡𝑡 =  𝑡𝑡0. The timestamp of each scan was defined as the difference between the average time 

of the 64 projections and 𝑡𝑡0. The reconstruction was performed with a cone beam algorithm 

in the software XAct (RX Solutions). Back-projection parameters of the first scan were 

adjusted manually and were used as a template for the 140 remaining scans from the same 

specimen. Each reconstruction generated a vertical stack of about 1,000 slices in the 8-bit tiff 

format along the vertical axis of the cylinder. The slices were segmented in the software 

Dragonfly130 using an in-house written python script. The segmentation procedure is described 

in appendix A.1 and generated the following outputs: the volume of the gel: 𝑉𝑉�𝑘𝑘, the cross-

sectional area of the gel along the z-axis of the cylinder: 𝐴𝐴𝑖𝑖,𝑘𝑘 , and the gray value averaged over 

that area: 𝑔𝑔�𝑖𝑖,𝑘𝑘, with 𝑖𝑖,𝑘𝑘 ∈ ℕ. 𝑖𝑖 is the vertical voxel coordinate (or the slice number), and 𝑘𝑘 is 

the scan number. At each scan number corresponds a timestamp 𝑡𝑡𝑘𝑘. The volume of the gel 

was corrected, as described in appendix A.2 resulting in 𝑉𝑉𝑘𝑘. We then defined the spring-back 

efficiency as the ratio between final volume 𝑉𝑉𝑑𝑑 = 𝑉𝑉𝑘𝑘=140 and initial volume 𝑉𝑉0 = 𝑉𝑉𝑘𝑘=0 of the 

gel. The maximum shrinkage was defined as 𝑉𝑉min 𝑉𝑉0⁄ , with 𝑉𝑉min as the minimum volume of 

the gel. To evaluate the accuracy of the automated segmentation procedure, a manual 

segmentation was performed on 11 randomly selected tomographies among the seven gels at 

different drying times. The results are presented in appendix A.2. After a few more days of 

drying, the gels were weighed on a PCE-AB 100 (PCE Deutschland GmbH, Meschede, 

Germany), and the apparent density was calculated as 𝜌𝜌𝑎𝑎 = 𝑚𝑚𝑑𝑑 𝑉𝑉𝑑𝑑⁄  with 𝑚𝑚𝑑𝑑 as the mass of the 

dry gel. Fourier transform infrared (FTIR) spectra were recorded on an IRAffinity-1S 

spectrometer (Shimadzu Corp., Kyoto, Japan) to confirm the surface modification of the 

aerogels. One modified and one unmodified gel were ground into a fine powder and were 

analyzed in the attenuated total reflection mode (ATR). In addition to the scans on the silica 

gels, two additional measurements were carried out on pure n-hexane and deionized water with 

the same parameters as for the silica gels. A total of 141 µCT scans were recorded on n-hexane 

and 16 scans on deionized water. 

The drying of TMCS-modified and unmodified gels resulted in monolithic aerogels and 

monolithic xerogels, respectively (Figure 4.1). Some gels had sub-millimeter gas bubbles 

trapped in them, which presumably came from a mismatch between the two parts of some 

molds during the gelling of the gels at 50 °C, allowing some air to enter the sol without 

consequences on the overall µCT analysis. The aerogels show a bluish taint under a black 

background characteristic of Rayleigh scattering as some air-filled pores were large enough to 

scatter blue light (ca. 400 nm), whereas the xerogels gels appear more transparent. 
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Figure 4.1 3D rendering of a gel’s volume generated by the automated segmentation procedure at the 
beginning of drying (left) and at the maximum shrinkage (middle). Visualization done in Dragonfly 

software. Digital photographs of a xerogel and an aerogel after drying (right). Reprinted from ref.102, 
CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

Quantitative Imaging. The gray value profiles 𝑔𝑔�𝑖𝑖,𝑘𝑘 were corrected for the anode heel 

effect133 with the procedure described in appendix A.3, resulting in the corrected gray value 

profiles 𝑔𝑔𝑖𝑖 ,𝑘𝑘. A unique gray value of the gel at a given drying stage was calculated by averaging 

𝑔𝑔𝑖𝑖,𝑘𝑘 along the slice number 𝑖𝑖 with eq. (4.1): 

 
𝐺𝐺𝑘𝑘 =

1
𝑉𝑉�𝑘𝑘
�𝑔𝑔𝑖𝑖 ,𝑘𝑘 ⋅ 𝐴𝐴𝑖𝑖,𝑘𝑘

𝑁𝑁

𝑖𝑖=0

 (4.1) 

where 𝐺𝐺𝑘𝑘 is called the "global gray value" and 𝑁𝑁 is the total number of slices. The conversion 

between the gray value of a voxel and the reconstructed attenuation coefficient (RAC) of the 

scanned material at that voxel was given by 

 𝑔𝑔 =
𝜇𝜇 − 𝑎𝑎
𝑏𝑏 − 𝑎𝑎

⋅ 255. (4.2) 

where 𝑔𝑔 is a gray value in 8-bit, 𝜇𝜇 is the RAC, and 𝑎𝑎 and 𝑏𝑏 are, respectively, the minimum and 

maximum attenuation values within the volume and are called contrast parameters. In all 

measured samples, 𝑎𝑎 and 𝑏𝑏 were set at −0.90185 and 1.14111, respectively. These values were 

chosen so that the gray values corresponding to the voxels belonging to the sample were 

binned between 0 and 255 in the reconstructed images at any point of drying. The global RAC 

of the gel during drying �̅�𝜇𝑘𝑘 was calculated with eq. (4.2) from the global gray values 𝐺𝐺𝑘𝑘. �̅�𝜇𝑘𝑘 can 

be expressed as the sum of the RAC of each individual phase composing the gel, weighted by 

their respective volume fractions 

 �̅�𝜇𝑘𝑘 =
𝜇𝜇hex𝑉𝑉hex,𝑘𝑘 + 𝜇𝜇skel𝑉𝑉skel

𝑉𝑉𝑘𝑘
 (4.3) 

where 𝜇𝜇hex and 𝜇𝜇skel are the RACs of n-hexane and of the silica skeleton and 𝑉𝑉hex,𝑘𝑘 and 𝑉𝑉skel 

are the corresponding volumes, respectively. In eq. (4.3), the contribution of gas phases to the 

global RAC, notably hexane vapor, was neglected. The contribution of hexane vapor to X-ray 

https://creativecommons.org/licenses/by/4.0/
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absorption was considered negligible compared to the one of liquid hexane. The RACs of the 

silica skeleton 𝜇𝜇skel and of hexane 𝜇𝜇hex as well as the skeleton volume 𝜇𝜇skel  were assumed to 

remain constant during drying. The global gray value of hexane 𝐺𝐺hex was computed from the 

µCT scans done on a reference n-hexane sample. 𝜇𝜇ℎ𝑒𝑒𝑒𝑒 was then calculated using eq. (4.2) with 

𝐺𝐺hex averaged over the 134 last scans. At any time, the gel volume 𝑉𝑉𝑘𝑘 reads: 

 𝑉𝑉𝑘𝑘 = 𝑉𝑉hex,𝑘𝑘 + 𝑉𝑉skel + 𝑉𝑉air,𝑘𝑘 (4.4) 

with 𝑉𝑉air,𝑘𝑘 as the volume of air or gas in the gel. At the end of drying for 𝑘𝑘 ≥ 𝑘𝑘𝑑𝑑, the hexane 

content was assumed to be zero and eq. (4.3) becomes: 

 �̅�𝜇𝑘𝑘≥𝑘𝑘𝑑𝑑 =
𝜇𝜇skel𝑉𝑉skel
𝑉𝑉𝑘𝑘≥𝑘𝑘𝑑𝑑

. (4.5) 

In practice, the product 𝜇𝜇skel𝑉𝑉skel was computed by taking the average of the product 

between the global RAC and the volume of the gel: 

 𝜇𝜇skel𝑉𝑉skel =
1
𝑀𝑀
� �̅�𝜇𝑘𝑘𝑉𝑉𝑘𝑘
𝑘𝑘≥𝑘𝑘𝑑𝑑

, (4.6) 

where 𝑀𝑀 is the number of scans between the scan 𝑘𝑘𝑑𝑑  and the final scan. The hexane volume 

was calculated by substituting eq. (4.6) in eq. (4.3). At the beginning of the drying for 𝑘𝑘 ≤ 𝑘𝑘2, 

the air content was assumed to be zero and with the knowledge of 𝑉𝑉hex, the skeleton volume 

can be calculated with eq. (4.7):  

 𝑉𝑉skel =
1
𝑁𝑁

� 𝑉𝑉𝑘𝑘 − 𝑉𝑉hex,𝑘𝑘
𝑘𝑘1≤𝑘𝑘≤𝑘𝑘2

, (4.7) 

where 𝑁𝑁 is the number of scans between scans 𝑘𝑘1 and 𝑘𝑘2. 𝑘𝑘1 corresponds to the scan number 

from which the X-ray tube was assumed stable. 𝑘𝑘𝑑𝑑 , 𝑘𝑘1, and 𝑘𝑘2 were chosen manually and may 

be different for each sample (Table A.1). The air volume was directly given in eq. (4.4) since 

𝑉𝑉hex,𝑘𝑘 and 𝑉𝑉skel are known. Eqs. (4.3), (4.4), (4.6) and (4.7) form a four-equation invertible 

system with four unknowns: 𝑉𝑉hex,𝑘𝑘, 𝑉𝑉air,𝑘𝑘, 𝑉𝑉skel, and 𝜇𝜇skel . The error propagation was calculated 

numerically and is documented in appendix A.4. The error bands of all graphs correspond to 

the 95th percentile. The skeletal density of the gels was calculated with 𝜌𝜌skel = 𝑚𝑚𝑑𝑑 𝑉𝑉skel⁄ . 

Numerical simulations were carried out by considering a modified drying model allowing 

𝜇𝜇skel and 𝑉𝑉skel to vary over time and the creation of water with the term 𝑉𝑉𝐻𝐻2𝑂𝑂. The global gray 

value of water 𝐺𝐺𝐻𝐻2𝑂𝑂 was computed from the µCT scans done on a reference deionized water 

sample, and 𝜇𝜇𝐻𝐻2𝑂𝑂 was calculated using eq. (4.2) with 𝐺𝐺𝐻𝐻2𝑂𝑂 averaged over the nine last scans. 

The details on the modified model, the assumptions, and the solving of the equations for the 

simulations are reported in appendix A.5. 
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4.3 Results and Discussion 

Synthesis. In the surface modification process, the reaction between a silanol group and 

TMCS resulted in a trimethylsilyl group via eq. (4.8): 

 ≡ Si − OH + (CH3)3SiCl → ≡ Si − O − Si(CH3)3 + HCl. (4.8) 

A sufficient surface modification was necessary to prevent condensation of the silanol 

groups and promote the spring-back effect.57 The surface coverage of the trimethylsilyl and 

silanol groups was evaluated qualitatively by FTIR on a modified and unmodified gel after 

APD, and the spectra are shown in Figure 4.2. The broad peak at 1050 cm–1 was characteristic 

of Si–O–Si vibrations and was present in both types of gels.48 The band at 3370 cm–1 and the 

peak at ∼960 cm–1 originated from O–H and SiO–H vibrations, which were significant in the 

unmodified gel.172 The absence of the O–H vibration band in the modified gel along with the 

presence of the peaks at ∼2970 (C–H3), 1255 (C–H), 845 (Si–C), and 756 (Si–C) cm–1 indicated 

a successful silylation of the silica skeleton.18,48 H–O–H vibrations can be seen in the 

unmodified gel at ∼1640 cm–1, which was expected due to the hydrophilic nature of silanol 

groups. These results confirmed the presence of silicon–carbon and methyl bonds in the gels 

modified with TMCS, which was attributed to trimethylsilyl groups. 

µCT Acquisition, Reconstruction, and Segmentation. Before presenting the details 

of the results, we present in this section the accuracy of the workflow related to the µCT data 

acquisition and processing. The combination of voltage, current, and framerate of the µCT  
 

 
Figure 4.2 FTIR spectra of a modified and unmodified gel. Relevant vibration frequencies are 

indicated by a dashed line. Reprinted from ref.102, CC BY 4.0 
(https://creativecommons.org/licenses/by/4.0/). 
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scans produced well-contrasted projections (Figure 4.3 and Figure A.10a) leading to reasonable 

signal-to-noise ratio and spatial resolution in the reconstructed slices (11 µm voxel–1), allowing 

to resolve details of 40–50 µm. The drying of the gels could be accurately monitored with a 6 

min time step between each scan and allowed to capture accurately the maximum shrinkage 

(Figure 4.3). Some of the µCT scans lasted longer than 1 min due to instrument errors, resulting 

in a lower temporal resolution especially for M1 (Figure A.11). The temperature in the µCT 

chamber slightly increased throughout the duration of the experiment but remained within 23–

25 °C (Figure A.12). The low number of projections used for the reconstruction with the cone-

beam algorithm introduced under-sampling artifacts in the slices.132 This generated line 

patterns in the reconstructed slices (Moire patterns), which were easily visible around the 

sample in the background (Figure A.10b). These artifacts had a negligible impact on the 

segmentation procedure except at the bottom of the gel close to the chamber. The ROIs 

obtained by automated segmentation were representative of the gel geometry (Figure A.13) 

and were comparable to the ROIs obtained by manual segmentations independently of the 

sample and of the drying stage of the gel. Because of undersampling, the gray values of the 

voxels belonging to the sample were broadly distributed (Figure A.10c).  

 
Figure 4.3 µCT projections of the modified gel (M4) at six stages of drying. The drying time is 
indicated on the top right of each projection, and the maximum shrinkage is highlighted by an 
asterisk. Reprinted from ref.102, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

Resolving local changes in the structure was excluded given that the size of the details 

that can be resolved in the µCT scans was much larger than the typical size of the structure of 

silica aerogels (40–50 µm vs 100 nm).173 No cracks nor pores were noticed in the µCT 

reconstructions of the dry gels. However, cracks smaller than 40–50 µm cannot be excluded 

and the under-sampling artifacts may also prevent to resolve larger cracks. Some gels moved 
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in the chamber during drying, but the impact on the volume 𝑉𝑉𝑘𝑘 and gray values 𝑔𝑔𝑖𝑖,𝑘𝑘 computed 

after segmentation was negligible. 

Geometric characterization. The geometric parameters of the gels during drying were 

computed based on the results from the automated segmentation procedure. Figure 4.4 shows 

the volume, height, and diameter profiles versus time of a modified and unmodified gel during 

drying (see Figure A.14 for the profiles of all seven gels). While the volume was given directly 

from the segmentation, the height ℎ𝑘𝑘 and the diameter 𝐷𝐷𝑘𝑘 of the gel were calculated from the 

cross-sectional area of the gel along the z-axis of the cylinder: 𝐴𝐴𝑖𝑖,𝑘𝑘. 

 
Figure 4.4 (a) Volume of a modified gel: M4 and an unmodified gel: U2 during ambient pressure 
drying. (b) Height (full line) and diameter (dashed line) of the same gels. The error bands of the 

height and diameter profiles are not shown. Each curve consists of 141 data points. Reprinted from 
ref.102, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

At the beginning of the drying, the volume was slightly different between the seven 

produced alcogels (Figure A.14). However, the overall evolution was remarkably similar in 

both kinds of gels, suggesting a good reproducibility of the synthesis and drying process. For 

all gels, the aspect ratio ℎ 𝐷𝐷⁄  was rather stable throughout drying at around 2.0 (Figure A.15). 

The initial volume of the alcogels was on average 20% smaller than the volume of the molds 

(785 µL). This difference was attributed to syneresis.55,59 All samples reached the maximum 

shrinkage after 7–8 h of drying, and those with a higher initial volume took longer to dry. The 

maximum shrinkages, defined as 𝑉𝑉min 𝑉𝑉0⁄ , were about 16.6 and 15.9 vol % for the five 

modified and two unmodified gels, respectively. A small difference in the maximum shrinkage 

of modified and unmodified gels was already reported by Smith et al. in a similar material.74 

That difference was attributed to a real feature rather than a measurement error given the time 

and spatial resolution of the µCT measurements and could be due to different volumes of the 

silica skeleton and/or different repulsive forces within the silica network between the two types 
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of gels. The SBE in the modified gel can be seen in Figure 4.4 at 𝑡𝑡 = 7.7 h in the volume and 

height/diameter profiles. The spring-back efficiency was very similar between the five 

modified gels and was on average 29.4 vol %. Surprisingly, the two unmodified gels slightly re-

expanded and recovered about 0.3% of their original volume within 2 h following the 

maximum shrinkage followed by a shrinkage of 0.2 vol %. Although the amount of reversible 

shrinkage was negligible, this confirmed that unmodified gels can relax drying-related stresses 

to some extent. The apparent density of the modified gels was on average 0.391 g cm–3, and it 

was very reproducible within the five samples. The lowest and largest densities recorded were 

0.384 and 0.397 g cm–3, respectively. As a consequence of the limited spring-back efficiency, 

the produced aerogels were denser than those reported in the literature for similar synthesis 

and drying conditions.18,51 This effect can arise from one or more of the following: 

condensation reactions (chemical lock), plastic deformation, entanglement of the solid 

network, and residual liquid phase (mechanical locks). It is notably possible that differences in 

the TMCS/SiO2 molar ratio affected the capability of the gels to spring-back.83 To this regard 

and complementary to FTIR, quantitative evaluation by thermogravimetric analysis (TGA) 

could reveal whether the extent of trimethylsilyl groups was similar compared to aerogels 

produced with similar synthesis conditions.19 The two unmodified gels showed higher 

discrepancies with apparent densities of 0.708 and 0.648 g cm–3. In fact, a variation of room 

humidity in combination with the hydrophilic character of unmodified gels would result in a 

different water intake for the two gels at the time the µCT scans were measured and until the 

gels were weighted. Additional µCT scans performed after a few days of further drying did not 

show a significant difference of the volume for both modified and unmodified gels, suggesting 

no residual liquid phase in the samples. The SBE was heterogeneous; on the µCT projections, 

it was observed that the expansion began from the top of the gel and continued downward 

over roughly 30 min. Further analysis of the spatial evolution of the SBE would require a local 

analysis of the µCT data, a procedure not conducted in this work. To further understand the 

emergence of the SBE, the solid, liquid, and gas volumes during the drying of the gels were 

calculated using µCT quantitative imaging. 

Quantitative Imaging Results. In this section, the quantitative imaging procedure and 

intermediate results are reported and its necessary assumptions are discussed. The µCT 

experiments generated two time-dependent parameters, the volume of the gel 𝑉𝑉𝑘𝑘 and the global 

gray value 𝐺𝐺𝑘𝑘; the latter was converted into the global reconstructed attenuation coefficient �̅�𝜇𝑘𝑘 

using eq. (4.2). To calculate the volumes of the silica skeleton, hexane, and gas in the gels, the 

following assumptions were made: (i) at the beginning of drying, the gel consists only of the 
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silica skeleton and hexane; (ii) at the end of drying, the gel consists only of the silica skeleton 

and a gas phase; (iii and iv) the hexane and silica skeleton RACs were constant during drying; 

(v) the skeleton volume was constant during drying. As previously mentioned, the combination 

of the equations and constraints allowed us to generate an invertible system with a unique 

solution for the parameters of interest. The intermediate data produced by the quantitative 

imaging procedure are shown in Figure 4.5 for one modified and unmodified gel (see Figure 

A.16 for the data on all seven gels).  

The global gray values were reported instead of the RACs since these are the quantities 

generated by the µCT reconstruction. Figure 4.5a,b shows the global gray values of a modified 

and unmodified gel. During drying, the gray values increased and reached a maximum at 7–8 

h (Figure 4.5a,b and Figure A.16) and this time corresponded exactly to the point of maximum 

shrinkage in both kinds of gels (Figure 4.4 and Figure A.14). After the maximum shrinkage, 

the gray value decreased and stabilized. Since the volume of the unmodified gels did not change 

significantly after the maximum shrinkage, the decrease in the gray value was only related to 

the replacement of liquid hexane for a gaseous phase. In the modified gels, the decrease in gray 

values originated from both the evaporation of hexane and the re-expansion of the volume. 

Figure 4.5c shows the gray values of a reference hexane sample from which an average gray 

value of 131.9 was calculated, equivalent to an RAC of 0.155. Instabilities of the X-ray tube  
 

 
Figure 4.5 Intermediate data from the µCT quantitative imaging procedure. (a,b) Global gray values 
of a modified gel: M4 and an unmodified gel: U2 during drying. The error of the global gray values is 
0.018. (c) Global gray value of an n-hexane reference sample. (d) (𝜇𝜇� − 𝜇𝜇hex) ⋅ 𝑉𝑉 profiles of the two 

gels. (e) �̅�𝜇 · 𝑉𝑉 profiles. (f) 𝜇𝜇hex · 𝑉𝑉hex profiles. The stable region of the profiles in panels (c−e) is 
highlighted in gray only as indicative values. Each curve consists of 141 data points. Reprinted from 

ref.102, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 
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tube were observed at the beginning of every in operando µCT experiment. As a result, slightly 

higher gray values were observed in the reconstructed slices for the first few µCT scans, which 

is notably visible in the reference hexane sample. 

The skeleton volume was calculated as the average of the difference between the total 

volume and the hexane volume at the beginning of the drying between the lower and upper 

thresholds 𝑘𝑘1 and 𝑘𝑘2 as shown in eq. (4.7). These thresholds allowed us to exclude the effect 

of the beam instabilities at the beginning of the experiment and also to provide better statistics. 

𝑘𝑘1 and 𝑘𝑘2 were set by analyzing the quantity (�̅�𝜇𝑘𝑘 − 𝜇𝜇hex)𝑉𝑉𝑘𝑘, which could be seen as a mass 

conservation equation. Besides hexane evaporation, a gel could be considered as a closed 

system as long as there is no gaseous phase present. This assumption permits to write the 

conservation of the quantity: 

 [�̅�𝜇𝑉𝑉 − 𝜇𝜇hex𝑉𝑉hex]𝑘𝑘1≤𝑘𝑘≤𝑘𝑘2 = constant. (4.9) 

Combining eq. (4.9) with eq.(4.4) and recalling the assumption that 𝜇𝜇skel and 𝑉𝑉skel are set as 

constants and that the volume of gas is 𝑉𝑉air,𝑘𝑘1≤𝑘𝑘≤𝑘𝑘2 = 0 during drying lead to: 

 [(�̅�𝜇 − 𝜇𝜇hex)𝑉𝑉]𝑘𝑘1≤𝑘𝑘≤𝑘𝑘2 = constant. (4.10) 

The quantity (�̅�𝜇𝑘𝑘 − 𝜇𝜇hex)𝑉𝑉𝑘𝑘 is shown in Figure 4.5d for a modified and unmodified gel and in 

Figure A.16b for all gels. The plateau region where eq. (4.10) was stable at the beginning of the 

drying was different between the samples, ranging from 6 to 120 min (𝑘𝑘2 − 𝑘𝑘1 in Table A.1). 

A plateau region at the end of the drying was also defined for the calculation of the product 

𝜇𝜇𝑠𝑠𝑘𝑘𝑒𝑒𝑙𝑙𝑉𝑉𝑠𝑠𝑘𝑘𝑒𝑒𝑙𝑙 calculated in eq. (4.6) at 𝑘𝑘 ≥ 𝑘𝑘𝑑𝑑. 𝑘𝑘𝑑𝑑  was determined from the �̅�𝜇𝑘𝑘𝑉𝑉𝑘𝑘 profiles and was 

set at about 13.7 h (Figure 4.5e, Figure A.16c and Table A.1). Figure 4.5f and Figure A.16d 

also show the quantity [𝜇𝜇hex𝑉𝑉hex]𝑘𝑘 before the division by the RAC of hexane calculated from 

the hexane reference sample. From these intermediate results, the remaining parameters 

needed to solve the system of four equations were determined, allowing the evaluation of the 

amount of silica skeleton, hexane, and gas of the gels during drying. 

Phase Composition during Drying. The quantitative imaging procedure coupled with 

the underlying model of drying silica gels was used to calculate their phase composition 

throughout APD. Figure 4.6 shows the time-dependent volume profiles of the skeleton, 

hexane, and gas in a modified gel and unmodified gel (see Figure A.17 for the other gels). The 

results for the five modified gels were compiled in a ternary plot showing the volume fraction 

of each phase (Figure 4.7). The phase composition analysis seemed to provide reproducible 

results between the different modified gels with the exception of M1, which seemed to be off-

trend. At the beginning of drying, the porosity of all modified gels was about 95%. In some 

gels, the calculated air volume was negative over the first few scans due to beam instabilities 
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and it should not be considered as a physical feature. The steady decrease in the hexane profile 

showed that the evaporation rate was constant for the first 6 h (Figure 4.6 and Figure A.17), 

suggesting that the slight increase in temperature in the instrument had no impact on the drying 

dynamic as the temperature stabilized at 4–6 h (Figure A.12). The hexane profiles were similar 

between modified and unmodified gels. In parallel to the evaporation, there was a decrease in 

the gel surface area where the mass transfer occurs (in Figure 4.4 and Figure A.14 from the 

height and diameter profiles assuming a perfect cylinder). Therefore, the evaporation rate per 

surface area increased until the maximum shrinkage as already reported elsewhere,74 which 

implied that the mass transfer at the outer surface of the gel was not the limiting factor in the 

drying rate. This suggested that the drying rate was only limited by the convection of hexane 

vapor within the drying chamber for the first 6 h. A previous study reported an increasing 

evaporation rate in similar gels, which may be related to a difference in the ambient conditions 

compared to this study.18 

 
Figure 4.6 Total volume along with hexane, skeleton, and gas volumes of (a) a modified gel: M4 and 

(b) an unmodified gel: U2 during drying. Each curve consists of 141 data points. Reprinted from 
ref.102, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

Interestingly, we calculated a significant amount of gas phase in all gels already before 

the maximum shrinkage, making for up to 37 vol % of the gel’s volume (Figure 4.6, Figure 4.7 

and Figure A.17). This suggested that the liquid–gas interface already receded into the pores, 

whereas common drying models predict that the liquid recedes in the pores once shrinkage 

stops.65 This finding was supported by the small decrease in the hexane evaporation rate before 

maximum shrinkage (Figure 4.6 and Figure A.17), indicating that the transport of hexane vapor 

became limited by its diffusion through the pore network rather than by the convection within 

the drying chamber. It is worth noting that upon visual inspection of modified gels dried ex 

situ in glass containers they remained transparent until the maximum shrinkage and only turned 
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Figure 4.7 Ternary plot of the volume fraction of hexane, skeleton, and gas in the five modified gels 

during drying. The drying stage of the gel is indicated on each symbol with a color scale. The 
maximum shrinkage is highlighted by black symbols at the center of the graph. Only half of the data 

points are represented to enhance readability (71 in total). Reprinted from ref.102, CC BY 4.0 
(https://creativecommons.org/licenses/by/4.0/). 

opaque afterward. Although the drying conditions were different compared to the µCT drying 

chamber, we can reasonably assume that the gels underwent similar changes in the in operando 

µCT experiments. This could mean that the volume occupied by gas/air in the pores was too 

small to scatter light prior to the SBE.65  

The emergence of the SBE could be related to a particular state of the gel, composed of 

nearly equal volume fractions of silica skeleton, hexane, and gas phases (Figure 4.6, Figure 4.7 

and Figure A.17). This composition arguably corresponds to a critical drying stage where some 

pores get completely depleted in hexane. Consequently, the silica skeleton was able to relax the 

drying-related stresses, generating a spring-back visible on a macroscopic level. Such critical 

composition would depend on the morphology and structure of the silica network and thus 

on the synthesis conditions. Given that the quantitative imaging approach only provided the 

average volume of hexane and gas, it could not be ruled out that this critical composition was 

a consequence of heterogeneous phase composition in the gels, e.g., that the top part of the 

gel dried faster than the bottom part. To exclude heterogeneities would require investigating 

the local phase composition of the gels during drying. However, µCT projections revealed a 

homogeneous evolution of the diameter and height prior to the SBE, suggesting a 

homogeneous phase composition. Moreover, the gray value profiles along the vertical axis of 

the gel only changed significantly after the SBE (Figure A.5). The SBE seemed to happen in 

two regimes: at first, the volume expansion rate was rather steady, and after about 80 min, it 

slightly increased. The moment of increasing rate corresponded to the point where the fraction 

of hexane went below ∼5 vol % of the pore volume for all modified gels (Figure 4.6a and 

Figure A.17). Nevertheless, the analysis of the average phase composition of the gels after 
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spring-back was limited due to the slightly heterogeneous SBE. The abrupt change of hexane 

and gas volume profiles at the maximum shrinkage may be an artifact related to the correction 

of the anode heel effect as it was difficult to fit the gray value profiles during the SBE (appendix 

A.3). In the unmodified gels, the shrinkage stopped once the hexane and gas volumes were 

roughly equal followed by a decreasing evaporation rate (Figure 4.6b and Figure A.17e). 

The skeleton volume of the modified gel shown in Figure 4.6 was about 39 mm3 and 

varied from 33 to 38 mm3 in the other gels (Figure A.17). The average skeletal density for the 

five modified gels was 1.97 ± 0.14 g cm–3, showing consistent reproducibility between the five 

samples. The calculated densities were in the range of typical values for silica aerogels reported 

in the literature by helium pycnometry.18,76 These findings emphasized the reliability of the µCT 

quantitative imaging procedure and the accuracy of the underlying model for the modified gels. 

It is pertinent to be aware about the impact of potential closed pores in the calculation of the 

skeleton volume. Closed pores being inaccessible by helium lead to an overestimation of the 

skeleton volume and thus to an underestimation of the skeleton density. Using µCT, closed 

pores still filled with hexane at the end of drying would result in an overestimated global RAC 

and thus in an overestimation of the skeleton volume as well. The remaining amount of hexane 

in the aerogels may be quantified by comparing the weight of the gels before and after heat 

treatment, which can also enable further volume recovery.59 It must also be noted that small 

changes in the hexane volume (and hexane RAC) had a large impact on the skeleton volume 

since it was calculated as the difference between two large quantities: the total volume and the 

hexane volume as shown in eq. (4.7). Finally, eventual unresolved cracks in the µCT volumes 

appearing during drying would essentially be interpreted as “pores” in the drying model. These 

would result in a higher gas content but would not have consequences on the skeleton or 

hexane volumes since the quantity [�̅�𝜇𝑉𝑉]𝑘𝑘≥𝑘𝑘𝑑𝑑 in eq. (4.5) is independent of the gas volume. 

The quantitative imaging procedure applied to unmodified gels resulted in substantially 

underestimated skeleton volume, which led to very different skeletal densities of the xerogels 

at 3.7 and 8.4 g cm–3, much higher than the density of silica glass (2.2 g cm–3). Given the 

dependency of the skeleton, hexane, and gas volumes in eq. (4.4), the hexane and gas volume 

profiles of the unmodified gels reported in Figure 4.6b were affected by the underestimated 

skeleton volume and were thus erroneous. A difference between unmodified and modified gels 

was also observed in the raw data from the quantitative imaging procedure. The profiles �̅�𝜇𝑘𝑘𝑉𝑉𝑘𝑘 

of U1 and U2 started at a similar value as M3 and M5 at the beginning of the drying but reached 

a lower plateau at the end of the drying (Figure A.16c). That difference could not be caused 

by the residual amount of hexane in the unmodified gels since it would increase the RAC. We 
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propose that the abnormal quantities calculated for the unmodified gels were due to limitations 

in the modeling of the phase composition evolution. More specifically, the assumption of a 

constant skeleton RAC and volume may not be valid in the unmodified gels due to 

condensation reactions occurring during the drying shrinkage. To complement the phase 

composition analysis, we performed simulations based on the quantitative imaging results 

including potential condensation reactions between surface silanol groups in the model. 

Condensation during Shrinkage. Water condensation reactions between surface 

silanol groups results in the creation of siloxane bonds, which leads to irreversible shrinkage 

of the silica network.57 The assumptions of the model were modified to include in the equations 

a change in skeleton volume and RAC as well as a term corresponding to the created water. 

For simplicity, the simulations were not performed over time but only comparing the state of 

a gel at the beginning and at the end of drying. The derivation of the modified model and 

corresponding solution of the simulations are reported in appendix A.5.  

By taking into account the condensation reactions, the number of unknowns in the four-

equation system increased from four to seven. The skeletal density was fixed and set at 1.9 g 

cm–3 for the modified gels and at 2.4 g cm–3 for the xerogels.18 Despite the additional constraint, 

the resulting system had two more unknowns than equations and the simulations generated an 

infinite number of solutions as 2D surfaces. We chose to evaluate the change of the following 

quantities: 𝐶𝐶𝐿𝐿 = 𝑉𝑉skel
𝑑𝑑 𝑉𝑉skel

0� , 𝐶𝐶𝜇𝜇 = 𝜇𝜇skel
𝑑𝑑 𝜇𝜇skel

0� , and 𝐶𝐶𝐻𝐻 = 𝑉𝑉𝐻𝐻2𝑂𝑂
𝑑𝑑 𝑉𝑉skel

𝑑𝑑� . 𝐶𝐶𝐿𝐿 and 𝐶𝐶𝜇𝜇 represent the 

relative change of the skeleton volume and RAC between the dry gel (superscript d) and the 

alcogel (superscript 0), respectively. 𝐶𝐶𝐻𝐻  represents the intake of water in the dry gel relative to 

the final skeleton volume 𝑉𝑉skel𝑑𝑑 . For the sake of visualization, we assumed that the change in 

skeleton volume and RAC would not exceed 20% and that the final water intake would not be 

larger than 10% of the dry skeleton volume. Therefore, the simulations were performed for 

0.8 ≤ 𝐶𝐶𝐿𝐿 ≤ 1.0, 1.0 ≤ 𝐶𝐶𝜇𝜇 ≤ 1.2, and 0 ≤ 𝐶𝐶𝐻𝐻 ≤ 0.1.  

The results from the simulations are shown in Figure 4.8 for an unmodified and modified 

gel, and simulations on the other gels are shown in Figure A.18. The domain over which 0 ≤

𝐶𝐶𝐻𝐻 ≤ 0.1 was valid corresponds to the slightly curved band in Figure 4.8. In the unmodified 

gel, the band was considerably distant from the point (𝐶𝐶𝑉𝑉, 𝐶𝐶𝜇𝜇 , 𝐶𝐶𝐻𝐻) = (1,1,0), which 

corresponded to a model excluding condensation reactions. Simulations suggested that a 

skeleton volume shrinkage of at least 13 vol % of its original value, corresponding to 𝐶𝐶𝐿𝐿 = 

0.87, would be necessary for reaching a target density of 2.4 g cm–3 for the dry silica skeleton 

in unmodified gels. Although all points on the curved surface were theoretically valid in the 
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simulation framework, only part of them was physically relevant, e.g., a decrease in skeleton 

volume without water intake would not be a physical feature. 

In the modified gels, the point of no condensation reactions was included in the curved 

surface with 0 ≤ 𝐶𝐶𝐻𝐻 ≤ 0.1 (Figure 4.8b). Therefore, a target dry skeletal density of 1.9 g cm–3 

could theoretically be possible without any condensation reactions. This emphasizes the 

successful modification by TMCS. These results also support the fact that the relatively low 

spring-back efficiency was not due to a chemical lock of the silica network by condensation 

reactions but possibly by mechanical locking of the silica network. The simulations on the 

condensation reactions based on the quantitative imaging analysis showed that the change of 

skeleton volume was potentially significant during APD of unmodified gels, while it was 

potentially negligible in the modified gels. Table 4.1 summarizes the key quantities computed 

by µCT segmentation and quantitative imaging for all gels. 

 
Figure 4.8 Maps resulting from numerical simulations implementing condensation reactions during 
the drying of (a) an unmodified gel: U2 and (b) a modified gel: M4 assuming theoretical skeleton 

densities of 2.4 and 1.9 g cm−3 for the unmodified and modified gel, respectively. The x axis 
corresponds to the relative change in the skeleton RAC between the end and the beginning of the 
drying. The y axis corresponds to the relative change in the skeleton volume. The colored scale bar 

shows the relative volume of water in the gel at the end of the drying. Each trio of values located on 
the contour surfaces within 0 ≤ 𝑉𝑉𝐻𝐻2𝑂𝑂

𝑑𝑑 /𝑉𝑉skel0 ≤ 0.1 satisfies 𝜌𝜌skel = 𝜌𝜌skel0 . Points located outside of this 
range are not shown. The arrows highlight the theoretical point corresponding to no condensation 

reactions. The maps resolution is 100 × 100 data points. Reprinted from ref.102, CC BY 4.0 
(https://creativecommons.org/licenses/by/4.0/).  
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Table 4.1 Main properties of the five modified and two unmodified gels dried at ambient-pressure. 
The values with a (*) superscript were calculated from the underestimated skeleton volume in the 

unmodified gels and are thus not representative. Adapted from ref.102, CC BY 4.0 
(https://creativecommons.org/licenses/by/4.0/). 

Sample Volume change 
upon gelation 
or syneresis 
(vol %) 

Maximum 
shrinkage 
(vol %) 

Spring-back 
efficiency 
(vol %) 

Alcogel 
porosity 
(vol %) 

Dry gel 
porosity 
(vol %) 

Apparent 
density 
(g cm-3) 

Dry 
skeletal 
density 
(g cm-3) 

M1 14.8 16.2 28.5 95.9 82.4 0.394 2.251 
M2 17.0 16.4 29.1 95.4 80.1 0.397 2.025 
M3 22.8 16.5 29.0 94.8 80.0 0.391 1.853 
M4 18.6 16.9 30.5 94.7 80.0 0.384 1.922 
M5 24.4 16.9 29.8 93.4 78.7 0.387 1.820 
U1 21.9 15.5 15.5 97.4* 81.4* 0.708 3.741* 
U2 23.0 16.4 16.7 98.6* 93.0* 0.648 8.443* 

4.4 Summary 

This study addressed the phase composition evolution of silylated silica aerogels during 

ambient pressure drying by an in operando µCT approach. The quantitative imaging workflow 

was more reliable to characterize modified gels than unmodified gels, which was attributed to 

the drying-related condensation reactions occurring in the latter.  

The emergence of the spring-back effect in the silylated gels coincided with volume 

fractions of the skeleton, hexane, and gas reaching roughly one-third each during drying. We 

proposed that at this threshold composition, some pores got locally depleted in hexane, which 

enabled the relaxation of the capillary stresses by the silica skeleton, thus enabling the SBE. At 

first, the re-expansion was slow due to significant amounts of hexane remaining in the pores. 

Once the hexane went below roughly 5 vol % of the total pore volume, the expansion rate 

increased slightly as more of the silica skeleton was able to relax. The expansion stabilized, and 

the gels volume plateaued at 29 vol % of their initial volume, resulting in monolithic aerogels. 

The results suggest that this relatively low spring-back efficiency could be attributed to an 

irreversible plastic deformation and/or remaining stress in the solid network. We anticipate 

that further expansion was mostly hindered by the entanglement of the silica network and that 

the structure could be unlocked by overcoming some activation energy. Further analysis of the 

data collected by µCT would provide more insights on the dynamic of the SBE in silica 

aerogels, in particular by evaluating the local phase composition of drying gels rather than the 

overall phase composition. We also emphasize the potential of lab-source CT instruments as 

https://creativecommons.org/licenses/by/4.0/
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a tool for materials scientists to perform phase compositional analysis of materials undergoing 

geometric and compositional transformations over time.
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5 Solvent cavitation during ambient 
pressure drying of silica aerogels 
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5.1 Background 

This chapter gives the theoretical background of the evaporative drying of porous media and 

gives a more thorough overview on the drying of silica gels. In general, evaporation of a liquid 

confined in a porous media can occur by three mechanisms: evaporation by recession of the 

liquid−vapor interface, drying shrinkage, and cavitation (Figure 5.1). Drying starts with the 

formation of a meniscus at the outer surface of the pores. As introduced in chapter 2.3, this 

liquid-vapor interface is subject to capillary pressure that is described by Young-Laplace 

equation: Δ𝑝𝑝 = 𝑝𝑝0 − 𝑝𝑝𝑙𝑙 = 2𝛾𝛾𝐿𝐿𝐿𝐿cos𝜃𝜃 𝑟𝑟𝑐𝑐⁄ . 

Evaporation by the recession of the meniscus will occur, provided that the tension in 

the liquid remains under the elastic limit of the solid matrix. This is typically the case for porous 

materials with a large pore size or a stiff matrix. With water as the pore liquid (𝛾𝛾water ≈ 72 mN 

m−1) and a pore size of 1 µm, the capillary pressure would be around 0.15 MPa, which is about 

the yield strength of polyurethane foams169 (found in, e.g., kitchen sponges). The meniscus 

recedes in the larger pores first, resulting in a heterogeneous drying front inside the porous 

medium where evaporation is limited by the diffusion of the vapor phase.93,174 Under certain 

conditions, evaporation by the recession of the meniscus may also proceed by a sudden 

conversion of liquid to vapor referred to as adiabatic burst events.175 

Evaporation by drying shrinkage takes place in porous materials with a compliant matrix 

and a smaller pore size, eventually preceded by an initial stage of evaporation by meniscus 

recession. As the meniscus reaches smaller pores, the tension in the liquid increases and can 

overcome the elastic limit of the solid matrix, which then contracts onto the liquid.176 The flow 

 
Figure 5.1 Illustration of the three evaporation mechanisms in a simplified cylindrical pore with an 

ink-bottle-shaped geometry confined by a solid matrix (in gray). (a) Evaporation by recession of the 
meniscus. (b) Evaporation by drying shrinkage. (c) Evaporation by homogeneous (center bubble) and 

heterogeneous (edge bubble) cavitation. The black arrows depict the tension in the liquid and the 
light blue arrows indicate the liquid flow. The gray background represents the stiffness of the matrix, 
a denser background stands for a higher stiffness. The wavy arrow on top illustrates the evaporated 

liquid. Reprinted from ref.107, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

https://creativecommons.org/licenses/by/4.0/
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of liquid resulting from the pore volume shrinkage sustains the evaporation at the meniscus 

through poromechanical coupling.38 The capillary pressure can be as high as 150 MPa for a 

pore radius of 1 nm considering water as a pore liquid, resulting in a significant compressive 

stress on the solid matrix. 

Evaporation by cavitation may take place in porous materials with a stiff matrix and 

"ink-bottle"-shaped pores (Figure 5.1c), that is, large pores constricted by smaller pore necks.177 

Unlike evaporation by drying shrinkage, the tension in the liquid is not compensated by a 

contraction of the solid matrix and keeps rising, making the liquid metastable and susceptible 

to cavitation. Cavitation occurs by the nucleation of vapor bubbles in larger pores ahead of the 

pore constriction, where the effects of confinement by the matrix are less strong.178–180 The 

evaporation proceeds at the meniscus and is sustained by the liquid flow toward the pore 

constriction at the expense of the formation and growth of the bubbles. The onset of cavitation 

depends on the state of the liquid: its saturation vapor pressure, surface tension, and 

temperature;181–184 and on the properties of the porous media: the pore size 

distribution,177,181,182,185 the stiffness of the solid matrix,178,180 and the presence of defects.186 

Evaporative drying of gels is commonly described as a succession of evaporation by 

drying shrinkage and meniscus recession.65 Because the matrix of the gels is initially rather 

compliant, evaporative drying first proceeds by drying shrinkage, and the menisci remain 

mostly located on the outer surface of the gel. The decrease in the pore volume causes a 

progressive stiffening of the gel. As the tension in the liquid increases, it reaches a maximum 

once the radius of curvature of the meniscus becomes equal to the radius of the smallest pores. 

At this point, the liquid tension cannot overcome the stiffening of the solid matrix, marking 

the end of drying shrinkage and the beginning of evaporation by meniscus recession. This 

threshold is known as the maximum shrinkage. As the meniscus recedes into the pores, the 

compressive stress on the solid matrix related to capillary forces is released. In silica gels 

modified with a silylating agent, this coincides with a re-expansion of the solid matrix through 

the spring-back effect and results in hydrophobic aerogels.25  

In addition to the two known evaporation mechanisms, it is theoretically possible that 

cavitation also plays a central role during the drying of gels at ambient pressure as suggested 

by Scherer & Smith.21 Using classical nucleation theory (CNT), they estimated that 

homogeneous nucleation of vapor bubbles may happen before maximum shrinkage provided 

a small enough pore size (1−2 nm). Cavitation events are particularly intriguing in gels as they 

stabilize the tension in the liquid, which in turn would reduce the stress on the silica matrix 

and potentially prevent mechanical failure. A systematic literature review of publications citing 
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the Scherer & Smith paper revealed the absence of experimental evidence of cavitation events 

in the drying of gels to produce aerogels. Only three papers were found reporting visual 

observations of an opaque phase growing in the core of gels dried at ambient pressure that 

could possibly be associated with cavitation bubbles.187–189 The lack of investigation on 

cavitation is presumably due to experimental limitations: monitoring the evaporative drying of 

gels requires non-destructive in operando methods at ambient pressure and with enough 

resolution and/or contrast to resolve cavitation events. 

In the previous chapter, the volume of gas in silylated gels was up to 37 vol % of the 

gels' volume at the maximum shrinkage. This appeared inconsistent with a drying model based 

on dual-evaporation mechanisms although the spatial distribution of gas was not evaluated. 

This finding echoed with the theoretical study of Scherer & Smith and motivated the current 

work with the aim of evaluating cavitation as an additional evaporation mechanism. µCT 

records changes in the absorption of an irradiated specimen and allows the reconstruction of 

a 3D volume, in which the contrast is proportional to the attenuation coefficient of the 

specimen.108 Quantitative imaging of the reconstructed volumes correlates the temporal 

variations in the attenuation coefficients of a specimen with changes in composition by image 

processing and subsequent modeling. Spatially resolved quantitative imaging can produce 

composition maps notably showing the distribution of vapor/air inside of the gels and provide 

information on the evaporation mechanisms. Besides absorption, changes in gels’ composition 

can also be evaluated from the scattering of X-rays upon irradiation of a gel. In the wide-angle 

X-ray scattering (WAXS) region, the scattering signal arises from the molecular structure of 

the pore liquid and solid silica skeleton.18,145 Deconvolution of these two signals and subsequent 

modeling allow us to calculate the average phase composition of the gels within the incident 

beam path. 

The µCT data from the five silylated silica gels presented in chapter 4 were reanalyzed 

based on a spatially resolved µCT quantitative imaging workflow to test for the hypothesis of 

cavitation. While the workflow presented in the previous chapter only permitted to calculate 

the average phase composition, the procedure presented in this chapter generates composition 

maps of pore liquid and vapor/air within silica gels during drying. This computational 

approach consists in reducing and interpolating 4D reconstructed volumes, along with a 

systematic evaluation of instrumental and computational artifacts. Despite the resolution of 

the µCT scans (11 µm) being much larger than the size of the cavitation bubbles as postulated 

by Scherer & Smith (2 nm), the present approach was able to capture the spreading of a 

vapor/air phase in the gels well ahead of the maximum shrinkage. That gas phase appeared 
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and grew homogeneously across the sample, suggesting it was created by cavitation of the 

solvent. WAXS measurements and CNT estimations consolidated the results on the 

evaporation mechanisms. This chapter reports indirect evidence of evaporation by cavitation 

in silica gels by two methods, opening new aspects to the understanding and improvement of 

the evaporative drying process to produce high-performance, monolithic aerogels 

5.2 Materials and Methods 

µCT data reduction. The motivation behind the reduction of the reconstructed µCT data was 

to simplify the geometry of the gels during drying, taking advantage of their cylindrical 

symmetry. Doing so allowed us to work on a 2D or 3D data set instead of a 4D data set (three 

spatial dimensions and one temporal dimension). It also improved the presentation of the 

results that can be shown against different axes of the cylinders independently. The ROIs 

generated upon segmentation of the reconstructed µCT were used to overwrite the gray values 

of all background voxels in the slices by zero, generating masked slices that were exported as 

8-bit tif images. For a single sample, 141 series of 1000+ masked slices were created, 

corresponding to the segmented volume of the gel over time. The latter was reduced by 

integrating the data over one or more axes of the samples. The raw gray values in the masked 

images were corrected for the anode heel effect133 using a similar procedure as reported in 

appendix A.3. The resulting gray values were referred to as 𝑔𝑔𝑖𝑖,𝑝𝑝,𝑞𝑞,𝑘𝑘 with 𝑖𝑖,𝑝𝑝, 𝑞𝑞 the 𝑧𝑧, 𝑥𝑥,𝑦𝑦 

coordinates in the reconstructed volume, respectively and 𝑘𝑘 the time index. 𝑖𝑖,𝑝𝑝, 𝑞𝑞,𝑘𝑘 ∈ ℕ. 

Formally, 𝑖𝑖 = 𝑖𝑖𝑘𝑘, 𝑝𝑝 = 𝑝𝑝𝑘𝑘 and 𝑞𝑞 = 𝑞𝑞𝑘𝑘 because the shape of the sample was changing over time. 

Three reduction procedures were used to generate different spatial and temporal 

representations of the reconstructed gray values during drying (Figure 5.2): 

a) Azimuthal integration (3D, Figure 5.2a): the masked slices were integrated over the 

azimuth of the cylinder, resulting in 141 2D gray value maps along the height and 

radius of the cylinder: 𝑔𝑔𝑖𝑖 ,𝑝𝑝,𝑞𝑞,𝑘𝑘 → 𝑔𝑔𝑖𝑖 ,𝑗𝑗,𝑘𝑘, where 𝑗𝑗 represents the radial distance to the 

center of a masked slice. 𝑗𝑗 ∈ ℕ. The azimuthal integration was computed with the 

Python DIPlib library190 and the center of a slice was defined as the center of mass of 

the image. The domain of pixels in the maps belonging to the sample was referred to 

as Ω𝑘𝑘 with (𝑖𝑖, 𝑗𝑗) ∈ Ω𝑘𝑘 . This representation was referred to as the maps of the gray 

values along the height and radius (GHR maps). 

b) Azimuthal and vertical integration (2D, Figure 5.2b): the GHR maps were further 

integrated over the vertical axis of the cylinder resulting in a single gray value map 
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along the radius of the gel and the scan number: 𝑔𝑔𝑖𝑖,𝑗𝑗,𝑘𝑘 → 𝑔𝑔𝑗𝑗 ,𝑘𝑘. 𝑗𝑗 ∈ Ω𝑘𝑘𝑟𝑟  where Ω𝑘𝑘𝑟𝑟  is the 

domain of pixels in the map belonging to the sample. This representation was referred 

to as the radial gray value map (GR map).  

c) Slice integration (2D, Figure 5.2c): the masked slices were integrated over 𝑝𝑝 and 𝑞𝑞, 

resulting in a single gray value map along the height of the gel and the scan number: 

𝑔𝑔𝑖𝑖,𝑝𝑝,𝑞𝑞,𝑘𝑘 → 𝑔𝑔𝑖𝑖,𝑘𝑘. 𝑖𝑖 ∈ Ω𝑘𝑘ℎ where Ω𝑘𝑘ℎ is the domain of pixels in the map belonging to the 

sample. This representation was referred to as the vertical gray value map (GH map). 

 
Figure 5.2 Illustration of the three data reduction procedures on the 3D segmented volume of gel M4 

at the beginning of drying. (a) Azimuthal integration (GHR maps). (b) Azimuthal + vertical 
integration (GR map). (c) Slice integration (GH map). The black arrows indicate the direction of 

integration and the red contours depict an integrated volume element. The integration step was equal 
to the voxel size: 11 µm. Reprinted from ref.107, CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/). 

A complete description of the reduction procedures can be found in appendix B.1. After 

data reduction, RAC maps were generated using eq. (4.2): 𝜇𝜇 = 𝑔𝑔(𝑏𝑏 − 𝑎𝑎) 255⁄ + 𝑎𝑎 and were 

referred to as MHR, MR and MH maps. These data were then used to model the phase 

composition of the drying silica gels.  

µCT drying model. The spatial and temporal phase composition of the drying gels was 

computed by applying a local drying model to the reduced RAC maps, where local refers to 

calculation applied to each individual voxel. The construction of the drying model consists in 

(1) derive the main equations, (2) make assumptions to express additional equations, and (3) 

solve the system of equations using bilinear interpolation and correction factors. The model 

presented in this section applies to the MHR maps resulting from the azimuthal integration, 

but the notation can easily be extended to the two other data reduction procedures. At any 

time during drying, the silica gels were composed of three phases: solid silica skeleton, liquid 

n-hexane, and vapor/air. In the MHR maps, the RAC can thus be written as 

 
𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘 =

𝜇𝜇hex,𝑖𝑖,𝑗𝑗,𝑘𝑘𝑉𝑉hex,𝑖𝑖,𝑗𝑗,𝑘𝑘 + 𝜇𝜇skel,𝑖𝑖,𝑗𝑗,𝑘𝑘𝑉𝑉skel,𝑖𝑖,𝑗𝑗,𝑘𝑘 + 𝜇𝜇air,𝑖𝑖,𝑗𝑗,𝑘𝑘𝑉𝑉air,𝑖𝑖,𝑗𝑗,𝑘𝑘

𝑉𝑉voxel
, (5.1) 

https://creativecommons.org/licenses/by/4.0/
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where 𝜇𝜇𝜑𝜑,𝑖𝑖,𝑗𝑗,𝑘𝑘 and 𝑉𝑉𝜑𝜑,𝑖𝑖,𝑗𝑗,𝑘𝑘  are the RAC and volume of a phase 𝜑𝜑 respectively at a vertical and 

radial coordinate (𝑖𝑖, 𝑗𝑗) and at scan 𝑘𝑘 for the hexane, skeleton and vapor/air phases, and 𝑉𝑉voxel 

is the voxel volume. The attenuation of the vapor/air phase was set to zero, thus: 𝜇𝜇air,𝑖𝑖,𝑗𝑗,𝑘𝑘 = 0. 

The RAC of the silica skeleton and of liquid n-hexane phases was assumed constant and 

homogeneous throughout drying: 𝜇𝜇hex,𝑖𝑖,𝑗𝑗,𝑘𝑘 = 𝜇𝜇hex and 𝜇𝜇skel,𝑖𝑖,𝑗𝑗,𝑘𝑘 = 𝜇𝜇skel . 𝜇𝜇hex was calculated 

from the reference n-hexane measurements, 𝜇𝜇hex = 0.155. Eq. (5.1) can be rewritten as a 

function of the volume fraction of each phase at a given voxel rather than the total volume, 

leading to the first equation of the drying model: 

 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘 = 𝜇𝜇hex𝑓𝑓hex,𝑖𝑖,𝑗𝑗,𝑘𝑘 + 𝜇𝜇skel𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘 , (5.2) 

where 𝑓𝑓𝜑𝜑,𝑖𝑖,𝑗𝑗,𝑘𝑘 = 𝑉𝑉𝜑𝜑,𝑖𝑖,𝑗𝑗,𝑘𝑘 𝑉𝑉voxel⁄  for a phase 𝜑𝜑. Additionally, the volume conservation implies: 

 𝑓𝑓hex,𝑖𝑖,𝑗𝑗,𝑘𝑘 + 𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘 + 𝑓𝑓air,𝑖𝑖,𝑗𝑗,𝑘𝑘 = 1. (5.3) 

The volume fraction maps were referred to as the HEXHR, SKELHR, AIRHR maps 

for 𝑓𝑓hex,𝑖𝑖,𝑗𝑗,𝑘𝑘, 𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘 and 𝑓𝑓air,𝑖𝑖,𝑗𝑗,𝑘𝑘, respectively. Solving the equation system required taking 

assumptions on the composition of the gels throughout drying. First, the HEXHR maps were 

computed by assuming that the hexane content was zero at the end of drying. To do so, a RAC 

map representative of the dry gel was generated: 

 
𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘𝑓𝑓
dry =

1
𝑁𝑁𝑑𝑑

�𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘𝑓𝑓 + � 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘→𝑘𝑘𝑓𝑓
F ⋅ 𝛾𝛾𝑘𝑘→𝑘𝑘𝑓𝑓

𝑘𝑘𝑑𝑑≤𝑘𝑘<𝑘𝑘𝑓𝑓

�, (5.4) 

where 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘𝑓𝑓
dry  is an artificial MHR map defined over the domain Ω𝑘𝑘𝑓𝑓 , 𝑘𝑘𝑓𝑓 = 140 is the final scan, 

𝑘𝑘𝑑𝑑  is a threshold scan number from which the hexane content is assumed to be zero, 𝑁𝑁𝑑𝑑 is the 

number of scans in 𝑘𝑘𝑑𝑑 ≤ 𝑘𝑘 ≤ 𝑘𝑘𝑓𝑓, 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘→𝑘𝑘𝑓𝑓
F  is a map generated by bilinear interpolation of a map 

from scan 𝑘𝑘 ≥ 𝑘𝑘𝑑𝑑  onto the domain of the map at scan 𝑘𝑘 = 𝑘𝑘𝑓𝑓 and 𝛾𝛾𝑘𝑘→𝑘𝑘𝑓𝑓 is a scaling factor. 

The scaling factor was defined as the volume ratio between a source scan 𝑘𝑘1 and a target scan 

𝑘𝑘2 as: 𝛾𝛾𝑘𝑘1→𝑘𝑘2 = 𝑉𝑉𝑘𝑘1 𝑉𝑉𝑘𝑘2⁄ . Bilinear interpolation was required so that a map defined over a 

domain Ω1 can match the domain Ω2 of another map, because the change in the sample volume 

throughout drying implied that the domain Ω𝑘𝑘 was different for all scans. The map 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘𝑓𝑓
dry  was 

then interpolated from source scan 𝑘𝑘𝑓𝑓 onto target scan 0 ≤ 𝑘𝑘 < 140, resulting in the maps 

𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘𝑓𝑓→𝑘𝑘
dry,F  defined over Ω𝑘𝑘 at any scan. The HEXHR maps of any scan could be computed by 

replacing the product 𝜇𝜇skel𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘 in eq. (5.2) by 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘𝑓𝑓→𝑘𝑘
dry,F  with a scaling factor: 
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𝑓𝑓hex,𝑖𝑖,𝑗𝑗,𝑘𝑘 =

𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘 − 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘𝑓𝑓→𝑘𝑘
dry,F ⋅ 𝛾𝛾𝑘𝑘𝑓𝑓→𝑘𝑘
𝜇𝜇hex

. (5.5) 

The SKELHR maps were computed by assuming a zero vapor/air content at the 

beginning of drying from scan number 𝑘𝑘1 to 𝑘𝑘2. The maps at 𝑘𝑘1 < 𝑘𝑘 ≤ 𝑘𝑘2 were rescaled onto 

the domain of target scan 𝑘𝑘1 and were then averaged over 𝑘𝑘1 ≤ 𝑘𝑘 ≤ 𝑘𝑘2 to compute an artificial 

map representative of the alcogel 𝜇𝜇𝑖𝑖.𝑗𝑗,𝑘𝑘1
alco : 

 
𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘1
alco =

1
𝑁𝑁𝑎𝑎

�𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘1 + � 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘→𝑘𝑘1
F 𝛾𝛾𝑘𝑘→𝑘𝑘1 + 𝜇𝜇hex�1− 𝛾𝛾𝑘𝑘→𝑘𝑘1�

𝑘𝑘1<𝑘𝑘≤𝑘𝑘2

� (5.6) 

where 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘→𝑘𝑘1
F  is the map interpolated from scan 𝑘𝑘1 < 𝑘𝑘 ≤ 𝑘𝑘2 to scan 𝑘𝑘 = 𝑘𝑘1 and 𝑁𝑁𝑎𝑎 is the 

number of scans in 𝑘𝑘1 ≤ 𝑘𝑘 ≤ 𝑘𝑘2. 𝑘𝑘𝑑𝑑 , 𝑘𝑘1, and 𝑘𝑘2 were evaluated using the global quantitative 

imaging approach reported in chapter 4. The rightmost product in eq. (5.6) was an additional 

scaling factor. An artificial hexane map representative of the alcogel at scan 𝑘𝑘 = 𝑘𝑘1 was 

computed as: 

 
𝑓𝑓hex,𝑖𝑖,𝑗𝑗,𝑘𝑘1
alco =

𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘1
alco − 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘𝑓𝑓→𝑘𝑘1

dry,F ⋅ 𝛾𝛾𝑘𝑘𝑓𝑓→𝑘𝑘1
𝜇𝜇hex

. (5.7) 

The skeleton map at 𝑘𝑘 = 𝑘𝑘1 was then calculated by substituting 𝑓𝑓hex,𝑖𝑖,𝑗𝑗,𝑘𝑘  by 𝑓𝑓hex,𝑖𝑖,𝑗𝑗,𝑘𝑘1
alco  in eq. 

(5.3), resulting in 𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘1 . The SKELHR maps for the other scans were computed by 

interpolating and rescaling the SKELHR map from scan 𝑘𝑘1 to scan 𝑘𝑘 ≠ 𝑘𝑘1: 

 𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘 = 𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘1→𝑘𝑘
F ⋅ 𝛾𝛾𝑘𝑘1→𝑘𝑘 , (5.8) 

where 𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘1→𝑘𝑘
F  is the skeleton map interpolated from source scan 𝑘𝑘 = 𝑘𝑘1 to target scan 𝑘𝑘 ≠

𝑘𝑘1. The AIRHR maps were finally calculated with eq. (5.3). The complete derivation of the 

drying model is reported in appendix B.2 and the bilinear interpolation algorithm is reported 

in appendix B.3. Sample M3 had a large meniscus at its bottom (Figure B.5) leading to 

complications in the data reduction procedure and was thus discarded. Similar equations were 

derived for the MR and MH maps (not shown), and the resulting volume fraction maps were 

referred to as the HEXR, SKELR and AIRR and HEXH, SKELH and AIRH maps, 

respectively. The GR and GH maps and the corresponding volume fraction maps were 

interpolated from scan number to time to create profiles monotonically increasing with time. 

Finally, all maps were saved as 2D float arrays, which were then converted into images to create 

the figures. The data processing, modeling and the creation of the figures were carried out in 

Python with the DipLib,190 Matplotlib,191 NumPy,192 Pillow193 and Scipy194 libraries. 



Solvent cavitation during ambient pressure drying 

67 

In operando X-ray scattering. X-ray scattering experiments were performed to 

monitor the structure of the gels during drying at a wide angle, which corresponds to the 

molecular structure of the silica skeleton and n-hexane. The general idea was to correlate the 

evolution of scattering intensity in the wide-angle region with the change in the specimen 

composition within the volume probed by the beam. X-ray scattering measurements were 

performed at the BESSY II synchrotron of the Helmholtz-Zentrum für Materialien and 

Energie (Germany, Berlin) at the µSpot beamline.195 One silylated silica gel (labeled M6) was 

dried at ambient pressure in a tailored measurement cell adapted from ref.18 The cell was 

constructed from anodized aluminum with a silicon wafer and a silicon nitride window 

(NORCADA low-stress SiNx membrane, 10 mm length/width, 1000 nm thickness) placed in 

the direction of the X-ray beam. The top of the cell was sealed with a valve (1/8 in., 

PN63/1.4408, shortened with an adapter to ca. 26 mm), and a museum glass was placed on 

the side to allow the collection of digital pictures of the sample with a digital microscope 

camera (TOOLKRAFT USB microscope, 5 MP). The cell was mounted on a rotary stage that 

could host up to five cells. At the time of measurement, sample M6 was transferred from its 

n-hexane storage solution to the measurement cell, whereas an empty cell was used for 

background correction. The valve was opened fully before the measurement 

Experiments were performed using a monochromatic X-ray beam at 18 keV and a 

B4C/Mo Multilayer (2 nm period) monochromator. A spot size of 30 × 30 µm2 was adjusted 

by a series of pinholes. The cell position was set so that the beam hits the sample at a fixed 

location, 4 mm from the bottom of the sample. The scattering data were collected on an Eiger 

9 M detector with a 75 × 75 µm2 pixel size. A quartz reference was fixed at the same distance 

from the beam source as the sample and was used to determine the sample−detector distance, 

beam center, tilt, and rotation. A glassy carbon Standard Reference Material 3600 (SRM 3600) 

of the National Institute of Standards and Technology (NIST) was measured for absolute 

intensity calibration.154 The transmission through the sample was calculated from the X-ray 

fluorescence signal collected from a lead beamstop by using a RAYSPEC Sirius SD-E65133-

BE-INC detector equipped with an 8 µm beryllium window, while the primary beam intensity 

was monitored and normalized by using an ion chamber. Each data frame was collected by 

exposing the sample to radiation for 1 s every 27 s, with the rotary stage alternating between 

an empty cell and the sample cell. The resulting data were preprocessed/previewed using the 

DPDAK software package196 and a custom Python script utilizing pyFAI library.197 The 

preprocessing steps involved integration to 1D scattering curves and subtraction of an 

instrumental background (i.e., the empty cell). The scattering data were corrected for 
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transmission and primary beam intensity and corrected for a "container background". To 

normalize the data with the sample thickness, the diameter of the gel was determined from the 

optical images collected during drying (see appendix B.4). As a final step, data were scaled to 

absolute units (i.e., cm−1) by sample thickness normalization and by the scaling factor of the 

glassy carbon. 

The azimuthal integration of X-ray scattering measurements provided scattered intensity 

𝐼𝐼(𝑞𝑞) as a function of the momentum transfer 𝑞𝑞, using the wavelength of the synchrotron beam 

𝜆𝜆 and the scattering angle 2𝜃𝜃 (eq. (3.3)), resulting in an accessible 𝑞𝑞 range of ca. 0.07 nm-1 to 

40 nm-1. Collected data were analyzed in a wide-angle diffraction region (3−30 nm−1) to obtain 

time-dependent volume fraction profiles. To this end, diffraction data of liquid hexane in a 

borosilicate glass capillary were collected. The latter was reduced following the same procedure 

described above (i.e., monitor and transmission normalization, empty capillary subtraction, 

radial integration) but not scaled by sample thickness or corrected by glassy carbon scaling 

factor. 

To compute the hexane, skeleton and vapor/air volume fraction profiles of the gel at 

each data frame, the diffraction 1D profiles of the hexane reference: 𝐼𝐼hex(𝑞𝑞, 𝑡𝑡) and of the dry 

aerogel (i.e. last collected data frame): 𝐼𝐼dry(𝑞𝑞, 𝑡𝑡) were modeled using a baseline function and a 

function sum of three pseudovoigts: 

 
𝐼𝐼𝜑𝜑(𝑞𝑞, 𝑡𝑡) = 𝐼𝐼𝜑𝜑

(base)(𝑞𝑞,𝑎𝑎, 𝑡𝑡) + �𝐼𝐼𝜑𝜑
(PV)�𝑞𝑞,𝐴𝐴𝑗𝑗, 𝑞𝑞0,𝑗𝑗, Γ𝑗𝑗, 𝑟𝑟𝑗𝑗�

3

𝑗𝑗=1

, (5.9) 

where 𝐼𝐼𝜑𝜑(𝑞𝑞, 𝑡𝑡) stands for 𝐼𝐼hex(𝑞𝑞, 𝑡𝑡) or 𝐼𝐼dry(𝑞𝑞, 𝑡𝑡) and the parameters 𝐴𝐴𝑗𝑗 , 𝑞𝑞0,𝑗𝑗 , Γ𝑗𝑗, 𝑟𝑟𝑗𝑗 of the 

pseudovoigt represent the area, the center, the full width at half maximum and the Gaussian-

Lorentzian ratio respectively. Similarly to the µCT drying model, the hexane content in the gel 

at the end of drying was assumed to be zero, so that the scattered intensity of the dry gel arose 

only from the skeleton and vapor/air. The baseline function for the hexane reference: 

𝐼𝐼hex
(base)(𝑞𝑞,𝑎𝑎, 𝑡𝑡) was set as a linear polynomial with slope 𝑎𝑎: 

 𝐼𝐼hex
(base)(𝑞𝑞,𝑎𝑎, 𝑡𝑡) = 𝑎𝑎(𝑡𝑡) ∙ 𝑞𝑞 (5.10) 

and the baseline function for the dry aerogel was set as a power law decay with a constant 𝑎𝑎 

representing the law’s exponent: 

 𝐼𝐼dry
(base)�𝑞𝑞,𝑎𝑎, 𝑡𝑡 = 𝑡𝑡𝑓𝑓� = 𝑞𝑞𝑎𝑎�𝑡𝑡𝑓𝑓�, (5.11) 

where 𝑡𝑡 = 𝑡𝑡𝑓𝑓 is the time of the last data frame. During the modeling of the hexane and dry 

aerogel diffraction profiles, an additional parameter representing the data background was 

used. To obtain volume fraction profiles of each phase, two more steps were necessary. At 
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first, the volume fraction of the skeleton in the dry aerogel was calculated by assuming a 

composition: 𝑆𝑆𝑖𝑖23𝑂𝑂40𝐶𝐶9𝐻𝐻28 and a skeletal density of approximately 1.9 g cm−3. That 

composition was estimated by comparing the weight of fully dried silylated gels with fully dried 

unmodified gels and by assuming that the weight difference was only due to the silyl groups in 

the modified gels: 𝑆𝑆𝑖𝑖(𝐶𝐶𝐻𝐻3)3. Moreover, the unmodified gels were left in a desiccator for 24 h 

before being weighed to complete drying. 

Subsequently, by mean of the Python library xraylib198,199 and the Beer-Lambert equation, 

it was possible to compare the experimental transmission of the dry aerogel 𝑇𝑇dry and the 

volume fraction-dependent theoretical transmission: 

 𝑇𝑇dry = exp �−𝑓𝑓skel
dry𝜇𝜇skel𝑑𝑑dry�, (5.12) 

with 𝑓𝑓skel
dry the skeleton volume fraction of the dry gel, 𝜇𝜇skel its attenuation coefficient for an 18 

keV X-ray beam and 𝑑𝑑dry the sample diameter obtained with the optical microscope at the 

corresponding time. The model functions 𝐼𝐼hex(𝑞𝑞), 𝐼𝐼dry(𝑞𝑞) and 𝑓𝑓skel
dry were combined and used 

for fitting the time-dependent scattering profiles 𝐼𝐼(𝑞𝑞, 𝑡𝑡) of the drying gel as follows: 

 
𝐼𝐼(𝑞𝑞, 𝑡𝑡) = 𝑠𝑠hex𝑓𝑓hex(𝑡𝑡)𝐼𝐼hex(𝑞𝑞) +

𝑓𝑓skel(𝑡𝑡)

𝑓𝑓skel
dry 𝐼𝐼dry(𝑞𝑞) + 𝑏𝑏(𝑡𝑡), (5.13) 

with 𝑓𝑓hex(𝑡𝑡) and 𝑓𝑓skel(𝑡𝑡) the hexane and skeleton time dependent volume fractions, 𝑏𝑏(𝑡𝑡) a 

background independent of 𝑞𝑞, and 𝑠𝑠hex a constant factor to scale the hexane data to absolute 

units (i.e. cm-1). 𝑠𝑠hex was calculated by assuming that at 𝑡𝑡 = 0, the vapor/air content in the gel 

was zero, leading to: 

 1 = 𝑠𝑠hex𝑓𝑓hex(𝑡𝑡 = 0) + 𝑓𝑓skel(𝑡𝑡 = 0). (5.14) 

At 𝑡𝑡 > 0, the time dependent vapor/air volume fraction 𝑓𝑓𝑎𝑎𝑖𝑖𝑟𝑟(t) was calculated by modifying 

eq. (5.14):  

 𝑓𝑓𝑎𝑎𝑖𝑖𝑟𝑟(𝑡𝑡) = 1 − �𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑓𝑓ℎ𝑒𝑒𝑒𝑒(𝑡𝑡) + 𝑓𝑓ℎ𝑒𝑒𝑒𝑒(𝑡𝑡)�, (5.15) 

which implies 𝑓𝑓air(𝑡𝑡 = 0) = 0. All data modeling was performed using the Scipy optimize 

library provided by Python.194 In order to improve performance and result reliability, fits were 

performed by providing analytical functions and jacobians. Best-fit parameter uncertainties 

were therefore calculated by evaluating the Jacobian at the minimum of the penalty function 

distribution.  
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5.3 Results and Discussion 

Hexane and Vapor/Air Spatial and Temporal Distributions. This section reports and 

discusses the spatial distribution and evolution of the gels phase composition generated by 

µCT quantitative imaging. The azimuthal integration of the masked slices produced well-

defined GHR maps shown in Figure 5.3a for sample M4 at different drying stages. The drying 

shrinkage can be seen with the decrease in height and maximum radius of the gel up to the 

maximum shrinkage at 7.6 h, together with an increase of the average gray values. The 

maximum shrinkage was followed by the re-expansion of the gel (spring-back effect) and by a 

decrease in the gray values. Silica gels dried in the fume hood under similar conditions remained 

transparent until the maximum shrinkage and only turned opaque upon re-expansion. The 

hexane, skeleton and vapor/air volume fractions along the height and radius of sample M4 are 

shown in Figure 5.3b-d. At the start of drying, the hexane and skeleton phases were uniformly 

distributed in the gel at an average volume fraction of 94 and 6 vol %, respectively, suggesting 

a homogeneous gelation process. The fraction of vapor/air was 0 vol %, as it was set in the 

drying model. Up to the maximum shrinkage, the hexane content decreased while the skeleton 

and vapor/air contents increased, each phase being still relatively homogeneously distributed 

across the entire gel's volume. The emergence of the vapor/air phase in the gel was not clearly 

depicted in the AIRHR maps due to the noise in the data, but Figure 5.3d shows a non-

negligible amount of vapor/air before the maximum shrinkage. Near the end of drying, the 

skeleton and vapor/air spatial distributions were homogeneous, and after 14 h of drying, the 

gel was composed of about 22 and 78 vol % of skeleton and vapor/air, respectively. 

Heterogeneities in the repartition of hexane and vapor/air appeared at the maximum shrinkage 

where the hexane volume fraction abruptly dropped to ca. 0 vol % at the top of the gel (Figure 

5.3b). However, the fact that each map corresponds to a single drying stage and the presence 

of noise in the maps limited the analysis. The spatial and temporal distribution of the hexane 

and vapor/air phases was thus analyzed based on the vertical and radial volume fraction maps 

derived by modeling the GH and GR maps, which had the advantage of depicting the gel state 

at all drying stages along the two main axes of the cylindrical samples. The results are shown 

in Figure 5.4. 

The noise in the gray values of the vertical and radial maps in Figure 5.4a was significantly 

lower compared to the corresponding GHR maps, resulting in smoother volume fraction 

maps, which permitted a more accurate evaluation. Slight variations in the vertical distribution 

of hexane were observed before the maximum shrinkage, with a higher concentration of 
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hexane at the bottom of the gel than at the top (Figure 5.4b). The top of the gel was composed 

of relatively more vapor/air than at the bottom before the maximum shrinkage (Figure 5.4d), 

whereas the skeleton spatial distribution remained static throughout the entire drying process,  

 
Figure 5.3 GHR and volume fraction maps of sample M4 at 10 selected drying stages on top of a 

cyan background. (a) GHR maps with the corresponding gray value scale on the right. The brightness 
and contrast in the images of the GHR maps are adjusted to improve visualization. (b) HEXHR 

maps. (c) SKELHR maps. (d) AIRHR maps. The color scale of the volume fraction maps is shown at 
the bottom right of the figure. The volume fraction maps are normalized between 0 and 100%. The 

images of the volume fraction maps are encoded with a gamma value of 0.5 to improve the 
visualization. The time scale is illustrated with an arrow on top of the figure, and the time gap 

between the maps in a given panel is 1.56 ± 0.05 h. The length scale of all maps is indicated in the 
first map of panel (d). The maps corresponding to the maximum shrinkage are outlined in red. Each 

map consists of 410 × 1455 noninterpolated data points. Reprinted from ref.107, CC BY 4.0 
(https://creativecommons.org/licenses/by/4.0/). 

https://creativecommons.org/licenses/by/4.0/


Solvent cavitation during ambient pressure drying 

72 

 
Figure 5.4 Radial and vertical maps of the gray values and volume fraction of sample M4 on top of a 
cyan background. The 3D image on the left of the figure depicts the segmented volume of M4 at the 
beginning of drying, and the dashed lines illustrate the radial and vertical axes of the cylinder against 

which the radial and vertical maps are shown. (a) GR and GH maps. The gray value scale is shown at 
the bottom of panel (a). The brightness and contrast in the images of the GR and GH maps are 

adjusted to improve visualization. (b) HEXR and HEXH maps. (c) SKELR and SKELH maps. (d) 
AIRR and AIRH maps. The images of the volume fraction maps are encoded with a gamma value of 

0.5 to improve visualization. The time axis is shown in each vertical map, and the length scale is 
shown in the radial and vertical maps of panel (a). The radial maps consist of 1460 × 410 data points 

and the vertical maps consist of 1460 × 1455 points. In all maps, the horizontal time resolution is 
interpolated from 141 time stamps onto 1460 points. Reprinted from ref.107, CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/). 

as set in the drying model (Figure 5.4c). Upon spring-back, significant variations in the 

repartition of hexane and vapor/air appeared along the height of the gel. The top region of 

the gel got depleted in hexane first, leading to an increase in the vapor/air volume fraction in 

the same region (Figure 5.4b,d).  

Hexane and vapor/air vertical profiles were extracted from the HEXH and AIRH maps 

to quantify the variations before and after maximum shrinkage (Figure 5.5). At the maximum 

shrinkage (7.6 h), the vapor/air content abruptly increased from 30 to 52 vol % near the top 

of the gel within 6 min (Figure 5.5a) and was followed by a wave-like drying front traveling 

downward in the sample as the gel started re-expanding (Figure 5.5b). At 7.9 h, the vapor/air 

content rose at the bottom of the gel, which corresponded to another drying front traveling 

upward. At 8.5 h, those heterogeneities along the gel height stabilized, although a gradient of 

vapor/air was still present from the top to the bottom of the gel (Figure 5.5b). Similar but 

opposite features were noted in the hexane vertical profiles (Figure 5.5c,d). It was worth noting 

that at 8.5 h, there was still a significant fraction of hexane remaining with up to 29 vol % in 

the bottom regions of the gel (Figure 5.5c,d). At ca. 10 h of drying, the re-expansion of the gel 

slowed down and the variations in the hexane and vapor/air content along the gel height 
 

https://creativecommons.org/licenses/by/4.0/
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Figure 5.5 Volume fraction profiles of hexane and vapor/air along the height of sample M4 at 

selected time stamps. Vapor/air profiles between 6.9 and 7.8 h (a) and between 7.6 and 8.5 h (b). 
Hexane profiles between 6.9 and 7.8 h (c) and between 7.6 and 8.5 h (d). The profiles in panels (a) 
and (c) correspond to the µCT scans before the maximum shrinkage and shortly after, while the 

profiles in panels (b) and (d) correspond to the µCT scans at the maximum shrinkage and after. The 
dashed lines correspond to the bottom (h = 0 mm) and to the top of the sample. The time of 

maximum shrinkage is highlighted in red in the legends. The spacing between the profiles in each 
panel corresponds to a single µCT scan. The profiles were extracted from the AIRH and HEXH 

maps by excluding the values affected by the artifacts at the edges for better visualization. Reprinted 
from ref.107, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

dissipated with an average hexane volume fraction close to zero and an average vapor/air 

volume fraction at 73 vol %. Between 10 and 14 h, the volume fraction of vapor/air slightly 

increased as the gel re-expanded to reach a final value of 78 vol % (Figure 5.4d). 

The emergence of the vapor/air phase in the gels was referred to as the "cavitation 

onset" and was evaluated from the AIRH maps by extracting vertical volume fraction profiles 

near the start of drying (Figure 5.6). The vertical profiles indicated a nonzero amount of 

vapor/air from 2.0 h of drying in sample M4, with a higher concentration in the middle of the 

gel. Similar conclusions were drawn from the analysis of samples M1, M2, and M5. The only 

notable difference was a shift in the timing and duration of specific events such as the spring-

back effect and the emergence of the vapor/air phase (especially in sample M1) due to slightly 

different starting volumes of the gels and possibly drying conditions (Figure B.9 – Figure B.18). 

https://creativecommons.org/licenses/by/4.0/
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Figure 5.6 Vertical vapor/air profiles extracted from the AIRH maps of sample M4 between 2.0 and 

2.9 h. The dashed lines correspond to the bottom (h = 0 mm) and to the top of the sample. The 
spacing between each profile corresponds to a single µCT scan. Reprinted from ref.107, CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/). 

As an attempt to quantify the cavitation onset, the AIRH maps (Figure 5.4d and Figure B.12 

– Figure B.14d) were integrated over the height of the gel, giving an average vapor/air volume 

fraction. The cavitation onset was then defined as the drying time at which the average 

vapor/air volume fraction rose above an arbitrary volume fraction of 1 vol %. The time of 

cavitation onset for samples M1, M2, M4, and M5 was 2.93, 3.50, 3.64, and 3.43 h respectively. 

Additionally, the pore volume shrinkage was calculated at the cavitation onset. It was defined 

as 𝜈𝜈𝑝𝑝,𝑘𝑘cav = 𝑉𝑉𝑝𝑝,𝑘𝑘cav 𝑉𝑉𝑝𝑝,0⁄  where 𝑉𝑉𝑝𝑝,𝑘𝑘cav and 𝑉𝑉𝑝𝑝,0 is the pore volume at the cavitation onset and 

at the start of drying, respectively. The pore volume shrinkage was 64.1, 55.3, 52.7, and 51.8 

vol % for samples M1, M2, M4, and M5, respectively. The time and pore volume shrinkage of 

sample M1 seemed to deviate compared to those of the three other samples. The global µCT 

quantitative imaging analysis on that sample also showed deviations compared to the other 

samples (chapter 4). This sample put apart, the proximity of the results between the three other 

samples suggested that the cavitation onset was related to a particular state of the gel. Figure 

5.5a and Figure 5.6 showed a steady growth of the fraction of the vapor/air phase in the gel 

from the cavitation onset until the maximum shrinkage throughout drying, which was also 

observed in the other samples. Table 5.1 summarizes the properties of the gels upon the 

cavitation onset. 

To corroborate the observations made from the µCT measurements, the phase 

composition derived by modeling of the WAXS data was compared with the results from µCT 

modeling at a representative location in the gel. Although WAXS did not allow spatial 

resolution of the vapor-air phase, it could detect the emergence of a vapor-air phase prior to 

the maximum shrinkage. Figure 5.7 shows the hexane, skeleton, and vapor/air volume fraction 

profiles computed from both methods against a normalized time scale. The evolution of the  
 

https://creativecommons.org/licenses/by/4.0/


Solvent cavitation during ambient pressure drying 

75 

Table 5.1 Properties of all samples at the cavitation onset. 𝑡𝑡cav and 𝑡𝑡MS stand for the time of 
cavitation onset and the time of maximum shrinkage, respectively. The volume shrinkage is the ratio 
of the gel volume over the gel initial volume at the start of drying. Reproduced from ref.107, CC BY 

4.0 (https://creativecommons.org/licenses/by/4.0/). 

Sample 𝑡𝑡cav (h) 𝑡𝑡cav 𝑡𝑡𝑀𝑀𝑀𝑀⁄  Pore volume shrinkage 
at 𝑡𝑡cav (vol %) 

Volume shrinkage 
at 𝑡𝑡cav (vol %) 

M1 2.93 0.360 64.1 66.5 
M2 3.50 0.436 55.3 58.8 
M4 3.64 0.471 52.7 55.8 
M5 3.43 0.482 51.8 54.9 

 

scattering profiles in the 3−30 nm−1 region and examples of the data fit can be found in Figure 

B.19 and Figure B.20, respectively. The volume fraction profiles corresponded to the 

composition of the gels 4 mm above their bottom (where the X-ray beam probed the sample 

during the in operando X-ray scattering experiment). The profiles generated by these two 

methods were relatively consistent. The WAXS modeling results suggested a content of 14 

vol % of vapor/air in the gel before the maximum shrinkage, supporting the µCT results. The 

initial and final compositions of the gels were similar between both methods with variations 

of ca. 2 vol %. In the probed location, the fraction of vapor/air raised above 1 vol % at 𝑡𝑡 𝑡𝑡MS⁄ ≈ 

0.3 from the µCT measurement, and at 𝑡𝑡 𝑡𝑡MS⁄ ≈ 0.63 in the WAXS measurements (Figure 5.7). 

This cavitation onset in the gels dried in the µCT setup was lower than the values reported in 

Table 5.1 because it only accounted for the gas volume detected at a specific height in the gels. 

The differences observed between µCT and WAXS results during drying could be due to the 

different environments in the two experiments. Sample M6 dried faster in the scattering setup 

and reached the maximum shrinkage after ca. 4.3 h of drying versus ca. 7.5 h for the samples  

 
Figure 5.7 Average phase composition of gel M6 computed by WAXS modeling (full lines) along 
with the phase composition computed by µCT modeling, averaged over gels M1, M2, M4 and M5 

(dashed lines) at the same location in the gel. The time scale is normalized by the time of maximum 
shrinkage 𝑡𝑡MS, which was 4.3 h for the WAXS modeling and ca. 7.5 h for the µCT modeling. 

Reprinted from ref.107, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 
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dried in the µCT setup. This could suggest that the gel composition and the cavitation onset 

have a nonlinear dependency on the drying rate. Additionally, the lower skeleton volume 

fraction from WAXS modeling compared to µCT modeling could be related to the 

assumptions on the chemical composition and density of the silica skeleton set in the WAXS 

drying model. 

Evaporation Mechanisms. The spatial and temporal phase composition of the gels 

was interpreted in terms of evaporation mechanisms with an emphasis on cavitation. Based on 

the distribution and evolution of the hexane and vapor/air phases, it can be proposed that the 

evaporative drying of the silica gels prepared in this study proceeded in three distinct stages: 

(1) Evaporation by drying shrinkage from 0 to ca. 3.5 h. 

(2) Evaporation by a combination of cavitation and drying shrinkage from ca. 3.5 h to 

7.5 h (maximum shrinkage). 

(3) Evaporation by meniscus recession from ca. 7.5 h until complete evaporation of the 

remaining hexane.  

During stage (1), the hexane content decreased homogeneously without any vapor/air 

inclusions (Figure 5.4d) and the volume of hexane evaporated matched the volume shrinkage 

of the gel, which was consistent with the drying shrinkage model.65,176 During stage (2), the 

drying shrinkage proceeded until the maximum shrinkage was reached in parallel with the 

growth of a vapor/air phase in the gels. Both the µCT and WAXS results showed that 

vapor/air appeared ahead of the maximum shrinkage and increased steadily, and µCT volume 

fraction maps revealed a relatively homogeneous distribution of vapor/air across the whole 

gel’s volume (Figure 5.3d, Figure 5.5a, Figure 5.6), which suggested it was created by cavitation 

of hexane. In stage (3), the gel sprung back and a drying front was observed growing vertically 

through the sample (mostly downward). This stage was associated with the recession of the 

hexane-vapor interface into the pores and corresponded exactly to the re-expansion of the 

gels. Gels dried in the fume hood turned opaque upon re-expansion and gradually shifted 

toward a bluish color under a dark background, the latter being caused by Rayleigh scattering.200 

The time resolution of the µCT experiments did not allow us to distinguish potential adiabatic 

burst events. Presumably, no additional cavities were created ahead of the drying front in stage 

(3) as the vapor/air volume fraction did not increase at those locations (Figure 5.5a). The 

gradient in the hexane and vapor/air volume fraction along the height of the gel during the re-

expansion confirmed the heterogeneous nature of the spring-back effect, which was attributed 

to the design of the drying chamber used the µCT drying experiments. 
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The hypothesis of cavitation was indirectly supported by two experimental observations. 

First, the vapor-air phase grew uniformly without any visible drying front. This was 

inconsistent with an evaporation mechanism by recession of the meniscus, which would 

proceed by the ingress of the liquid−vapor interface into the pores, forming a drying front. It 

also seemed unfeasible that evaporation by drying shrinkage and meniscus recession occurred 

simultaneously in the gels, given that the recession of the meniscus would result in local 

relaxation of the capillary stress, whereas the drying shrinkage kept proceeding steadily 

throughout stage (2). The absence of a drying front supports evaporation by cavitation 

although it must be noted that this feature might also be associated with other mechanisms, 

such as fractal-like penetration of the vapor phase.201,202 Second, the gels turned opaque only 

upon re-expansion and not at the cavitation onset. The change of transparency during stage 

(3) arguably corresponded to the apparition of pores filled with vapor/air that showed a 

characteristic size large enough to scatter visible light (400− 700 nm). As such a change was 

not observed during stage (2), it suggested the absence of a continuous medium of vapor/air 

in the gels larger than 400 nm. This observation would be consistent with the growth of 

vapor/air within the gels by cavitation with cavities smaller than the wavelength of visible light. 

Nevertheless, it may be possible for gels to turn opaque upon cavitation.187–189 Those elements 

suggested that the vapor/air phase in the gel prior to the maximum shrinkage was not caused 

by meniscus recession but by cavitation of the solvent. Additionally, the cavitation onset 

coincided with a pore volume shrinkage of 51−64 vol % (Table 5.1). Because cavitation in 

porous materials depends on the porous media stiffness,178,180 which is closely related to the 

pore volume, the pore volume shrinkage is a critical parameter for the emergence of cavitation 

in the gels. As vapor/air bubbles appeared at the start of stage (2), they grew steadily and 

uniformly as shown by the vapor/air vertical distribution (Figure 5.4d, Figure 5.5a, Figure 5.6). 

This growth was consistent with the phenomenology of evaporation by cavitation and drying 

shrinkage. The first cavities were presumably created in large pores ahead of the outer surface 

of the gel, where the liquid confinement by the solid matrix was the smallest.178 At this stage, 

there was no deceleration of the volume shrinkage upon the emergence of vapor/air in the gel 

(chapter 4) As the drying shrinkage proceeded, the tension in the liquid rose, which enabled 

the nucleation of additional cavities in smaller pores and possibly the growth of already-created 

bubbles. Shortly before maximum shrinkage, the volume shrinkage decreased (chapter 4), 

which could indicate a stress release by cavitation. 

To assess whether cavitation can actually occur in silica gels filled with hexane, the 

pressure and required pore size were estimated following the arguments of ref.203 The energy 
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change associated with the creation of a spherical cavity of radius 𝑅𝑅 is 4𝜋𝜋𝑅𝑅3𝑝𝑝𝑙𝑙 3⁄ + 4𝜋𝜋𝑅𝑅2𝛾𝛾, 

with 𝑝𝑝𝑙𝑙 < 0 the pressure in the liquid.64,204 A bubble with a critical radius larger than 𝑅𝑅∗ =

−2𝛾𝛾 𝑝𝑝𝑙𝑙⁄  will spontaneously grow, and the corresponding energy barrier is Δ𝐸𝐸 = 16𝜋𝜋𝛾𝛾3 3𝑝𝑝𝑙𝑙2⁄ .204 

Cavitation can occur only in pores larger than 𝑅𝑅∗. According to the classical nucleation theory, 

the nucleation rate is203 

 𝐽𝐽 = 𝐽𝐽0𝑒𝑒−Δ𝐸𝐸 𝑘𝑘𝐵𝐵𝑇𝑇⁄  (5.16) 

where 𝐽𝐽0 is a prefactor in cm−3 s−1, 𝑘𝑘𝐵𝐵 is the Boltzmann constant, and 𝑇𝑇 is the temperature. 

Silica gels display a fractal structure156 with a wide size distribution of pores (1−100 nm).13 In 

silica gels, cavitation will occur in sufficiently large pores if the pressure generated at the 

meniscus (in smaller pores within the network) is large enough to generate a reasonable 

nucleation rate, as shown in eq. (5.16). At the meniscus, the pressure in the liquid is given by 

𝑝𝑝𝑙𝑙 = 𝑝𝑝0 − 2𝛾𝛾 𝑟𝑟⁄  (chapter 2.3) assuming that hexane fully wets the gel (𝜃𝜃 = 0), where 𝑟𝑟 is the 

smallest pore radius blocking the recession of the meniscus in the gel. In nanometric pores, 

|𝑝𝑝𝑙𝑙| ≫ |𝑝𝑝0| and the vapor pressure can be neglected.21 The energy barrier for the nucleation of 

a bubble can be rewritten as a function of the smallest pore radius: 𝐸𝐸 = 4𝜋𝜋𝛾𝛾𝑟𝑟2 3⁄ . Ref.203 

provides an estimate for the prefactor 𝐽𝐽0 for cavitation conditions: 𝐽𝐽0 = (2𝛾𝛾𝜌𝜌2𝑁𝑁𝐴𝐴3 𝜋𝜋𝑀𝑀𝑤𝑤
3⁄ )0.5, 

with 𝜌𝜌 being the liquid density, 𝑁𝑁𝐴𝐴 being Avogadro’s constant, and 𝑀𝑀𝑤𝑤 being the molar mass 

of the liquid. 

The nucleation rate of hexane in silica gels was then numerically estimated as a function 

of the smallest pore radius in the gel using eq. (5.16). The dependence of n-hexane surface 

tension on the temperature was taken into account using a modified van der Waals equation 

reported in ref.70 The results are shown in Figure 5.8. The nucleation rate showed an extreme 

dependence on the radius of the smallest pores. The liquid temperature also has a strong 

influence on the nucleation rate, promoting cavitation at higher temperatures as already 

reported elsewhere.181,182,184 

To evaluate what would be a reasonable nucleation rate for cavitation in silica gels, the 

numerical estimates of 𝐽𝐽 were compared with the experimental growth rate of vapor/air from 

the µCT analysis. The growth rate per unit volume and per unit time was calculated as 𝐽𝐽exp(𝑟𝑟) =

Δ𝑓𝑓a̅ir (Δ𝑡𝑡 ⋅ 4𝜋𝜋𝑟𝑟3 3⁄ )⁄ , where Δ𝑓𝑓a̅ir is the difference of the average volume fraction of vapor/air 

in gel M4 taken between 𝑡𝑡cav and 𝑡𝑡MS, with 𝑡𝑡cav the time of cavitation onset and 𝑡𝑡MS the time 

of maximum shrinkage, and Δ𝑡𝑡 = 𝑡𝑡cav − 𝑡𝑡MS = 4.1 h. Δ𝑓𝑓a̅ir Δ𝑡𝑡⁄  was a good approximation of 

the vapor/air growth rate (Figure B.21). The profile 𝐽𝐽exp(𝑟𝑟) corresponds to the creation of 

spherical vapor bubbles of radius 𝑟𝑟 that neither grow nor collapse during the time lapse Δ𝑡𝑡. 

The intersection between the profiles 𝐽𝐽 from the CNT estimations and 𝐽𝐽exp in Figure 5.8 gives 
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Figure 5.8 Calculated rate (full lines) of the formation of hexane bubbles 𝐽𝐽 as a function of the 
smallest pore radius 𝑟𝑟 blocking the recession of the meniscus at different liquid temperatures. 
Vapor/air growth rate (dashed line) was calculated from the µCT experiments on sample M4, 

assuming the creation of spherical bubbles of radius 𝑟𝑟. The black arrow depicts the temperature 
increase. Reprinted from ref.107, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

an approximation of the nucleation rate that would correspond to the growth rate of the 

vapor/air phase in gel M4. At 25 °C (average temperature in the µCT instrument), a nucleation 

rate of about 2·1015 cm−3 s−1 was found for a pore radius blocking the meniscus recession of 

𝑟𝑟 = 1.47 nm. Under these conditions, the liquid pressure would be 𝑝𝑝𝑙𝑙 ≈ −24 MPa, which was 

in good agreement with the values found by optical measurements of hexane desorption in 

alumina membranes.177 These results supported that hexane cavitation can occur in silica gels, 

which have a small enough pore size for the liquid to reach the negative pressure required to 

form hexane bubbles at a reasonable rate. However, those results did not consider the dynamic 

of hexane bubbles over time. The spontaneous growth of already formed bubbles could 

notably produce the vapor/air volume in sample M4 at a much lower nucleation rate; thus, 

cavitation might also occur at larger pore radii. On the other hand, the hexane temperature 

during drying was likely lower than 25 °C due to the latent heat of vaporization, and this would 

reduce the nucleation rate at a fixed pore radius. 

The timing and extent of cavitation could largely differ in gels resulting from different 

synthesis routes, depending on the porous network, stiffness of the solid matrix, and the nature 

of the solvent. Notably, in certain systems, cavitation may be absent. Cavitation in the silica 

gels synthesized in this study could have been facilitated by the presence of a thicker layer of 

silica on the outer surface of the gels, which may have formed during gelation in the molds. 

Such a shell with a smaller pore size would have a pore-blocking effect,183 generating a stronger 

capillary pressure during drying that enables nucleation of vapor/air bubbles ahead of the gel 

surface. Additionally, cavitation of solvents with a low surface tension (such as hexane) is 

facilitated since the free energy of cavitation bubbles is proportional to 𝛾𝛾3 at a given liquid 

https://creativecommons.org/licenses/by/4.0/
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pressure.64,203 As shown by the CNT estimations, the temperature at which hexane evaporation 

occurs has a significant influence on the cavitation rate. Performing ambient-pressure drying 

at higher temperatures may therefore reduce the drying stress and possibly allow the 

production of larger monolithic aerogels with higher spring-back efficiencies, which may be 

investigated in the future. To our knowledge, the effect of the drying temperature on the 

spring-back efficiency and size of monolithic aerogels has not been investigated, though 

sometimes temperatures of 50 °C and more have been used. The surface chemistry of the silica 

network may also play a role: defects on the silica surface (e.g., remaining silanol groups due 

to incomplete silylation) can enable heterogeneous nucleation of vapor/air bubbles which 

require less energy than homogeneous nucleation,186,205 meaning that cavitation can occur at a 

reduced liquid pressure. However, recent investigations in porous silicon suggest that 

desorption exclusively takes place through homogeneous cavitation in that system.177,181 This 

is attributed to the complete wetting of silicon and most surfaces by hexane, liquid nitrogen, 

and liquid helium, owing to their exceptionally low surface tension. Cavitation in silica gels 

could also be detected by complementary measurements and analyses, such as acoustic 

measurements206–208 and Small-Angle X-ray Scattering (SAXS),209 which were not conducted in 

this work. 

Reliability and Limitations. This section discusses the reliability of the µCT data 

reduction procedures and modeling and lists the artifacts generated experimentally and 

computationally. The GR maps of all samples indicated a heterogeneous distribution of the 

gray values along the gel radius at all drying stages (Figure 5.4a, Figure B.12a – Figure B.14a). 

This feature was also visible in the GHR maps to a lesser extent (Figure 5.3a, Figure B.9a – 

Figure B.11). Those variations were more pronounced near the maximum shrinkage. A spatial 

variability analysis revealed an exponential dependency of the gray values on the gel radius 

(appendix B.5). The relative increase of the gray values along the radius was correlated to the 

gel diameter and attributed to beam hardening,108 although potential heterogeneities in the 

skeleton concentration along the gel radius could not be excluded. A spatial variability analysis 

on the gray values across the gel’s height showed no sign of beam hardening. A similar analysis 

of the distribution of the gray values along the azimuth of the cylinders revealed slight 

variations that were caused by reconstruction artifacts rather than being a physical feature of 

the samples (appendix B.5). Darker lines can be seen on the top and bottom of the gel and its 

outer radius in the GHR maps (Figure 5.3a). These were caused by background inclusions in 

the masked images due to imperfect segmentation. Locally higher gray values were observed 

at a height of ca. 0.7 mm from the bottom of the gels (Figure 5.3a), which were reconstruction 
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artifacts due to the proximity of the sample to the bottom of the PEEK drying chamber and 

the low number of CT projections used for reconstruction. The artifacts in the GHR maps 

were propagated to the GR and GH maps, where similar features were observed at the vertical 

and radial edges of the samples. Despite these artifacts, the overall kinetics of the gray values 

in the GHR, GR, and GH maps were consistent with the results of the global quantitative 

imaging analysis (appendix B.6). This confirmed the reduction procedures could generate 

accurate representations of the shape-changing samples. The histograms of the GHR maps 

also showed a narrower distribution of the gray values compared to the histogram of the 

masked slices, as a result of the azimuthal integration (Figure B.31). Lastly, the gray values in 

the raw reconstructed slices were affected by the anode heel effect,133 which was corrected by 

the procedure reported in appendix A.3. 

The volume fraction maps were affected by the artifacts in the gray value maps. The 

abnormally high/low volume fraction of a given phase at the edges of the gel (Figure 5.3b–d 

and Figure 5.4b–d) corresponded to the locations where the segmentation included the 

background in the masked slices, which was interpreted in the drying model as a change in the 

composition. The abrupt changes at the top, bottom, and radial edges of the gels were thus 

treated as artifacts. The radial variations of the gray values were also propagated to the volume 

fraction maps, which can be seen, for example, in the increasing vapor/air volume fraction 

with the gel radius in the AIRR map of sample M4 before the maximum shrinkage (Figure 

5.4d). Those variations, being partially attributed to beam hardening, prevented making reliable 

interpretations of the radial distribution of hexane, skeleton, and vapor/air during drying. The 

vertical maps were the most reliable representations to quantify the phase composition of the 

gels as they appeared to be free of beam hardening artifacts. Nonetheless, the HEXHR, 

SKELHR, and AIRHR maps depicted qualitative aspects of the composition evolution during 

drying despite the artifacts in the radial direction. The kinetics of the hexane, skeleton, and 

vapor/air volumes were consistent with the results from the global quantitative imaging 

approach reported in chapter 4 besides some irregularities near the maximum shrinkage that 

were possibly related to the additional computational steps required in the presented method 

(appendix B.6). 

At the beginning of stage (3), as the drying front emerged on the top of the gel, an 

increase in the hexane concentration was observed in regions ahead of the drying front in all 

samples (Figure 5.5c, Figure B.16c – Figure B.18). A similar but opposite feature was observed 

in the vapor/air phase with a decrease in the vapor/air volume fraction at those locations. This 

phenomenon can also be seen in Figure 5.7, where the hexane and vapor/air volume fractions 



Solvent cavitation during ambient pressure drying 

82 

were computed at a constant height in the gel. Most likely this phenomenon was related to an 

artifact arising from the assumption of a temporally static skeleton distribution throughout 

drying. This assumption seemed valid for most of the drying process, as the volume shrinkage 

appeared to be uniform along the height and radius of the gel (Figure 5.3), but may present 

limitations at the onset of stage (3) due to the heterogeneous nature of the spring-back effect 

in this study. The HEXHR maps were computed based on an artificial MHR map 

representative of the dry gel, which was rescaled toward a target scan. That artificial MHR map 

was stretched by bilinear interpolation to fit the target scan domain and corrected by a scalar 

scaling factor given by the volume ratio between the source scan and the target scan. The 

overall volume of the gel increased at the spring-back, which decreased the rescaling factor 

𝛾𝛾𝑘𝑘𝑓𝑓→𝑘𝑘 used to compute the local hexane volume fraction (see eq. (5.5)), resulting in an effective 

increase of the local hexane volume fraction that did not account for the heterogeneous re-

expansion of the gel. This also resulted in an overall decrease of the vapor/air volume fraction 

ahead of the drying front, as it was calculated from eq. (5.3). Nevertheless, it could not be 

excluded that part of the observed variations were a physical feature of the sample. The sudden 

relaxation of the liquid tension could notably destabilize the equilibrium of the vapor/air 

bubbles close to the drying front and possibly result in a collapse of the cavities. This would 

increase again the tension in the liquid, which may pull more hexane ahead from the drying 

front, resulting in an effective increase of the hexane volume fraction at the corresponding 

location. Including the local re-expansion of the gel in the bilinear interpolation routine would 

require generating a dynamic mesh depending on both the shape changes and local gray values, 

which was out of the scope of this study. 

5.4 Summary 

This study addressed the evaporation mechanisms during the evaporative drying of silica gels 

by evaluating the spatial and temporal phase compositions modeled by µCT quantitative 

imaging. A noteworthy discovery was made, as the observed evolution of vapor/air content in 

the gels aligned with the concept of evaporation by cavitation initially theorized by Scherer and 

Smith in 1995. The presence of vapor and air in the gels before the maximum shrinkage was 

confirmed by WAXS modeling. The repartition of hexane and vapor/air in the gels was 

successfully computed by an in operando µCT workflow, which also demonstrated the 

potential of µCT quantitative imaging to generate local phase composition maps of the shape 

and composition of evolving materials. Based on these results, we proposed that the 
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evaporative drying of silylated silica gels proceeded in three stages: (1) evaporation by drying 

shrinkage; (2) evaporation by drying shrinkage and by cavitation; (3) evaporation by the 

recession of the meniscus, challenging the common drying model associated with sol−gel 

processes. The use of classical nucleation theory also permitted to derive the nucleation rate 

and smallest pore radius required to create the vapor/air volume computed by µCT 

quantitative imaging, which supported that cavitation can occur in silica gels. The emergence 

of cavitation was correlated with a pore volume shrinkage of about 50 vol % that was attributed 

to the critical point where the silica matrix stiffened enough to enable the nucleation of cavities. 

Cavitation started as early as 3.4 h of drying time, whereas the maximum shrinkage occurred 

at 7.6 h of drying. 

In general, this discovery highlights cavitation as a new potential mechanism for 

evaporation in silica gels and makes a valuable contribution to understanding drying processes 

in porous materials. Tailoring the evaporative drying process by cavitation could be 

advantageous in the production of monolithic aerogels as it would reduce the pressure 

gradients in the gels and alleviate the rise of the capillary pressure, which would in turn reduce 

the risk of cracks appearing during drying. This could be done by precise modulation of gel 

properties (specifically pore size and matrix stiffness) and optimization of drying conditions 

and may represent a promising route for substantial advancements in the fabrication of 

monolithic aerogels through ambient-pressure drying, a process currently constrained in its 

application. The study notably highlighted the potential of carrying out evaporative drying at 

temperatures higher than room temperature, which may promote cavitation. The 

characterization of cavitation in the drying process of silica gels could be expanded through 

the application of alternative nondestructive methodologies, including acoustic detection and 

SAXS.
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6 Plastic deformation and heat-enabled 
structural recovery of monolithic silica 
aerogels 
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6.1 Background 

The drying shrinkage, spring-back effect and re-expansion by annealing represent substantial 

deformations for a ceramic material, as silica gels can recover a shrinkage down to 17 – 20 % 

of their original volume (chapter 4 and ref.59). From a fundamental materials science 

standpoint, investigating the phenomenology of the deformations associated with these 

processes provides insights into the underlying principles governing the manufacturing process 

of aerogels. While the two previous chapters uncovered the phase composition changes and 

other work investigated nanostructural changes18,20 of silylated silica gels during drying and 

spring-back, the deformation mechanisms during the SBE and annealing remain mostly 

unexplored. It was recently proposed that the spring-back efficiency was correlated with the 

strain recovery of aerogels compressed uniaxially.68 This parallel opens the possibility of 

evaluating the deformation of silica aerogels in a controlled manner under a stable environment 

and on a two-phase material (silica-air). The latter aspect is especially interesting for the 

structural characterization of aerogels by X-ray or neutron scattering methods, which allow 

only limited interpretations when performed on drying gels due to the convolution of the signal 

arising from three different interfaces (silica-air-solvent).20 

The motivation behind the present study is twofold. Firstly, from an application 

perspective, there is a growing demand for structurally robust monolithic aerogels that can be 

utilized in various applications, including construction and insulation. Developing efficient 

production methods for such aerogels is essential for meeting the increasing demand for 

advanced insulation materials. Secondly, investigating the mechanical properties and annealing 

behavior of aerogels provides insights into the underlying mechanisms governing their 

structure-property relationships. To do so, uniaxial compression experiments are performed 

on native and annealed silica aerogels produced by a conventional APD process to characterize 

the macro- and nano-structural evolution during the deformations. This is achieved by 

monitoring the gels in-operando using synchrotron SAXS/WAXS measurements. The aim is 

to provide a systematic understanding of the deformation mechanisms in silica gels upon 

mechanical stimuli, as well as to draw parallels with the deformations related to the drying 

process.  
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6.2 Materials and Methods 

Synthesis. 30+ silica gels were prepared by a two-step sol-gel process with a TEOS precursor 

adapted from chapter 4. A sol was created by mixing TEOS, ethanol, water and hydrochloric 

acid. Additional ethanol, water and ammonium hydroxide was introduced to promote gelation. 

The solution was casted into cylindrical molds with a diameter and depth of 8 and 16 mm, 

respectively. The solvent exchange was conducted using a mixture of ethanol and n-hexane 

with a volume of 2.3 L of per mol of SiO2 and was done four times at intervals of 24 h. The 

surface modification was done in four steps, using a TMCS in hexane solution of 1.5, 1.5, 3 

and 3 vol % that was replaced every 24 h. The volume of the solution used was 1.4 L per mol 

of SiO2 at each step, resulting in a total TMCS/SiO2 molar ratio of 1.0. The gels were finally 

rinsed with 2.3 L of hexane per mol of SiO2 four times and were stored in hexane until drying. 

The reader is referred to chapter 4 for a complete description of the synthesis procedure. 

Evaporative drying and annealing. One sample was dried in-operando in a µCT 

instrument and the four other samples were dried at ambient pressure in a fume hood. The in-

operando drying procedure by µCT was adapted from chapter 4. The gel was transferred from 

its hexane solution and inserted in a tailored drying chamber placed in an EasyTom 160/150 

CT instrument (RX Solutions, Chavanod, France). 160 scans were acquired using a micro-

focus tube (tungsten filament) at 135 kV and 200 µA and a flat panel detector (cesium iodide 

scintillator). 64 projections were acquired in each scan for a duration of 1 min. Accounting for 

black and gain calibrations and motor displacements, a scan was taken every 6 min and the 

experiment lasted for a total of 16 h, corresponding to 161 scans. At the end of drying, the gel 

was taken out of the drying chamber. A hexane reference sample was measured immediately 

after by filling the chamber with hexane and closing it. 10 scans were acquired with the same 

parameters. In the meantime, the dry gel was weighted on a PCE-AB 100 (PCE Deutschland 

GmbH, Meschede, Germany) and was annealed in an oven at 230 °C for one hour. The gel 

was weighted again and was transferred back to the µCT drying chamber where a single scan 

was taken with the same parameters as before. The scans were done sequentially with no pause 

in between to prevent the build-up of instabilities in the X-ray tube. The sample dried in-

operando was referred to as HT1. The evolution of the average phase composition of HT1 

was computed by a µCT quantitative imaging approach with minor adaptations (appendix C.1). 

The apparent density, skeletal density and the porosity of the annealed gel were computed as 

𝜌𝜌HT = 𝑚𝑚HT 𝑉𝑉HT⁄ , 𝜌𝜌skel,HT = 𝑚𝑚HT 𝑉𝑉skel⁄  and 𝜙𝜙HT = 1− 𝑉𝑉skel 𝑉𝑉HT⁄ , respectively, where 𝑚𝑚HT is 
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the mass of HT1 after annealing, 𝑉𝑉HT is the total volume of the gel after annealing and 𝑉𝑉skel is 

the silica skeleton volume.  

The four other gels were transferred from their hexane solution into individual glass 

bottles with a lid in which a ~5 mm hole was drilled. The drying was carried out in a fume 

hood over 16 hours and the dry gels were then weighted. Three of the four gels were stored at 

ambient pressure and temperature; those samples were referred to as nHT1, nHT2 and nHT3. 

One sample was annealed at 230 °C for one hour and was weighted again. This sample was 

referred to as HT2. Samples HT1-2 and nHT1-2 were used for in-operando mechanical tests 

and sample nHT3 was used for ex-situ SAXS/WAXS measurements. The remaining gels were 

dried and annealed the same way as HT2 to characterize the weight loss upon annealing. 

Mechanical tests combined with X-ray scattering. Uniaxial compression of the 

specimen was conducted in-operando with a simultaneous acquisition of X-ray scattering data 

frames and digital pictures. The SAXS/WAXS measurements were conducted at the 

synchrotron BESSY II of the Helmholtz-Zentrum für Materialien und Energie (Germany, 

Berlin) at the µSpot beamline.195 The uniaxial compression tests were performed on a 

micromechanical device that was constructed specifically for in-operando experiments. The 

device consisted of a motor (PI C-863 M-403.1DG) augmented with stainless steel arms, on 

which were mounted a 250 N load cell (Althensensors) and two 8.5 mm wide cylindrical plates 

(Figure C.2). The micromechanical tester was installed on a moving stage at the beamline and 

was aligned such that the x-ray beam probed a fixed location at 3 mm below the top plate of 

the tester, while the bottom plate was actuated by the motor. A digital camera (TOOLKRAFT 

USB microscope, 5 MP) was placed perpendicular to the beam to monitor the sample 

geometry. Windows with a 7.5 µm thick kapton film were placed before and after the sample 

to protect the beamline equipment of eventual flying debris. Figure C.2b shows the 

experimental setup. 

Four samples were compressed at different maximum strains: 43 and 30 % for HT1, 

HT2, respectively, and 30 and 18 % for nHT1 and nHT2, respectively. The tests were carried 

out in displacement control mode at a loading and unloading rate of 5 and 1 strain % min-1, 

respectively, in accordance to ref.68 The height of the sample was defined at a pre-load of -0.5 

N. The unloading ended once the load went above -0.5 N, upon which the relaxation of the 

sample was monitored at a constant force of -0.5 N. The compression experiments were 

stopped after 50 min. X-ray scattering data frame were acquired every 5 sec, with an exposure 

of 1-2 sec depending on the specimen, and the background (including the kapton foils) was 

measured every 5 min by moving the sample laterally out from the beam. The force and 
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displacement values were recorded every 0.2 sec and digital pictures were taken every 2 sec. 

The data from those three methods were synchronized by interpolation on the time scale of 

the SAXS/WAXS measurements to enable a correlative analysis. 

The projected area of the samples was determined by segmenting the digital pictures in 

the software Dragonfly.130 The average diameter was then calculated by dividing the projected 

area by the height of the sample taken from the motor position of the micromechanical 

instrument. By assuming a perfect cylinder, the cross-section area was calculated from the 

average diameter and the gel volume was calculated from the height and diameter. The 

uncertainties were not calculated. The true stress was 𝜎𝜎 = 𝐹𝐹(𝜀𝜀𝑧𝑧) 𝐴𝐴(𝜀𝜀𝑧𝑧)⁄  with 𝐹𝐹 the force, 𝜀𝜀𝑧𝑧 the 

axial strain and 𝐴𝐴 the cross-section area. The apparent density during uniaxial compression was 

calculated as 𝜌𝜌(𝜀𝜀𝑧𝑧) = 𝑚𝑚 𝑉𝑉(𝜀𝜀𝑧𝑧)⁄ , with 𝑚𝑚 the sample mass. As the skeleton volume of HT1 is 

known from µCT quantitative analysis, the porosity of HT1 could be computed during 

compression as 𝜙𝜙(𝜀𝜀𝑧𝑧) = 1− 𝑉𝑉skel 𝑉𝑉(𝜀𝜀𝑧𝑧)⁄  by assuming that the sample remained monolithic 

throughout the mechanical test. After compression, sample HT1 was annealed a second time 

for one hour at 230 °C in an oven at the synchrotron facilities, and was scanned again 

afterwards. Sample nHT3 was scanned before and after one hour of annealing, and its height 

and diameter were measured using a micrometric caliper. 

The accessible q range was ca 0.1 – 30 nm-1. The beam energy was 18 keV. Pinholes 

were 30 and 70 µm of diameter, leading to a beam size of 30 µm. The beam stop was a lead 

rod of 125 µm diameter. The scattering data were normalized over the intensity of the primary 

beam, the transmission of the sample and a glassy carbon reference, and the background was 

subtracted accordingly. Furthermore, the scattering data were absolutely normalized over the 

specimen diameter. The scattering patterns were radially and azimuthally integrated to generate 

the profiles 𝐼𝐼(𝜒𝜒) and 𝐼𝐼(𝑞𝑞), respectively, where 𝐼𝐼 is the scattered intensity, 𝑞𝑞 is the momentum 

transfer in nm-1 and 𝜒𝜒 is the azimuth in degree. The radial integration was performed over 0.1 

– 0.2 nm-1 for the heat-treated gels, and over 0.1 – 0.6 nm-1 for the dry gels. The azimuthal 

integration was calculated over three domains: (1) for 𝜒𝜒 ∈ [0,360], (2) for 𝜒𝜒 ∈ [80,100] ∪

[260,280] referred to as the axial integration (along the load), and (3) for 𝜒𝜒 ∈ [−10,10] ∪

[170,190] referred to as the transverse integration (perpendicular to the load). The calculations 

of the fractal slope and Porod’s constant were performed in agreement with previous studies.20 

The Porod's slope was set constant at -4. The Q invariant was calculated as: 

 
𝑄𝑄 = � 𝐼𝐼(𝑞𝑞)𝑞𝑞2𝑑𝑑𝑞𝑞

𝑞𝑞max

𝑞𝑞min

+ � 𝐾𝐾𝑞𝑞−2𝑑𝑑𝑞𝑞
∞

𝑞𝑞
, (6.1) 
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where 𝑞𝑞min is the lowest accessible q value in the data, 𝑞𝑞max represents the lower limit of the 

Porod region and 𝐾𝐾 the Porod constant. The wide-angle signal past the Porod region was fitted 

with a sum of Pseudo-Voigt functions as reported in chapter 5. The scattering length density 

of the air-filled pores was 0, therefore the scattering length density difference between the silica 

skeleton and air was reduced to the one of the skeleton: 𝜌𝜌SLD, which was calculated on the first 

data frame of sample HT1 before compression and was then set constant:152 

 𝑄𝑄 = 2𝜋𝜋2𝜙𝜙(1− 𝜙𝜙)𝜌𝜌SLD2 , (6.2) 

with 𝜙𝜙 the porosity of HT1 computed by µCT quantitative imaging, which is known. The 

specific surface area (SSA) of this sample was calculated with: 

 SSA =
𝜋𝜋𝐾𝐾𝜙𝜙
𝜌𝜌𝑠𝑠𝑄𝑄

, (6.3) 

where 𝐾𝐾 is the Porod constant and 𝜌𝜌𝑠𝑠 is the skeletal density. The mean chord length was 𝑙𝑙 ̅ =

4𝑄𝑄 𝜋𝜋𝐾𝐾⁄ , and the mean chord length of the pores 𝑙𝑙𝑝𝑝 and the mean chord length of the silica 

skeleton 𝑙𝑙𝑠𝑠 were computed using 𝑙𝑙𝑝𝑝 = 𝑙𝑙 ̅ (1− 𝜙𝜙)⁄  and 𝑙𝑙𝑠𝑠 = 𝑙𝑙 ̅ 𝜙𝜙⁄ , respectively.145 The same 

quantities were also calculated for the other samples measured at the synchrotron by assuming 

they all shared the same skeletal density 𝜌𝜌𝑠𝑠𝑘𝑘𝑒𝑒𝑙𝑙 and scattering length density 𝜌𝜌SLD of the silica 

skeleton. This also enabled to compute the porosity of the samples by reversing eq. (6.2). 

6.3 Results and Discussion 

In this section, we present the results of our investigation on the expansion and structural 

changes of the aerogel samples induced by annealing, as well as their compressibility and strain 

recovery properties. We begin by discussing the observed alterations in structure following 

annealing, elucidating the impact on the overall morphology and pore architecture. 

Subsequently, we present the mechanical properties obtained from uniaxial compression tests, 

highlighting the differences between the behavior of dry and annealed samples under applied 

stress. Finally, we analyze the structural changes using X-ray scattering techniques, specifically 

focusing on WAXS data reflecting density changes upon deformation and SAXS data revealing 

pore structural rearrangements. The discussion part provides insights into the mechanisms 

governing structural changes during compression and the subsequent full recovery of shape 

and structure upon annealing. 

Expansion and structural changes upon annealing. The evolution of the total 

volumes of hexane, silica skeleton and vapor/air of HT1 throughout drying and annealing is 

shown in Figure 6.1a. The kinetics of hexane evaporation and vapor/air content was consistent 
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with the observations made on the samples from chapter 4, besides a slightly longer drying 

process due to a larger starting volume of the wet gel. The porosity of the wet gel was 94.3 ± 

0.1 vol % (95th percentile). The maximum shrinkage was reached after 8.8 h of drying where 

the gel volume was 14.4 ± 0.2 vol % of the original volume, and the gel sprung back to 26.5 

± 0.3 vol % of its original volume. Upon annealing, HT1 underwent a significant re-expansion 

and reached 85.5 ± 1.0 vol % of its original volume (Figure 6.1a) and a final apparent density 

of 120.4 ± 0.2 mg cm-3 and porosity of 93.4 vol %. The ex-situ samples dried slightly faster 

compared to HT1 as the design of the drying chambers was different. Similar re-expansion 

was observed for the other annealed samples but was not quantified. During annealing, HT1 

lost 0.6 ± 0.1 wt % of its weight. This weight loss was attributed to residual hexane in the dry 

gel, given that TMCS-modified silica gels are thermally stable (no oxidation) until at least 

260 °C.19,85 The statistical precision of the weight loss was assessed by measuring it on 33 

annealed samples (including HT1 and HT2), and the average weight loss was 0.33 ± 0.32 wt 

%. Although the error of these measurements was relatively high, it could be concluded that 

the weight loss was statistically significant and thus that it was a real feature of the thermal 

annealing process. The skeletal density of the annealed HT1 was calculated as 1.830 ± 0.002 

g cm-3 and was similar to the values reported in chapter 4. 

 
Figure 6.1 (a) Total volume of hexane, silica skeleton and vapor/air in gel HT1 during drying (full 

lines) and after annealing (scatter points). The error bands correspond to the 95th percentile. Dashed 
lines were drawn as visual aid. The top of the figure displays digital pictures of a gel from the same 

synthesis dried ex-situ at selected drying stages. From left to right: before drying, maximum 
shrinkage, after drying, and after annealing. (b) Scattering profiles 𝐼𝐼(𝑞𝑞) of gel nHT3 before and after 
annealing along with the intensity ratio of the annealed profile over the dry profile normalized by the 

sample apparent density: 𝐼𝐼HT(𝑞𝑞) 𝐼𝐼𝑑𝑑(𝑞𝑞)⁄ ⋅ 𝜌𝜌𝑑𝑑 𝜌𝜌HT⁄ . 
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The structural changes at the nanometer scale upon annealing were evaluated by 

SAXS/WAXS on a different sample to complement the µCT quantitative imaging analysis. 

The scattering profiles of sample nHT3 before and after annealing are shown in the top graph 

of Figure 6.1b. The overall decrease of the intensity in the wide-angle region (𝑞𝑞 > 8 nm-1) was 

consistent with the lower apparent density (higher porosity) of the annealed gel compared to 

the dry gel. At this scale, the scattering signal arises from the molecular structure of the silica 

skeleton,18,145 and as the apparent density decreased there were fewer scattering centers in the 

volume probed by the beam. This can also be seen in the bottom graph of Figure 6.1b showing 

the ratio of the annealed and dry gel intensity normalized by the gel apparent density, where 

the plateau extends down to 𝑞𝑞 ≈ 1 nm-1. The porosity of nHT3 was calculated from the Q 

invariant at 75.5 ± 0.0 and 90.7 ± 0.3 % before and after annealing respectively, which was 

slightly lower than the values calculated for HT1 by µCT quantitative imaging. This can be 

caused by slight differences in the spring-back efficiency of nHT3 compared to HT1, as the 

drying setup was different. Additionally, the thermal annealing of nHT3 was performed in a 

different oven and the heat-treatment may have been insufficient to complete the re-expansion 

of the specimen. The SSA was calculated at 1260 ± 18 and 1326 ± 19 m2 g-1 before and after 

annealing, respectively. The SSA of both gels was higher than the values previously reported 

for similar systems using nitrogen sorption measurements.19,51 Unlike X-ray scattering 

methods, nitrogen sorption of mesoporous materials such as silica aerogels can lead to 

underestimation of the porosity and SSA especially in compliant gels containing micropores,210 

which may explain in the observed differences between the two methods. Although relatively 

high, the specific surface area was arguably in the range of values for silica-based aerogels.13,49,57 

Significant changes were observed in the small-angle region with an increase of the 

intensity after heat-treatment from 𝑞𝑞 < 0.5 nm-1. The fractal region in the dry gel was identified 

from ca 0.4 to 2 nm-1 and was characterized by a mass fractal dimension at 2.16 ± 0.04. Upon 

annealing, the lower q limit of the fractal region extended outside of the accessible q window 

and the fractal dimension increased to 2.35 ± 0.01, where typical values for silica aerogels are 

1.8 – 2.4.156 The fractal dimension of aerogels is commonly used to describe the aggregation 

mechanisms during the sol-gel process,143 but can also be interpreted as the cluster 

compactness, where the local bulk density of an object of size 𝐿𝐿 is 𝜌𝜌 ∝ 𝐿𝐿𝐷𝐷𝑓𝑓−3, with 𝐷𝐷𝑓𝑓 the mass 

fractal dimension.156 The increase of the fractal dimension upon annealing could appear 

counter-intuitive, as the density of the gel decreased significantly which would rather be 

associated with less compact fractal clusters. However, these results can be interpreted by 

considering the pore size distribution in the gels. In chapter 4, it was proposed that the low 
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spring-back efficiency of the silica gels after drying was caused by a mechanical lock of the gel 

solid network. Although small, a residual amount of solvent in the dry gels may act as a 

mechanical locker, which could explain the relatively low spring-back efficiency. Therefore, 

the dry gel would be in a metastable state where pores were unable to fully re-expand past a 

critical size, resulting in a narrow range of pores size and a certain fractal dimension. 

Thermal annealing at mild temperature enables the evaporation of residual n-hexane and 

would also make the solid network more compliant, promoting the reordering of the silica 

skeleton and release entanglement of the silica clusters. These statements were supported by 

the increase in the specific surface area upon annealing, suggesting that new silica skeleton – 

air interfaces were created. More importantly, the pores would re-expand freely, which would 

reduce the density of small pores and create larger pores that were inexistent before annealing. 

The pore size range would thus be wider, with each pore size being less populated than before 

annealing. This would be translated into more compact clusters and thus in a larger fractal 

dimension, given that at any length scale within the fractal region, the density of pores 

decreased upon annealing.  

To test these statements, the correlation between the bulk density of the aerogels and 

their fractal dimensions was evaluated using a simple fractal model. For aerogels displaying a 

singular fractal structure, the density of the fractal clusters can be expressed as:146 

 
𝜌𝜌(𝜉𝜉) = 𝜌𝜌(𝑎𝑎) ⋅ �

𝜉𝜉
𝑎𝑎
�
𝐷𝐷𝑓𝑓−3

 (6.4) 

where 𝜉𝜉 is the mean size of the fractal cluster and 𝑎𝑎 is the size of the aerogel particles. The 

parameter 𝑎𝑎 was estimated as the radius of the silica particles, assuming a spherical shape. In 

this case, the relation between the mean chord length of the skeleton and the radius of the 

particles is given by 𝑙𝑙𝑠𝑠 = 4𝑅𝑅 3⁄ , with 𝑅𝑅 the particle radius.145,211 With the knowledge of 𝑙𝑙𝑠𝑠, the 

particle size was set as 𝑎𝑎 = 3𝑙𝑙𝑠𝑠 4⁄  and it corresponded to a radius 𝑅𝑅. The mean cluster size 𝜉𝜉 is 

the maximum length scale above which the structure can be considered as homogeneous and 

is thus characterized by a constant density.212 The mean cluster size is also a quantity 

representative of the largest pores within the fractal domain. Assuming that the density of the 

fractal clusters corresponded to the bulk density of the gels allowed to estimate the value of 𝜉𝜉 

according to eq. (6.4). By doing so, the mean cluster size before and after annealing was 

calculated at 7.49 ± 0.65 and 47.65 ± 2.50 nm, respectively (Figure C.3). In this case, given the 

definition of 𝑎𝑎, 𝜉𝜉 would also correspond to a radius. The increase in the mean cluster size upon 

annealing supported the hypothesis that the pores did not fully re-expand after drying due to 

some contraption. In the dry gel, the calculated cluster size corresponded approximately to the 
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start of the plateau at 𝑞𝑞 ≈ 0.1− 0.2 nm-1 assuming 𝜉𝜉 ≈ 1 𝑞𝑞⁄ . In comparison, the cluster size of 

a dry gel produced with a similar synthesis was reported as 6.3 nm by modeling the X-ray 

scattering data,20 which is in relatively good agreement with the current estimation. The particle 

radius before and after annealing was very similar at 1.30 ± 0.02 and 1.24 ± 0.02 nm, in good 

agreement with the average diameter of gels from a similar synthesis measured by TEM 

(chapter 3.1). This suggested a negligible impact of the annealing process on the silica 

nanoparticles.  

Compressibility and strain recovery. This section reports the mechanical properties 

of a dry (nHT1) and an annealed (HT1) sample during uniaxial compression. The true stress – 

strain curves of both samples are shown in Figure 6.2, along with the transverse vs axial strain. 

The maximum strain values were chosen based on ex-situ experiments, which showed that the 

critical strain at which mechanical failure of the samples occurred was about 36 and 48 % for 

a dry and an annealed gel, respectively (appendix C.2). The maximum strain for the nHT1 and 

HT1 was then set at 30 and 43 %, respectively to ensure their mechanical stability throughout 

the in-operando experiment and to prevent any damage to the equipment at the beamline. In 

all experiments, digital pictures and visual inspection of the samples after compression revealed 

no cracks and the samples stayed monolithic throughout the experiments. The stress reached 

in the annealed gel at the maximum strain was significantly lower than in the dry gel, so was 

the Young's modulus. The Young's modulus of silica aerogels has a power-law dependency on 

the gel bulk density:41,68,213 𝐸𝐸 ≈ 𝜌𝜌𝛼𝛼. An exponent of 4.2 was found by comparing those 

properties for HT1 and nHT1. 

 
Figure 6.2 (a) True stress versus absolute strain for samples nHT1 and HT1 including a relaxation of 

ca. 20 min. The maximum strain is 30 and 43 % for nHT1 and HT1, respectively. The Young's 
modulus 𝐸𝐸 is depicted on the corresponding profiles. (b) Transverse versus axial strain for nHT1 and 

HT1 during loading (starts at the point (0,0)) and unloading. The fit of the loading and unloading 
curves is shown in black dashed lines and the Poisson's ratio 𝜈𝜈 is depicted on top of the fitting curves. 

The error on Poisson's ratio is maximum 0.001. 
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The dry gel displayed a near viscoelastic behavior during uniaxial compression, showing 

a hysteresis upon unloading going close to a strain of 0 %. This represents a surprisingly high 

compressibility (30 %) and strain recovery given the rather high density of the dry gel (407 

mg cm-3). The residual strain was only 4.4 % after unloading. In comparison, studies have 

reported a fracture strain of 10 and 17 % for silica aerogels with lower densities at 34241 and 

18568 g cm-3, respectively. The strain recovery for the annealed gel (bulk density of 119 g cm-3) 

was much lower with a residual strain of 23.3 % after unloading. This irreversible deformation 

was indicative of a more plastic behavior of the annealed gel upon compression. Segmentation 

of the digital pictures taken throughout the mechanical tests (see Figure 6.3) allowed to 

quantify the transverse deformation and the Poisson's ratio 𝜈𝜈. The two gels behaved very 

differently with a near-zero lateral expansion in the annealed gel (𝜈𝜈 = 0.066) whereas the lateral 

expansion in the dry gel was much higher (𝜈𝜈 = 0.347). Silica aerogels typically have Poisson's 

ratio of about 0.2 – 0.23.214 Some reports of aerogels with near-zero or negative Poisson's ratio 

can be found in the literature, but the structure is usually tailored or made of different materials 

(composites) to achieve such low ratio.215–217 In comparison, the annealed aerogel produced in 

this study showed a very low Poisson's ratio considering that it was a pure silica aerogel. 

Interestingly, the Poisson's ratio calculated during unloading was the same for both gels at 

0.157. The uniaxial compression experiments on nHT2 and HT2 gave similar results, besides 

slightly different unloading Poisson's ratio at 0.143 and 0.117 for nHT2 and HT2, respectively 

(Figure C.5). The compressibility and strain recovery was then correlated with the associated 

structural evolution using X-ray scattering. 

Orientation changes of nanoscale features during compression. The orientation of 

the scattering signal from the SAXS/WAXS was first assessed given the anisotropic nature of 

the deformation in uniaxial compression experiments. Figure 6.3a and c show the X-ray 

diffraction patterns of HT1 and nHT1 within a q range of 0.33 nm-1 at selected compression 

stages along with the corresponding digital pictures. Throughout the compression of HT1, the 

diffraction patterns suggested a rather isotropic structure and an anisotropic scattering signal 

could only be appreciated upon radial integration of the images (Figure 6.3b). Those changes 

in the radially integrated profiles were smoothed by computing the intensity ratio relative to 

the unloaded state. The variations of intensity at small-angle were not only related to the 

structure at that given length scale, but also to the total number of scattering centers in the 

volume probed by the beam, which increased during loading since the bulk density of the 

sample also increased. Thus, the evolution in Figure 6.3b could only be interpreted as a slight 

increase of preferred orientation (texture) of the nanostructure during compression. After 
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unloading, the annealed gel retained a residual orientation (Figure 6.3b). The texture of the dry 

gel during loading was comparatively higher and could be seen directly in the diffraction images 

(Figure 6.3c). The created pattern is referred to as a butterfly pattern, and similar features have 

already been observed upon compression of native silica aerogels162 and hybrid silica 

aerogels,218 as well as tensile tests in semi-crystalline polymers.219 After unloading, the dry gel 

also retained some preferred orientation (Figure 6.3d). Interestingly, the scattering intensity 

along the axial direction (𝜒𝜒 = 90° and 𝜒𝜒 = 270°) returned close to its original value before 

compression for both specimen. This may however be due to different final bulk densities in 

the two samples after unloading, since the annealed gel showed much a larger irreversible 

deformation (Figure 6.2). The results from Figure 6.3 confirmed that the evolution of 

nanostructural features of both gels was anisotropic during compression. Splitting the axial 

and transverse contributions of the diffraction patterns allowed to assess the respective 

changes in the aerogels' structure. 

 
Figure 6.3 Pictures and diffraction patterns (a) and radially integrated scattering intensity ratio (b) of 

sample HT1 during uniaxial compression. Panels (c) and (d) show the same features for sample 
nHT1. The relative intensity is: 𝐼𝐼(𝜒𝜒, 𝜀𝜀) 𝐼𝐼(𝜒𝜒, 𝜀𝜀 = 0)⁄ . The color scales above panels (a) and (c) depicts 
the strain of the sample at the corresponding pictures and diffraction patterns for HT1 and nHT1, 

respectively. The color scale for the intensity of the diffraction patterns is shown on the bottom left 
of panels (a) and (c) and is logarithmic. The length scales and angular directions are depicted in 

panels (a) and (c). 
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Correlations between uniaxial compression and drying. The scattering profiles 

resulting from the azimuthal integration in the axial and transverse directions of samples HT1 

and nHT1 during uniaxial compression are shown in Figure 6.4, along with the intensity ratio. 

The same is shown in Figure C.6 for HT2 and nHT2. The ratio was defined as: 𝐼𝐼(𝑞𝑞, 𝜀𝜀) 𝐼𝐼0(𝑞𝑞)⁄ ⋅

𝜌𝜌0 𝜌𝜌(𝜀𝜀)⁄ , with 𝐼𝐼 and 𝐼𝐼0 the scattering intensity at a strain 𝜀𝜀 and at zero strain, respectively, and 

with 𝜌𝜌 and 𝜌𝜌0 the corresponding bulk density. First, an increase of the intensity was observed 

during loading independently of the q value (from brown to black), and a corresponding 

decrease (from black to blue) was observed during unloading (Figure 6.4a-d). This trend in the 

transverse direction has been reported elsewhere,218 though limited interpretations on the 

correlation with the nanostructure were provided notably due to experimental restrictions. The 

strain-dependent evolution of 𝐼𝐼(𝑞𝑞) was difficult to visualize due to the superposition of the 

profiles. As mentioned when discussing Figure 6.1b, the change of intensity in the wide-angle 

was correlated to the number of scattering centers in the region probed by the beam, and thus 

to the relative change in the gels density. A very good agreement has been found between the 

intensity ratio of the profiles in the wide-angle region and the relative increase of the gels 

density (appendix C.3). Thus, to enhance the changes in the nanostructure at the small-angle, 

the scattering profiles were normalized by the gel bulk density at a given strain and the ratio 

between the profiles relative to the unloaded state was computed. This allowed to omit the 

contribution of the increased material amount in the beam path. Additionally, the intensity 

ratios were split to separate the changes associated to the loading (Figure 6.4e-h) and unloading 

(Figure 6.4i-l) steps. 

During loading, the intensity in the small-angle region gradually decreased in the axial 

direction for both gels (Figure 6.4e,g). That evolution was consistent with the phenomenology 

of the compression of porous media where large pores are compressed first resulting in a shift 

of the pore size distribution to smaller lengths.114,220,221 Here an interesting parallel can be drawn 

with the drying of silica gels where a decrease in the intensity in the low q region has also been 

observed during drying shrinkage.20 Similarly to compression, drying shrinkage proceeds by 

the depletion (and contraction) of larger pores first, followed by smaller pores.15,21 This 

suggested similarities between the strain recovery after compression and the spring-back 

efficiency of ambient-pressure dried silica aerogels, as proposed by Sivaraman et al.68 This 

correlation could be further evaluated with the experiments performed on sample nHT2, 

which was compressed to a maximum strain of 18 % to mimic the linear strain that the gels 

experienced during drying (Figure C.5). The latter was assessed from the µCT analysis on HT1: 

the height of the gel at the maximum shrinkage was 82 % of the height after spring-back 
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(without annealing), corresponding to a strain of 18 %. The uniaxial compression experiments 

on nHT2 revealed an almost complete recovery of the deformation with a residual strain of 

only 1.87 % (Figure C.5), supporting the relationship between strain recovery and spring-back 

efficiency. nHT1 showed a slightly higher residual strain at 4.42 % when compressed to 30 % 

strain (Figure 6.2). X-ray scattering experiments suggested a significant recovery of the 

nanostructure in the axial direction for both dry samples within the accessible q range (Figure 

6.4k, Figure C.6k), strongly highlighting the reversible nature of the deformation. 

 
Figure 6.4 Scattering profiles of HT1 in the axial (a) and transverse (b) directions to the load and 

scattering profiles of nHT1 in the axial (c) and transverse (d) directions. Panels (e-j) display the ratio 
of the intensity at a given strain 𝐼𝐼(𝑞𝑞) relative to the native intensity before compression 𝐼𝐼0(𝑞𝑞), and 

normalized by the apparent density of the sample by multiplying the scalar 𝜌𝜌0 𝜌𝜌⁄ . The intensity ratio 
plots are split into the loading (e-h) and unloading (i-l) parts of the mechanical test corresponding to 
the HT1 and nHT1 samples in both axial and transverse directions. The strain value is indicated with 

a diverging colormap shown on top of panels (a,b) for HT1 data, and on top of panels (c,d) for 
nHT1 data. The insets in panels (a-d) are images of the sample depicting the integration cake used to 

reduce the scattering data (axial or transverse directions). 

Nevertheless, care has to be taken when comparing SAXS/WAXS data between a two-

phase (as during mechanical deformation) and a three-phase material (as during drying).18 

Moreover, it was shown that the gels synthesized in chapter 5 showed a significant amount of 

vapor/air before the maximum shrinkage, presumably due to solvent cavitation. The presence 

of vapor/air phase would alter the signal in the small-angle regime, making the results more 

difficult to interpret. Lastly, the comparison was limited to the axial deformations of the dry 

samples, since the scattering patterns showed an incomplete recovery of the nanostructure at 

low q along the transverse direction (Figure 6.4l, Figure C.6l). 

Evolution at the macro- and nanoscale. In this section, the nanostructural changes 

upon compression are interpreted by correlating the evolution of the scattering intensity and 

the macroscopic deformations. In the previous section, the in-operando compression of nHT1 
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revealed that both the strain and the nanostructure were restored along the direction of the 

load. A different evolution was observed along the transverse direction. While there was 

virtually no change of the nanostructure at 𝑞𝑞 > 0.2 nm-1, the scattering intensity increased 

slightly within 0.1 – 0.2 nm-1 and was not recovered upon unloading (Figure 6.4h,l). This 

suggested that the deformation perpendicular to the load was accommodated by the 

displacement of relatively large objects (𝑞𝑞 < 0.2 nm-1) whose structure remained similar at 

smaller length scales (𝑞𝑞 > 0.2 nm-1). At the macroscale, the transverse strain was substantial 

with an increase in the gel diameter of up to 11.5 % that did not return to its original value 

(Figure 6.2b). That strain was indicative of a lateral stress that is not or little constrained, 

enabling a lateral expansion in nHT1. By assuming the absence of lateral constraints at the 

nanoscale as well, the changes at the nanoscale could be interpreted by the sliding of large silica 

clusters (𝑞𝑞 < 0.2 nm-1) along each other in the axial direction and re-arranging themselves 

laterally. Such displacement would increase the population of these large objects in the 

transverse direction, which would be consistent with the observed evolution of the scattering 

profiles at the small-angle (Figure 6.4h,l). The residual nanostructural deformations after 

unloading would suggest an irreversible displacement of the silica clusters in the transverse 

direction. This was supported by the effectively larger diameter of the gels after uniaxial 

compression (Figure 6.2b). Interestingly, that feature was somehow similar to the re-expansion 

of the structure enabled by annealing, where the macroscopic re-expansion was accompanied 

by an increase of the scattering signal at the small-angle (Figure 6.1b). One could argue that 

the mechanical stimuli promotes the unlocking of the silica skeleton in a similar fashion as 

thermal activation, but to a lessened extent.  

In the annealed sample (HT1), the evolution of the scattering patterns during 

compression suggested that deformation of the nanostructure occurred at larger length scales 

than in the dry gel beyond the accessible q range (Figure 6.4e,f). The interpretation of the 

changes at the small-angle was thus limited, but a residual deformation of the nanostructure 

along the axial direction could clearly be identified after unloading, as the scattering profiles 

were not recovered in the small-angle (Figure 6.4i). Along the transverse direction, the intensity 

decreased slightly in the small angle but remained mostly identical as they were in the unloaded 

state (Figure 6.4j). This trend was very similar to the transverse strain of HT1 during 

compression as the diameter of the gel remained mostly identical with a near-zero Poisson's 

ratio (Figure 6.2). By relating those features at the macroscopic and nanoscopic scales, one 

could argue that except for the increase in the density during loading, the arrangement of the 

silica skeleton in the perpendicular direction to the load did not change, at least within the 
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accessible q range. By considering the substantial compressibility of HT1, the deformation 

mechanisms in the annealed gel could occur mostly through the shrinkage of large pores 

possibly beyond the fractal range. This hypothesis would be supported by the optical 

properties of the annealed gels that were almost completely opaque, suggesting a pore size 

within the range of visible light (400 – 700 nm). It may thus be possible for the silica clusters 

to displace themselves along the axial direction without generating force perpendicular to the 

load. Key features of the scattering patterns were quantified to bring more insights on the 

deformation mechanisms of HT1 and nHT1. 

Figure 6.5 shows the porosity, mean chord length of the pores 𝑙𝑙𝑝𝑝, fractal dimension and 

mean size of the clusters 𝜉𝜉 for HT1 and nHT1 during mechanical deformation. The mean size 

of the clusters was calculated with eq. (6.4) setting the density as 𝜌𝜌(𝜉𝜉) = 𝜌𝜌(𝜀𝜀) and the size of 

the particles as the radius 𝑎𝑎 = 𝑅𝑅(𝜀𝜀) with 𝜀𝜀 being the strain. The particle radius was rather 

constant for both samples throughout deformation (Figure C.8), so was the specific surface 

area (Figure C.9). All other properties showed variations throughout compression. Overall, 

nHT1 recovered its nanostructural characteristics after unloading and even showed a slight 

increase in 𝑙𝑙𝑝𝑝 and 𝜉𝜉, which was consistent with the expansion of the gel after unloading. On 

the contrary, 𝑙𝑙𝑝𝑝 and 𝜉𝜉 of HT1 were significantly reduced after compression, supporting 

irreversible nano-structural deformations. However, it must be noted that the mean cluster 

size 𝜉𝜉 computed in HT1 was likely non-representative of the real mean cluster size, as the 

assumption that the cluster density equals the bulk density may be invalid in the annealed gel. 

As mentioned previously, the visual opacity of the annealed gels suggested the presence of 

pores large enough to scatter light, and those pores' characteristic size may be beyond the 

fractal range. 

Interpretations on the fractal dimension. The evolution of the fractal dimension 

throughout uniaxial compression can be interpreted in a similar fashion as it was done for the 

annealing process. During the loading of the dry sample, the fractal dimension decreased in 

both directions, with more pronounced variations along the vertical loading direction (Figure 

6.5b). In parallel, the density of the sample increased from 403.6 to 470.0 mg cm-3 at the 

maximum strain (30 %). These observations were coherent with those made when comparing 

a dry and annealed gel (Figure 6.1): the fractal dimension decreased as the density increased. It 

is worth noting that the opposite trend has been observed in aerogels prepared with different 

synthesis conditions,146 but in that case it was correlated with the different growth mechanisms 

of the sol-gel synthesis. As discussed in literature, the change of the fractal behaviors of 

dynamically evolving systems (e.g. during drying) cannot be interpreted in terms of aggregation  
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Figure 6.5 Porosity, mean free path within the pores (𝑙𝑙𝑝𝑝), fractal dimension and mean length of the 

fractal cluster (𝜉𝜉) of samples (a) HT1 and (b) nHT1 during uniaxial compression. Time is represented 
on the bottom x-axis and the corresponding strain is depicted on the top x-axis with a non-linear 

scale. All data are shown in the axial and transverse directions except for the porosity. The error of 
the HT1 porosity during compression was not calculated, and the error of nHT1 porosity is lower 
than 0.08 %. The scatter points in each graph of panel (a) correspond to the properties of sample 

HT1 after the 2nd annealing and are connected with dashed lines for visual aid. The data points 
corresponding to the relaxation are not shown for clarity. 

mechanisms.20 During unloading, the fractal dimension increased and reached back slightly 

higher values than at the start of the experiment, similarly to other parameters (Figure 6.5b). 

We propose that the evolution of the fractal dimension in the dry gel was driven by a 

heterogeneous deformation of pores depending on their characteristic size. By assuming the 

compression of large pores during loading, the population of smaller pores must necessarily 

increase. Consequently, the fractal clusters within the corresponding length scale become less 

compact, which would be reflected by a lower fractal dimension. Based on this interpretation, 

the different evolution of the fractal dimension along the axial and transverse direction in the 

dry gel suggested an anisotropic shrinkage of pores upon compression. This was also 
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supported to some extent by a Poisson's ratio of 0.35 during loading as the gel expanded 

laterally (Figure 6.2). Morphologically, this could correspond to the contraction of a sphere 

onto an ellipsoid with the shortest axis pointing in the direction of the load, which would also 

be supported by the more pronounced reduction in mean cluster size axially (Figure 6.5). Such 

anisotropic deformation of the pores would be consistent with the deformation mechanism of 

the silica clusters proposed when discussing Figure 6.4. It has to be noted that this 

interpretation should lead to an increase in the scattering intensity at intermediate q values in 

the axial direction due to the vertical shrinkage of the pores, which was not observed (Figure 

6.4g). Nevertheless, recalling the considerations on the sliding of the silica clusters along the 

transverse direction, the increase of the population of small pores might produce a negligible 

change in vertical intensity compared to the re-arrangement of large pores in the transverse 

direction. 

The change in fractal dimension during loading of the annealed sample HT1 was 

significantly different than in the dry samples, showing opposite trends in the axial and 

transverse directions (Figure 6.5a). The variations were relatively small in comparison to the 

dry samples, and were within the error range in both directions. A similar evolution was 

observed for sample HT2 (Figure C.10). A sensitivity analysis on the q-range used to fit the 

fractal slope suggested that the increase of the fractal dimension in the axial direction during 

loading was a real feature, but also showed substantial fluctuations when changing the q-range 

(appendix C.4). Assuming that the fractal dimension stayed rather constant throughout 

loading, the compactness of the clusters remained similar over the fractal region suggesting 

that the silica clusters retained their structure within the observable q range. This behavior of 

the annealed gel would be coherent with the compression of pores larger than the mean size 

of the fractal clusters that was previously stated (Figure 6.4). According to the values of 𝜉𝜉 

computed with a simple fractal model, those pores would be larger than 100 nm that is beyond 

the small-angle observation window achieved in the current experiments. Besides the presence 

of large non-fractal pores, the annealed gels may also form a second fractal structure at a larger-

scale, as observed in composite aerogels.222 In both cases, this would mean that the hypothesis 

used in the simple fractal model from eq. (6.4) was invalid, as the bulk density would not 

correspond to the cluster density. The analysis of the same features for HT2 and nHT2 gave 

similar conclusions (Figure C.10). 

Lastly, the evolution of the mean chord length of the pores 𝑙𝑙𝑝𝑝 remained remarkably 

similar in the axial and transverse direction for both gels (Figure 6.5). This may seem in 

contradiction with the anisotropic deformation of the pores proposed by evaluating the fractal 
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dimension of the dry gel. However, that interpretation could remain valid by considering 𝑙𝑙𝑝𝑝 as 

a diffusion length,145 which would correspond to the average distance covered by an object 

driven by Brownian motion within the porous network. As the motion of such object would 

be statistically isotropic,223 it could be argued that 𝑙𝑙𝑝𝑝 is not affected by the anisotropic shrinkage 

of the pores in the axial and transverse direction but by the overall shrinkage of the porous 

media. 

Recovery of plastic deformations by annealing. After a second heat-treatment on 

HT1 after compression, the sample recovered almost completely the axial deformation and 

the volume returned to 98.5 % of the volume before compression. The scattering patterns 

after the 2nd annealing were virtually identical to the ones before the compression experiment, 

indicating a complete recovery of the nanostructure within the accessible q range (Figure C.12). 

This was observed in both axial and transverse directions, sign of no preferential orientation 

after annealing. All other properties (porosity, mean chord length of the pores, fractal 

dimension, mean size of clusters) also returned to their original values (Figure 6.5a). These 

observations supported the hypothesis of a mechanical lock of the silica network upon 

compression, eventually through the entanglement of the silica chains that relaxed when 

subjected to a thermal treatment. This capability of aerogels to restore macro- and nano-

structure upon a thermal treatment is also characteristic of a thermoplastic behavior in 

polymers, where the materials flexibility highly depends on the temperature.224,225 Table 6.1 

summarizes the properties computed before and after the annealing of a dry (nHT3) and a 

compressed (HT1) gel. 

In terms of applications, a mechanical lock of the silica network after drying or after 

mechanical compression by residual pore liquid and/or entanglement may be beneficial to 

prevent the development of stress gradients that can occur if the gel fully re-expands at room 

temperature. By providing subsequent thermal energy, the solid matrix may become more 

compliant allowing to complete the SBE while alleviating the risks of mechanical failure. 

Additionally, the ability to control the aerogel re-expansion by thermal activation could have 

direct applications, such as facilitating the incorporation of monolithic aerogels in window 

glazing systems.9 Tailoring the drying process to promote the occurrence of the SBE in two-

steps could also ultimately increase the size of the monoliths that can be produced by APD, 

which remains the most important limiting factor compared to supercritical drying.   
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Table 6.1 Summary of the properties of sample nHT3 in the dry and annealed states, and of sample 
HT1 in the dry, annealed, and annealed after compression states. The properties derived by µCT 

measurements are depicted with a superscript (*). The properties derived from the volume measured 
by a caliper are depicted with a superscript (**). HT1 in the dry state was not characterized by 

SAXS/WAXS, thus some properties could not be calculated. 

 Dry (nHT3) Annealed 
(nHT3) 

Dry (HT1) Annealed 
(HT1) 

Annealed after 
compression 
(HT1) 

Apparent density 
(mg cm-3) 

419.5 ± 
0.6** 

168.4 ± 
0.2** 

387.9 ± 
0.5* 

120.4 ± 0.2* 119.2 ± 0.2** 

Porosity (%) 75.49 ± 0.05 90.73 ± 
0.27 

78.80 ± 
0.24* 

93.42* 93.74 ± 0.28 

Fractal 
dimension (-) 

2.16 ± 0.04 2.35 ± 0.01 - 2.35 ± 0.00 2.35 ± 0.00 

Specific surface 
area (m2 g-1) 

1261 ± 18 1326 ± 19 - 1327 ± 14 1325 ± 15 

Particle radius 
(nm) 

1.30 ± 0.02 1.24 ± 0.02 - 1.24 ± 0.01 1.24 ± 0.01 

Mean chord 
length of the 
pores 𝑙𝑙𝑝𝑝 (nm) 

5.34 ± 0.08 16.15 ± 
0.53 

- 23.40 ± 
0.24 

24.71 ± 1.13 

Mean cluster size 
𝜉𝜉 (nm) 

7.49 ± 0.65 47.65 ± 
2.50 

- 83.41 ± 
3.40 

80.76 ± 3.45 

6.4 Summary 

This study elucidates several key aspects regarding the mechanical behavior and structural 

characteristics of silica aerogels and contribute to both, a better understanding on the 

deformation mechanisms in aerogels and on the processing of aerogels. The occurrence of the 

spring-back effect in two steps plays a crucial role in providing mechanical stability to the solid 

matrix, thereby preventing the development of stress gradients and subsequent mechanical 

fracture. The full recovery of both the macro- and nanostructure of silica aerogels through 

annealing emphasizes the programmable nature of aerogels whose re-expansion after drying 

or compression can be controlled by thermal activation. It also supports the hypothesis that 

partial spring-back is caused by the presence of residual solvent and the entanglement of silica 

clusters, preventing a full re-expansion of the pore volume. 

Correlations between long-range nanostructural changes and macroscopical 

deformations during mechanical tests highlight the intricate relationship between 

microstructure and mechanical behavior. Different deformation mechanisms were proposed 

for the dry and annealed gels, the former proceeding by large silica clusters sliding along 
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themselves in the axial direction and being redistributed laterally. For the annealed gels, 

deformation was accommodated by a sequential compression of large pores beyond the fractal 

range, resulting in a near-zero Poisson's ratio.  

Overall, these findings contribute to a deeper understanding of the mechanical and 

structural properties of silica aerogels as well as porous materials in general, paving the way for 

their enhanced utilization in various engineering and technological applications. 
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7 Summary and outlook 
The preparation of silica aerogels by ambient-pressure drying (APD) faces several challenges 

due to the difficulty of preserving the structural integrity of the gels upon evaporation of the 

pore liquid. Although surface modification enables to recover the drying shrinkage through 

the spring-back effect, silica gels are prompt to mechanical failure during the drying process. 

This leads to a decrease in thermal conductivity and optical transparency of aerogel products 

and limits the size of monolithic objects that can be produced, which remains a major 

limitation of the ambient-pressure drying process. There is thus an incentive to better 

understand the evaporative drying process, spring-back effect and related deformations of the 

silica gels. 

This thesis tackled these topics by studying two aspects that were interesting and yet 

unexplored. One aspect was to assess the kinetics and spatial distribution of the liquid and 

vapor phases in the gels during drying. In a first step, a sol-gel process was established to create 

silylated silica gels that demonstrated the spring-back effect and created monolithic aerogels. 

An experimental and analytical procedure based on X-ray micro-computed tomography (µCT) 

was developed to study the drying kinetics. This was framed into the first goal of this 

dissertation. In a second step, the µCT workflow was improved to enable spatial resolution of 

the gels' phase composition and a detailed interpretation of the evaporation mechanisms. This 

was framed into the second goal of this dissertation. The second aspect addressed the 

capabilities of silica aerogels to recover residual deformations by thermal activation. The 

structural changes of aerogels during mechanical compression and after subsequent annealing 

were characterized by small-angle X-ray scattering (SAXS) to shine light on the causes of 

causes of residual deformations. This was framed into the third goal of this dissertation.  

In the first goal, the average volumes of the silica skeleton, hexane and vapor phases in 

silylated silica gels were successfully computed by a µCT quantitative imaging workflow. The 

drying kinetic was outlined by a constant evaporation rate for the first 6 h of drying followed 

by a slight decrease until the maximum shrinkage at ca. 8 h of drying. After the maximum 

shrinkage, the evaporation rate decreased exponentially as the gels were re-expanding, which 

was attributed to a diffusion-limited desorption of hexane. The emergence of the spring-back 

effect (SBE) was correlated to an equal volume fraction of silica skeleton, hexane and 

vapor/air. On the one hand, this critical composition may correspond to the point where some 

pores were completely depleted of pore liquid, enabling a local relaxation of the drying stress. 
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On the other hand, this revealed that there was already a substantial amount of vapor/air in 

the gels before the maximum shrinkage, which was counterintuitive given the common models 

for evaporative drying of gels. The limited spring-back efficiency of the gels (ca. 30 vol %) was 

interpreted as a possible mechanical lock of the silica skeleton due to residual hexane or 

entanglement of the solid network. 

The reproducibility of the results between different samples highlights the potential of 

lab-source µCT methods to perform phase composition analysis. The method also allowed 

calculating the gels skeletal density, which was in relatively good agreement to values reported 

using helium pycnometry. Simulations using the µCT data collected on unmodified gels 

allowed to explain the surprisingly low values of skeletal density calculated in those samples by 

considering condensation reactions during drying. As the silica skeleton undergoes chemical 

transformations, it introduces more variables than equations in the drying model (notably by 

releasing water molecules), which prevents to compute the phase composition of unmodified 

gels.  

In the second goal, composition maps of hexane and vapor/air were successfully 

generated by further analyzing the µCT data collected during the drying of silylated silica gels. 

The spatial distribution of the gas phase in the gels combined with the observations made in 

the first goal allowed to draw a model of the evaporation mechanisms throughout APD. At 

first, evaporation proceeded by drying shrinkage as the volume loss of hexane perfectly 

matched the gel volume shrinkage. After about 3.5 h, a vapor/air phase started growing rather 

homogeneously across the gels volume. The spatial and temporal distribution of this gas phase 

suggested it was created by cavitation of hexane, which occurred in parallel to the evaporation 

by drying shrinkage. At ca. 7.5 h, a drying front emerged from the top of the gels and the 

fraction of vapor/air abruptly increased, which was attributed to the onset of evaporation by 

recession of the liquid-vapor interface. The presence of vapor/air prior to the maximum 

shrinkage was verified by modeling wide-angle X-ray scattering (WAXS) data collected in-

operando during drying. Estimations based on classical nucleation theory (CNT) were 

consistent with the growth rate of vapor/air determined experimentally by µCT and supported 

the hypothesis of hexane cavitation. The experimental observation of evaporation by 

cavitation in silica gels, as demonstrated in this study, expands our understanding of the APD 

process for the preparation of aerogels. 

The reliability of the results presented in this project was assessed by careful evaluation 

of the experimental and computational artifacts that may arise throughout the spatially resolved 

µCT quantitative imaging workflow. It was proposed that beam hardening had a non-negligible 
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effect on the composition maps, notably preventing to interpret the variations in composition 

along the gels' radius. Overall, the volume fraction maps derived by the local analysis of the 

µCT data were consistent with the average volumes computed in the first goal, supporting the 

validity of the workflow.  

In the third goal, the spring-back of the dry gels was completed by thermal annealing 

at 230 °C, resulting in a recovery to about 85 vol % of the alcogel volume. Re-expansion by 

thermal activation emphasized the reversibility of residual deformations related to drying 

shrinkage. The changes in fractal dimension, specific surface area and primary particle size of 

the gels upon annealing of a dry gel were interpreted as a broadening of the pore size 

distribution past a critical pore size towards larger pores. This strongly suggested that dry gels 

were in a metastable state where residual compressive stresses prevented the relaxation of the 

silica skeleton. Moreover, the occurrence of the spring-back in two-steps was shown to 

produce monolithic aerogels of high quality and reproducibility. Such a two-step SBE may be 

beneficial for the preparation of silica aerogels, as higher temperatures could reduce the risk 

of cracks during re-expansion by increasing the flexibility of the silica skeleton. Thermal 

annealing also enabled the recovery of residual deformations related to uniaxial compression 

tests. The aerogel structure was completely restored at a macroscale as well as at a nanoscale 

within the resolution range of the X-ray scattering experiments. The recovery capabilities of 

silica aerogels by thermal activation is interesting in terms of fundamental research, as it 

pictures different mechanical behaviors between viscoelasticity and plasticity depending on 

temperature. This finding notably uncovers the programmable nature of silica aerogels, which 

could have valuable applications in materials conception and engineering. 

In this project, the compressibility and deformation mechanisms of dry and annealed 

silica aerogels was also investigated. The annealed gel was highly compressible up to a strain 

of 43 %, but showed a more plastic behavior after unloading with a residual strain of 23.3 %. 

The dry gels were less compressible (30 %) and showed characteristics closer to viscoelasticity 

with a residual strain of only 4.4 %. The SAXS data collected in-operando during compression 

revealed different evolution of the nanostructure in the dry and annealed gels. Although 

interpretation of the SAXS data was limited, it was proposed that the uniaxial compression in 

the dry gel was accommodated by the re-arrangement of large silica clusters along the 

transverse direction. In the annealed gel, deformation could possibly occur through the 

collapse of large pores beyond the fractal range. 

The main findings of this dissertation were on the onset of evaporation by cavitation 

during APD and on the occurrence of the two-step spring-back controlled by thermal 
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activation. The author believes that these two aspects have an important role to play in the 

improvement of the APD process for the production of large monolithic silica aerogels by 

APD, and should thus be of high interest to investigate further. It should notably be assessed 

if performing APD at higher temperatures promotes evaporation by cavitation, and if it allows 

to create larger monolithic aerogels that way. In practice, this can be done by monitoring the 

APD process using the µCT workflow developed in this thesis, but solvent cavitation in gels 

should also be verified through other methods such as acoustic detection and light scattering. 

Additionally, further research could be done on the mechanisms of re-expansion upon 

annealing by performing in-operando µCT or SAXS/WAXS experiments. To this regard, it 

should also be assessed if a two-step SBE can produce larger crack-free aerogels than those 

produced via the one-step SBE.  

Prospectively, the µCT procedure could easily be adapted to the study of materials other 

than silica gels and could be interesting for the several facilities equipped with a lab-source CT 

instrument. While the local µCT analysis required much more data processing, modeling and 

careful interpretation of the CT artifacts, the first approach to compute the average phase 

composition can already provide valuable insights on materials undergoing time-dependent 

transformations.  
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Appendix A. In Operando µCT Imaging 
of Silylated Silica Aerogels 

 
Figure A.1 (a) Two-parts mold out of PEEK used for the casting of the gels. Each mold contains 

eight slots and each slot is 16 mm deep and is 8 mm in diameter. (b) Drying chamber used in the in-
operando µCT experiments. The inner and outer diameter of the chamber is 12 and 12.8 mm 

respectively, and the height is 24 mm. The diameter of the hole in the lid is 6 mm. Reprinted from 
ref.102, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

A.1 Automated segmentation procedure 

Each stack of slices generated by the reconstruction contained the signal of the sample, the 

chamber and the background (gas). Given the significant amount of datasets to process and 

the relatively simple geometry of the material, an automated segmentation approach was 

implemented in the software Dragonfly. Prior to this approach, an ROI separating the sample 

from the drying chamber was created manually and was unique to each sample. The automated 

segmentation procedure was run in the python console of Dragonfly. The main steps of the 

script were: 

d) Import of the reconstructed slices in the Dragonfly software. 

https://creativecommons.org/licenses/by/4.0/
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e) The raw reconstructed images are smoothened with a 2D square median filter (kernel 

size 7).  

f) The manual ROI is loaded. 

g) From the filtered images, an ROI foreground is created using the Otsu thresholding 

method. 

h) Intersection of the ROI foreground and the manual ROI.  

i) Processing of the ROI: 

1) The noise within the ROI foreground is reduced using the "close" morphological 

operation (2D, square) at a kernel size of 3.  

2) The background noise outside of the gel is reduced using the "open" 

morphological operation (2D, square) at a kernel size of 5.  

3) The largest volume of the foreground ROI in terms of voxel count is isolated by 

connected component labelling (6-connected), resulting in the final ROI. 

The different steps of the procedure are illustrated in Figure A.2. 

 
Figure A.2 Reconstructed µCT images of the gel in the chamber at 𝑡𝑡 = 𝑡𝑡0 along with ROIs at 

different steps of the segmentation. (a) Raw µCT image with a scale bar. (b) Filtered image. (c) 
Manual ROI excluding the chamber. (d) Foreground ROI from Otsu thresholding. (e) Intersection of 

foreground and manual ROI. (f) Final ROI. Reprinted from ref.102, CC BY 4.0 
(https://creativecommons.org/licenses/by/4.0/). 

The following quantities were calculated in Dragonfly: 

https://creativecommons.org/licenses/by/4.0/
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a) The volume of the gel: 𝑉𝑉�𝑘𝑘 was given by the voxel count in the final ROI. 

b) The surface of the gel in each vertical slice: 𝐴𝐴𝑖𝑖,𝑘𝑘 was computed on the final ROI using 

the slice analysis plugin in Dragonfly. 

c) The average gray value of the gel in each vertical slice: 𝑔𝑔�𝑖𝑖,𝑘𝑘 was computed on the raw 

reconstructed slices masked by the final ROI using the slice analysis plugin. 

Where 𝑖𝑖 corresponds to the slice number or to the height of the gel and 𝑘𝑘 to the scan number. 

A.2 Correction of the gel's volume 

The accuracy of the automated segmentation script was assessed by performing manual 

segmentations on 11 randomly selected µCT scans for different samples and at different drying 

stages. The manual segmentation was assumed to be flawless and thus provided a reference 

measurement of the volume of the gel. The difference between automated and manual 

segmentations was quantified by calculating the relative volume difference obtained by both 

methods. The relative volume difference was defined as: 

 
𝛿𝛿 =

𝑉𝑉manu − 𝑉𝑉�

𝑉𝑉�
⋅ 100%, (A.1) 

where 𝑉𝑉manu and 𝑉𝑉�  are the volumes computed by manual and automated segmentation 

respectively. Figure A.3 shows the relative volume difference for the 11 µCT scans. 

 
Figure A.3 Relative difference of the gels volume between manual segmentation and automated 

segmentation on different samples and at different drying time. Reprinted from ref.102, CC BY 4.0 
(https://creativecommons.org/licenses/by/4.0/). 

The gel volume computed by automated segmentation was always overestimated 

compared to the manual segmentation. No trend of the sample, sample type (modified vs 

unmodified) or drying time was identified. On average, the relative difference was 𝑢𝑢𝛿𝛿 =
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−0.822 vol.%. The volume of the gels computed by automated segmentation was corrected 

with: 

 𝑉𝑉 = �1 +
𝑢𝑢𝛿𝛿

100
� ⋅ 𝑉𝑉� , (A.2) 

where 𝑉𝑉 is the corrected volume. The error and error propagation on the volume was 

calculated in appendix A.4. 

A.3 Correction of the anode heel effect 

During the first drying stage of the gels, the gray values of the slices decreased linearly from 

the top to the bottom of the gel (Figure A.4). The bump of gray values at the bottom of the 

gel was caused by the gel's proximity to lower region of the PEEK chamber, which had a 

higher X-ray absorption. Potential heterogeneities in the gels were ruled out, since the slope 

of the linear region kept its sign and magnitude when the gels were flipped upside down. The 

difference in gray values between the top and the bottom of the gel ranged from 0.9 to 1.4 % 

of the 255 gray values and had a non-negligible impact in the quantitative imaging analysis. 

The gray value gradient was due to the anode heel effect,133 a common phenomenon in X-ray 

tubes, and was already present in the µCT projections.  

 
Figure A.4 Example of the anode heel effect in the reconstructed slices of a gel at 𝑡𝑡 = 𝑡𝑡0 or 𝑘𝑘 = 0. 
(left) 3D volume after segmentation. (right) Gray value profile 𝑔𝑔�𝑖𝑖,𝑘𝑘=0; the left Y axis on the graph 
represents the position of the voxels in the z-axis of the cylinder, or the slice number 𝑖𝑖. Reprinted 

from ref.102, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

The gray value profiles 𝑔𝑔�𝑖𝑖,𝑘𝑘 from the automated segmentation procedure were corrected 

by assuming that the phase composition in the gels was homogeneous until a certain scan 

https://creativecommons.org/licenses/by/4.0/
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number 𝑘𝑘 = 𝑘𝑘𝑐𝑐 near the point of maximum shrinkage. The time values 𝑡𝑡𝑘𝑘=𝑘𝑘𝑐𝑐 are reported in 

Table A.1 for each gel. The corrected profiles 𝑔𝑔𝑖𝑖,𝑘𝑘 were calculated as follows: 

a) Linear regression on 𝑔𝑔�𝑖𝑖,𝑘𝑘 versus 𝑖𝑖, where 𝑖𝑖1 < 𝑖𝑖 < 𝑖𝑖2 and 𝑘𝑘 < 𝑘𝑘𝑐𝑐 , with 𝑖𝑖1 and 𝑖𝑖2 the 

range over which the fit is performed, resulting in a set of slopes 𝑚𝑚𝑘𝑘. 

b) Tilting of 𝑔𝑔�𝑖𝑖,𝑘𝑘 with 𝑚𝑚𝑘𝑘 and around a pivot 𝑖𝑖𝑝𝑝: 

 𝑔𝑔𝑖𝑖,𝑘𝑘 = 𝑔𝑔�𝑖𝑖,𝑘𝑘 + �𝑖𝑖𝑝𝑝 − 𝑖𝑖� ⋅ 𝑚𝑚𝑘𝑘 . (A.3) 

The pivot 𝑖𝑖𝑝𝑝 is the slice number on which the reconstruction corresponds to the horizontal 

array of pixels of the detector located at mid-height, in alignment with the incoming X-ray 

beam (Table A.1). 𝑖𝑖𝑝𝑝 could be arbitrary, as long as it stays constant for a given sample. The 

center of the detector was chosen because it is normally the region where the features of a CT 

scan are best resolved. After correction, the global gray value 𝐺𝐺𝑘𝑘 was calculated by taking the 

average of the gray value profiles for 𝑘𝑘 < 𝑘𝑘𝑐𝑐 : 

 
𝐺𝐺𝑘𝑘<𝑘𝑘𝑐𝑐 =

1
𝑉𝑉�𝑘𝑘
�𝑔𝑔𝑖𝑖,𝑘𝑘 ⋅ 𝐴𝐴𝑖𝑖,𝑘𝑘

𝑁𝑁

𝑖𝑖

, (A.4) 

where 𝑉𝑉�𝑘𝑘 and 𝐴𝐴𝑖𝑖,𝑘𝑘 are respectively the gel's uncorrected volume and the area of the slices 

calculated in appendix A.1 and 𝑁𝑁 is the total number of slices. At 𝑘𝑘 ≥ 𝑘𝑘𝑐𝑐 , the gray value profiles 

become more complex due to the heterogeneous spring-back effect (Figure A.5).  

 
Figure A.5 Example of the anode heel effect in the reconstructed slices of a gel at 𝑘𝑘 = 𝑘𝑘𝑐𝑐 . (left) 3D 

volume after segmentation. (right) Gray value profile 𝑔𝑔�𝑖𝑖,𝑘𝑘=𝑘𝑘𝑐𝑐; the left Y axis on the graph depicts the 
position of the voxels in the z-axis of the cylinder, or the slice number 𝑖𝑖. Reprinted from ref.102, CC 

BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

The gray value profiles 𝑔𝑔�𝑖𝑖,𝑘𝑘 for 𝑘𝑘 ≥ 𝑘𝑘𝑐𝑐 can be corrected taking advantage of the slopes 

calculated at 𝑘𝑘 < 𝑘𝑘𝑐𝑐 . To each slope 𝑚𝑚𝑘𝑘 corresponded a global gray value 𝐺𝐺𝑘𝑘, therefore the 

https://creativecommons.org/licenses/by/4.0/
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slope can be expressed in function of a gray value: 𝑚𝑚𝐺𝐺𝑘𝑘 for 𝑘𝑘 < 𝑘𝑘𝑐𝑐 . 𝑚𝑚𝐺𝐺𝑘𝑘 was fitted with a 

decaying exponential function, resulting in a function 𝑚𝑚∗(𝑔𝑔) which allowed to extrapolate the 

slope for gray values outside the range of 𝐺𝐺𝑘𝑘<𝑘𝑘𝑐𝑐 : 

 𝑚𝑚∗(𝑔𝑔) = 𝐴𝐴 ⋅ 𝑒𝑒−𝐵𝐵⋅𝑔𝑔 + 𝐶𝐶, (A.5) 

where 𝐴𝐴,𝐵𝐵 and 𝐶𝐶 are the parameters resulting from the fit. Figure A.6 shows an example of 

𝑚𝑚𝐺𝐺𝑘𝑘 and the corresponding fit with 𝑚𝑚∗(𝑔𝑔).  

 
Figure A.6 Example of the original (scatter) slope 𝑚𝑚𝐺𝐺𝑘𝑘 from the linear regression on 𝑔𝑔�𝑖𝑖,𝑘𝑘 plotted vs 𝐺𝐺𝑘𝑘 

for 𝑘𝑘 < 𝑘𝑘𝑐𝑐 and the fitted (gray line) slope 𝑚𝑚∗(𝑔𝑔). The points 𝑚𝑚𝐺𝐺𝑘𝑘 at the lowest gray values 𝐺𝐺𝑘𝑘 were 
excluded upon fitting due to beam instabilities at the beginning of the drying. Reprinted from ref.102, 

CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

The correction of the gray value profiles 𝑔𝑔�𝑖𝑖,𝑘𝑘 for 𝑘𝑘 ≥ 𝑘𝑘𝑐𝑐  was then done similarly as in eq. 

(A.3) using: 

 𝑔𝑔𝑖𝑖,𝑘𝑘 = 𝑔𝑔�𝑖𝑖,𝑘𝑘 + �𝑖𝑖𝑝𝑝 − 𝑖𝑖� ⋅ 𝑚𝑚∗�𝑔𝑔�𝑖𝑖,𝑘𝑘�. (A.6) 

After correction, the global gray value 𝐺𝐺𝑘𝑘 was calculated with eq. (A.4). Figure A.7 shows the 

two gray value profiles of the gel at 𝑘𝑘 = 0 and 𝑘𝑘 = 𝑘𝑘𝑐𝑐 (shown in Figure A.4 and Figure A.5) 

before and after correction. 
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Figure A.7 Original (full line) and corrected (dashed line) gray value profiles at 𝑘𝑘 = 0 (black) and 𝑘𝑘 =
𝑘𝑘𝑐𝑐 (red). The correction was done at the pivot 𝑖𝑖𝑝𝑝 = 628. The global gray values read 𝐺𝐺𝑘𝑘=0 = 138.9 

and 𝐺𝐺𝑘𝑘=𝑘𝑘𝑐𝑐 = 162.1. Reprinted from ref.102, CC BY 4.0 
(https://creativecommons.org/licenses/by/4.0/). 

A.4 Error propagation 

Individual error. The quantitative imaging procedure generated two quantities: the volume 

of the gel 𝑉𝑉𝑘𝑘 and the global gray value 𝐺𝐺𝑘𝑘. The error on the volume was calculated from the 

relative volume difference 𝛿𝛿 between the volume computed by the automated segmentation 

procedure and the volume resulting from a manual segmentation (appendix A.2). The error on 

the gray values could not be computed from the µCT scans of the silica gels, as the gray values 

were changing during drying. Instead, the error of the gray values was calculated from the data 

on the hexane reference sample (Figure 4.5c) and was also used as the error of the gray values 

of the drying gels 𝐺𝐺𝑘𝑘. The distribution of both the volume and the gray value quantities were 

compared to a normal distribution in a quantile-quantile (Q-Q) plot (Figure A.8). For the 

volume, the Q-Q plot was constructed on the eleven values of 𝛿𝛿 and for the gray values it was 

constructed on the global gray value 𝐺𝐺hex,𝑘𝑘 in the last 137 µCT scans. 
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Figure A.8 (a) Normal Q-Q plot of the relative volume difference in vol.%. (b) Normal Q-Q plot of 

the global gray values 𝐺𝐺ℎ𝑒𝑒𝑒𝑒,𝑘𝑘 of the reference hexane sample. Reprinted from ref.102, CC BY 4.0 
(https://creativecommons.org/licenses/by/4.0/). 

In both distributions, the linearity of the points suggested that the data were normally 

distributed. We can write: 𝛿𝛿~𝑁𝑁(𝑢𝑢𝛿𝛿 ,𝜎𝜎𝛿𝛿) with a mean of 𝑢𝑢𝛿𝛿 = -0.822 vol.% and a standard 

deviation of 𝜎𝜎𝛿𝛿 = 0.578 vol.%; 𝐺𝐺hex~𝑁𝑁�𝑢𝑢𝐺𝐺hex ,𝜎𝜎𝐺𝐺� with a mean of 𝑢𝑢𝐺𝐺hex = 131.8905 and a 

standard deviation of 𝜎𝜎𝐺𝐺 = 0.0092. The error on the volume depended on the volume itself 

due to the definition of 𝛿𝛿 in eq. (A.2). Therefore, for 𝛿𝛿~𝑁𝑁(𝑢𝑢𝛿𝛿 ,𝜎𝜎𝛿𝛿), the volume followed a 

normal distribution 𝑉𝑉𝑘𝑘~𝑁𝑁�𝑢𝑢𝐿𝐿𝑘𝑘 ,𝜎𝜎𝐿𝐿𝑘𝑘� with: 

 𝑢𝑢𝐿𝐿𝑘𝑘 = �1 +
𝑢𝑢𝛿𝛿

100
� ⋅ 𝑉𝑉𝑘𝑘 , (A.7) 

 𝜎𝜎𝐿𝐿𝑘𝑘 =
𝜎𝜎𝛿𝛿

100
⋅ 𝑉𝑉𝑘𝑘 . (A.8) 

The global gray values of the gel followed a normal distribution centered around the 

experimental value of 𝐺𝐺𝑘𝑘, given by 𝐺𝐺𝑘𝑘~𝑁𝑁�𝑢𝑢𝐺𝐺𝑘𝑘,𝜎𝜎𝐺𝐺�, with: 

 𝑢𝑢𝐺𝐺𝑘𝑘 = 𝐺𝐺𝑘𝑘 , (A.9) 

 𝜎𝜎𝐺𝐺 = 0.00923. (A.10) 

Numerical error propagation. The error propagation was done numerically using the 

numpy.random library from NumPy.192 It was performed independently for the couples of values 

(𝑉𝑉𝑘𝑘 ,𝐺𝐺𝑘𝑘) using populations of 10'000 values for each distribution. At a given scan number 𝑘𝑘, 

two populations 𝑉𝑉𝑘𝑘,𝑙𝑙 and 𝐺𝐺𝑘𝑘,𝑙𝑙 were generated from 𝑉𝑉𝑘𝑘~𝑁𝑁�𝑢𝑢𝐿𝐿𝑘𝑘 ,𝜎𝜎𝐿𝐿𝑘𝑘� and 𝐺𝐺𝑘𝑘~𝑁𝑁�𝑢𝑢𝐺𝐺𝑘𝑘 ,𝜎𝜎𝐺𝐺�, with 

0 ≤ 𝑙𝑙 < 10′000. Since the RAC of hexane was assumed to be constant during drying, a single 

population 𝐺𝐺hex,𝑚𝑚 from 𝐺𝐺hex~𝑁𝑁�𝑢𝑢𝐺𝐺ℎ𝑒𝑒𝑒𝑒 ,𝜎𝜎𝐺𝐺� with 0 ≤ 𝑚𝑚 < 10′000 was used for the 

computation for all 141 points in time and was not regenerated at each iteration. At a given 

scan number 𝑘𝑘, the variables of interest were calculated from 𝑉𝑉𝑘𝑘,𝑙𝑙, 𝐺𝐺𝑘𝑘,𝑙𝑙 and 𝐺𝐺ℎ𝑒𝑒𝑒𝑒,𝑚𝑚 resulting in 
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10'000 estimates of each of these variables. The error propagation was not performed on 

quantities that were averaged over a duration, like the skeleton volume 𝑉𝑉skel. For example, the 

estimates of 𝑉𝑉hex,𝑘𝑘∗ at an arbitrary scan number 𝑘𝑘∗ were calculated as: 

 

𝑉𝑉hex,𝑘𝑘∗,𝑛𝑛 =
�
𝐺𝐺𝑘𝑘∗,𝑛𝑛
255 (𝑏𝑏 − 𝑎𝑎) + 𝑎𝑎�𝑉𝑉𝑘𝑘∗,𝑛𝑛 − 𝜇𝜇skel𝑉𝑉skel

�
𝐺𝐺ℎ𝑒𝑒𝑒𝑒,𝑛𝑛

255 (𝑏𝑏 − 𝑎𝑎) + 𝑎𝑎�
, 0 ≤ 𝑛𝑛 < 10′000. (A.11) 

In eq. (A.11), the RAC was expressed as a gray value with 𝜇𝜇 = 𝑔𝑔 ⋅ (𝑏𝑏 − 𝑎𝑎) 255⁄ + 𝑎𝑎. From the 

estimates of the variables of interest, the 95th percentile was computed and was used to show 

the error bands in Figure 4.4, Figure 4.5, Figure 4.6 and Figure A.14, Figure A.16, Figure A.17. 

A.5 Simulations of condensation reactions 

Assumptions. The simulations were performed by allowing a variation of 𝜇𝜇𝑠𝑠𝑘𝑘𝑒𝑒𝑙𝑙 and 𝑉𝑉𝑠𝑠𝑘𝑘𝑒𝑒𝑙𝑙 

during drying to translate the condensation reactions resulting in the creation of water in the 

silica gels. Only the reactions between silanol groups were considered, the condensation 

reactions between remaining alkoxide and hydroxyl groups were not considered. The 

assumptions were: 

a) At the beginning of drying for 𝑘𝑘1 ≤ 𝑘𝑘 ≤ 𝑘𝑘2, the skeleton RAC and volume are 

constant: 𝜇𝜇skel,𝑘𝑘1≤𝑘𝑘≤𝑘𝑘2 = 𝜇𝜇skel
0  and 𝑉𝑉skel,𝑘𝑘1≤𝑘𝑘≤𝑘𝑘2 = 𝑉𝑉skel

0 . 

b) At the beginning of drying for 𝑘𝑘1 ≤ 𝑘𝑘 ≤ 𝑘𝑘2, the gel contains: skeleton and hexane. 

c) At the end of drying for 𝑘𝑘 ≥ 𝑘𝑘𝑑𝑑, the skeleton RAC and volume are constant: 

𝜇𝜇skel,𝑘𝑘≥𝑘𝑘𝑑𝑑 = 𝜇𝜇skel
𝑑𝑑  and 𝑉𝑉skel,𝑘𝑘≥𝑘𝑘𝑑𝑑 = 𝑉𝑉skel

𝑑𝑑  

d) At the end of drying for 𝑘𝑘 ≥ 𝑘𝑘𝑑𝑑, the gel contains: skeleton, air and water. 

e) The RAC of hexane 𝜇𝜇hex and water 𝜇𝜇𝐻𝐻2𝑂𝑂 are constant during drying. 

f) The skeletal density is 1.9 and 2.4 g cm-3 for the modified and unmodified gels 

respectively. 

g) The water stays in the gels and does not evaporate over time. 

Equations and variables. The equations in chapter 4.2 were reworked using the 

assumptions listed above. Furthermore, simulations were performed on the final state and the 

initial state of the gel only. The equations for 𝑘𝑘1 ≤ 𝑘𝑘 ≤ 𝑘𝑘2 were: 

 
�̅�𝜇𝑘𝑘 =

𝜇𝜇hex𝑉𝑉hex,𝑘𝑘 + 𝜇𝜇skel
0 𝑉𝑉skel

0

𝑉𝑉𝑘𝑘
, (A.12) 
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 𝑉𝑉𝑘𝑘 = 𝑉𝑉hex,𝑘𝑘 + 𝑉𝑉skel
0 , (A.13) 

and the equations for 𝑘𝑘 ≥ 𝑘𝑘𝑑𝑑 were: 

 
�̅�𝜇𝑑𝑑 =

𝜇𝜇skel
𝑑𝑑 𝑉𝑉skel

𝑑𝑑 + 𝜇𝜇𝐻𝐻2𝑂𝑂𝑉𝑉𝐻𝐻2𝑂𝑂
𝑑𝑑

𝑉𝑉𝑑𝑑
, (A.14) 

 𝑉𝑉�𝑑𝑑 = 𝑉𝑉skel
𝑑𝑑 + 𝑉𝑉air𝑑𝑑 + 𝑉𝑉𝐻𝐻2𝑂𝑂

𝑑𝑑 , (A.15) 

 
𝜌𝜌skel =

𝑚𝑚𝑑𝑑 −𝑚𝑚𝐻𝐻2𝑂𝑂
𝑑𝑑

𝑉𝑉skel
𝑑𝑑 , (A.16) 

where 𝜇𝜇𝐻𝐻2𝑂𝑂 is the RAC of water, 𝑉𝑉air𝑑𝑑  is the gas volume in the dry gel, 𝜌𝜌skel is the skeletal density 

of the dry gel and 𝑉𝑉𝐻𝐻2𝑂𝑂
𝑑𝑑  and 𝑚𝑚𝐻𝐻2𝑂𝑂

𝑑𝑑  is the volume and the mass of water in the dry gel. 𝜇𝜇𝐻𝐻2𝑂𝑂 was 

calculated similarly to 𝜇𝜇ℎ𝑒𝑒𝑒𝑒 from in-operando µCT scans on a reference sample of deionized 

water. Unlike the reference sample of hexane where 141 scans were performed, only 16 scans 

were performed for the water sample (Figure A.9). The global gray value of water was corrected 

for the anode heel effect (appendix A.3) and 𝜇𝜇𝐻𝐻2𝑂𝑂  was computed from 𝐺𝐺𝐻𝐻2𝑂𝑂 averaged over the 

9 last scans. 

 
Figure A.9 Corrected global gray value of a water reference sample. The stable region is highlighted in 

gray. The curve consists in 16 data points. Reprinted from ref.102, CC BY 4.0 
(https://creativecommons.org/licenses/by/4.0/). 

The system of five equations built with eqs. (A.12)-(A.16) contained seven unknowns:  

 𝑉𝑉hex,𝑘𝑘1≤𝑘𝑘≤𝑘𝑘2 ,𝑉𝑉skel
0 ,𝑉𝑉skel

𝑑𝑑 ,𝑉𝑉air𝑑𝑑 ,𝑉𝑉𝐻𝐻2𝑂𝑂
𝑑𝑑 , 𝜇𝜇skel

0 , 𝜇𝜇skel
𝑑𝑑 ,  

where the relation 𝑚𝑚𝐻𝐻2𝑂𝑂
𝑑𝑑 = 𝜌𝜌𝐻𝐻2𝑂𝑂 ⋅ 𝑉𝑉𝐻𝐻2𝑂𝑂

𝑑𝑑  was considered trivial. Solving the equations will thus 

lead to a solution of type 𝑧𝑧 = 𝑓𝑓(𝑥𝑥,𝑦𝑦) with two degrees of freedom given by variables 𝑥𝑥 and 𝑦𝑦. 

The solution was expressed as a function of the following variables of interest: 
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𝐶𝐶𝐿𝐿 =

𝑉𝑉skel
𝑑𝑑

𝑉𝑉skel
0 , (A.17) 

 
𝐶𝐶𝜇𝜇 =

𝜇𝜇skel
𝑑𝑑

𝜇𝜇skel
0 , (A.18) 

 
𝐶𝐶𝐻𝐻 =

𝑉𝑉𝐻𝐻2𝑂𝑂
𝑑𝑑

𝑉𝑉skel
𝑑𝑑 , (A.19) 

where 𝐶𝐶𝐿𝐿 and 𝐶𝐶𝜇𝜇 represent the relative change in skeleton volume and RAC compared to the 

initial state of the gel and 𝐶𝐶𝐻𝐻  represents the relative gain in water volume compared to the final 

skeleton volume. 

Solving the equations. Substitute eq. (A.13) in eq. (A.12) to eliminate 𝑉𝑉ℎ𝑒𝑒𝑒𝑒,𝑘𝑘: 

 
�̅�𝜇𝑘𝑘 =

𝜇𝜇hex�𝑉𝑉𝑘𝑘 − 𝑉𝑉skel
0 � + 𝜇𝜇skel

0 𝑉𝑉skel
0

𝑉𝑉𝑘𝑘
, (A.20) 

 ⟺ (�̅�𝜇𝑘𝑘 − 𝜇𝜇hex)𝑉𝑉𝑘𝑘 = 𝜇𝜇skel
0 𝑉𝑉skel

0 − 𝜇𝜇hex𝑉𝑉skel
0 . (A.21) 

Use eqs. (A.17) and (A.18) to eliminate 𝜇𝜇skel0 𝑉𝑉skel
0  in eq. (A.21): 

 
(�̅�𝜇𝑘𝑘 − 𝜇𝜇hex)𝑉𝑉𝑘𝑘 =

𝜇𝜇skel
𝑑𝑑 𝑉𝑉skel

𝑑𝑑

𝐶𝐶𝐿𝐿𝐶𝐶𝜇𝜇
−
𝜇𝜇hex𝑉𝑉skel

𝑑𝑑

𝐶𝐶𝐿𝐿
. (A.22) 

Rework eq. (A.14) with eq. (A.19): 

 
�̅�𝜇𝑑𝑑 =

𝜇𝜇skel
𝑑𝑑 𝑉𝑉skel

𝑑𝑑 + 𝜇𝜇𝐻𝐻2𝑂𝑂𝐶𝐶𝐻𝐻𝑉𝑉skel
𝑑𝑑

𝑉𝑉𝑑𝑑
. (A.23) 

Substitute eq. (A.23) in eq. (A.22) to eliminate 𝜇𝜇skel𝑑𝑑 𝑉𝑉skel
𝑑𝑑 : 

 
(�̅�𝜇𝑘𝑘 − 𝜇𝜇hex)𝑉𝑉𝑘𝑘 =

�̅�𝜇𝑑𝑑𝑉𝑉𝑑𝑑 − 𝜇𝜇𝐻𝐻2𝑂𝑂𝑉𝑉skel
𝑑𝑑 𝐶𝐶𝐻𝐻

𝐶𝐶𝐿𝐿𝐶𝐶𝜇𝜇
−
𝜇𝜇hex𝑉𝑉skel

𝑑𝑑

𝐶𝐶𝐿𝐿
, (A.24) 

 
⟺ (�̅�𝜇𝑘𝑘 − 𝜇𝜇hex)𝑉𝑉𝑘𝑘 =

�̅�𝜇𝑑𝑑𝑉𝑉𝑑𝑑

𝐶𝐶𝐿𝐿𝐶𝐶𝜇𝜇
− �

𝜇𝜇𝐻𝐻2𝑂𝑂𝐶𝐶𝐻𝐻
𝐶𝐶𝐿𝐿𝐶𝐶𝜇𝜇

+
𝜇𝜇hex
𝐶𝐶𝐿𝐿

�𝑉𝑉skel
𝑑𝑑 . (A.25) 

2nd part: substitute 𝑚𝑚𝐻𝐻2𝑂𝑂
𝑑𝑑 = 𝜌𝜌𝐻𝐻2𝑂𝑂 ⋅ 𝑉𝑉𝐻𝐻2𝑂𝑂

𝑑𝑑  in eq.(A.16) to eliminate 𝑚𝑚𝐻𝐻2𝑂𝑂
𝑑𝑑 : 

 
𝜌𝜌skel =

𝑚𝑚𝑑𝑑 − 𝜌𝜌𝐻𝐻2𝑂𝑂 ⋅ 𝑉𝑉𝐻𝐻2𝑂𝑂
𝑑𝑑

𝑉𝑉skel
𝑑𝑑  (A.26) 

Rework eq. (A.26) using eq. (A.19) to eliminate 𝑉𝑉𝐻𝐻2𝑂𝑂
𝑑𝑑 : 

 
𝜌𝜌skel =

𝑚𝑚𝑑𝑑 − 𝜌𝜌𝐻𝐻2𝑂𝑂𝑉𝑉skel
𝑑𝑑 𝐶𝐶𝐻𝐻

𝑉𝑉skel
𝑑𝑑  (A.27) 

 ⟺ 𝜌𝜌skel𝑉𝑉skel
𝑑𝑑 = 𝑚𝑚𝑑𝑑 − 𝜌𝜌𝐻𝐻2𝑂𝑂𝑉𝑉skel

𝑑𝑑 𝐶𝐶𝐻𝐻 (A.28) 
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⟺ 𝑉𝑉skel

𝑑𝑑 =
𝑚𝑚𝑑𝑑

𝜌𝜌skel + 𝜌𝜌𝐻𝐻2𝑂𝑂𝐶𝐶𝐻𝐻
 (A.29) 

Substitute eq.(A.29) in eq. (A.25) to eliminate 𝑉𝑉skel𝑑𝑑 : 

 
(�̅�𝜇𝑘𝑘 − 𝜇𝜇hex)𝑉𝑉𝑘𝑘 =

�̅�𝜇𝑑𝑑𝑉𝑉𝑑𝑑

𝐶𝐶𝐿𝐿𝐶𝐶𝜇𝜇
− �

𝜇𝜇𝐻𝐻2𝑂𝑂𝐶𝐶𝐻𝐻
𝐶𝐶𝐿𝐿𝐶𝐶𝜇𝜇

+
𝜇𝜇hex
𝐶𝐶𝐿𝐿

� ⋅
𝑚𝑚𝑑𝑑

𝜌𝜌skel + 𝜌𝜌𝐻𝐻2𝑂𝑂𝐶𝐶𝐻𝐻
 (A.30) 

 
⟺ �(�̅�𝜇𝑘𝑘 − 𝜇𝜇hex)𝑉𝑉𝑘𝑘 −

�̅�𝜇𝑑𝑑𝑉𝑉𝑑𝑑

𝐶𝐶𝐿𝐿𝐶𝐶𝜇𝜇
� �𝜌𝜌skel + 𝜌𝜌𝐻𝐻2𝑂𝑂𝐶𝐶𝐻𝐻� = −�

𝜇𝜇𝐻𝐻2𝑂𝑂𝐶𝐶𝐻𝐻
𝐶𝐶𝐿𝐿𝐶𝐶𝜇𝜇

+
𝜇𝜇hex
𝐶𝐶𝐿𝐿

�𝑚𝑚𝑑𝑑 (A.31) 

The term in the first bracket on the left-hand side of eq. (A.31) was abbreviated as 𝛼𝛼𝑘𝑘: 

 
𝛼𝛼𝑘𝑘 = (�̅�𝜇𝑘𝑘 − 𝜇𝜇hex)𝑉𝑉𝑘𝑘 −

�̅�𝜇𝑑𝑑𝑉𝑉𝑑𝑑

𝐶𝐶𝐿𝐿𝐶𝐶𝜇𝜇
 (A.32) 

Rewrite eq. (A.31) with eq. (A.32): 

 
𝛼𝛼𝑘𝑘�𝜌𝜌skel + 𝜌𝜌𝐻𝐻2𝑂𝑂𝐶𝐶𝐻𝐻� = −�

𝜇𝜇𝐻𝐻2𝑂𝑂𝐶𝐶𝐻𝐻
𝐶𝐶𝐿𝐿𝐶𝐶𝜇𝜇

+
𝜇𝜇hex
𝐶𝐶𝐿𝐿

�𝑚𝑚𝑑𝑑 (A.33) 

 
⟺ �𝛼𝛼𝑘𝑘𝜌𝜌𝐻𝐻2𝑂𝑂 +

𝜇𝜇𝐻𝐻2𝑂𝑂𝑚𝑚
𝑑𝑑

𝐶𝐶𝐿𝐿𝐶𝐶𝜇𝜇
�𝐶𝐶𝐻𝐻 = −𝛼𝛼𝑘𝑘𝜌𝜌skel −

𝜇𝜇hex𝑚𝑚𝑑𝑑

𝐶𝐶𝐿𝐿
 (A.34) 

 

⟺ 𝐶𝐶𝐻𝐻 = −
𝛼𝛼𝑘𝑘𝜌𝜌skel + 𝜇𝜇hex𝑚𝑚𝑑𝑑

𝐶𝐶𝐿𝐿

𝛼𝛼𝑘𝑘𝜌𝜌𝐻𝐻2𝑂𝑂 +
𝜇𝜇𝐻𝐻2𝑂𝑂𝑚𝑚𝑑𝑑

𝐶𝐶𝐿𝐿𝐶𝐶𝜇𝜇

 (A.35) 

 
⟺𝐶𝐶𝐻𝐻 = −

𝛼𝛼𝑘𝑘𝜌𝜌skel𝐶𝐶𝐿𝐿𝐶𝐶𝜇𝜇 + 𝜇𝜇hex𝑚𝑚𝑑𝑑𝐶𝐶𝜇𝜇
𝛼𝛼𝑘𝑘𝜌𝜌𝐻𝐻2𝑂𝑂𝐶𝐶𝐿𝐿𝐶𝐶𝜇𝜇 + 𝜇𝜇𝐻𝐻2𝑂𝑂𝑚𝑚𝑑𝑑  (A.36) 

Replace 𝛼𝛼𝑘𝑘 in eq. (A.36): 

 

𝐶𝐶𝐻𝐻 = −
�(�̅�𝜇𝑘𝑘 − 𝜇𝜇hex)𝑉𝑉𝑘𝑘 −

�̅�𝜇𝑑𝑑𝑉𝑉𝑑𝑑
𝐶𝐶𝐿𝐿𝐶𝐶𝜇𝜇

� 𝜌𝜌skel𝐶𝐶𝐿𝐿𝐶𝐶𝜇𝜇 + 𝜇𝜇hex𝑚𝑚𝑑𝑑𝐶𝐶𝜇𝜇

�(�̅�𝜇𝑘𝑘 − 𝜇𝜇hex)𝑉𝑉𝑘𝑘 −
�̅�𝜇𝑑𝑑𝑉𝑉𝑑𝑑
𝐶𝐶𝐿𝐿𝐶𝐶𝜇𝜇

� 𝜌𝜌𝐻𝐻2𝑂𝑂𝐶𝐶𝐿𝐿𝐶𝐶𝜇𝜇 + 𝜇𝜇𝐻𝐻2𝑂𝑂𝑚𝑚𝑑𝑑
 (A.37) 

 
⟺𝐶𝐶𝐻𝐻 = −

𝜌𝜌skel�(�̅�𝜇𝑘𝑘 − 𝜇𝜇hex)𝑉𝑉𝑘𝑘𝐶𝐶𝐿𝐿𝐶𝐶𝜇𝜇 − �̅�𝜇𝑑𝑑𝑉𝑉𝑑𝑑� + 𝜇𝜇hex𝑚𝑚𝑑𝑑𝐶𝐶𝜇𝜇
𝜌𝜌𝐻𝐻2𝑂𝑂�(�̅�𝜇𝑘𝑘 − 𝜇𝜇hex)𝑉𝑉𝑘𝑘𝐶𝐶𝐿𝐿𝐶𝐶𝜇𝜇 − �̅�𝜇𝑑𝑑𝑉𝑉𝑑𝑑�+ 𝜇𝜇𝐻𝐻2𝑂𝑂𝑚𝑚𝑑𝑑  (A.38) 

 
⟺𝐶𝐶𝐻𝐻 =

𝜌𝜌skel��̅�𝜇𝑑𝑑𝑉𝑉𝑑𝑑 − (�̅�𝜇𝑘𝑘 − 𝜇𝜇hex)𝑉𝑉𝑘𝑘𝐶𝐶𝐿𝐿𝐶𝐶𝜇𝜇� − 𝜇𝜇hex𝑚𝑚𝑑𝑑𝐶𝐶𝜇𝜇
−𝜌𝜌𝐻𝐻2𝑂𝑂��̅�𝜇𝑑𝑑𝑉𝑉𝑑𝑑 − (�̅�𝜇𝑘𝑘 − 𝜇𝜇hex)𝑉𝑉𝑘𝑘𝐶𝐶𝐿𝐿𝐶𝐶𝜇𝜇� + 𝜇𝜇𝐻𝐻2𝑂𝑂𝑚𝑚𝑑𝑑  (A.39) 

The only time-dependent term was (�̅�𝜇𝑘𝑘 − 𝜇𝜇hex)𝑉𝑉𝑘𝑘 and corresponds to the left-hand side of the 

mass conservation equation (see chapter 4.3). The time-dependent term was averaged over 

𝑘𝑘1 ≤ 𝑘𝑘 ≤ 𝑘𝑘2: 
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𝛽𝛽 = �

(�̅�𝜇𝑘𝑘 − 𝜇𝜇hex)𝑉𝑉𝑘𝑘
𝑁𝑁

𝑘𝑘1≤𝑘𝑘≤𝑘𝑘2

 (A.40) 

Where 𝑁𝑁 is the number of scans for 𝑘𝑘1 ≤ 𝑘𝑘 ≤ 𝑘𝑘2. The terms (�̅�𝜇𝑘𝑘 − 𝜇𝜇hex)𝑉𝑉𝑘𝑘 in eq. (A.39) were 

replaced by 𝛽𝛽 and the final equation was derived: 

 
𝐶𝐶𝐻𝐻 =

𝜌𝜌skel��̅�𝜇𝑑𝑑𝑉𝑉𝑑𝑑 − 𝛽𝛽𝐶𝐶𝐿𝐿𝐶𝐶𝜇𝜇� − 𝜇𝜇hex𝑚𝑚𝑑𝑑𝐶𝐶𝜇𝜇
−𝜌𝜌𝐻𝐻2𝑂𝑂��̅�𝜇𝑑𝑑𝑉𝑉𝑑𝑑 − 𝛽𝛽𝐶𝐶𝐿𝐿𝐶𝐶𝜇𝜇� + 𝜇𝜇𝐻𝐻2𝑂𝑂𝑚𝑚𝑑𝑑  (A.41) 

This function has the form: 

 𝑧𝑧 =
𝑎𝑎1 + 𝑎𝑎2𝑦𝑦 + 𝑎𝑎3𝑥𝑥𝑦𝑦

1 + 𝑎𝑎4𝑥𝑥𝑦𝑦
 (A.42) 

Eq. (A.41) shows that a decrease in skeleton volume is coupled to an increase in skeleton RAC 

at a constant water volume. This is expected since the condensation of hydroxyl groups to 

water leads to a higher fraction of silicon atoms in the silica skeleton, which has a higher 

attenuation coefficient than water120. The simulations were performed for 0.8 ≤ 𝐶𝐶𝐿𝐿 ≤ 1.0, 

1.0 ≤ 𝐶𝐶𝜇𝜇 ≤ 1.2 and 0 ≤ 𝐶𝐶𝐻𝐻 ≤ 0.1 and computed in a python script. The results are available in 

Figure 4.8 and Figure A.18.  

We were unable to evaluate at which point the condensation reactions occur during the 

drying. Assuming no volume change upon condensation reactions, the average attenuation 

coefficient of two silanol groups would be the same as the one of a siloxane group and a water 

molecule, leaving the µCT contrast unchanged at a voxel size of 11 µm. For similar reasons, it 

was not possible to consider the eventual evaporation of water because the impact of hexane 

and water evaporation on the global RAC cannot be decomposed into separate contributions. 

Water evaporation would result in a lower global RAC, which would be consistent with a lower 

plateau of �̅�𝜇𝑘𝑘𝑉𝑉𝑘𝑘 at the end of the drying for the unmodified gels compared to the modified gels 

(Figure A.16e). An additional equation could further reduce the number of unknowns in the 

simulation. 𝐶𝐶𝐻𝐻  may be fixed by comparing the weight of unmodified gels after the µCT 

measurement and after further drying, e.g. in a desiccator. 
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Figure A.10 (a) Example of a µCT projection of a drying gel. (b) Reconstructed slice of the µCT scan 

at mid-height of the gel. (c) Histogram of the gray values inside the gel on the reconstructed slice. 
Reprinted from ref.102, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/) 

 
Figure A.11 Time at which a scan was performed versus the corresponding scan number (0 – 140) for 

the five modified gels (M1 – M5) and the two unmodified gels (U1 – U2). The dashed line is a 
theoretical reference if each µCT scan would be recorded exactly every 6 min. The error bands are 

too small and thus not visible. M1 deviates significantly from the reference, meaning that some 
acquisitions lasted longer than expected. Each curve consists of 141 data points. Reprinted from 

ref.102, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/) 
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Figure A.12 Temperature recorded in the µCT instrument next to the drying chamber throughout all 

in-operando µCT experiments. The error bands stand for the standard deviation of 64 values 
recorded over a single tomography. The temperature for U2 was not recorded due to an instrument 

error. Each curve consists of 141 data points. Reprinted from ref.102, CC BY 4.0 
(https://creativecommons.org/licenses/by/4.0/) 

 
Figure A.13 3D rendering of a gel's volume (M4) at three drying stages generated by the automated 

segmentation procedure. (left) Alcogel before drying. (middle) Gel at the point of maximum 
shrinkage. (right) Aerogel after 14 h of drying. The bottom part of the drying chamber can be seen in 
the alcogel and the aerogel. Visualization done in Dragonfly software. Reprinted from ref.102, CC BY 

4.0 (https://creativecommons.org/licenses/by/4.0/) 
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Figure A.14 (a) Volume of all modified (M1 – M5) and unmodified (U1 – U2) gels during ambient-
pressure drying. The error on the volume at a given point in time is 0.578 % of that volume and is 

not shown to enhance visibility. (b) Height (full line) and diameter (dashed line) of the corresponding 
gels. Error bands of the height and diameter profiles are not shown. Each curve consists of 141 data 

points. Reprinted from ref.102, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/) 

 
Figure A.15 Aspect ratio (height over diameter) of all modified (M1 – M5) and unmodified (U1 – U2) 
gels during ambient-pressure drying. The error bands are not shown. Each curve consists of 141 data 

points. Reprinted from ref.102, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/) 
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Figure A.16 Intermediate data from the µCT quantitative imaging procedure of all modified (M1 – 

M5) and unmodified (U1 – U2) gels during drying. (a) Global gray value. The error of the global gray 
values is 0.018. (b) (�̅�𝜇 − 𝜇𝜇ℎ𝑒𝑒𝑒𝑒) ⋅ 𝑉𝑉 profiles. (c) �̅�𝜇 ⋅ 𝑉𝑉 profiles. (d) 𝜇𝜇hex ⋅ 𝑉𝑉hex profiles. Error bands are 
not shown in (c) and (d) to enhance readability. Each curve consists of 141 data points. Reprinted 

from ref.102, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/) 
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Figure A.17 Total volume, hexane volume, skeleton volume and gas volume of the five other gels. (a) 
Gel M1. (b) Gel M2. (c) Gel M3. (d) Gel M5. (e) Gel U1. The profiles of gels M4 and U2 are shown 

in Figure 4.6. Each curve consists of 141 data points. Reprinted from ref.102, CC BY 4.0 
(https://creativecommons.org/licenses/by/4.0/) 
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Figure A.18 Maps resulting from numerical simulations implementing condensation reactions during 
the drying of the four modified gels and the unmodified gel not presented in the main text. (a) Gel 
M1. (b) Gel M2. (c) Gel M3. (d) Gel M5. (e) Gel U1. A given skeleton density of 𝜌𝜌skel0 = 2.4 and 

𝜌𝜌skel0 = 1.9 g cm−3 for the unmodified (U1) and the modified gels (M1, M2, M3, M5) was used in the 
simulations. The x-axis corresponds to the relative change in the skeleton RAC between the end and 

the beginning of the drying. The y-axis corresponds to the relative change in the skeleton volume. 
The colored scale bar shows the relative volume of water in the gel at the end of the drying. Each trio 

of values located on the contour surfaces within 0 ≤ 𝑉𝑉𝐻𝐻2𝑂𝑂
𝑑𝑑 /𝑉𝑉skel0 ≤ 0.1 satisfies 𝜌𝜌skel = 𝜌𝜌skel0 . Points 

located outside of this range are not shown. The arrow highlights the theoretical point corresponding 
to no condensation reactions. The maps resolution is 100 x 100 data points. Reprinted from ref.102, 

CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/)  
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Table A.1 Parameters used in the quantitative imaging procedure for all modified (M1 – M5) and 
unmodified (U1 – U2) gels during drying. 𝑘𝑘1 corresponds to the scan number from which the X-ray 
tube was stable; 𝑘𝑘2 corresponds to the scan number from which the quantity (�̅�𝜇𝑘𝑘 − 𝜇𝜇hex)𝑉𝑉𝑘𝑘  (mass 

conservation equation) began to decrease; 𝑘𝑘𝑐𝑐 is the scan number up to which the gradient of the gray 
value profiles 𝑔𝑔�𝑖𝑖,𝑘𝑘 in the reconstructed slices was linear; 𝑘𝑘𝑑𝑑 is the scan number from which the 

changes in volume and global gray value of the gel were insignificant and where the quantity �̅�𝜇𝑑𝑑𝑉𝑉𝑑𝑑 
was calculated; 𝑖𝑖𝑝𝑝 is the slice number corresponding to the pivot used in the correction procedure of 

the anode heel effect. Adapted from ref.102, CC BY 4.0 
(https://creativecommons.org/licenses/by/4.0/) 

Sample 𝑡𝑡𝑘𝑘=𝑘𝑘1 (h) 𝑡𝑡𝑘𝑘=𝑘𝑘2 (h) 𝑡𝑡𝑘𝑘=𝑘𝑘𝑐𝑐 (h) 𝑡𝑡𝑘𝑘=𝑘𝑘𝑑𝑑 (h) Pivot 𝑖𝑖𝑝𝑝 (slice number) 

M1 0.5 1.5 8.1 15.5 621 
M2 0.6 2.3 7.9 13.9 605 
M3 1.4 2.3 7.2 14.3 557 
M4 1.3 2.0 7.6 13.6 628 
M5 0.3 2.0 7.0 13.4 572 
U1 0.1 1.0 7.4 13.4 569 
U2 0.1 0.6 7.4 13.4 575 
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Appendix B. Solvent cavitation during 
ambient pressure drying 
B.1 Data reduction procedure 

The in operando µCT measurements generated a 4D dataset as 3D reconstructed volumes 

over time for each sample. This section describes the three reduction procedures used to 

reduce the 4D dataset. Note that in chapter 5.2, the notation was simplified and the 4D dataset 

was introduced as 𝑔𝑔𝑖𝑖,𝑝𝑝,𝑞𝑞,𝑘𝑘, describing it as the gray values already corrected for the anode heel 

effect. In practice, the anode heel effect correction was performed after a preliminary 

integration. 

The 4D gray values were referred to as 𝑔𝑔�𝑖𝑖,𝑝𝑝,𝑞𝑞,𝑘𝑘, with 𝑖𝑖,𝑝𝑝, 𝑞𝑞,𝑘𝑘 ∈ ℕ. The tilde stands for 

uncorrected, the index 𝑖𝑖 depicts the vertical position in the sample in voxels, the indexes 𝑝𝑝 and 

𝑞𝑞 depict the horizontal positions in voxels and the index 𝑘𝑘 stands for the scan number (time). 

Figure B.1 illustrates the three spatial axes and the time axis. Note that the index 𝑖𝑖 was defined 

pointing downwards following the convention for digital pictures. The 4D dataset consisted 

of a series of images (the masked slices) indexed by 𝑖𝑖 and 𝑘𝑘. As a reminder, the masked slices 

are 8-bit tif images that were generated upon segmentation of the reconstructed volume by 

replacing the value of the pixels outside of the sample by zero. 

Azimuthal integration. The azimuthal integration generated the gray value maps 

showing the evolution of the gray values along the gel radius and height over time (GHR 

maps). The procedure was performed on the masked slices using the Python library DipLib.190  

 
Figure B.1 Sketch of three reconstructed volumes along with the three spatial axes where the indexes 
𝑖𝑖,𝑝𝑝,𝑞𝑞 are defined and the time axis where the index 𝑘𝑘 is defined. Reprinted from ref.107, CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/). 

https://creativecommons.org/licenses/by/4.0/
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The center of the sample cross-section in the image was calculated as the center of mass (first 

order moments) of the image with the function diplib.CenterOfMass(). The azimuthal integration 

was then computed with the function diplib.RadialMean() using a bin size of one pixel. 

Integrated gray values at a radial distance from the center larger than 1.05 times the average 

radius of the gel at a given scan number were set at zero. This was done to limit the propagation 

of the imperfect segmentation at the bottom of the gel. Additionally, if the area of the sample 

in the image was less than half of the mean cross-section area of the gel, the integrated gray 

value of the masked slice was set to zero. This criterion allowed to exclude the noise at the top 

of the reconstructed volume due to imperfect segmentation. The mean cross-section area was 

calculated from the average diameter of the gel. 

The profiles created by azimuthal integration of all masked slices at a given scan number 

𝑘𝑘 were then combined into a single map, referred to as 𝑔𝑔�𝑖𝑖,𝑗𝑗,𝑘𝑘, where 𝑗𝑗 ∈ ℕ represents the radial 

distance to the center of the cylinder in pixels. The gray values were then corrected for the 

anode heel effect with:  

 𝑔𝑔𝑖𝑖,𝑗𝑗,𝑘𝑘 = 𝑔𝑔�𝑖𝑖 ,𝑗𝑗,𝑘𝑘 + �𝑖𝑖𝑝𝑝 − 𝑖𝑖� ⋅ 𝑚𝑚∗�𝑔𝑔�𝑖𝑖,𝑗𝑗,𝑘𝑘�, (B.1) 

where 𝑔𝑔𝑖𝑖,𝑗𝑗,𝑘𝑘 are the maps corrected for the anode heel effect, 𝑖𝑖𝑝𝑝 is the pivot slice number and 

𝑚𝑚∗(𝑔𝑔) is an exponential decay function. The parameters used in eq. (B.1) were the same as in 

appendix A.3.. The GHR maps were saved as npy files for further processing and as 8-bit tif 

images for illustration purposes. Figure B.2 illustrates the azimuthal integration procedure. 

Azimuthal and vertical integration. The azimuthal and vertical integration generated 

a single radial gray value map (GR map) for a given sample, showing the evolution of the gray 

values along the gel radius over time. The GHR maps generated by azimuthal integration were 

further integrated along the index 𝑖𝑖 (along the height of the gel) to compute the GR map: 

 𝑔𝑔𝑗𝑗 ,𝑘𝑘 =
1

𝐻𝐻Ω𝑗𝑗,𝑘𝑘

� 𝑔𝑔𝑖𝑖 ,𝑗𝑗,𝑘𝑘
𝑖𝑖∈Ω𝑗𝑗,𝑘𝑘

, (B.2) 

where 𝑔𝑔𝑗𝑗,𝑘𝑘 is the GR map, 𝐻𝐻Ω𝑗𝑗,𝑘𝑘 is the height in pixel of the domain Ω𝑗𝑗,𝑘𝑘 which defines the 

range of 𝑖𝑖 indexes belonging to the sample. Note that the domains Ω𝑗𝑗,𝑘𝑘 were cropped, so that 

the sum in eq. (B.2) was effectively done by excluding a top and bottom band of 70 pixels. 

This was done as an attempt to get a more representative evolution of the gray values along 

the gel radius over time. Moreover, since the GHR maps were already corrected for the anode 

heel effect, no additional correction procedure was required. 
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Figure B.2 Illustration of the reduction procedure by azimuthal integration on sample M2 at the start 
of drying. (a) µCT projection at the start of drying. (b) Reconstructed slice at 𝑖𝑖 = 300. (c) Same slice 
overlaid with the ROI from the automated segmentation. (d) Corresponding masked slice. (e) Sketch 
of the azimuthal integration on the masked slice. (f) Final GHR map created by combining the radial 
gray value profiles generated by the azimuthal integration at each index 𝑖𝑖. The scale bar in each panel 
is 5 mm. The gray values are in 8-bit. The arrow in each panel stands for the vertical direction of the 

gel. Reprinted from ref.107, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

Slice integration. The slice integration generated a single vertical gray value map (GH 

map) for a given sample, showing the evolution of the gray values along the gel height over 

time. In practice, this reduction procedure was carried out directly in the software Dragonfly130 

using the "slice analysis" plugin. The masked slices were integrated along the indexes 𝑝𝑝 and 𝑞𝑞 

as follows: 

 𝑔𝑔�𝑖𝑖,𝑘𝑘 =
1

𝐴𝐴Ω𝑖𝑖,𝑘𝑘
� 𝑔𝑔�𝑖𝑖,𝑝𝑝,𝑞𝑞,𝑘𝑘

𝑝𝑝,𝑞𝑞∈Ω𝑖𝑖,𝑘𝑘

, (B.3) 

where 𝑔𝑔�𝑖𝑖,𝑘𝑘 is the uncorrected GH map, 𝐴𝐴Ω𝑖𝑖,𝑘𝑘 is the area in the masked slice within the domain 

Ω𝑖𝑖,𝑘𝑘 defining the range of 𝑝𝑝 and 𝑞𝑞 indexes belonging to the sample. The map 𝑔𝑔�𝑖𝑖,𝑘𝑘 was then 

corrected for the anode heel effect with a similar expression as in eq. (B.1). 

https://creativecommons.org/licenses/by/4.0/


Appendix B 

134 

B.2 Derivation of the µCT drying model 

Here the µCT drying model is derived by developing the equations step-by-step, leading to the 

final expression for the spatial and temporal volume fraction maps of the three phases 

composing the gel. As mentioned in the main text, the reconstructed attenuation coefficient 

(RAC) of each pixel belonging to the sample in the MHR maps is given by: 

 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘 = 𝜇𝜇hex𝑓𝑓hex,𝑖𝑖,𝑗𝑗,𝑘𝑘 + 𝜇𝜇skel𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘 , (B.4) 

where 𝜇𝜇hex and 𝜇𝜇skel is the RAC of the hexane and skeleton phases, respectively and 𝑓𝑓hex,𝑖𝑖,𝑗𝑗,𝑘𝑘  

and 𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘 are the volume fraction of hexane and skeleton in each pixel. 𝜇𝜇hex = 0.155 from 

separate measurements on hexane. Volume conservation within each pixel of the MHR maps 

reads: 

 𝑓𝑓hex,𝑖𝑖,𝑗𝑗,𝑘𝑘 + 𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘 + 𝑓𝑓air,𝑖𝑖,𝑗𝑗,𝑘𝑘 = 1. (B.5) 

Eqs. (B.4) and (B.5) were the main equations of the drying model.  

To calculate the volume fraction maps of each phase, the same assumptions than those 

mentioned in chapter 4.2 were made. First, the total skeleton volume was assumed constant 

throughout drying: 𝑉𝑉skel,𝑘𝑘 = constant, which can be expressed locally as: 

 � 𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘𝑉𝑉voxel
(𝑖𝑖,𝑗𝑗)∈Ω𝑘𝑘

= constant. (B.6) 

Second, the content of hexane after a certain time was assumed to be zero everywhere in the 

gel, leading to: 𝑓𝑓hex,𝑖𝑖,𝑗𝑗,𝑘𝑘≥𝑘𝑘𝑑𝑑 = 0. Lastly, the initial content of vapor/air was assumed to be zero 

everywhere in the gel, leading to: 𝑓𝑓air,𝑖𝑖,𝑗𝑗,𝑘𝑘1≤𝑘𝑘≤𝑘𝑘2 = 0. 𝑘𝑘𝑑𝑑 , 𝑘𝑘1 and 𝑘𝑘2 were the same as previously 

reported (Table A.1). Additionally, a variation of the skeleton volume conservation equation 

can be derived by taking the sum over the domain Ω𝑘𝑘 of eq. (B.4): 

 � 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘 − 𝜇𝜇hex𝑓𝑓hex,𝑖𝑖,𝑗𝑗,𝑘𝑘 − 𝜇𝜇skel𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘
(𝑖𝑖,𝑗𝑗)∈𝛺𝛺𝑘𝑘

= 0, (B.7) 

 ⇔ � 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘 − 𝜇𝜇hex𝑓𝑓hex,𝑖𝑖,𝑗𝑗,𝑘𝑘
(𝑖𝑖,𝑗𝑗)∈Ω𝑘𝑘

= constant. (B.8) 

Where eq. (B.8) was derived using the conservation of the skeleton volume. Taking eq. (B.5) 

for 𝑘𝑘1 ≤ 𝑘𝑘 ≤ 𝑘𝑘2 gives: 

 𝑓𝑓hex,𝑖𝑖,𝑗𝑗,𝑘𝑘 = 1 − 𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘 ,   𝑘𝑘1 ≤ 𝑘𝑘 ≤ 𝑘𝑘2 . (B.9) 

By replacing 𝑓𝑓hex,𝑖𝑖,𝑗𝑗,𝑘𝑘  in eq. (B.8) by its expression in eq. (B.9), we get: 
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 � 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘 − 𝜇𝜇hex�1− 𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘�
(𝑖𝑖,𝑗𝑗)∈𝛺𝛺𝑘𝑘

= constant,   𝑘𝑘1 ≤ 𝑘𝑘 ≤ 𝑘𝑘2 , (B.10) 

 ⇔ � 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘 − 𝜇𝜇hex
(𝑖𝑖,𝑗𝑗)∈Ω𝑘𝑘

= constant,   𝑘𝑘1 ≤ 𝑘𝑘 ≤ 𝑘𝑘2 . (B.11) 

Eq. (B.11) was not an additional equation per se, but will be used later on.  

Hexane volume fraction. We first derive the expressions used to calculate the hexane 

volume fraction maps throughout drying. To improve the statistics, the calculations were done 

on a MHR map representative of the dry gel for 𝑘𝑘 ≥ 𝑘𝑘𝑑𝑑 . The hexane volume fraction 𝑓𝑓hex,𝑖𝑖,𝑗𝑗,𝑘𝑘  

is calculated by finding an expression for 𝜇𝜇skel𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘 in eq. (B.4). For 𝑘𝑘 ≥ 𝑘𝑘𝑑𝑑, eq. (B.4) 

becomes: 

 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘 = 𝜇𝜇skel𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘 ,   𝑘𝑘 ≥ 𝑘𝑘𝑑𝑑 , (B.12) 

because there was no more hexane in the gel at 𝑘𝑘 ≥ 𝑘𝑘𝑑𝑑. By combining the MHR maps 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘 

over 𝑘𝑘 ≥ 𝑘𝑘𝑑𝑑 , an artificial MHR map representative of the dry gel could be generated. However, 

the volume of the gel still changed at 𝑘𝑘 ≥ 𝑘𝑘𝑑𝑑 , so did the domains Ω𝑘𝑘, preventing to average 

the MHR maps directly. We write formally: 

 Ω𝑘𝑘𝑎𝑎 ≠ Ω𝑘𝑘𝑏𝑏 ,   𝑘𝑘𝑎𝑎 ≠ 𝑘𝑘𝑏𝑏 . (B.13) 

This was solved by resizing one map onto another using bilinear interpolation so that the 

domain of the maps matched. The MHR map to be resized was referred to as the source and 

the map over which it was resized was referred to as the target. In this case, the target was 

unique and was set as the MHR map of the last scan (𝑘𝑘 = 𝑘𝑘𝑓𝑓), while the source scans were 

multiple (𝑘𝑘𝑑𝑑 ≤ 𝑘𝑘 < 𝑘𝑘𝑓𝑓). Note that the target scan could have been any scan within 𝑘𝑘 ≥ 𝑘𝑘𝑑𝑑 . We 

define: 

 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘→𝑘𝑘𝑓𝑓
∗ = 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘→𝑘𝑘𝑓𝑓

F ⋅ 𝛾𝛾,   𝑘𝑘𝑑𝑑 ≤ 𝑘𝑘 < 𝑘𝑘𝑓𝑓 , (B.14) 

where 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘→𝑘𝑘𝑓𝑓
∗  is the rescaled MHR map of scan 𝑘𝑘 towards scan 𝑘𝑘𝑓𝑓, 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘→𝑘𝑘𝑓𝑓

F  is the interpolated 

map defined over the domain Ω𝑘𝑘𝑓𝑓  and 𝛾𝛾 is a correction factor. Formally, we also define F𝑘𝑘→𝑘𝑘𝑓𝑓 

as the bilinear interpolation function from a source 𝑘𝑘 towards a target 𝑘𝑘𝑓𝑓: 

 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘→𝑘𝑘𝑓𝑓
F = F𝑘𝑘→𝑘𝑘𝑓𝑓�𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘�. (B.15) 

The algorithm for the bilinear interpolation function is described in appendix B.3. A series of 

rescaled maps 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘→𝑘𝑘𝑓𝑓
∗  for 𝑘𝑘𝑑𝑑 ≤ 𝑘𝑘 < 𝑘𝑘𝑓𝑓 was thus obtained, each map being defined on the 

same domain Ω𝑘𝑘𝑓𝑓 . To derive the scaling factor in eq. (B.14), let's consider a quantity that stays 

constant throughout drying. We recall the conservation of the skeleton volume: 
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 � 𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘𝑉𝑉voxel
(𝑖𝑖,𝑗𝑗)∈𝛺𝛺𝑘𝑘

= constant. (B.6) 

By substituting 𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘 in eq. (B.6) by its expression from eq. (B.12), we get: 

 �
𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘

𝜇𝜇𝑠𝑠𝑘𝑘𝑒𝑒𝑙𝑙
𝑉𝑉voxel

(𝑖𝑖,𝑗𝑗)∈𝛺𝛺𝑘𝑘

= constant,   𝑘𝑘 ≥ 𝑘𝑘𝑑𝑑 , (B.16) 

 ⇔ � 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘𝑉𝑉voxel
(𝑖𝑖,𝑗𝑗)∈Ω𝑘𝑘

= constant,   𝑘𝑘 ≥ 𝑘𝑘𝑑𝑑 . (B.17) 

Eqs. (B.16) and (B.17) were only defined for 𝑘𝑘 ≥ 𝑘𝑘𝑑𝑑  since they were derived using eq. (B.12). 

Let’s consider eq. (B.17) between the rescaled MHR map from source scan 𝑘𝑘 = 𝑘𝑘𝑑𝑑 onto target 

scan 𝑘𝑘 = 𝑘𝑘𝑓𝑓, and the source MHR map at scan 𝑘𝑘 = 𝑘𝑘𝑑𝑑: 

 � 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘𝑑𝑑→𝑘𝑘𝑓𝑓
F 𝑉𝑉voxel ⋅ 𝛾𝛾

(𝑖𝑖,𝑗𝑗)∈Ω𝑘𝑘𝑓𝑓

= � 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘𝑉𝑉voxel
(𝑖𝑖,𝑗𝑗)∈Ω𝑘𝑘𝑑𝑑

, (B.18) 

 ⇒ �̅�𝜇𝑘𝑘𝑑𝑑→𝑘𝑘𝑓𝑓
F 𝑉𝑉𝑘𝑘𝑓𝑓 ⋅ 𝛾𝛾 = �̅�𝜇𝑘𝑘𝑑𝑑𝑉𝑉𝑘𝑘𝑑𝑑 , (B.19) 

 
⇔ �̅�𝜇𝑘𝑘𝑑𝑑→𝑘𝑘𝑓𝑓

F ⋅ 𝛾𝛾 = �̅�𝜇𝑘𝑘𝑑𝑑 ⋅
𝑉𝑉𝑘𝑘𝑑𝑑
𝑉𝑉𝑘𝑘𝑓𝑓

, (B.20) 

where �̅�𝜇𝑘𝑘 is the RAC averaged over the domain Ω𝑘𝑘. Since the average of all values of a MHR 

map (or any digital image) are conserved upon interpolation, we have that: 

 �̅�𝜇𝑘𝑘𝑑𝑑→𝑘𝑘𝑓𝑓
F = �̅�𝜇𝑘𝑘𝑑𝑑, (B.21) 

giving an expression for the scaling factor 𝛾𝛾: 

 
𝛾𝛾 ≡ 𝛾𝛾𝑘𝑘𝑑𝑑→𝑘𝑘𝑓𝑓 =

𝑉𝑉𝑘𝑘𝑑𝑑
𝑉𝑉𝑘𝑘𝑓𝑓

. (B.22) 

The expression of the 𝛾𝛾 scaling factor can be generalized: 

 𝛾𝛾source→target =
𝑉𝑉source
𝑉𝑉target

. (B.23) 

The rescaled maps were averaged over the scans 𝑘𝑘 ≥ 𝑘𝑘𝑑𝑑 , resulting in an artificial MHR map 

representative of the dry gel: 

 
𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘𝑓𝑓
dry =

1
𝑁𝑁𝑑𝑑

�𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘𝑓𝑓 + � 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘𝑑𝑑→𝑘𝑘𝑓𝑓
F ⋅ 𝛾𝛾𝑘𝑘→𝑘𝑘𝑓𝑓

𝑘𝑘𝑑𝑑≤𝑘𝑘<𝑘𝑘𝑓𝑓

�, (B.24) 

where 𝑁𝑁𝑑𝑑 is the number of scans in 𝑘𝑘𝑑𝑑 ≤ 𝑘𝑘 ≤ 𝑘𝑘𝑓𝑓. The quantity 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘𝑓𝑓
dry  was referred to as the dry 

MHR map. By recalling eq. (B.12), the MHR maps 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘≥𝑘𝑘𝑑𝑑 were equal to 𝜇𝜇skel𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘≤𝑘𝑘𝑑𝑑 

under the assumption of a zero hexane content in the gels at 𝑘𝑘 ≥ 𝑘𝑘𝑑𝑑 . The dry MHR map 
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derived in eq. (B.24) was thus an expression of the quantity 𝜇𝜇skel𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘 interpolated onto 

scan 𝑘𝑘 = 𝑘𝑘𝑓𝑓. We set: 

 𝜇𝜇skel𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘𝑓𝑓 = 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘𝑓𝑓
dry . (B.25) 

The dry MHR map was then used to calculate the HEXHR maps. Let's recall the expression 

of the local RAC: 

 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘 = 𝜇𝜇hex𝑓𝑓hex,𝑖𝑖,𝑗𝑗,𝑘𝑘 + 𝜇𝜇skel𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘 . (B.4) 

At 𝑘𝑘 = 𝑘𝑘𝑓𝑓 , the rightmost term in eq. (B.4) is equal to the dry MHR map. The change of the gel 

volume throughout drying implied that Ω𝑘𝑘≠𝑘𝑘𝑓𝑓 ≠ Ω𝑘𝑘𝑓𝑓 . By assuming that the distribution of the 

silica skeleton within the gel’s volume does not change throughout drying, an expression for 

𝜇𝜇skel𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘 for any scan 𝑘𝑘 could be obtained by rescaling 𝜇𝜇skel𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘𝑓𝑓  (which is known) 

from source scan 𝑘𝑘 = 𝑘𝑘𝑓𝑓  to target scan 𝑘𝑘 ≠ 𝑘𝑘𝑓𝑓  using a similar methodology as before. In this 

case, the source is unique (𝑘𝑘 = 𝑘𝑘𝑓𝑓) and the targets are multiple (𝑘𝑘 ≠ 𝑘𝑘𝑓𝑓). We thus set: 

 𝜇𝜇skel𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘𝑓𝑓→𝑘𝑘
∗ = F𝑘𝑘𝑓𝑓→𝑘𝑘 �𝜇𝜇skel𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘𝑓𝑓� ⋅ 𝛾𝛾𝑘𝑘𝑓𝑓→𝑘𝑘 , (B.26) 

 ⇔ 𝜇𝜇skel𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘𝑓𝑓→𝑘𝑘
∗ = F𝑘𝑘𝑓𝑓→𝑘𝑘 �𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘𝑓𝑓

dry � ⋅ 𝛾𝛾𝑘𝑘𝑓𝑓→𝑘𝑘 , (B.27) 

 ⇔ 𝜇𝜇skel𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘𝑓𝑓→𝑘𝑘
∗ = 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘𝑓𝑓→𝑘𝑘

dry,F ⋅ 𝛾𝛾𝑘𝑘𝑓𝑓→𝑘𝑘 , (B.28) 

where 𝜇𝜇skel𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘
∗  is the rescaled map and the scaling factor is: 

 
𝛾𝛾𝑘𝑘𝑓𝑓→𝑘𝑘 =

𝑉𝑉𝑘𝑘𝑓𝑓
𝑉𝑉𝑘𝑘

. (B.29) 

The expression for the scaling factor was verified by recalling the conservation of the skeleton 

volume, considering the rescaled map at scan 𝑘𝑘 ≠ 𝑘𝑘𝑓𝑓 and the dry MHR map at scan 𝑘𝑘 = 𝑘𝑘𝑓𝑓: 

 � 𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘𝑉𝑉voxel
(𝑖𝑖,𝑗𝑗)∈𝛺𝛺𝑘𝑘

= constant, (B.6) 

 
⇒ �

𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘𝑓𝑓→𝑘𝑘
dry,F ⋅ 𝛾𝛾𝑘𝑘𝑓𝑓→𝑘𝑘

𝜇𝜇skel(𝑖𝑖,𝑗𝑗)∈𝛺𝛺𝑘𝑘

𝑉𝑉voxel = �
𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘𝑓𝑓
dry

𝜇𝜇skel
𝑉𝑉voxel

(𝑖𝑖,𝑗𝑗)∈𝛺𝛺𝑘𝑘𝑓𝑓

, (B.30) 

 ⇒ �̅�𝜇𝑘𝑘𝑓𝑓→𝑘𝑘
dry,F ⋅ 𝛾𝛾𝑘𝑘𝑓𝑓→𝑘𝑘𝑉𝑉𝑘𝑘 = �̅�𝜇𝑘𝑘𝑓𝑓

dry𝑉𝑉𝑘𝑘𝑓𝑓 , (B.31) 

 ⇔ �̅�𝜇𝑘𝑘𝑓𝑓→𝑘𝑘
dry,F = �̅�𝜇𝑘𝑘𝑓𝑓

dry, (B.32) 

where �̅�𝜇𝑘𝑘𝑓𝑓→𝑘𝑘
dry,F  and �̅�𝜇𝑘𝑘𝑓𝑓

dry is the RAC of the maps averaged over the domains Ω𝑘𝑘 and Ω𝑘𝑘𝑓𝑓 , 

respectively. Finally, the quantity 𝜇𝜇skel𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘 in eq. (B.4) was replaced by the expression in 

eq. (B.28), giving an expression for the hexane volume fraction maps at any scan: 
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𝑓𝑓hex,𝑖𝑖,𝑗𝑗,𝑘𝑘 =

𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘 − 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘𝑓𝑓→𝑘𝑘
dry,F ⋅ 𝛾𝛾𝑘𝑘𝑓𝑓→𝑘𝑘
𝜇𝜇hex

. (B.33) 

Skeleton volume fraction. The SKELHR maps can be directly calculated at 𝑘𝑘1 ≤ 𝑘𝑘 ≤

𝑘𝑘2 using the volume conservation equation and the previously computed HEXHR maps. 

Similarly to the procedure adopted to calculate the hexane volume fraction maps, an artificial 

MHR map representative of the state of the gel at the beginning of drying was computed to 

improve the statistics upon calculating 𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘. This was done by rescaling and combining the 

MHR maps over 𝑘𝑘1 ≤ 𝑘𝑘 ≤ 𝑘𝑘2. The rescaling was performed from source scans 𝑘𝑘1 < 𝑘𝑘 ≤ 𝑘𝑘1 

onto target scan 𝑘𝑘 = 𝑘𝑘1. In this case, the target is unique and the sources are multiple. The 

rescaled maps are: 

 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘→𝑘𝑘1
∗ = 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘→𝑘𝑘1

F ⋅ 𝛾𝛾𝑘𝑘→𝑘𝑘1 + 𝛽𝛽,   𝑘𝑘1 ≤ 𝑘𝑘 ≤ 𝑘𝑘2 , (B.34) 

where 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘→𝑘𝑘1
F  is the interpolated map defined over the domain Ω𝑘𝑘1  and 𝛽𝛽 is an additional 

scaling factor. An expression for 𝛽𝛽 was found by considering a quantity that stays constant 

over 𝑘𝑘1 ≤ 𝑘𝑘 ≤ 𝑘𝑘2 (similar strategy as the one employed to determine 𝛾𝛾). Let’s recall the 2nd 

conservation equation: 

 � 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘 − 𝜇𝜇hex
(𝑖𝑖,𝑗𝑗)∈𝛺𝛺𝑘𝑘

= constant,   𝑘𝑘1 ≤ 𝑘𝑘 ≤ 𝑘𝑘2. (B.11) 

Let's consider eq. (B.11) between a rescaled MHR map from scan 𝑘𝑘 ≠ 𝑘𝑘1 to 𝑘𝑘 = 𝑘𝑘1 and the 

MHR map of source scan 𝑘𝑘: 

 � 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘→𝑘𝑘1
∗ − 𝜇𝜇hex

(𝑖𝑖,𝑗𝑗)∈𝛺𝛺𝑘𝑘1

= � 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘 − 𝜇𝜇hex
(𝑖𝑖,𝑗𝑗)∈𝛺𝛺𝑘𝑘

, (B.35) 

 ⇔ 𝑉𝑉voxel � 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘→𝑘𝑘1
F ⋅ 𝛾𝛾𝑘𝑘→𝑘𝑘1 + 𝛽𝛽 − 𝜇𝜇hex

(𝑖𝑖,𝑗𝑗)∈𝛺𝛺𝑘𝑘1

= 𝑉𝑉voxel � 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘 − 𝜇𝜇hex
(𝑖𝑖,𝑗𝑗)∈𝛺𝛺𝑘𝑘

, (B.36) 

 ⇒ ��̅�𝜇𝑘𝑘→𝑘𝑘1
F ⋅ 𝛾𝛾𝑘𝑘→𝑘𝑘1 + 𝛽𝛽 − 𝜇𝜇hex�𝑉𝑉𝑘𝑘1 = (�̅�𝜇𝑘𝑘 − 𝜇𝜇hex)𝑉𝑉𝑘𝑘 , (B.37) 

where �̅�𝜇𝑘𝑘→𝑘𝑘1
F  and �̅�𝜇𝑘𝑘 are the MHR maps averaged over their domain Ω𝑘𝑘1  and Ω𝑘𝑘, respectively. 

Because bilinear interpolation conserves the average value of a MHR map, we have that: 

 �̅�𝜇𝑘𝑘→𝑘𝑘1
F = �̅�𝜇𝑘𝑘 , (B.38) 

giving an expression for 𝛽𝛽: 

 
��̅�𝜇𝑘𝑘→𝑘𝑘1

F ⋅
𝑉𝑉𝑘𝑘
𝑉𝑉𝑘𝑘1

+ 𝛽𝛽 − 𝜇𝜇hex�𝑉𝑉𝑘𝑘1 = (�̅�𝜇𝑘𝑘 − 𝜇𝜇hex)𝑉𝑉𝑘𝑘 , (B.39) 

 ⇔ �̅�𝜇𝑘𝑘→𝑘𝑘1
F 𝑉𝑉𝑘𝑘 + (𝛽𝛽 − 𝜇𝜇hex)𝑉𝑉𝑘𝑘1 = �̅�𝜇𝑘𝑘𝑉𝑉𝑘𝑘 − 𝜇𝜇hex𝑉𝑉𝑘𝑘 , (B.40) 
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 ⇔ (𝛽𝛽 − 𝜇𝜇hex)𝑉𝑉𝑘𝑘1 = −𝜇𝜇hex𝑉𝑉𝑘𝑘 , (B.41) 

 
⇒ 𝛽𝛽 = 𝜇𝜇hex

�𝑉𝑉𝑘𝑘1 − 𝑉𝑉𝑘𝑘�
𝑉𝑉𝑘𝑘1

, (B.42) 

 ⇔ 𝛽𝛽 = 𝜇𝜇hex�1− 𝛾𝛾𝑘𝑘→𝑘𝑘1�. (B.43) 

The rescaled MHR maps were then averaged over 𝑘𝑘1 ≤ 𝑘𝑘 ≤ 𝑘𝑘2, resulting in an artificial MHR 

map representative of the state of the alcogel referred to as the alco MHR map: 

 
𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘1
alco =

1
𝑁𝑁𝑎𝑎

�𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘1 + � 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘→𝑘𝑘1
F 𝛾𝛾𝑘𝑘→𝑘𝑘1 + 𝜇𝜇hex�1− 𝛾𝛾𝑘𝑘→𝑘𝑘1�

𝑘𝑘1<𝑘𝑘≤𝑘𝑘2

�, (B.44) 

where 𝑁𝑁𝑎𝑎 is the number of scans between 𝑘𝑘1 ≤ 𝑘𝑘 ≤ 𝑘𝑘2. The alco MHR map was used to 

compute a hexane volume fraction map representative of the alcogel at scan 𝑘𝑘 = 𝑘𝑘1. Eq. (B.33) 

was rewritten considering a target scan 𝑘𝑘 = 𝑘𝑘1 and by replacing the MHR map at scan 𝑘𝑘 by the 

alco MHR map at scan 𝑘𝑘 = 𝑘𝑘1: 

 
𝑓𝑓hex,𝑖𝑖,𝑗𝑗,𝑘𝑘1
alco =

𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘1
alco − 𝜇𝜇𝑖𝑖,𝑗𝑗,𝑘𝑘𝑓𝑓→𝑘𝑘1

dry,F ⋅ 𝛾𝛾𝑘𝑘𝑓𝑓→𝑘𝑘1
𝜇𝜇hex

, (B.45) 

where 𝑓𝑓hex,𝑖𝑖,𝑗𝑗,𝑘𝑘1
alco  is a hexane map representative of the state of the alcogel expressed at scan 𝑘𝑘 =

𝑘𝑘1. This expression was finally used to calculate the SKELHR map at scan 𝑘𝑘 = 𝑘𝑘1 from the 

conservation of the total volume: 

 𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘1 = 1− 𝑓𝑓hex,𝑖𝑖,𝑗𝑗,𝑘𝑘1
alco . (B.46) 

The SKELHR maps at scans 𝑘𝑘 ≠ 𝑘𝑘1 were determined by rescaling 𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘1 : 

 𝑓𝑓𝑠𝑠𝑘𝑘𝑒𝑒𝑙𝑙,𝑖𝑖,𝑗𝑗,𝑘𝑘 = 𝑓𝑓𝑠𝑠𝑘𝑘𝑒𝑒𝑙𝑙,𝑖𝑖,𝑗𝑗,𝑘𝑘1→𝑘𝑘
F ⋅ 𝛾𝛾𝑘𝑘1→𝑘𝑘 , (B.47) 

where 𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘1→𝑘𝑘
F  is the interpolated map defined over the domain Ω𝑘𝑘. 

Vapor/air volume fraction. The vapor/air volume fraction maps were directly 

computed using eq. (B.5) with the knowledge of 𝑓𝑓hex,𝑖𝑖,𝑗𝑗,𝑘𝑘  and 𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘: 

 𝑓𝑓air,𝑖𝑖,𝑗𝑗,𝑘𝑘 = 1 − 𝑓𝑓hex,𝑖𝑖,𝑗𝑗,𝑘𝑘 − 𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘 . (B.48) 

B.3 Bilinear interpolation procedure 

A key step in the local quantitative imaging procedure was the resizing of the maps between 

the different drying stages by bilinear interpolation. The resizing and rescaling of a GHR map 

from source scan 𝑘𝑘𝑠𝑠 = 140 onto target scan 𝑘𝑘𝑡𝑡 = 0 is illustrated in Figure B.3 as an example 

and consisted in: (i) conversion of the GHR maps into MHR maps (Figure B.3b), (ii) define 
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the edges of the domains Ω𝑘𝑘𝑠𝑠 and Ω𝑘𝑘𝑡𝑡 separating the sample from the background in the source 

and target MHR maps (Figure B.3c), (iii) compute the normalized vertical and radial 

coordinates of any pixel of the maps within the domain edges (not shown), (iv) bilinear 

interpolation of source map onto target map and correction of the RAC values by a scalar 

factor (Figure B.3d). 

As mentioned in the main text and in appendix B.2, the domain of two GHR or MHR 

maps taken at different scans did not match, due to the shape change of the sample. To 

compare maps at different drying stages required establishing a correspondence between the 

two domains, which was done by bilinear interpolation of a source scan: 𝑘𝑘𝑠𝑠 towards the domain 

of a target scan: 𝑘𝑘𝑡𝑡 . The procedure described here is based on the GHR maps but can also be 

applied to a MHR map or a volume fraction map upon minor adaptations. First, the edges of  

 
Figure B.3 Example of the bilinear interpolation procedure and rescaling. (a) GHR maps of sample 
M4 at 10 selected drying stages on top of a cyan background with the corresponding color scale on 
the right. The brightness and contrast in the images of the gray value maps was adjusted to improve 

visualization. (b) MHR maps converted from the GHR maps at the start of drying (target scan) and at 
the end of drying (source scan) (c) Domains defining the sample in the MHR maps (white line over 
black background) in target and source scans. The red squares illustrate the correspondence in the 

relative coordinates of two pixels in both scans. (d) Target MHR map and rescaled MHR map 
interpolated from the source scan domain onto the target scan domain. The color scale of the MHR 
maps in panels (b) and (d) is shown at the bottom right of the figure. The length axes of all maps is 

indicated in the first map of panel (b). Reprinted from ref.107, CC BY 4.0 
(https://creativecommons.org/licenses/by/4.0/). 

https://creativecommons.org/licenses/by/4.0/
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the domains were defined as the limit where the gray values dropped to zero in the GHR maps 

(Figure B.3c). The top edge of the gel was called the north edge: 𝑁𝑁𝑗𝑗,𝑘𝑘, and was defined as the 𝑖𝑖 

index where the gray values became non-zero, from top to bottom for each index 𝑗𝑗. The radial 

edge of the gel was called the east edge: 𝐸𝐸𝑖𝑖,𝑘𝑘, and was similarly defined as the 𝑗𝑗 index where the 

gray values became non-zero, from right to left for each index 𝑖𝑖. The bottom edge of the gel 

was called the south edge: 𝑆𝑆 and was independent of the radial position and of the scan number. 

Figure B.4 depicts those edges of the GHR maps at scans 𝑘𝑘𝑡𝑡 and 𝑘𝑘𝑠𝑠 shown in Figure B.3. 

 
Figure B.4 . Edges (white lines) of the domains of two GHR maps from (a) a target scan at the start 
of drying (𝑘𝑘 = 0) and (b) a source scan at the end of drying (𝑘𝑘 = 140). The north edges are depicted 
with an arrow: 𝑁𝑁𝑗𝑗,𝑘𝑘𝑡𝑡 and 𝑁𝑁𝑗𝑗,𝑘𝑘𝑠𝑠 for target and source scans, respectively. The east edges are depicted 

accordingly: 𝐸𝐸𝑖𝑖,𝑘𝑘𝑡𝑡 and 𝐸𝐸𝑖𝑖,𝑘𝑘𝑠𝑠. The south edge 𝑆𝑆 is also shown and is independent of the 𝑗𝑗 index and of 
the scan number 𝑘𝑘. The axes are shown in red on the top left of the figure in panel (a). Reprinted 

from ref.107, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

We define the normalize coordinates within a domain Ω𝑘𝑘 as: 

 
ℎ𝑖𝑖,𝑗𝑗 =

𝑖𝑖 − 𝑁𝑁𝑗𝑗,𝑘𝑘

𝑆𝑆 − 𝑁𝑁𝑗𝑗,𝑘𝑘
, (B.49) 

 𝑟𝑟𝑖𝑖,𝑗𝑗 =
𝑗𝑗
𝐸𝐸𝑖𝑖,𝑘𝑘

, (B.50) 

with ℎ𝑖𝑖,𝑗𝑗 ∈ [0,1] and 𝑟𝑟𝑖𝑖,𝑗𝑗 ∈ [0,1]. For a given coordinate in the target map -abbreviated (𝑖𝑖∗, 𝑗𝑗∗)- 

a corresponding coordinate was calculated in the source map -abbreviated (𝑖𝑖, 𝑗𝑗)- by minimizing 

the difference between the normalized coordinates, defined as 𝛿𝛿ℎ = |ℎ∗ − ℎ| and 𝛿𝛿𝑟𝑟 = |𝑟𝑟∗ − 𝑟𝑟|. 

(ℎ∗, 𝑟𝑟∗) is short for �ℎ𝑖𝑖∗,𝑗𝑗∗ , 𝑟𝑟𝑖𝑖∗,𝑗𝑗∗� and is the normalized coordinates of the target map (known). 

(ℎ, 𝑟𝑟) is short for �ℎ𝑖𝑖,𝑗𝑗 , 𝑟𝑟𝑖𝑖,𝑗𝑗� and is the normalized coordinate of the source map (unknown). 

The following algorithm was developed to find (ℎ, 𝑟𝑟) at a given (ℎ∗, 𝑟𝑟∗): 

https://creativecommons.org/licenses/by/4.0/
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1) Define the vertical and radial tolerance: 

 𝜖𝜖ℎ = 0.1 ⋅ �𝑆𝑆 − 𝑁𝑁𝑘𝑘𝑠𝑠
min�, (B.51) 

 𝜖𝜖𝑟𝑟 = 0.1 ⋅ 𝐸𝐸𝑘𝑘𝑠𝑠
max, (B.52) 

where 𝑁𝑁𝑘𝑘𝑠𝑠
min is the minimum of 𝑁𝑁𝑗𝑗,𝑘𝑘𝑠𝑠 and 𝐸𝐸𝑘𝑘𝑠𝑠

max is the maximum of 𝐸𝐸𝑖𝑖,𝑘𝑘𝑠𝑠 . 

2) Set a starting point in the source map (ℎ0, 𝑟𝑟0) as: 

 ℎ0 = �ℎ∗ ⋅ �𝑆𝑆 − 𝑁𝑁𝑘𝑘𝑠𝑠
min� +𝑁𝑁𝑘𝑘𝑠𝑠

min�, (B.53) 

 𝜖𝜖𝑟𝑟 = 0.1 ⋅ 𝐸𝐸𝑘𝑘𝑠𝑠
𝑚𝑚𝑎𝑎𝑒𝑒, (B.54) 

where the notation ⌊𝑥𝑥⌉ stands for rounding 𝑥𝑥 to the nearest integer (0.5 is rounded 

down to 0). 

3) Compute the normalized radial coordinate in the source map 𝑟𝑟1 the closest to the target 

coordinate 𝑟𝑟∗ at ℎ = ℎ0: 

 𝑟𝑟1 = argmin
𝑖𝑖|ℎ𝑖𝑖,𝑗𝑗=ℎ0

��𝑟𝑟∗ − 𝑟𝑟𝑖𝑖,𝑗𝑗��. (B.55) 

The function argmin is the argument of the minima taken over a series of coordinates 

(𝑖𝑖, 𝑗𝑗), where 𝑖𝑖 is such that ℎ𝑖𝑖,𝑗𝑗 = ℎ0. This represents a relatively horizontal line. 

4) Do the same for the normalized vertical coordinate ℎ1 at 𝑟𝑟 = 𝑟𝑟1: 

 𝑟𝑟1 = argmin
𝑖𝑖|ℎ𝑖𝑖,𝑗𝑗=ℎ0

��𝑟𝑟∗ − 𝑟𝑟𝑖𝑖,𝑗𝑗��. (B.56) 

where the coordinates 𝑗𝑗 is such that 𝑟𝑟𝑖𝑖,𝑗𝑗 = 𝑟𝑟1. 

5) Compute the difference 𝛿𝛿ℎ = |ℎ∗ − ℎ1| and 𝛿𝛿𝑟𝑟 = |𝑟𝑟∗ − 𝑟𝑟1|. 

6) If 𝛿𝛿ℎ ≥ 𝜖𝜖ℎ or 𝛿𝛿𝑟𝑟 ≥ 𝜖𝜖𝑟𝑟 , assign the current value of ℎ1 to ℎ0 and 𝑟𝑟1 to 𝑟𝑟0, and repeat steps 

3) to 6). After five iterations, or if 𝛿𝛿ℎ < 𝜖𝜖ℎ and 𝛿𝛿𝑟𝑟 < 𝜖𝜖𝑟𝑟 , set ℎ = ℎ1 and 𝑟𝑟 = 𝑟𝑟1 and exit 

the loop. 

Once the correspondence between the normalized coordinates in the source map (ℎ, 𝑟𝑟) and in 

the target map (ℎ∗, 𝑟𝑟∗) was established, an empty map with the domain of the target map Ω𝑘𝑘𝑡𝑡  

was created. The gray values in the empty map were filled using a bilinear interpolation 

algorithm. For any pixel with the coordinates (𝑖𝑖∗, 𝑗𝑗∗) in the empty map, its gray value was 

determined by: 

1) Calculate the virtual position in the source map corresponding to the normalized 

coordinates (ℎ∗, 𝑟𝑟∗) of the empty map: 

 𝐼𝐼 = ℎ∗ ⋅ �𝑆𝑆 − 𝑁𝑁𝑗𝑗,𝑘𝑘𝑠𝑠� +𝑁𝑁𝑗𝑗,𝑘𝑘𝑠𝑠, (B.57) 
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 𝐽𝐽 = 𝑟𝑟∗ ⋅ 𝐸𝐸𝑖𝑖,𝑘𝑘𝑠𝑠, (B.58) 

where 𝐼𝐼 and 𝐽𝐽 are not pixel indexes but a virtual position in between pixels. (𝑖𝑖, 𝑗𝑗) are 

known from �ℎ𝑖𝑖,𝑗𝑗 , 𝑟𝑟𝑖𝑖,𝑗𝑗� determined in the previous calculations. 

2) Find the four pixels the closest to the virtual position (𝐼𝐼, 𝐽𝐽): 

 𝑖𝑖1 = �𝑖𝑖,           𝐼𝐼 ≥ 𝑖𝑖
𝑖𝑖 − 1,   𝐼𝐼 < 𝑖𝑖, (B.59) 

 𝑖𝑖2 = �𝑖𝑖 + 1,   𝐼𝐼 ≥ 𝑖𝑖
𝑖𝑖,           𝐼𝐼 < 𝑖𝑖, (B.60) 

 𝑗𝑗1 = �𝑗𝑗,           𝐽𝐽 ≥ 𝑗𝑗
𝑗𝑗 − 1,   𝐽𝐽 < 𝑗𝑗, (B.61) 

 𝑗𝑗2 = �𝑗𝑗 + 1,   𝐽𝐽 ≥ 𝑗𝑗
𝑗𝑗,           𝐽𝐽 < 𝑗𝑗. (B.62) 

3) The gray value in the empty map at the coordinates (𝑖𝑖∗, 𝑗𝑗∗) is given by the bilinear 

interpolation formula: 

 𝑔𝑔𝑖𝑖∗,𝑗𝑗∗,𝑘𝑘𝑠𝑠→𝑘𝑘𝑡𝑡 = (𝑖𝑖2 − 𝐼𝐼 𝐼𝐼 − 𝑖𝑖1) �
𝑔𝑔𝑖𝑖1,𝑗𝑗1,𝑘𝑘𝑠𝑠 𝑔𝑔𝑖𝑖1,𝑗𝑗2,𝑘𝑘𝑠𝑠
𝑔𝑔𝑖𝑖2,𝑗𝑗1,𝑘𝑘𝑠𝑠 𝑔𝑔𝑖𝑖2,𝑗𝑗2,𝑘𝑘𝑠𝑠

� �𝑗𝑗2 − 𝐽𝐽
𝐽𝐽 − 𝑗𝑗1

�. (B.63) 

By construction, the interpolated map 𝑔𝑔𝑖𝑖∗,𝑗𝑗∗,𝑘𝑘𝑠𝑠→𝑘𝑘𝑡𝑡 was defined over the same domain as the 

target map 𝑔𝑔𝑖𝑖,𝑗𝑗,𝑘𝑘𝑡𝑡. After interpolation, depending on the nature of the interpolated map (GHR, 

MHR or volume fraction map), the interpolated map was corrected with one or more scaling 

factor (see appendix B.2). 

 
Figure B.5 (a) µCT projection of sample M3 at the start of drying, the meniscus in the gel is visible at 
the gel's bottom. (b) GHR map of the same µCT scan on a black background, where artifacts can be 

seen at the bottom of the sample. Those artifacts resulted in errors in the bilinear interpolation 
algorithm, preventing to compute volume fraction maps for that sample. Reprinted from ref.107, CC 

BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

https://creativecommons.org/licenses/by/4.0/
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B.4 Gel diameter during X-ray scattering measurements 

Here we describe how the local diameter of the gels was calculated during their drying at the 

µSpot beamline at BESSY. The digital pictures were correlated with the µCT data and with the 

time stamps of the scattering data. Figure B.6 shows a series of digital pictures at selected 

drying stages, where the maximum shrinkage occurred after ca. 4.4 h of drying, which was 

faster than in the µCT experiments. Due to the insufficient contrast in the image, the 

dimensions of the gel could not be retrieved by automated image processing. Instead, the 

height of the gel in pixel was measured manually from 14 pictures using the software Fiji.106 It 

must be noted that during the first 2 h of drying, the height of the gel could not be measured 

because its top was hidden by the measurement cell (Figure B.6). 

 
Figure B.6 Digital pictures of the gel dried in the measurement cell during the in operando 

SAXS/WAXS measurement. The picture corresponding to the maximum shrinkage is outlined in red. 
The bright spots are due to the reflection of the camera lamp on the museum glass. The brightness 
and contrast of the images are adjusted for better visualization. Reprinted from ref.107, CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/). 

The diameter of the gel in pixel was derived by dividing the height by a factor 2 assuming 

an aspect ratio of 2, and was normalized by the diameter of the gel at the maximum shrinkage. 

We define: 

 𝜈𝜈PI(𝑡𝑡PI) = 𝑑𝑑(𝑡𝑡PI) 𝑑𝑑�𝑡𝑡PI = 𝑡𝑡PI,MS�⁄ , (B.64) 

with 𝜈𝜈PI(𝑡𝑡PI) the normalized diameter from the digital pictures, 𝑑𝑑𝑃𝑃𝑃𝑃(𝑡𝑡PI) the diameter of the 

gel in pixels and 𝑡𝑡PI,MS the time of maximum shrinkage. 𝑡𝑡PI is the time at which the digital 

pictures were recorded. 𝜈𝜈PI(𝑡𝑡PI) is shown in Figure B.7. Because the diameter of the gel at 

𝑡𝑡PI < 2 h could not be measured, the diameter from the digital pictures was fitted using µCT 

data, allowing to extrapolate the diameter of the gel at the start of drying. 

https://creativecommons.org/licenses/by/4.0/
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Figure B.7 Diameter of a gel normalized over its diameter at the maximum shrinkage: 𝝂𝝂 from the 
µCT measurements (M1, M2, M4 and M5) and from the digital pictures versus the drying time. 

Reprinted from ref.107, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

During the in operando X-ray scattering experiment, the X-ray beam probed the gel at 

a vertical height of ca. 4 mm from the bottom of the gel. That location can be seen in Figure 

B.6 as a slight darker line on the museum glass. The diameter of the gels dried by µCT at the 

same location was extracted from the masked images and was normalized by its value at the 

maximum shrinkage as in eq. (B.64). The corresponding normalized diameters of samples M1, 

M2, M4 and M5 are shown in Figure B.7. Note that the drying rate within these samples 

differed because of slightly different starting volume of the gels and possibly drying conditions 

The µCT normalized diameter was taken as the average among samples M1, M2, M3 

and M4 to improve the accuracy of the fit. To do so, the µCT time scale was also normalized: 

 𝑥𝑥CT,𝑚𝑚 = 𝑡𝑡CT,𝑚𝑚 𝑡𝑡CT,MS,𝑚𝑚⁄ , (B.65) 

where 𝑥𝑥CT,𝑚𝑚 is a time scale normalized over the time of the maximum shrinkage 𝑡𝑡CT,MS,𝑚𝑚 for a 

sample 𝑚𝑚. The average µCT normalized diameter was then: 𝜈𝜈CT(𝑥𝑥CT), where 𝑥𝑥CT = 0 and 

𝑥𝑥CT = 1 corresponded to the start of drying and to the maximum shrinkage, respectively. 

The normalized diameter from the digital pictures was also expressed as a function of a 

normalized time scale. However, the first recorded image was taken a few minutes after the gel 

started drying due to experimental limitations. We defined the time difference between the 

first recorded image and the effective start of drying of the gel as Δ𝑡𝑡1. Therefore, we can 

express 𝜈𝜈PI = 𝜈𝜈PI(𝑥𝑥PI) with 𝑥𝑥PI as: 

 𝑥𝑥PI =
𝑡𝑡PI + Δ𝑡𝑡1
𝑡𝑡PI,MS + Δ𝑡𝑡1

. (B.66) 

By minimizing the difference of (𝜈𝜈CT(𝑥𝑥CT) − 𝜈𝜈PI(𝑥𝑥PI))2, Δ𝑡𝑡1 could be determined at ca. 3.5 

min, which was reasonable. After a time scale normalization, 𝜈𝜈PI(𝑥𝑥PI) was in good agreement 

https://creativecommons.org/licenses/by/4.0/
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with the normalized diameter from the µCT data (see Figure B.8). 𝜈𝜈PI(𝑥𝑥PI) was then 

interpolated at the points 𝑥𝑥CT. 

 
Figure B.8 Normalized diameter 𝜈𝜈 from the µCT and digital pictures expressed as a function of a 

normalized time scale. Reprinted from ref.107, CC BY 4.0 
(https://creativecommons.org/licenses/by/4.0/). 

The last step was to interpolate the diameter of the gel with the time of the scattering 

data. The scattering intensity could be expressed as 𝐼𝐼(𝑞𝑞, 𝑥𝑥XS) with: 

 𝑥𝑥XS =
𝑡𝑡XS + Δ𝑡𝑡2
𝑡𝑡XS,MS + Δ𝑡𝑡2

. (B.67) 

where 𝑥𝑥XS is the normalized time scale of the X-ray scattering data frames, 𝑡𝑡XS the time in h, 

𝑡𝑡XS,MS the time of maximum shrinkage and Δ𝑡𝑡2 a time shift. 𝑡𝑡XS,MS was set by visual inspection 

of the scattering profiles (see Figure B.19). Δ𝑡𝑡2 was known, it corresponded to the delay 

between the first scattering data frame recorded and the first digital pictures that was taken. 

𝜈𝜈PI(𝑥𝑥PI) was then interpolated at the points 𝑥𝑥XS. The diameter in absolute units was calculated 

with: 𝑑𝑑XS(𝑥𝑥XS) = 𝜈𝜈PI(𝑥𝑥XS) ⋅ 𝑑𝑑CT,MS, from which the diameter of the gel during drying was 

found by converting 𝑥𝑥XS back to the absolute time scale 𝑡𝑡XS.  
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Appendix B 

147 

 
Figure B.9 GHR and volume fraction maps of sample M1 at 10 selected drying stages on top of a 

cyan background. (a) GHR maps with the corresponding gray value scale on the right. The brightness 
and contrast in the images of the GHR maps are adjusted to improve visualization. (b) HEXHR 

maps. (c) SKELHR maps. (d) AIRHR maps. The color scale of the volume fraction maps is shown at 
the bottom right of the figure. The volume fraction maps are normalized between 0 % and 100 %. 

The images of the volume fraction maps are encoded with a gamma value of 0.5 to improve 
visualization. The time scale is illustrated with an arrow on top of the figure and the time gap between 
the maps in a given panel is 1.64 ± 0.04 h. The length scale of all maps is indicated in the first map of 
panel (d). The maps corresponding to the maximum shrinkage are outlined in red. Each map consists 

in 410 x 1455 non-interpolated data points. Reprinted from ref.107, CC BY 4.0 
(https://creativecommons.org/licenses/by/4.0/). 
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Figure B.10 GHR and volume fraction maps of sample M2 at 10 selected drying stages on top of a 

cyan background. (a) GHR maps with the corresponding gray value scale on the right. The brightness 
and contrast in the images of the GHR maps are adjusted to improve visualization. (b) HEXHR 

maps. (c) SKELHR maps. (d) AIRHR maps. The color scale of the volume fraction maps is shown 
at the bottom right of the figure. The volume fraction maps are normalized between 0 % and 100 %. 

The images of the volume fraction maps are encoded with a gamma value of 0.5 to improve 
visualization. The time scale is illustrated with an arrow on top of the figure and the time gap between 
the maps in a given panel is 1.63 ± 0.04 h. The length scale of all maps is indicated in the first map of 
panel (d). The maps corresponding to the maximum shrinkage are outlined in red. Each map consists 

in 410 x 1455 non-interpolated data points. Reprinted from ref.107, CC BY 4.0 
(https://creativecommons.org/licenses/by/4.0/). 
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Figure B.11 GHR and volume fraction maps of sample M5 at 10 selected drying stages on top of a 

cyan background. (a) GHR maps with the corresponding gray value scale on the right. The brightness 
and contrast in the images of the GHR maps are adjusted to improve visualization. (b) HEXHR 

maps. (c) SKELHR maps. (d) AIRHR maps. The color scale of the volume fraction maps is shown at 
the bottom right of the figure. The volume fraction maps are normalized between 0 % and 100 %. 

The images of the volume fraction maps are encoded with a gamma value of 0.5 to improve 
visualization. The time scale is illustrated with an arrow on top of the figure and the time gap between 
the maps in a given panel is 1.43 ± 0.04 h. The length scale of all maps is indicated in the first map of 
panel (d). The maps corresponding to the maximum shrinkage are outlined in red. Each map consists 

in 410 x 1455 non-interpolated data points. Reprinted from ref.107, CC BY 4.0 
(https://creativecommons.org/licenses/by/4.0/). 
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Figure B.12 Radial and vertical maps of the gray values and volume fraction of sample M1 on top of 
a cyan background. The 3D image on the left of the figure depicts the segmented volume of M1 at 

the beginning of drying and the dashed lines illustrate the radial and vertical axes of the cylinder 
against which the radial and vertical maps are shown. (a) GR and GH maps. The gray value scale is 

shown at the bottom of panel (a). The brightness and contrast in the images of the GR and GH maps 
are adjusted to improve visualization. (b) HEXR and HEXH maps. (c) SKELR and SKELH maps. 

(d) AIRR and AIRH maps. The images of the volume fraction maps are encoded with a gamma value 
of 0.5 to improve visualization. The time axis is shown in each vertical map and the length scale is 

shown in the radial and vertical maps of panel (a). The radial maps consist in 1663 x 410 data points 
and the vertical maps in 1663 x 1455 points. In all maps, the horizontal time resolution is interpolated 

from 141 time stamps onto 1663 points. Reprinted from ref.107, CC BY 4.0 
(https://creativecommons.org/licenses/by/4.0/). 

 
Figure B.13 Radial and vertical maps of the gray values and volume fraction of sample M2 on top of 
a cyan background. The 3D image on the left of the figure depicts the segmented volume of M2 at 

the beginning of drying and the dashed lines illustrate the radial and vertical axes of the cylinder 
against which the radial and vertical maps are shown. (a) GR and GH maps. The gray value scale is 

shown at the bottom of panel (a). The brightness and contrast in the images of the GR and GH maps 
are adjusted to improve visualization. (b) HEXR and HEXH maps. (c) SKELR and SKELH maps. 

(d) AIRR and AIRH maps. The images of the volume fraction maps are encoded with a gamma value 
of 0.5 to improve visualization. The time axis is shown in each vertical map and the length scale is 

shown in the radial and vertical maps of panel (a). The radial maps consist in 1509 x 410 data points 
and the vertical maps in 1509 x 1455 points. In all maps, the horizontal time resolution is interpolated 

from 141 time stamps onto 1509 points. Reprinted from ref.107, CC BY 4.0 
(https://creativecommons.org/licenses/by/4.0/). 
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Figure B.14 Radial and vertical maps of the gray values and volume fraction of sample M5 on top of 
a cyan background. The 3D image on the left of the figure depicts the segmented volume of M5 at 

the beginning of drying and the dashed lines illustrate the radial and vertical axes of the cylinder 
against which the radial and vertical maps are shown. (a) GR and GH maps. The gray value scale is 

shown at the bottom of panel (a). The brightness and contrast in the images of the GR and GH maps 
are adjusted to improve visualization. (b) HEXR and HEXH maps. (c) SKELR and SKELH maps. 

(d) AIRR and AIRH maps. The images of the volume fraction maps are encoded with a gamma value 
of 0.5 to improve visualization. The time axis is shown in each vertical map and the length scale is 

shown in the radial and vertical maps of panel (a). The radial maps consist in 1444 x 410 data points 
and the vertical maps in 1444 x 1455 points. In all maps, the horizontal time resolution is interpolated 

from 141 time stamps onto 1444 points. Reprinted from ref.107, CC BY 4.0 
(https://creativecommons.org/licenses/by/4.0/). 
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Figure B.15 Volume fraction profiles of hexane and vapor/air along the height of sample M1 at 

selected time stamps. Vapor/air profiles between 7.4 and 8.3 h (a) and between 8.1 and 9.0 h (b). 
Hexane profiles between 7.4 and 8.3 h (c) and between 8.1 and 9.0 h (d). The profiles in panels (a) 
and (c) correspond to the µCT scans before the maximum shrinkage and shortly after, while the 

profiles in panels (b) and (d) correspond to the µCT scans at the maximum shrinkage and after. The 
dashed lines correspond to the bottom (h = 0 mm) and to the top of the sample. The time of 

maximum shrinkage is highlighted in red in the legends. The spacing between the profiles in each 
panel corresponds to a single µCT scan. The profiles were extracted from the AIRH and HEXH 

maps by excluding the values affected by the artifacts at the edges for better visualization. Reprinted 
from ref.107, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 
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Figure B.16 Volume fraction profiles of hexane and vapor/air along the height of sample M2 at 

selected time stamps. Vapor/air profiles between 7.2 and 8.1 h (a) and between 7.9 and 8.8 h (b). 
Hexane profiles between 7.2 and 8.1 h (c) and between 7.9 and 8.8 h (d). The profiles in panels (a) 
and (c) correspond to the µCT scans before the maximum shrinkage and shortly after, while the 

profiles in panels (b) and (d) correspond to the µCT scans at the maximum shrinkage and after. The 
dashed lines correspond to the bottom (h = 0 mm) and to the top of the sample. The time of 

maximum shrinkage is highlighted in red in the legends. The spacing between the profiles in each 
panel corresponds to a single µCT scan. The profiles were extracted from the AIRH and HEXH 

maps by excluding the values affected by the artifacts at the edges for better visualization. Reprinted 
from ref.107, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 
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Figure B.17 Volume fraction profiles of hexane and vapor/air along the height of sample M5 at 

selected time stamps. Vapor/air profiles between 6.4 and 7.3 h (a) and between 7.1 and 8.0 h (b). 
Hexane profiles between 6.4 and 7.3 h (c) and between 7.1 and 8.0 h (d). The profiles in panels (a) 
and (c) correspond to the µCT scans before the maximum shrinkage and shortly after, while the 

profiles in panels (b) and (d) correspond to the µCT scans at the maximum shrinkage and after. The 
dashed lines correspond to the bottom (h = 0 mm) and to the top of the sample. The time of 

maximum shrinkage is highlighted in red in the legends. The spacing between the profiles in each 
panel corresponds to a single µCT scan. The profiles were extracted from the AIRH and HEXH 

maps by excluding the values affected by the artifacts at the edges for better visualization. Reprinted 
from ref.107, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 
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Figure B.18 Vertical vapor/air profiles extracted from the AIRH maps of all samples at selected 

drying stages. (a) Sample M1 between 0.9 and 2.0 h. (b) Sample M2 between 1.7 and 2.6 h. (c) Sample 
M4 between 2.0 and 2.9 h (as shown in the main text). (d) Sample M5 between 1.7 and 2.6 h. The 

dashed lines correspond to the bottom (h = 0 mm) and to the top of the sample. The spacing 
between each profile corresponds to a single µCT scan. Reprinted from ref.107, CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/). 

 
Figure B.19 Scattering patterns of gel M6 throughout drying within 3 – 30 nm-1. Only 100 profiles 

were shown until ca. 8.5 h to enhance visualization. The scattered intensity of the gel at the maximum 
shrinkage is highlighted with black dashed lines. The color scale is shown on the right and also 
depicts the time of maximum shrinkage. The data are plotted as bands including the standard 

deviation. Reprinted from ref.107, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

https://creativecommons.org/licenses/by/4.0/
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Figure B.20 (a) Scattering pattern of sample M6 at the end of drying in the region 3 – 30 nm-1 along 

with the corresponding fit. The scattered intensity is in absolute units. (b) Scattering pattern of a 
hexane capillary in the region 0.3 – 3.3 nm-1 along with the fit of the data. Here the scattered intensity 

is in arbitrary units as the data frames on the hexane reference samples were not normalized by the 
sample thickness. The data are plotted as bands including the standard deviation. Reprinted from 

ref.107, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

 
Figure B.21 Numerical derivative of the average vapor/air volume fraction in gel M4 versus the 

drying time: 𝑑𝑑𝑓𝑓a̅ir 𝑑𝑑𝑡𝑡⁄  from the cavitation onset (𝑡𝑡cav = 3.64 h) until the time of maximum shrinkage 
(𝑡𝑡MS = 7.63 h). The dashed line indicates the value Δ𝑓𝑓a̅ir Δ𝑡𝑡⁄  used in the manuscript. These results 
were produced using the µCT global quantitative imaging results reported in chapter 4. Reprinted 

from ref.107, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

B.5 Spatial variability analysis 

Vertical and radial distributions. This section reports the spatial variability analysis of the 

gray values in the GHR and GR maps and discusses their origin. A heterogeneous distribution 

of the gray values was observed in the GHR maps (Figure 5.3, Figure B.9 – Figure B.11). To 

further quantify these variations, gray value profiles were extracted from the GHR maps of 

sample M4 across the gel height and radius as shown in Figure B.22. Three vertical profiles 

were extracted at a relative radius of 0.25, 0.5 and 0.75 (from the center of the gel to its radial 

https://creativecommons.org/licenses/by/4.0/
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edge) and three radial profiles were extracted at a relative height of 0.25, 0.5 and 0.75 (from 

the bottom to the top of the gel). 

The gray values remained relatively constant across the gel's height throughout drying, 

suggesting a homogeneous composition (Figure B.22a-c). Variations were only observed 

during the spring-back effect (visible in Figure B.22c at 7 – 8 mm and 7.6 h of drying) and at 

the edges of the sample, regardless of the radial coordinate. The small peak at a height of about 

 
Figure B.22 Gray value profiles extracted from the GHR maps of sample M4. Each panel presents 

the gray value profiles at six drying stages. Each panel includes a GHR map as an inset with an arrow 
illustrating the region where the gray value profiles are extracted. The regions (lines) are fixed at a 

relative height or relative radius regarding to the maximum height or radius at each drying stage. (a-c) 
Gray value profiles along the height of the gel at a relative radius of (a) 0.25, (b) 0.5 and (c) 0.75. (d-f) 

Gray value profiles along the radius of the gel at a relative height of (d) 0.75, (e) 0.5 and (f) 0.25. 
Reprinted from ref.107, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 
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0.5 mm was seemingly caused by under-sampling artifacts in the masked slices132 due to the 

low number of projections taken and the proximity of the sample with the drying chamber. 

This region with locally higher gray values can clearly be seen in the GHR maps (Figure 5.3, 

Figure B.9 – Figure B.11). The lower gray values before the peak at the bottom of the gel (at a 

height of 0 mm), as well as the lower gray values at the top of the gel (Figure B.22a-c) were 

due to imperfect segmentation at the edges which included some of the background in the 

ROIs. 

Across the gel's radius, the gray values followed an exponential growth with the radius 

regardless of the vertical coordinate (Figure B.22d-f). After reaching a maximum near the edge 

of the sample, the gray values decreased due to imperfect segmentation that included some of 

the background in the masked slices. The exponential dependency of the gray values on the 

gel's radius was coherent with beam hardening artifacts in cylindrical samples.131 Beam 

hardening artifacts are caused by a higher attenuation of the soft X-rays in the center of the 

sample than at its periphery with polychromatic radiations. Beam hardening was expected in 

our in operando experiments given the relatively high voltage (135 kV) and the absence of a 

filter. The change in amplitude and curvature of the radial variations was quantified throughout 

drying by fitting the gray value profiles to compare the variations with a simplified beam 

hardening model. 

RAC radial profiles were extracted from the MR map of sample M4 at each scan number. 

The edges effect were excluded by considering the profiles until the maximum of the RAC 

values. The RAC radial profiles were then fitted with an exponential function defined as 𝑓𝑓(𝑟𝑟) =

𝐴𝐴𝑒𝑒𝑟𝑟 𝐵𝐵⁄ + 𝐶𝐶, where 𝑟𝑟 is the gel's radius in mm and 𝐴𝐴, 𝐵𝐵 and 𝐶𝐶 are fitting parameters. Figure 

B.23a shows the fitted radial profiles at selected drying stages. The amplitude of the radial 

variations was quantified by 𝛿𝛿𝜇𝜇, defined as the difference of the RAC at the outer radius of the 

gel and the RAC at the center of the gel: 

 𝛿𝛿𝜇𝜇 = 𝐴𝐴�𝑒𝑒𝑟𝑟max 𝐵𝐵⁄ − 1�, (B.68) 

where 𝑟𝑟max is the maximum radius of the gel. The curvature was quantified with the inverse of 

the 𝐵𝐵 parameter, the lower 𝐵𝐵 the more the profiles were curved, compared to flat profiles as 

𝐵𝐵 → ∞.  



Appendix B 

159 

 
Figure B.23 (a) Example of the fitting results on the radial profiles extracted from the MR maps of 
sample M4 at six drying stages. (b) Amplitude of the gray value variations: 𝛿𝛿𝜇𝜇 parameter (blue) and 
average diameter of the gel (orange). (c) Curvature of the gray value variations (blue) and average 
diameter of the gel (orange). The smaller 𝐵𝐵, the more curved the radial profiles. Reprinted from 

ref.107, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

The fitting of the radial profiles generated 141 values of 𝛿𝛿𝜇𝜇 and 𝐵𝐵 shown in Figure 

B.23b,c along the average diameter of the gel. 𝛿𝛿𝜇𝜇 was inversely proportional to the gel diameter: 

the amplitude of the radial variations increased as the gel diameter decreased. The maximum 

amplitude corresponded to the maximum shrinkage and the steep drop afterwards was likely 

caused by the heterogeneous spring-back of the gel. A similar behavior was observed for the 

curvature of the spatial variations. The evolution of the 𝐵𝐵 parameter throughout drying was 

comparable to the gel diameter with a higher curvature the smaller the diameter was. Identical 

conclusions were made from spatial variability analyses on samples M1, M2 and M4. This 

procedure was also performed on the hr-maps and provided similar results in terms of 

amplitude, but the curvature could not be accurately determined due to the noise in the GHR 

maps. 

The correlation between the amplitude (𝛿𝛿𝜇𝜇) and the curvature (1 𝐵𝐵⁄ ) of the variations 

with the diameter of the gel was consistent with beam hardening. Considering a large cylindrical 

sample, most of the soft X-rays are absorbed except a relatively small portion at the sample 

edges resulting in virtually higher RAC in these regions. In a smaller cylindrical sample of the 
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same material, the difference in the extent of soft X-rays absorbed in the center and at the edge 

is more pronounced due to the exponential dependency of X-ray transmission with the sample 

thickness108 (see chapter 3.1), resulting in stronger beam hardening and in increased amplitude 

and curvature of the variations in the gray values and RAC along the gel radius. 

Besides beam hardening artifacts, a potential gradient of the hexane composition along 

the radial direction of the gel could also generate the radial variations observed in Figure 

B.22d-f and Figure B.23a. However, the amplitude of the variations would then vanish in the 

dry gel, which was not the case in our experiments. Additionally, the value of 𝛿𝛿𝜇𝜇 was inversely 

proportional to the diameter of the gel and not on the hexane content. Eventual radial 

variations caused by a different hexane content should decrease in amplitude as the hexane 

evaporates, whereas 𝛿𝛿𝜇𝜇 had the same value after 6 h of drying and at the end of drying (Figure 

B.23b). On the other hand, heterogeneities of the silica skeleton composition in the gel could 

produce variations of the gray values and RAC along the gel radius. A denser shell of silica 

skeleton could have formed in the samples during gelation in the molds. Such variations would 

not vanish in the dry gel and would be consistent with the increase in curvature with the gel 

diameter. While this hypothesis could not be ruled out, the significant increase in the amplitude 

of the variations between the maximum shrinkage and the start of drying could not be solely 

explained by a higher content of skeleton at the edge of the gel. 

The spatial variability analysis leaned towards the occurrence of beam hardening to 

explain the observed variations along the gel radius, with possible effects related to a 

heterogeneous composition of the gels. Given those remarks, the evaluation of the evaporation 

mechanisms was performed on the GH map and the derived vertical volume fraction maps, 

as beam hardening artifacts were not observed along the gel height. 

Radial variations in the volume fraction maps. Upon modeling the phase 

composition from the GHR and GR maps, similar radial variations as the ones attributed to 

beam hardening appeared in the corresponding volume fraction maps. As a result, the phase 

composition of the gel seemed to vary along its radius. This can be slightly seen in the HEXR 

and AIRR maps shortly before the maximum shrinkage (Figure 5.4, Figure B.12 – Figure B.14). 

Figure B.24 shows the radial volume fraction profiles extracted from the HEXR, SKELR and 

AIRR maps at three selected drying stages, where variations along the gel radius could clearly 

be seen. These were attributed to the propagation of beam hardening artifacts present in the 

gray value maps. It was worth noting that the amplitude and curvature of the variations 

observed in the HEXR, SKELR and AIRR radial maps were not directly proportional to the 

RAC variations shown in Figure B.23. This was due to the way the drying model was defined:  
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Figure B.24 Hexane, skeleton and vapor/air radial profiles extracted from the HEXR, SKELR and 

AIRR maps of sample M4 at three selected drying stages: (a) 0.0 h, (b) 6.0 h and (c) 14.0 h. The time 
is indicated in each panel on the top right corner. Reprinted from ref.107, CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/). 

the quantity 𝜇𝜇skel𝑓𝑓skel,𝑖𝑖,𝑗𝑗,𝑘𝑘 was calculated from the µCT scans of the dry gel and interpolated 

and rescaled to the other scans (appendix B.2). 

Azimuthal variations. This section presents the spatial variability analysis on the gray 

values along the azimuth of the cylindrical samples to evaluate potential heterogeneities in the 

gel composition during drying. To do so, selected masked slices were integrated radially with 

a custom Python script to produce azimuthal gray value profiles. For each scan number, a 

masked slice was selected at a given relative height of the cylinder. The center of each masked 

slice was defined as the center of mass as described in appendix B.1. The pixels in the masked 

slices were separated into 100 bins depending on their azimuth from 0 to 2𝜋𝜋 and were radially 

integrated. The resulting gray value maps were defined as the azimuthal maps 𝑔𝑔𝜒𝜒,𝑘𝑘, where 𝜒𝜒 

stands for the azimuthal range with 0 ≤ 𝜒𝜒 ≤ 99 and 𝑘𝑘 for the scan number. Rather than 

evaluating the azimuthal map, the difference of the gray values compared to the average at a 

given scan was computed: 

 𝛿𝛿𝜒𝜒,𝑘𝑘 = 𝑔𝑔𝜒𝜒,𝑘𝑘 −
1

100
�𝑔𝑔𝜒𝜒,𝑘𝑘
𝜒𝜒

, (B.69) 
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Figure B.25 𝛿𝛿𝜒𝜒,𝑘𝑘 maps (gray value difference) of sample M4 throughout drying. The maps in panels 

(a-c) refer to the radial integration performed at a relative height of (a) 0.25 (near the bottom), (b) 0.5 
and (c) 0.75 (near the top) in the gels. Each panel share the same color scale that is indicated at the 

bottom right of the figure. Each map consists in 100x141 data points and the horizontal axis is 
linearly interpolated in time. Reprinted from ref.107, CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/). 

where 𝛿𝛿𝜒𝜒,𝑘𝑘 is also a map. Figure B.25 shows the final results at three relative heights: 0.25, 0.5 

and 0.75. 

Slight variations in the gray values (± 1 gray value) were consistently observed along the 

azimuth regardless of the drying stage and relative height. The gray values were higher than 

the average between 𝜋𝜋 2⁄  and 𝜋𝜋 and lower between 3𝜋𝜋 2⁄  and 2𝜋𝜋. Similar variations were 

observed in the other samples at different angles, and the minimum of the variations 

systematically occurred in the regions the closest to the wall of the drying chamber while the 

maximum occurred at the opposite location (Figure B.26). Those spatial variations were 

attributed to reconstruction artifacts but could not be clearly identified to a specific µCT 

artifact. A combination of undersampling and beam hardening artifacts may have created these 

variations. Nevertheless, the established dependency of the azimuthal variations with the 

proximity of the gel to the chamber suggested that they did not originate from heterogeneities 

in the composition of the gels. Stronger azimuthal variations appeared shortly after the 

maximum shrinkage in samples M2, M4 and M5 (Figure B.25a,b and Figure B.26). The time 

at which the variations increased corresponded to the time where the drying front reached the 

relative height of the gel at which the azimuthal maps were produced, which suggested that  
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Figure B.26 𝛿𝛿𝜒𝜒,𝑘𝑘 maps (gray value difference) at a relative height of 0.5 throughout drying. The maps 

in panels (a), (b), (c) and (d) refer to the samples M1, M2, M4 and M5, respectively. Each panel 
contains an inset on the right of the map showing the masked slice at the relative height of 0.5 at the 
beginning of drying. The angle corresponding to the maximum (yellow) and minimum (blue) of 𝛿𝛿𝜒𝜒,𝑘𝑘 

are depicted on the masked slice with arrows. Each map consists in 100x141 data points and the 
horizontal axis was linearly interpolated in time. Reprinted from ref.107, CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/). 

the spring-back effect was slightly heterogeneous along the azimuthal direction of the gels. 

This feature was not observed in sample M1, which may be related to the fact that M1 stayed 

relatively well centered during drying. Sample M5 moved during drying, resulting in a change 

of direction of the variations before and after maximum shrinkage (Figure B.26d). 

B.6 Comparative analysis of the quantitative imaging approaches 

This section reports a comparative analysis between the quantitative imaging results presented 

in chapter 5 (local analysis, composition maps) and in chapter 4 (global analysis, average 

composition) to evaluate the reliability of the local quantitative imaging approach. The gray 

value and volume fraction maps from the three reduction procedures were integrated along 

their corresponding spatial domains to calculate a spatially averaged quantity representative of 

the gel throughout drying. The integration of the volume fraction maps was performed over a 

https://creativecommons.org/licenses/by/4.0/
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partial domain of the corresponding maps and was consistent with the global quantitative 

imaging approach. For a given map 𝑀𝑀𝑖𝑖,𝑗𝑗,𝑘𝑘, the integration was defined as: 

 𝑀𝑀�𝑘𝑘 =
1
𝑁𝑁Ω𝑘𝑘

′
� 𝑀𝑀𝑖𝑖,𝑗𝑗,𝑘𝑘 ⋅ 𝑛𝑛𝑗𝑗

(𝑖𝑖,𝑗𝑗)∈Ω𝑘𝑘
′

, (B.70) 

where 𝑀𝑀�𝑘𝑘 is the average value of the map 𝑀𝑀𝑖𝑖,𝑗𝑗,𝑘𝑘 integrated over the partial domain Ω𝑘𝑘′ , with 

𝑀𝑀𝑖𝑖,𝑗𝑗,𝑘𝑘 a GHR, HEXHR, SKELHR or AIRHR map, 𝑁𝑁Ω𝑘𝑘
′  is the number of pixels within Ω𝑘𝑘′  and 

𝑛𝑛𝑗𝑗 is a radial weight factor depending on the radial distance given by the index 𝑗𝑗. As a reminder 

to the reader: the GHR maps were computed by azimuthal integration of the masked slices, 

thus the values in 𝑔𝑔𝑖𝑖 ,𝑗𝑗,𝑘𝑘 at a large index 𝑗𝑗 were calculated from more pixels in the masked slices 

than the values at a small 𝑗𝑗. The radial weight factor 𝑛𝑛𝑗𝑗 accounted for this and was defined as 

𝑛𝑛𝑗𝑗 = 𝜋𝜋[(𝑗𝑗 + 1)2 − 𝑗𝑗2]. The averaging of the GH, HEXH, SKELH, AIRH, GR, HEXR, 

SKELR and AIRR maps was done similarly as in eq. (B.70). Depending on the nature of the 

map (i.e. on the reduction procedure used), the domains were further cropped to mitigate the 

contribution of the artifacts at the edges of the maps originating from improper segmentation. 

Those edges effects did not have a large impact on the integration of the gray value maps 

because the variations were in the order of 10-20 gray values out of 255 over a relatively small 

domain. However, upon calculating the volume fraction maps from the gray value maps, these 

variations were significantly amplified sometimes resulting in volume fraction at the edges of 

± 500 %, which were not representative of the state of the gel. 

Figure B.27 – Figure B.30 show the average quantities calculated in this study for samples 

M1, M2, M4 and M5, respectively (referred to as local maps) along with the results of the global 

quantitative imaging procedure. The gray values were in good agreement in all samples and all 

three data reduction procedures between the local and global approaches, besides a slight shift 

of the maximum gray value. The evolution of the hexane volume fraction was also consistent 

between both workflows, although some variations were observed at and shortly after the 

maximum shrinkage, especially in the HEXR maps (e.g. in Figure B.27d). The content of 

vapor/air showed comparable variations at the maximum shrinkage. Overall, the average 

skeleton volume fraction profiles from the local approach were systematically higher than the 

one calculated in the global approach, while the average vapor/air profiles from the local 

approach were lower than in the global one. It was not possible to link the differences between 

the two workflows to a specific aspect of the two quantitative imaging approaches, as they 

were fundamentally different. Whereas the global quantitative imaging approach consisted 

mainly of two steps: integration of the gray values and calculations, the local quantitative 
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imaging approach in this work consisted in: partial integration of the gray values (appendix 

B.1), bilinear interpolation and rescaling (appendix B.3), calculations (appendix B.2) and partial 

integration for the comparative analysis (appendix B.6). It could notably not be ruled out that 

the averaging procedure described here was responsible for the observed variations. 

Nonetheless, the evolution of the average local volume fraction throughout drying appeared 

consistent with our previous study. 

 
Figure B.27 Comparison between the local and global quantitative imaging approaches in sample M1. 
(a) Global gray values and averaged local gray value in the three reduction procedures. (b-d) Global 
volume fraction (dashed lines) and averaged local volume fraction (full lines) of the three phases for 
the azimuthal integration (b), slice integration (c) and azimuthal + vertical integration (d) reduction 
procedures. Reprinted from ref.107, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

https://creativecommons.org/licenses/by/4.0/
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Figure B.28 Comparison between the local and global quantitative imaging approaches in sample M2. 
(a) Global gray values and averaged local gray value in the three reduction procedures. (b-d) Global 
volume fraction (dashed lines) and averaged local volume fraction (full lines) of the three phases for 
the azimuthal integration (b), slice integration (c) and azimuthal + vertical integration (d) reduction 
procedures. Reprinted from ref.107, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

https://creativecommons.org/licenses/by/4.0/
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Figure B.29 Comparison between the local and global quantitative imaging approaches in sample M4. 
(a) Global gray values and averaged local gray value in the three reduction procedures. (b-d) Global 
volume fraction (dashed lines) and averaged local volume fraction (full lines) of the three phases for 
the azimuthal integration (b), slice integration (c) and azimuthal + vertical integration (d) reduction 
procedures. Reprinted from ref.107, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

https://creativecommons.org/licenses/by/4.0/
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Figure B.30 Comparison between the local and global quantitative imaging approaches in sample M5. 
(a) Global gray values and averaged local gray value in the three reduction procedures. (b-d) Global 
volume fraction (dashed lines) and averaged local volume fraction (full lines) of the three phases for 
the azimuthal integration (b), slice integration (c) and azimuthal + vertical integration (d) reduction 
procedures. Reprinted from ref.107, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

https://creativecommons.org/licenses/by/4.0/
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Figure B.31 Gray value density histograms of a GHR map (orange) and of all the masked slices (blue) 

at three selected drying stages: (a) t = 0 h, (b) t = 7.6 h (maximum shrinkage) and (c) t = 14.2 h. 
Upon azimuthal integration, the distribution of the gray values became narrower. Reprinted from 

ref.107, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

https://creativecommons.org/licenses/by/4.0/
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Appendix C. Plastic deformation and 
heat-enabled structural recovery 
C.1 µCT quantitative imaging 

The average phase composition of the sample HT1 throughout drying was computed using a 

similar quantitative imaging approach as in chapter 4. Selected projections of HT1 during 

drying are shown in Figure C.1. The reconstructed µCT volumes were segmented in the 

software Dragonfly130 using an automated script written in Python. The global gray values of 

the sample in each µCT scan were computed after correction for the anode heel effect, and 

the volume of the gel was corrected taking into account the estimated error on the automated 

segmentation algorithm.  

In this study, the hexane RAC was computed from the 10 scans done on a reference 

hexane sample, resulting in 𝜇𝜇hex = 0.1543, which was very similar to the value of 0.1548 found 

in chapter 4 by averaging 140 scans with the same acquisition and reconstruction parameters. 

The calculations were performed with threshold scan numbers related to the assumption of 

zero vapor/air content at the start of drying (within scan numbers 𝑘𝑘1 and 𝑘𝑘2) and the 

assumption of zero hexane content at the end of drying (from scan number 𝑘𝑘𝑑𝑑). The threshold 

scan numbers were determined by visual inspection of the quantities (�̅�𝜇𝑘𝑘 − 𝜇𝜇hex)𝑉𝑉𝑘𝑘 and �̅�𝜇𝑘𝑘𝑉𝑉𝑘𝑘, 

which gave: 𝑘𝑘1 = 0, 𝑘𝑘2 = 27 and 𝑘𝑘𝑑𝑑 = 130, corresponding to a drying time of 0, 2.7 and 13.1 h, 

respectively. The standard deviation on the gray values was calculated from the 10 scans 

performed on the hexane reference sample and was 0.015 (in 8-bit). All the error bands were 

computed based on two standard deviations (95th percentile) using the same approach as 

previously reported. The last µCT scan of the sample after annealing was reconstructed with 

the same parameters as the in-operando series of scans, and the gel volume was computed by 

manual segmentation of the 3D reconstructed volume. Manual segmentation was required for 

the annealed sample, as the automated script resulted in an inaccurate segmentation. The 

reason for this was low contrast between the sample and the background (Figure C.1d). The 

vapor/air volume in the gel after annealing was then calculated by assuming a hexane content 

of zero and that the skeleton volume was conserved upon annealing. It is worth noting that 

the drying model did not account for the weight difference attributed to residual hexane in 

sample HT1 as it was negligible compared to the initial hexane volume in the alcogel. At the 

start of drying, the hexane volume was 664.4 ± 10.6 mm3, corresponding to 437.8 ± 7.0 mg of 
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hexane (𝜌𝜌hex = 0.659 g cm-3 at 20 °C)226. The residual hexane amount was measured at 0.4 ± 

0.2 mg, which represented less than 0.1 wt % of the initial weight of hexane in the alcogel, 

confirming that it could be neglected. 

 
Figure C.1 µCT projections of HT1 at the start of drying (a), at the maximum shrinkage (b), at the 

end of drying (c) and after annealing (d). 

 
Figure C.2 (a) Micromechanical tester used for the uniaxial compression experiments. (b) Setup at the 

µSpot beamline: the digital camera (white arrow) is placed perpendicular to the X-ray beam (yellow 
arrow) directed at the sample placed on the micromechanical tester and protected by two kapton 

windows (red arrow). 
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Figure C.3 Log-log plot of the local density of the fractal clusters versus the length scale for sample 

nHT3 in the dry and annealed states. The figure is inspired from ref.146 The fractal dimension is 
depicted in the linear decay region, which correspond to the fractal range. The cut-off distances 
correspond to the particle radius (𝑎𝑎) and the mean cluster size of the dry (𝜉𝜉𝑑𝑑𝑟𝑟𝑑𝑑) and annealed gel 

(𝜉𝜉𝑎𝑎𝑛𝑛𝑛𝑛). 

C.2 Fracture strain 

This section presents the fracture strain upon uniaxial compression of a dry and an annealed 

gel. The main motivation to measure the fracture strain was to derive values of maximum 

strains that would ensure the mechanical stability of the aerogels over a complete loading-

unloading cycle. The compression tests conditions were identical to those reported in the main 

text. Pictures were recorded every 10 sec for the dry gel and every 2 sec for the annealed gel. 

The stress-strain curves are shown in Figure C.4a. The true stress and Poisson's ratio were not 

calculated in those experiments. The dry gel was synthesized from another batch than the other 

samples presented in this study but with the same synthesis route. The annealed gel had a slight 

cross-section reduction at the bottom (Figure C.4b). The fracture strain of the dry gel was 

determined at 36.1 % and that for the annealed gel was at 47.7 %. The mechanical failure was 

rather similar between both gels. Although the time resolution of the digital pictures was not 

high enough to capture the rupture mechanism, the development of cracks was observed in 

the dry gel shortly before fracture (Figure C.4b). This suggests that the dry gel failed due to the 

propagation of cracks, upon which the sample burst out of the stage. While no cracks were 

observed in the annealed gel, the mechanical failure also resulted in the ejection of a large piece 

of the sample out of the stage. This fracture by cracking was consistent with the brittle nature 

of silica aerogels. 
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Figure C.4 (a) Engineering stress versus absolute strain of a dry and annealed sample compressed 

until fracture (x symbol). (b) Digital pictures of the dry and annealed samples at 0 % strain (left), just 
before fracture (middle) and after fracture (right). The length scale of all pictures is depicted at the 

top right corner of panel (b). 

 
Figure C.5 (a) True stress versus absolute strain for samples nHT2 and HT2 including a relaxation of 

about 30 min for nHT2 and 20 min for HT2. The maximum strain is 18 and 30 % for nHT2 and 
HT2, respectively. The Young's modulus 𝐸𝐸 is depicted on the corresponding profiles. (b) Transverse 
versus axial strain for nHT2 and HT2 during loading (starts at the point (0,0)) and unloading. The fit 

of the loading and unloading curves is shown in black dashed lines and the Poisson's ratio 𝜈𝜈 is 
depicted on top of the fitting curves. The error on Poisson's ratio is maximum 0.001. 
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Figure C.6 Scattering profiles of HT2 in the axial (a) and transverse (b) direction to the load and 

scattering profiles of nHT2 in the axial (c) and transverse (d) direction. Panels (e-j) display the ratio 
of the intensity at a given strain 𝐼𝐼(𝑞𝑞) relative to the native intensity before compression 𝐼𝐼0(𝑞𝑞), and 

normalized by the apparent density of the sample by multiplying the scalar 𝜌𝜌0 𝜌𝜌⁄ . The intensity ratio 
plots are split into the loading (e-h) and unloading (i-l) parts of the mechanical test corresponding to 
the HT2 and nHT2 samples in both axial and transverse directions. The strain value is indicated with 

a diverging colormap shown on top of panels (a,b) for HT2 data, and on top of panels (c,d) for 
nHT2 data. The insets in panels (a-d) are images of the sample depicting the integration cake used to 

reduce the scattering data (axial or transverse directions). 

C.3 Correlation between scattering intensity and bulk density 

To assess the impact of the increased bulk density of the samples during compression on the 

azimuthally integrated scattering profiles, the latter were fitted in the wide-angle region to 

evaluate their overall evolution. The scattering signal in the wide-angle region was attributed 

to the molecular structure of the silica skeleton.18,145 The peak at ca 20 nm-1 was fitted on the 

first data frame of the scattering profiles (unloaded sample) using a sum of Pseudo-Voigt 

functions and a linear background and omitting the contributions beyond Porod's regime using 

a similar approach as in chapter 5. The resulting function was labelled 𝐼𝐼0∗(𝑞𝑞). The data frames 

at a given strain 𝜀𝜀 were then expressed as a scalar 𝛼𝛼(𝜀𝜀) multiplying 𝐼𝐼0∗(𝑞𝑞), and the scalar was 

computed by minimizing the residue for each strain value: 

 𝛿𝛿(𝜀𝜀) = �[𝐼𝐼(𝑞𝑞, 𝜀𝜀) − 𝛼𝛼(𝜀𝜀) ⋅ 𝐼𝐼0∗(𝑞𝑞)]2
𝑞𝑞

𝑑𝑑𝑞𝑞. (0.1) 

The scalar 𝛼𝛼 was referred to as the fit ratio. The evolution of 𝛼𝛼(𝜀𝜀) along with the evolution of 

the bulk density during uniaxial compression is shown in Figure C.7 for HT1, nHT1, HT2 and 

nHT2. 
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Figure C.7 Fit ratio 𝛼𝛼 (blue) and ratio of the bulk density (orange) during uniaxial compression of 

samples HT1 (a), nHT1 (b), HT2 (c) and nHT2 (d). 



Appendix C 

177 

 
Figure C.8 Radius of the silica particles during uniaxial compression derived from the mean chord 

length of the skeleton for samples HT1 (a), nHT1 (b), HT2 (c) and nHT2 (d). 
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Figure C.9 Specific surface area (SSA) during uniaxial compression of samples HT1 (a), nHT1 (b), 

HT2 (c) and nHT2 (d). 
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Figure C.10 Porosity, mean free path within the pores (𝑙𝑙𝑝𝑝), fractal dimension and mean length of the 
fractal cluster (𝜉𝜉) of samples (a) HT2 and (b) nHT2 during uniaxial compression. Time is represented 

on the bottom x-axis and the corresponding strain is depicted on the top x-axis with a non-linear 
scale. All data are shown in the axial and transverse directions except for the porosity. The error of 
nHT2 porosity is lower than 0.07 %. The data points corresponding to the relaxation are not shown 

for clarity. 

C.4 Sensitivity analysis on determination of the fractal slope 

The q-range used to fit the fractal region of the scattering patterns was varied within 0.1 to 

1.77 nm-1 using a constant range in the log space corresponding to 𝑞𝑞2 = 2.5𝑞𝑞1, where 𝑞𝑞2 and 

𝑞𝑞1 are respectively the right and left limits for the fitting range. The results are shown in Figure 

C.11. The fitting region within 0.4 – 1 nm-1 resulted in the most stable fractal dimensions in 

the axial and transverse directions and it was in agreement with visual estimations of the fractal 
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range in the scattering profiles. Therefore, the fractal dimension was calculated within 0.4 – 1 

nm-1. 

 
Figure C.11 Fractal slope determined from the mechanical tests done on HT1 (a,c) and nHT1 (b,d) 
along the axial direction (a,b) and the transverse direction (c,d). The q-range used is depicted in the 

legend of panel (d). The range used in the publication was 0.4 – 1.0 nm-1. 

 
Figure C.12 Scattering patterns and relative intensity normalized by the apparent density of sample 
HT1 in the axial (a) and transverse (b) directions to the load. The profiles correspond to different 

stages of the gel: unloaded (0 % strain), maximum strain (43 %), after unloading (23.3 %) and after a 
2nd annealing process. 
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Symbols and abbreviations 
Symbols 

Symbol Quantity Unit 

𝑎𝑎  Size or radius of the primary particles 

or minimum attenuation value (custom contrast parameter) 

nm 

- 

𝐴𝐴  Cross-section area of a specimen m2 

𝑏𝑏  Maximum attenuation value (custom contrast parameter) - 

𝐶𝐶𝐻𝐻  Ratio between the water volume and the silica skeleton volume in the 
dry gel 

- 

𝐶𝐶𝜇𝜇  Ratio of the silica skeleton reconstructed attenuation coefficient 
between the dry gel and the alcogel 

- 

𝐶𝐶𝑉𝑉  Silica skeleton volume ratio between the dry gel and the alcogel - 

𝑑𝑑, 𝐷𝐷 Specimen diameter or thickness m 

𝐷𝐷𝑓𝑓  Fractal dimension - 

𝐸𝐸  Energy 

or Young's modulus 

J 

Pa 

𝑓𝑓  Volume fraction - 

𝐹𝐹  Force N 

𝑔𝑔�  Uncorrected gray value of a voxel 8-bit 

𝑔𝑔  Gray value of a voxel 8-bit 

𝐺𝐺  Gray value averaged over a domain 8-bit 

ℎ  Specimen height m 

𝑖𝑖  µCT slice number - 

𝐼𝐼  Transmitted intensity a.u. 

𝐼𝐼(𝑞𝑞)  Scattered intensity cm-1 

𝑗𝑗  Voxel radial coordinate - 

𝐽𝐽 Nucleation rate cm-3 s-1 

𝑘𝑘  µCT scan number - 
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𝐾𝐾  Porod's constant  cm-5 

𝑙𝑙 ̅ Mean chord length nm 

𝑙𝑙𝑝𝑝  Mean chord length of the pores nm 

𝑙𝑙𝑠𝑠  Mean chord length of the silica skeleton nm 

𝑚𝑚  Weight g 

𝑀𝑀𝑤𝑤 Molar mass g mol-1 

𝑁𝑁  Number of slices or number of scans - 

𝑝𝑝  Pressure 

or voxel coordinate in the reconstructed volume 

Pa 

- 

𝑞𝑞  Modulus of the scattering vector 

or voxel coordinate in the reconstructed volume 

nm-1 

- 

𝑄𝑄  Q invariant cm-4 

𝑟𝑟𝑐𝑐  Capillary radius m 

𝑡𝑡  Time s 

𝑇𝑇 Temperature K 

𝑉𝑉0, 𝑉𝑉0 Volume of the alcogel m3 

𝑉𝑉𝑑𝑑, 𝑉𝑉𝑑𝑑 Volume of the dry gel m3 

𝑉𝑉�  Uncorrected specimen volume by µCT m3 

   

Greek letters 

Symbol Quantity Unit 

𝜒𝜒  Azimuthal angle in scattering patterns ° 

Δ𝑝𝑝  Capillary pressure Pa 

𝜀𝜀, 𝜀𝜀𝑎𝑎𝑥𝑥, 𝜀𝜀𝑧𝑧 Axial strain - 

𝜀𝜀𝑡𝑡𝑟𝑟  Transverse strain - 

𝛾𝛾  Surface tension of the liquid-vapor interface 

or scaling factor in the µCT drying model (volume ratio) 

N m-1 

- 

𝜆𝜆  Light wavelength m 
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𝜇𝜇  Attenuation coefficient 

or reconstructed attenuation coefficient 

m-1 

- 

𝜇𝜇�  Reconstructed attenuation coefficient averaged over a domain - 

𝜇𝜇𝐹𝐹  Interpolated reconstructed attenuation coefficient - 

𝜈𝜈  Poisson's ratio - 

Ω Domain of pixels belonging to the sample - 

𝜙𝜙  Porosity - 

𝜌𝜌, 𝜌𝜌𝑎𝑎 Apparent density g cm-3 

𝜌𝜌skel , 𝜌𝜌𝑠𝑠 Skeletal density g cm-3 

𝜌𝜌SLD  Scattering length density cm-2 

𝜎𝜎  Engineering stress or true stress Pa 

𝜃𝜃  Contact angle between a solid and a liquid 

or scattering angle 

° 

° 

𝜉𝜉  Mean cluster size nm 

   

Acronyms 

AIRH Vapor/air map along the height of a gel and versus time  

AIRHR Vapor/air map along the height and radius of a gel  

AIRR Vapor/air map along the radius of a gel and versus time  

APD Ambient-pressure drying  

CNT Classical nucleation theory  

CT X-ray computed tomography  

EtOH Ethanol  

FD Freeze-drying  

FTIR Fourier transform infrared spectroscopy  

GH Gray values map along the height of a gel and versus time  

GHR Gray values map along the height and radius of a gel  

GR Gray values map along the radius of a gel and versus time  
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HEXH Hexane map along the height of a gel and versus time  

HEXHR Hexane map along the height and radius of a gel  

HEXR Hexane map along the radius of a gel and versus time  

µCT X-ray micro-computed tomography  

MHR Map of the reconstructed attenuation coefficient along the height and radius of a gel 

nanoCT X-ray nanotomography  

PEEK Polyether ether ketone  

PTFE Polytetrafluoroethylene  

RAC Reconstructed attenuation coefficient  

ROI Region of interest  

SAXS Small-angle X-ray scattering  

SBE Spring-back effect  

SCD Supercritical drying  

SDD Source-to-detector distance  

SKELH Silica skeleton map along the height of a gel and versus time  

SKELHR Silica skeleton map along the height and radius of a gel  

SKELR Silica skeleton map along the radius of a gel and versus time  

SOD Source-to-object distance  

SSA Specific surface area in m2 g-1  

TEM Transmission electron microscopy  

TEOS Tetraethyl orthosilicate  

TMCS trimethylchlorosilane  

WAXS Wide-angle X-ray scattering  

 

This list does not include symbols and abbreviations that are specific to the appendices.



Acknowledgements 

205 

Acknowledgements 
I would like to thank my supervisor Dr. habil. Wolfgang Wagermaier for his guidance during 

these three years. Wolfgang is a formidable leader and open-minded person; he has always 

given me invaluable advice not only in science but also in management, communication and 

conflict resolution. I hope I can one day provide as much guidance to someone as he did to 

me. 

I would also like to express my deepest gratitude to Prof. Dr. Peter Fratzl, Dr. Ernesto 

Scoppola and Dr. Fabian Zemke who made substantial contributions to the work presented 

in this thesis by their ideas, resources, support and discussions. I am grateful to Prof. Dr. 

Aleksander Gurlo for his feedback and for the leeway that he accorded me to conduct my 

research. I sincerely thank Tilman Rilling for his work, innovative ideas and enthusiasm. I am 

also grateful to the Deutsche Forschungsgemeinschaft (DFG) for financing this project.  

The experiments performed in this thesis could not have been done without the work 

of Tobias Schmidt and Marco Bott who designed and manufactured the micromechanical 

tester, molds and drying chambers with the help of Petra Leibner. Many thanks to Klaus 

Bienert, Dr. Friedrich Reppe and Martin Niedermeier for their assistance on the 

microcontroller software, to Dr. Chenghao Li for his support in the SAXS experiments, to 

Daniel Werner and Nikolai Rosenthal for their help and valuable discussion on µCT 

experiments and analysis, to Dr. Peter Werner and Dr. habil. Nadezda Tarakina for their 

guidance in electron microscopy measurements, to Dr. Mateusz Odziomek for the interesting 

discussions on aerogels, to Jeannette Steffen for her assistance on the FTIR measurements, 

and to Ralf Ditsch, Dr. Angelo Valleriani, Annette Pape, Jan von Szada-Borryszkowski and 

Aslı Güngör for their overall help. I would also like to acknowledge Solène Valton from RX 

Solutions for her expert tips on the µCT reconstruction and Dr. Mike Marsh and Dr. Mathieu 

Gendron from Object Research Systems for their help on the automated segmentation script. 

I am grateful to Prof. Dr. Claudia Fleck for accepting to be the chair of the doctoral 

committee and to Dr. Wim Malfait for accepting to be a reviewer of this dissertation. 

I would like to kindly thank Dr. Émeline Raguin, Dr. Patrick Kwon, Dr. Hannes 

Zschiesche, Dr. Macarena Siri, Dr. Agustin Mangiarotti, Clémentine Ferrari, Anne Seewald 

and Efe Yavuzsoy for the good time spent in your company. My family has always supported 

me in my life choices, which has constantly inspired me to surpass myself. Finally, my partner 

Dr. Jing Hou has supported me in so many aspects during my PhD, regardless of my mood, 



Acknowledgements 

206 

of the distance between us and of the challenges along the path. Thank you for making 

everything possible. 


	Cover
	Title Page
	Abstract
	Kurzfassung
	Table of Contents
	1 Introduction
	1.1 Motivation and goals
	1.2 Structure of the thesis

	2 State-of-the-art
	2.1 Overview
	2.2 Sol-gel process
	2.3 Evaporative drying and monolithic aerogels

	3 Materials and methods
	3.1 Specimens
	3.2 Data management
	3.3 AI tools
	3.4 Review of characterization methods

	4 In operando µCT imaging of silylated silica aerogels during ambient pressure drying and spring back
	4.1 Background
	4.2 Materials and Methods
	4.3 Results and Discussion
	4.4 Summary

	5 Solvent cavitation during ambient pressure drying of silica aerogels
	5.1 Background
	5.2 Materials and Methods
	5.3 Results and Discussion
	5.4 Summary

	6 Plastic deformation and heat-enabled structural recovery of monolithic silica aerogels
	6.1 Background
	6.2 Materials and Methods
	6.3 Results and Discussion
	6.4 Summary

	7 Summary and outlook
	Appendix A. In Operando µCT Imaging of Silylated Silica Aerogels
	A.1 Automated segmentation procedure
	A.2 Correction of the gel's volume
	A.3 Correction of the anode heel effect
	A.4 Error propagation
	A.5 Simulations of condensation reactions

	Appendix B. Solvent cavitation during ambient pressure drying
	B.1 Data reduction procedure
	B.2 Derivation of the µCT drying model
	B.3 Bilinear interpolation procedure
	B.4 Gel diameter during X-ray scattering measurements
	B.5 Spatial variability analysis
	B.6 Comparative analysis of the quantitative imaging approaches

	Appendix C. Plastic deformation and heat-enabled structural recovery
	C.1 µCT quantitative imaging
	C.2 Fracture strain
	C.3 Correlation between scattering intensity and bulk density
	C.4 Sensitivity analysis on determination of the fractal slope

	References
	Symbols and abbreviations
	Acknowledgements

