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"Indeed, in the creation of the heavens and the earth, and the alternation of the night and day, and 

the [great] ships which sail through the sea with that which benefits people, and what Allah has 

sent down from the sky of rain, giving life thereby to the earth after its lifelessness and dispersing 

therein every [kind of] moving creature, and [His] directing of the winds and clouds controlled 

between the heaven and the earth, are signs for a people who use reason." 

Al Quran (2:164) 
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Abstract 

Sustainable organocatalysis requires heterogeneous catalytic systems that are efficient, reusable, 

and aligned with the principles of sustainability. This thesis explores two complementary materials 

aimed at achieving this balance: the rational engineering of hierarchically porous silica monolith 

support and the utilization of renewable chitosan biopolymers as solid catalysts. Together, these 

studies illustrate how rational control over material structure and intrinsic functionality can be 

harnessed to simultaneously enhance catalytic performance and align with environmental 

sustainability. 

In Publication 1, the focus was on the structural evolution of mesoporosity in hierarchically porous 

silica monoliths prepared by the Nakanishi method. The study placed particular emphasis on 

advanced physisorption analyses using argon (87 K) and nitrogen (77 K), complemented by 

hysteresis scanning, to unravel the development of the mesoporous network under varying 

hydrothermal treatment temperatures (HTTs). These analyses revealed a systematic expansion of 

mesopores (8 to 25 nm) while maintaining constant pore volume, indicating a dissolution-

reprecipitation mechanism that governs mesopore formation and connectivity. The work provided 

fundamental insights into how hydrothermal conditions shape mesoporous network, diffusion, and 

accessibility, establishing design principles for tailoring monoliths for catalytic and separation 

applications.  

In Publication 2, chitosan was studied as a renewable heterogeneous organocatalyst for 

Knoevenagel condensations among various benzaldehydes and ethyl cyanoacetate. High yields 

were achieved under mild conditions, with efficient catalyst and solvent reuse across multiple 

cycles. Importantly, the study demonstrated that renewability alone is not enough; optimization of 

overall process through mild conditions, energy efficiency, and recyclability can make a genuine 

impact on sustainable synthesis. The approach was successfully optimized to the gram-scale 

synthesis of an Atorvastatin intermediate, underlining its practical relevance. 

Together, these publications highlight two distinct but complementary strategies: the controlled 

engineering of pore structures in silica monoliths for applications such as continuous-flow catalysis 

and the dynamic functionality of chitosan as a green catalyst. Both approaches contribute to the 

broader goal of developing efficient, robust, and truly sustainable organocatalytic systems. 
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Zusammenfassung 

Nachhaltige heterogene Organokatalyse erfordert Katalysatorsysteme, die effizient, 

wiederverwendbar und im Einklang mit den Prinzipien der grünen Chemie sind. Diese Arbeit 

untersucht zwei komplementäre Materialien, die darauf abzielen, dieses Gleichgewicht zu 

erreichen: die systematische Gestaltung von hierarchisch porösen Trägermaterialien aus 

Silikamonolithen und die Nutzung erneuerbarer Chitosan-Biopolymere als Feststoffkatalysatoren. 

Zusammen veranschaulichen diese Studien, wie eine gezielte Kontrolle über Materialstruktur und 

intrinsische Funktionalität genutzt werden kann, um sowohl die katalytische Leistung zu 

verbessern, als auch die Umweltverträglichkeit zu gewährleisten. 

Publikation 1 legt den Fokus auf die strukturelle Entwicklung der Mesoporosität in hierarchisch 

porösen Silika-Monolithen, die nach der Nakanishi-Methode hergestellt wurden. Die Studie legt 

besonderen Wert auf fortgeschrittene Physisorptionsanalysen mit Argon (87 K) und Stickstoff (77 

K), ergänzt durch Hysteresescans, um die Entwicklung des mesoporösen Netzwerks unter 

verschiedenen hydrothermalen Behandlungstemperaturen (HTTs) zu entschlüsseln. Diese 

Analysen zeigen eine systematische Erweiterung der Mesoporen von 8 auf 25 nm bei 

gleichbleibendem Porenvolumen, was auf einen Auflösungs-Ausfällungs-Mechanismus hinweist, 

der die Bildung und Konnektivität der Mesoporen steuert. Die Arbeit liefert grundlegende 

Einblicke, wie hydrothermale Bedingungen das mesoporöse Netzwerk, die Diffusion und die 

Zugänglichkeit beeinflussen, und etabliert Designprinzipien zur Anpassung von Monolithen für 

katalytische und Trennungsanwendungen. 

In Publikation 2 wurde Chitosan als erneuerbarer heterogener Organokatalysator für 

Knoevenagel-Kondensationen zwischen verschiedenen Benzaldehyden und Ethylcyanoacetat 

untersucht. Unter milden Bedingungen wurden hohe Ausbeuten erzielt, wobei Katalysator und 

Lösungsmittel über mehrere Zyklen effizient wiederverwendet werden konnten. Wichtig ist, dass 

die Erneuerbarkeit allein nicht ausreicht; die Optimierung des Gesamtprozesses durch milde 

Bedingungen, Energieeffizienz und Recyclingfähigkeit kann einen echten Beitrag zu nachhaltiger 

Synthese leisten. Die Synthese eines Atorvastatin-Intermediats wurde erfolgreich im 

Grammmaßstab optimiert, was seine praktische Relevanz unterstreicht. 

Zusammen heben diese Veröffentlichungen zwei unterschiedliche, aber komplementäre Strategien 

hervor: die kontrollierte Gestaltung der Porenstruktur in Silika-Monolithen für Anwendungen wie 



Zusammenfassung 

VI 

 

die kontinuierliche Flusskatalyse und die dynamische Funktionalität von Chitosan als grünen 

Katalysator. Beide Ansätze tragen zum übergeordneten Ziel bei, effiziente, robuste und nachhaltige 

organokatalytische Systeme zu entwickeln. 
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Introduction 

The increasing global emphasis on sustainability has placed chemical research at a crucial 

intersection, where efficiency, innovation, and environmental responsibility must be coordinated.1 

In this regard, the framework of green chemistry, first formalized by Anastas and Warner in 1998, 

provides guiding principles for designing chemical processes and products that minimize or 

eliminate hazardous substances. The 12 Principles of Green Chemistry involve strategies such as 

prevention of waste, atom economy, less hazardous chemical syntheses, designing safer chemicals, 

safer solvents and auxiliaries, energy efficiency, use of renewable feedstocks, reduction of 

derivatives, catalysis, design for degradation, real-time analysis for pollution prevention, and 

inherently safer chemistry for accident prevention.2 Among these, catalysis holds a particularly 

central role. Catalysis, the acceleration of a chemical reaction by a substance that is not consumed 

during the process,3 is fundamental to nearly all areas of modern life. It is estimated that around 85 

to 90 % of all chemical processes are catalyzed, and approximately 85 percent of all manufactured 

products involve catalysis at some stage of their production chain. The economic and societal 

impact is immense, with catalytic technologies contributing an estimated 30 to 40 percent of global 

GDP.4  By lowering activation barriers and steering reaction pathways, catalytic processes enable 

efficient and selective transformations under milder, more resource-conscious conditions, 

addressing several principles of green chemistry simultaneously. However, as sustainability 

becomes a defining criterion in chemical innovation, catalysis must evolve beyond efficiency 

alone, integrating renewability, safety, and environmental compatibility into its design and 

application. Thus, development of sustainable catalysis requires balancing efficiency with broader 

considerations such as catalyst origin, toxicity, reusability, and environmental impact.5, 6  

Homogeneous catalysts, typically dissolved in the reaction medium, offer well-defined active sites 

and excellent selectivity. However, their practical drawbacks, such as difficulties in separation, 

potential contamination of products, and the frequent use of toxic solvents limit large-scale 

applicability. By contrast, heterogeneous catalysts, in which the active phase is distinct from the 

reaction medium, provide operational simplicity, easy recovery, and compatibility with 

continuous-flow technologies.7-10 For decades, metal-based catalysts have dominated both 

categories. Transition metals such as palladium11, platinum12, rhodium13, and nickel14 have enabled 

key reactions ranging from hydrogenation15 to cross-coupling16, profoundly shaping synthetic 

chemistry and industrial practice. However, reliance on scarce or precious metals, concerns about 
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toxicity, and the energy-intensive nature of their extraction and purification pose significant 

sustainability challenges. These drawbacks highlight the need for alternative catalytic models that 

balance performance with environmental compatibility.  

In this context, organocatalysis has emerged as a particularly promising approach. Small, metal-

free organic molecules, often derived from natural or renewable sources can promote a wide array 

of synthetically relevant reactions.17-26 The acknowledgement of this field with the 2021 Nobel 

Prize in Chemistry highlighted its growing importance.27, 28 However, the reality of industrial 

deployment for organocatalysts is more complex. Most organocatalysts are employed 

homogeneously, which complicates recovery and necessitates relatively high loadings (often in the 

10-30 mol% range).2, 19, 20, 29 This increases costs, reduces atom efficiency, and reduces process 

sustainability. 

To address the limitations of homogeneous organocatalysts, increasing attention has been directed 

toward immobilization strategies, where the catalyst is either anchored onto or incorporated within 

a support material. Immobilization combines the molecular precision of homogeneous systems 

with the operational advantages of heterogeneous catalysis, enabling easier recovery, improved 

reusability, and often enhanced stability under reaction conditions.30, 31 In such systems, the design 

of the support material becomes just as critical as the catalyst itself: surface chemistry dictates 

anchoring interactions and potential cooperative effects, and mechanical robustness ensures 

durability. Mesoporous materials such as silica have been widely employed for these purposes, as 

their tunable pore networks can be optimized to balance catalyst loading with substrate diffusion 

qualities particularly valuable in advanced applications like flow chemistry.32-35 Nevertheless, 

designing such a catalytic system that match the activity and selectivity of their homogeneous 

counterparts remains an ongoing challenge. While synthetic supports like porous silica offer 

structural control, biopolymers with functionalizable surface groups offers more sustainable 

alternatives that combine functionality with environmental compatibility.36-38 Renewable 

biopolymers such as chitosan exemplify this trend, providing not only a stable support framework 

but also intrinsic catalytic activity through amine functional group.39-43 This dual functionality 

promotes the use of renewable feedstocks, safer chemical syntheses by avoiding toxic metals, and 

waste prevention through reuse, thereby simultaneously addressing multiple principles of green 

chemistry and highlighting the integration of material design with sustainable catalysis. 



Introduction 

3 

 

This study is therefore structured around two complementary material systems: engineered silica 

monoliths, which provide the highly porous scaffolds necessary to fundamentally optimize mass 

transfer in continuous-flow catalytic systems; and the biopolymer chitosan, which brings a highly 

active, reusable, and non-toxic solid support and/or organocatalyst.  In this context, Publication 1 

focuses on the tuning of the mesopore network in meso-macroporous silica monoliths through 

adjusting the hydrothermal treatment temperature (HTT) and understanding its effects using 

physisorption studies to reveal the mesopore size and connectivity. The latter is crucial for 

achieving an optimal balance between high surface area for catalyst loading, efficient mass transfer, 

and substrate accessibility, while simultaneously minimizing diffusion limitations and pore 

blocking - a principle that is equally vital in chromatography to ensure sharp peaks and effective 

analyte interactions. Silica monoliths were synthesized via the K. Nakanishi method, which 

combines sol-gel chemistry with phase separation to produce hierarchically porous columns, and a 

range of HTTs (80 to 110 °C) was explored to systematically alter mesopore dimensions and 

connectivity. Physisorption using Ar (87 K) and N₂ (77 K), complemented by advanced hysteresis 

scanning provided detailed insights into the effects of HTT on mesopore size, connectivity, and 

network architecture. Overall, this study provides a rational framework for tailoring silica 

monoliths for optimized diffusion characteristics for catalytic and separation applications. 

Publication 2 focuses on the utilization of chitosan as a sustainable heterogeneous organocatalyst. 

This study was driven by the broader question of whether renewability alone ensures sustainability 

in catalysis, or whether a truly sustainable process must also integrate the principles of green 

chemistry. To address this, raw chitosan was employed as a base catalyst for one-pot Knoevenagel 

condensations between various benzaldehydes and ethyl cyanoacetate. The reaction parameters 

were optimized to fulfilled several principles of green chemistry, employing non-toxic solvents, 

low reaction temperatures, and efficient recovery of both catalyst and solvent. Furthermore, the 

approach was successfully extended to the gram-scale synthesis of a key Atorvastatin intermediate 

[4-methyl-3-oxo-N-phenyl-2-(phenylmethylene)-pentanamide], demonstrating the industrial 

relevance of catalytic system. The study also investigated the dynamic structural behavior of 

chitosan, revealing that its water-binding and swelling properties significantly enhance catalytic 

activity by removing water by-products and increasing access to active sites.   

Accordingly, in this thesis, I discuss two complementary material systems. The first consists of 

synthetically engineered supports, exemplified by hierarchically porous silica monoliths, with 
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emphasis on their synthesis mechanisms and the in-depth characterization of their porous structures 

using state-of-the-art physisorption techniques. The second involves bio-derived polymeric 

systems, represented by chitosan, where the discussion focuses on its chemical nature, its role as a 

support material, and its intrinsic catalytic activity. Together, these examples illustrate how a deep 

understanding of material design can be strategically employed to bridge structural control with 

environmental compatibility in the development of sustainable catalytic systems. 

1. Background 

2.1  Support Materials for Heterogeneous Organocatalysis  

A support in heterogeneous organocatalysis refers to a material that provides a stable, structured 

environment for the immobilization or incorporation of organocatalytic species. It serves as a 

physical matrix that anchors the active organic catalyst, ensuring its spatial separation from the 

reaction medium while maintaining accessibility to reactants. The design and selection of a support 

material is of prime importance when used for hosting organocatalytic species. A good support 

material should not compromise on catalytic activity and selectivity. The selection of a catalytic 

support plays a key role in determining not only the stability and reusability of catalyst but also its 

accessibility, diffusion behavior and compatibility with various media. To achieve these properties, 

it is important to integrate material science with molecular catalyst design, enabling the 

development of tailored catalytic systems optimized for specific synthetic tasks. Support materials 

for heterogeneous organocatalysts can be broadly classified based on their chemical nature and 

origin, including materials like porous silica32, zeolites44, 45, carbon-based supports46, synthetic 

polymers such as polystyrene and polyacrylates47,  and naturally derived biopolymers like 

cellulose48, chitosan49, alginates50, lignin51, and starch52 etc. While these classes offer diverse 

surface properties, stability, and functionalization options, they can be broadly categorized in terms 

of sustainability into two major types: synthetically engineered supports, which provide high 

surface area, tunable porosity, and chemical robustness but depend on non-renewable resources, 

and biopolymer-based supports, derived from renewable natural sources, which offer abundant 

functional groups, biocompatibility, and a lower environmental impact. Nevertheless, natural 

biopolymers also present certain limitations when used as supports for organocatalysts, including 

low surface area, limited mechanical and thermal stability, and batch-to-batch variability arising 

from the diversity of natural sources. 
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2.2  Synthetically Engineered Support Materials 

Synthetically engineered supports are materials deliberately designed and synthesized to possess 

well-defined structural properties. By precisely controlling reaction parameters during their 

preparation, such as temperature, pH, solvent composition, and aging or treatment conditions, the 

morphology, porosity, and surface functionality of these supports can be finely tuned. These 

supports include porous silica (e.g., Mobile Composition of Matter No.41 or MCM-41, Santa 

Barbara Amorphous-15 or SBA-15, silica particles, and silica monoliths)35, 53-55; polymers (such as 

polystyrene, polyethylene glycol, and polyacrylamide)56, 57; zeolites (like BEA-type, ZSM-5, Y-

zeolite, and mordenite)58, 59; metal organic framework (MOFs)60, 61; and carbon-based materials 

such as activated carbon, carbon nanotubes, carbon nitride, and graphene oxide (see Figure 1).62, 63 

Each of these material offers unique structural and chemical properties for functionalization. For 

example, polymers offer considerable functional flexibility and can be chemically modified to 

immobilize a wide range of organic catalytic moieties56; most of zeolites used for catalytic 

applications provide molecular selectivity and strong acidity due to their crystalline microporous 

structures45; and carbon-based materials exhibit high thermal stability and tunable surface 

properties63. Additionally, some materials display intrinsic catalytic activity owing to their surface 

functionalities, such as zeolites64, MOFs65, and carbon nitrides.66 Despite these strengths, such 

materials may face challenges regarding stability, pore size constraints, or complex synthesis. For 

example, polymeric resins can suffer from swelling, limited thermal and chemical stability or 

carbon-based materials and zeolites having complex and often energy-intensive synthesis can limit 

tunability.58, 63, 67  Among these materials, porous silica supports are widely used due to their high 

surface area, mechanical robustness, and surface silanol groups that enable facile functionalization, 

making them favorable among common support materials for their tunable structural properties 

and relatively straightforward synthesis.33, 68-71 

 

Figure 1. Examples of widely used synthetically engineered support materials for organocatalysts.  



Background 

6 

 

Porous Silica 

Porous silica refers to a form of silicon dioxide (SiO₂) characterized by a network of interconnected 

pores that span the micro- (< 2 nm), meso- (2-50 nm), or macroporous (> 50 nm) scale. Its high 

surface area, tenable pore size, and chemical stability make it an ideal material for adsorption, 

separation, and catalysis. 33, 72 The porous architecture facilitates controlled mass transport and 

provides abundant surface silanol groups that can be functionalized to anchor active species or 

modify surface polarity. Depending on synthesis conditions, porous silica can be tailored to exhibit 

specific textural and structural properties, enabling its use as a versatile support material in 

heterogeneous catalysis and related applications.32, 73, 74 Leveraging these properties, 

functionalization of porous silica with organocatalysts has been one of the most widely explored 

strategies in the past decades for developing heterogeneous catalytic systems (see Figure 2).33, 34, 

53, 54, 68, 70, 75-94  Furthermore, silica based support also excel in both batch and advanced continuous-

flow catalysis due to their efficient mass-transfer and diffusion properties. Altogether, the tunable 

architecture, chemical robustness, and ease of functionalization make porous silica a model, cost-

effective, and environmentally benign support for enhancing catalytic performance in 

heterogeneous systems.30 MCM-41, MCM-48, SBA-15, SBA-16, silica gel, fumed silica, spherical 

silica particles, and hierarchically porous silica monoliths are examples of porous silica materials 

that have been widely studied as solid support.68, 76, 78 Each of these silica materials offering distinct 

surface area, pore architecture and functionalization potential. For example, MCM-41 offers a  

 

Figure 2. Representative examples of porous silica support and silica functionalized organocatalysts.  
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mesopore range of 2-5 nm with ordered hexagonal mesopores and a surface area of more than 1000 

m2g–1; these particles are excellent for small-molecule catalysis, but are limited by poor mechanical 

stability and restricted diffusion for bulky substrates.53, 95, 96 SBA-15 provides a larger mesopore 

range of 5-30 nm, also with ordered hexagonal mesopores and a high surface area between 600-

800 m2g–1, enabling efficient diffusion of larger molecules, although particle aggregation in liquid 

media can hinder interparticle mass transfer.54, 97, 98 Spherical silica particles like 

LiChrospher®  exhibit broader pore size distributions (PSDs) of 2-50 nm, with surface areas of 

100-600 m2g–1, offering flexibility for immobilizing catalysts of different sizes. However, their 

limited mechanical strength can sometimes lead to diffusion constraints and structural instability.99-

101 In contrast, silica monoliths integrate a hierarchical meso-macroporous network (<2 nm to 5 

µm) with surface areas of 100–600 m2g–1, offering continuous diffusion pathways ideally suited 

for catalytic applications under dynamic conditions. These unique properties make silica monoliths 

particularly attractive as support materials for continuous-flow catalysis, where efficient mass 

transport and mechanical robustness are critical for achieving high catalytic productivity and long-

term stability.102-104  

Monolithic Silica Support for Continuous-flow Catalysis 

The transition from traditional batch processes to continuous-flow catalysis, where reactants are 

continuously fed and products simultaneously collected, represents a significant step toward 

sustainable and more efficient organic synthesis.105 Flow systems provide enhanced control of 

reaction parameters, superior heat and mass transfer, improved safety, and easier scalability, all of 

which align with the principles of green chemistry.106, 107 In this context, silica-based materials 

have become indispensable solid supports. Traditional packed-bed reactors employing mesoporous 

silica powders such as MCM-41, SBA-15 or spherical LiChrospher ® particles have been widely 

explored; these materials offer well-defined mesopores for catalyst immobilization but often suffer 

from high back pressure, particle aggregation, and uneven flow distribution that limit long-term 

performance. 90, 98, 108-110 In contrast, silica monoliths, first synthesized by Nakanishi and co-

workers, overcome these drawbacks through their hierarchically interconnected meso-

macroporous architecture. These structures combine large, continuous macropores that enable 

convective flow with mesopores that provide abundant surface area for catalyst anchoring and 

molecular diffusion.111 Furthermore, silica monoliths exhibit a high hydraulic permeability of 

approximately 1.0 x 10⁻13 m2, resulting from their interconnected macropore network and large 
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mesoporous surface area. Their total porosity (≈86 %) surpasses that of packed-particle beds (≈80 

%), which display much lower hydraulic permeability (~6 x 10⁻15 m2). This structural advantage 

yields superior flow characteristics and reduced pressure drops, enabling stable, continuous 

operation. Additionally, the open pore network minimizes co-product accumulation that can inhibit 

catalytic activity in particulate beds.112-114  Anne Galarneau and co-workers were among the first to 

demonstrate the practical use of functionalized silica monolithic flow reactors.115-118 Our group 

(Bernd Smarsly and co-workers) further advanced the understanding of hierarchical porosity in 

silica monoliths and their implementation in continuous-flow catalysis through the development of 

poly(ether ether ketone) (PEEK)-cladded silica monolithic reactors.34, 35, 55, 70, 90, 92, 103, 109, 119, 120 

Multiple studies demonstrated the superior mass transport and pressure stability for monolithic 

reactors compared to particulate systems. These investigations have consistently shown that 

mesopore size and connectivity play a decisive role in determining performance, governing not 

only the immobilization of catalytic species within the pore structure but also the diffusion of 

reactants and efficient access to active sites during catalysis. Within this context, Publication 1 of 

this thesis provides a mechanistic understanding of how mesopore networks evolve during 

hydrothermal treatment, offering crucial insights for tailoring silica monoliths with optimized 

transport characteristics for high-performance catalytic applications.  

For tailoring porosity in silica monoliths, a detailed understanding of the underlying synthetic 

mechanisms is essential to develop an optimized pore system with enhanced diffusion properties. 

The sol–gel and phase-separation processes involved in Nakanishi-type syntheses are highly 

sensitive to even minor variations in parameters such as precursor composition, pH, temperature, 

and solvent ratios. While this sensitivity can pose challenges, it also provides a unique opportunity 

to tailor the hierarchical pore structure of the monoliths with remarkable precision when the 

synthetic conditions are carefully controlled. 

Synthetic Mechanism of Silica monoliths  

The preparation of monolithic silica using the well-established Nakanishi sol-gel method, or its 

variations, is widely used in both industrial applications and academic research.111 Preparation 

begins with the initial hydrolysis and condensation of alkoxysilanes in an acidic medium, 

typically an aqueous solution of acetic acid, carried out at 0 °C to room temperature. Common 

alkoxysilane precursors include tetraethyl orthosilicate (TEOS), and tetramethyl orthosilicate 

(TMOS) (see Scheme  1). The hydrolysis of these inorganic precursors in aqueous media leads to 
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Scheme  1. Mechanism of hydrolysis and condensation reactions leading to gelation during silica monolith synthesis. 

the formation of a sol, which then transforms into a gel through condensation reactions. Gelation 

is the transition from a sol to a gel, involving the growth and cross-linking of hydrolyzed and 

condensed species into a three-dimensional macromolecular network. Initially, condensation forms 

dimers, trimers, and oligomers, resulting in a colloidal sol with suspended nanoparticles. These 

particles aggregate into short chains, which continue growing into a three-dimensional network as 

more sol particles attach. Eventually, microgel regions form and connect into a continuous gel 

structure at the gel point, where viscosity increases sharply. Finally, all gel phases connect to form 

a continuous network. The point at which the last bond is formed is known as the gel point, where 

viscosity rises sharply, resulting in a rigid gel. In general, any structural change in the gel caused 

by the liquid within its pores is considered gel aging. During aging, three processes occur 

simultaneously: polycondensation, syneresis, and Ostwald ripening or coarsening. 

Polycondensation refers to the continued cross-linking of hydroxyl groups on the gel surface, which 

increases the connectivity and strength of the network. Syneresis is a consequence of 

polycondensation, where the gel network contracts and expels liquid from the pores. Ostwald 

ripening involves the dissolution and re-deposition of material based on surface curvature: material 

dissolves from convex (positively curved) surfaces and re-deposits onto concave (negatively 

curved) surfaces (see Figure 3). This process increases the contact area between aggregated 

particles, enhancing the stability of the gel network. All three processes are influenced by pH, and 

temperature that collectively lead to phase separation through spinodal decomposition.121, 122 

As a result of these combined phenomena, chemical spinodal decomposition occurs, leading to the 

separation of a homogeneous mixture into two coexisting phases: a water-rich phase and a 

silica/polymer-rich phase (see Figure 4.a). This phase separation is a kinetic process in which both 

phases evolve simultaneously. The morphology of the resulting porous network is determined by 
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Figure 3. Illustration of Ostwald ripening during the synthesis of silica monoliths. 

this phase separation. The shape and size of the water-rich phase govern the macropore size and 

structure, while the topology and dimensions of the silica/polymer-rich phase define the skeletal 

framework of the silica monolith. The rate of condensation, which directly influences pore 

formation during gelation, is strongly dependent on temperature. Therefore, even a small variation 

in temperature lead to changes in the macroporous structure of the silica monolith. For example, 

Meinusch et al. (2017) noted that lowering the temperature by  just 1.5 °C during the gelation step 

can result in a twofold increase in mean size of macropores.119 In our study (Publication 1), the 

gelation temperature was carefully maintained at 22.5 °C for 20 h to ensure identical macroporosity 

across all monoliths, as the primary objective was to investigate the evolution of mesoporosity. 

Notably, the organic polymers are also added during sol preparation that plays a key role in 

inducing phase separation by interacting with the polar silica surface while orienting its 

hydrophobic backbone (e.g., –CH₂–CH₂– in polyethylene oxide) toward the solvent phase, thereby 

facilitating phase segregation. 

The pH and temperature dependence of the overall process makes it possible to adjust these 

parameters to control the structural properties of the material. To achieve this, a hydrothermal 

treatment (HT) step is introduced after gelation, during which a basic pH and controlled 

temperatures are applied to stiffen the silica skeleton and enlarge micropores (or small mesopores) 

into mesopores (see Figure 4.b-c). The basic pH enhances the solubility of silica, allowing control 

over mesopore size. Specific mesopore dimensions can be tuned based on the concentration of OH⁻ 

ions released by basic precursors such as urea in water. Temperature also affects the concentration 

of OH⁻ ions during HT, making it a key parameter in regulating mesopore size. However, overly 

harsh conditions can lead to excessive silica dissolution, resulting in the loss of a stable silica 

network. Several factors are influenced by the temperature during HT: (i) the concentration of OH⁻ 

ions depending on the decomposition rate of urea or other basic precursors, (ii) the rate of base dif- 
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Figure 4. Illustration of porosity evolution during silica monolith synthesis: (a) phase separation during aging separates 

a water-rich phase (resulting macropore space) and silica-rich gel (resulting silica skeleton), (b) after aging, macropores 

and randomly distributed micropores in silica skeleton, (c) hydrothermal/base treatment expands micropores into a 

mesoporous network, and (d) SEM image of meso-macroporous silica monolith skeleton.  

-fusion into the silica skeleton, (iii) the rate of silica dissolution, and (iv) the internal vapor pressure 

inside the treatment vessel. While the first three factors clearly correlate with temperature and affect 

the PSD, the exact role of internal vapor pressure in influencing mesoporosity remains unclear. 

Notably, while the aging step plays a critical role in determining the stability of the silica network 

and the mesopore size, the macropore size is negligibly affected by the HT.112, 119, 123, 124 Our study 

systematically investigated HTTs from 80 to 110 °C. Systematic increments of 3 °C (80-95 °C) 

were utilized to meticulously track the transformation from a restricted to an open pore network. 

Above 95 °C, 5 °C increments (95-110 °C) continued to characterize the development of the open 

pore network.  

After the generation of mesoporosity during HT, the next critical step is the drying of silica 

monoliths. This step is essential for preparing stable, crack-free structures because strong capillary 

forces generated during solvent evaporation can induce stress within the monolithic network, 

leading to crack formation, especially if the gel body is unstable or if an unsuitable drying method 

is used.  In the Nakanishi method, after HT, a solvent exchange is performed in which the aqueous 

pore-liquid in the synthesized monolith is replaced with methanol. The monolith is placed in a 

sealed tube filled with methanol and shaken for 24 hours. This process is repeated over three days 



Background 

12 

 

to ensure thorough exchange. Solvent exchange with lower surface tension solvents like methanol 

or ethanol is used to minimize capillary stress during evaporation, which helps prevent cracking by 

reducing the forces acting on the pore walls as the liquid dries. Afterward, the material is dried 

overnight under ambient conditions in a fume hood.125, 126 

After drying, the calcination step is performed where the organic polymer used for polymer-

induced phase separation is thermally decomposed to preserve inorganic framework. In case of 

Nakanishi method, to break down PEO, a calcine temperature of 330 °C is used to remove organic 

matter for about 20 to 30 hours. The texture of the monoliths is not affected during this process.111  

Characterization of Hierarchically Porous Silica Monoliths 

As mentioned earlier, silica monoliths typically possess a hierarchical pore structure comprising of 

micro- meso- and macropores, all integrated within a single material. To analyze micro- and 

mesopores in silica monoliths, gas physisorption, also known as physical gas adsorption analysis 

is commonly performed using nitrogen or argon at their respective boiling points (77 K for nitrogen 

and 87 K for argon). In this technique, data are collected in the form of sorption isotherm, which 

represent the amount of gas adsorbed as a function of pressure at a constant temperature. The 

isotherms are typically plotted as the amount of adsorbate versus the relative pressure (p/p0), where 

p is the equilibrium pressure of the adsorbate and p0 is its saturation vapor pressure. The shape of 

an adsorption isotherm (or physisorption isotherms) reflects the structural properties of a material, 

determined by the balance between fluid-solid (adsorbate-adsorbent) and fluid-fluid (adsorbate-

adsorbate) interactions, as well as the confinement effects imposed by the pore architecture. In this 

context, the IUPAC has classified physisorption isotherms into eight distinct types (see Figure 5.a): 

I(a), I(b), II, III, IV(a), IV(b), V, and VI, each representing characteristic adsorption behaviors and 

corresponding porous/nonporous structure.127 From these isotherms, several key structural 

parameters can be derived, including the specific surface area (BET, m2 g-1), PSD (nm), cumulative 

pore volume (mL g-1), and insights into pore connectivity and network effects.  During the 

physisorption analysis of silica monoliths, micropores are typically filled at very low relative 

pressures, usually below 0.15 p/p0. Once the micropores are saturated, increasing the relative 

pressure leads to the gradual formation of multilayers of adsorbed gas on the walls of mesopores. 

As the pressure continues to rise, the mesopores eventually undergo capillary condensation, a 

process where the gas condenses into a liquid-like state within the pores in a sudden, step-like 

manner. This behavior represents a shifted vapor-liquid phase transition, driven by the confined 
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Figure 5.(a) Illustrate IUPAC classification of physisorption isotherms and (b) illustrate IUPAC classification of 

hysteresis loops.  

geometry of the mesopores. After the mesoporous network is fully filled, typically around a relative 

pressure closer to 1.0, desorption begins as the relative pressure is   gradually reduced. During this 

process, capillary evaporation first empties the pores, followed by a gradual thinning of the 

remaining adsorbed multilayer resulting type IV(a) isotherm (see Figure 5.a)128, 129  

In mesoporous materials, condensation and evaporation usually happen at different relative 

pressures, resulting in a characteristic hysteresis loop on the adsorption isotherm. This happens 

because condensation generally occurs at a higher pressure than evaporation. The shape of this 

loop depends on several factors, not only the structure of the pore network (such as restricted access 

or pore blocking due to narrow neck width of pores), but also by initiated condensation caused by 

reduced nucleation barriers.130 These barriers are especially noticeable in materials with well-

separated, independent pores, such as silica MCM-41, KIT-6, or silica monoliths treated at higher 

HTT (>100 °C) that develop independent pore network.131, 132 According to IUPAC classification, 

hysteresis loops are grouped into types H1, H2(a), H2(b), H3, H4 and H5 based on their shapes 

(see Figure 5.b). These shapes are largely influenced by how evaporation happens, which in turn is 

controlled by the pore network structure and the stability of the liquid inside the pores.127, 132-134 In 

the case of silica monoliths, we observed hysteresis loops  of type H2(a), a mix of H1 and H2(a), 

or pure H1, due to heterogeneity in PSD’s and connectivity, influenced by HTT.             

To determine the PSD of silica monoliths, the Non-Local Density Functional Theory (NLDFT) 

method is commonly applied. This method, based on statistical mechanics, gives a more accurate 

description of how fluids behave in confined pores, making it reliable for both micro- and mesopore 

analysis.135, 136 PSD can be calculated by applying NLDFT kernels to adsorption and desorption 
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branches of the isotherm. Comparing the two gives insight into the structure of the pore network. 

Advanced pore network analysis involves not just comparing PSDs from both branches, but also 

using two different adsorptive gases, such as nitrogen (77 K) and argon (87 K).130, 131 These gases 

show different thermodynamic behavior in confined spaces due to difference in molecular weight, 

polarity, and critical temperature, helping to identify the type of pore network effects present, such 

as pore blocking or cavitation. If the PSDs from both adsorption and desorption match closely 

(Figure 6.a), this suggests an independent pore network. However, if the PSDs shift between the 

two branches (Figure 6.b), it indicates presence of restricted pores. Specifically, a matching PSDs 

from desorption with both gases (Figure 6.c) suggests pore blocking (pore blocking: access to pores 

due to narrower connecting pathways), while a shift between nitrogen and argon desorption PSDs 

points to cavitation (cavitation: pore cavity empty through neck below critical size ∼4−5 nm for 

nitrogen at 77 K) as the cause of evaporation (Figure 6.d).136, 137 We observed in our study that in 

silica monoliths, pore network effects primarily manifest as pore blocking due to a broad 

distribution of neck sizes, while cavitation is generally not a dominant mechanism during pore 

evaporation.  

In addition to comparing pore size distributions obtained with different adsorptive, desorption 

hysteresis scanning represents a further advancement in gas sorption analysis, enabling a more 

comprehensive understanding of the evaporation mechanisms within mesoporous networks at 

varying pressures.138, 139 This technique not only confirms and differentiate the pore network effects 

but also provides additional insight into how fractions of small and large mesopores undergo 

evaporation within interconnected structures. To resolve the overall desorption process into finer 

details, partial adsorption-desorption cycles are conducted within the main hysteresis loop at 

selected relative pressure points, allowing identification of distinct evaporation events.  

 

Figure 6. Illustration of an advanced pore network analysis approach: (a) comparing adsorption and desorption 

branches to assess pore connectivity (open or blocked); (b) if blocked pores are detected, (c) using two different 

adsorbates, such as argon and nitrogen, to distinguish between pore blocking or d) cavitation effects. 
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Figure 7. Schematic of hysteresis scanning of desorption isotherms, where the shape and merging of hysteresis lines 

into the main desorption curve indicate different types of pore connectivity in the mesoporous network. 

These scanning lines reveal how pores empty during desorption, either through a rapid bending 

and merging into the main loop or by retaining the characteristic shape of the primary hysteresis 

loop. This pattern and steepness of the hysteresis lines within the main loop indicate different 

evaporation mechanisms. For instance, when the desorption lines gradually and independently 

merge into the main hysteresis loop with a small bend at the end, it suggests an independent pore 

network, commonly observed in H1-type hysteresis (see Figure 7.a). In contrast, when the lines 

merge collectively toward the lower end of the loop, it indicates restricted pore networks with pore 

blocking, known as network percolation, typical of H2(a)-type hysteresis (see Figure 7.b). A sharp, 

horizontal crossover of the hysteresis lines into the main H2(a) loop shows cavitation, where pores 

suddenly empty at lower relative pressures due to vapor instability (see Figure 7.c).136, 139, 140 

In silica monoliths, pores empty either independently or by network percolation, depending on the 

size and connectivity of the mesopores. Additionally, these monoliths often exhibit spatial 

heterogeneity or spatial pore gradient effect, where different regions within the material may have 

varied PSD and connectivity that empty the pores within the network in different ways. This can 

result in scanning hysteresis lines that merge into the main loop at higher relative pressures rather 

than at the loop’s lower closure point (see inset in Figure 7.b). Kube et al. (2020) initially studied 

this effect by in situ-small-angle X-ray scattering (SAXS)-physisorption experiments that revealed 

pore gradient effect in disordered pore network of silica monolith.120   

For the analysis of macropores, techniques such as contact porosimetry, capillary flow porometry, 
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and mercury intrusion porosimetry (MIP) have been recommended by IUPAC.141 Among these 

methods, MIP is considered the state-of-the-art technique for the characterization of macroporosity, 

not only in general porous materials but also specifically in silica monoliths.  The main advantage 

of MIP over other techniques lies in its broad measurement range, allowing the determination of 

pore diameters from approximately 4 nm up to more than 400 µm. However, while MIP offers 

extensive pore size coverage, the entrapment of mercury in small or blocked mesopores can make 

it less reliable for pores at the lower end of this range.  During MIP analysis, mercury does not 

spontaneously penetrate pores because of its high surface tension. At atmospheric pressure, 

mercury remains outside the pores, and hydraulic pressure (up to 400 MPa) is gradually applied to 

force the mercury into the pore network. As the pressure increases, mercury first intrudes into 

macropores and, at higher pressures, into mesopores. During the extrusion phase, mercury starts to 

leave the pores at lower pressures, though a slight delay is observed due to the metastable state, 

resulting in a hysteresis loop. Initially, this hysteresis was attributed to mercury entrapment in small 

or blocked pores. However, after performing multiple intrusion-extrusion cycles, it was observed 

that although trapped mercury could be largely removed, hysteresis persisted. Later studies 

demonstrated that this behavior arises from nucleation barriers associated with the formation of a 

vapor-liquid interface during extrusion, similar to the desorption branch of a sorption isotherm.142-

144 After acquiring the MIP isotherm, the PSD is calculated based on the Washburn equation, which 

assumes cylindrical pore geometry and relates the pore radius (r) to the applied pressure (P).136, 145 

𝑃 = −
2 𝛾 𝑐𝑜𝑠𝜃

𝑟
 

(i) 

 

 

• P  applied pressure, 

• γ surface tension of Hg (~480 mN/m) 

• θ contact angle (~140° for mercury on most solids), 

• r pore radius. 

 

In our study, we performed a single cycle of mercury intrusion and extrusion measurements for the 

silica monoliths. During this first cycle, the effects of pore blocking influenced the entrapment of 

mercury, and consequently, the extrusion isotherm did not coincide with the intrusion isotherm 

even at very low pressure (see Figure 8.a). Our primary objective was to analyze and confirm the 

macropore dimensions, since the synthesis of the silica monoliths was deliberately designed to 

maintain consistent macropore sizes. Therefore, the entrapment of mercury in mesopores does not 
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Figure 8. Graphical representation of a MIP data for a silica monolith, (a) MIP isotherm with a single cycle of intrusion 

and extrusion of mercury, (b) PSD and cumulative pore volume calculated from MIP isotherm.  

significantly affect the determination of macropore size and volume, as these parameters are 

derived from the intrusion isotherm. The volume of mercury intruded was recorded at each pressure 

step. The total intruded volume represents the cumulative pore volume, and differentiation of this 

data yields the PSD (see Figure 8.b).  

To summarize, this study provides detailed synthetic and analytical insights into the evolution of 

the mesoporous network in silica monoliths. Publication 1 comprehensively investigates the 

hydrothermal treatment step, revealing its crucial role in establishing reproducible and optimized 

mesopore structures. The research offers a rational framework for understanding the underlying 

mechanism of mesoporous network evolution, emphasizing the dissolution-reprecipitation process 

driven by basic pH under elevated temperatures. This mechanistic understanding, supported by 

advanced physisorption analyses, not only elucidates pore dimensions but also unravels the 

complexities of pore connectivity and network accessibility. 

While silica monoliths exemplify the success of synthetic control in achieving structural precision, 

sustainability in catalysis can also be explored in materials that originate from renewable sources 

and possess inherent functionality. As an alternative and complementary strategy, biopolymer-

based supports offer a pathway toward greener catalytic system. Among these, chitosan stands out 

for its natural abundance, biodegradability, and intrinsic catalytic activity through its amino and 

hydroxyl functional groups.146 These attributes make it an ideal model to explore how renewable 

materials can serve not only as robust supports but also as active participants in catalysis-extending 

the design principles of hierarchical silica frameworks into the domain of bio-derived, dual-

function catalytic systems. 
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2.3  Biopolymers as Dual-Function Support Materials 

Biopolymers as dual-function supports are renewable macromolecular materials that 

simultaneously provide structural support and intrinsic catalytic functionality for sustainable 

heterogeneous catalysis.147-150 Within heterogeneous catalysis, the most widespread application of 

biopolymers has historically been as supports for metal catalysts. Their abundance of modifiable 

functional groups (–OH, –NH2, –COOH, phenolic units) provides strong anchoring points for metal 

ions and complexes, facilitating stable immobilization and efficient turnover for reactions.151-155 

This explains why biopolymer-metal hybrids are more frequently reported than purely 

organocatalytic systems. However, in the context of sustainable organocatalysis, growing attention 

is being directed toward the intrinsic catalytic roles of biopolymers or their use as supports for 

immobilized organic catalysts. Derived from renewable resources, the materials which are widely 

explored for the catalytic application include cellulose (the most abundant biopolymer from plant 

cell walls)156, chitosan (obtained by the deacetylation of chitin which is main component in 

exoskeleton of crustaceans)157, alginate (from brown algae)158, and starch (commonly found in food 

crops) (see Figure 9).159 In addition to these, other biopolymers have also been explored as catalytic 

materials or as supports to some extent. For example, lignin (isolated from secondary cell walls of 

vascular plants) provides aromatic hydroxyl groups and a rigid, phenolic-rich framework160, 161, 

pectin (component of plants cell walls) offers galacturonic acid residues for acid catalysis or 

immobilisation,162 and protein-derived systems such as gelatin and silk fibroin have also been 

adapted as renewable catalytic matrices.163 While their catalytic application is less developed 

compared to cellulose or chitosan, these examples highlight the possibilities for designing 

biopolymer-based supports. Their functional groups versatility not only allows surface 

modification and catalyst immobilization but also enable these materials to participate directly in 

catalysis, thereby functioning as dual-role platforms that can act as both support and catalytic site. 

 

Figure 9. Examples of biopolymer reported as catalyst and/or support for organocatalysis.  
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Chitosan  

Chitosan is one of the most prominent natural polysaccharides in catalysis research, distinguished 

by the presence of reactive amino groups along its polymer backbone. Its chemical structure 

consists primarily of β-(1→4)-linked D-glucosamine units, with varying amounts of N-acetyl-D-

glucosamine depending on the degree of deacetylation. The combination of hydroxyl and amino 

groups provides chitosan with a unique reactivity profile compared to cellulose or starch, which 

contain only hydroxyl groups. It is largely derived from chitin (poly-N-acetyl-glucosamine), the 

second most abundant natural polymer after cellulose. Chitin is a structural component in the 

exoskeletons of crustaceans (e.g., shrimp, lobsters, crabs), insects, and in the cell walls of fungi. 

Through a multistep process, starting from crustaceans exoskeleton, chitin can be converted into 

chitosan with varying degrees of deacetylation (DDA), depending on the applied conditions.164 The 

physicochemical properties of chitosan are largely determined by its DDA and molecular weight. 

For instance, chitosan is generally soluble in acidic media due to protonation of its amino groups, 

while low-molecular-weight oligomers dissolve across a broader pH range. In contrast, high-

molecular-weight chitosan remains insoluble under neutral or basic conditions. Due to its unique 

physicochemical nature, chitosan widely known for its applications in water treatment, 

pharmaceuticals, biomedicine, cosmetics, and the food industry.165-167 

Chitin to Chitosan 

The extraction of chitin and its successive conversion into chitosan has been extensively reported 

in the literature, with marine sources such as crustacean shells representing the dominant feedstock. 

The conventional approach relies primarily on chemical extraction, although biological methods 

employing enzymes or microorganisms have also been described in some studies.168 The chemical 

process typically involves three sequential steps: (i) demineralization, where minerals like 

carbonates are removed from the shells using acid treatment; (ii) deproteinization, which removes 

proteins and other organic components under alkaline conditions; and (iii) deacetylation, in which 

chitin is converted into chitosan by treatment with concentrated alkali at elevated temperature. The 

exact choice of reagents and conditions varies among reports, often depending on the degree of 

mineralization and the organic component of the source material. For demineralization, treatment 

with 10% (w/v) HCl for 2-3 h is most commonly employed to dissolve CaCO3. Deproteinization 

is typically carried out using aqueous NaOH solutions in the range of 1-10% (w/w), applied at 65-

100 °C for 1-12 h. Finally, deacetylation is achieved by exposing chitin to 40-50% (w/w) NaOH 
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solution at elevated temperatures, resulting in the cleavage of acetyl groups and the generation of 

free amino functionalities.169-174 Two key parameters that are closely monitored and controlled 

during chitosan production are its molecular weight and DDA. These characteristics largely 

determine the physicochemical properties of the polymer; such as solubility, crystallinity, and 

charge density, and consequently influence its suitability for different applications. In publication 

1, we employed low-molecular-weight chitosan obtained from a commercial supplier with a DDA 

of approximately 75%, reportedly derived from shrimp shells.  

Chemistry of Chitosan 

The chemistry of chitosan is defined by the presence of multiple reactive functional groups along 

its polymer backbone. Each repeating unit contains a primary amino group at the C2 position, a 

primary hydroxyl group at C3, and a secondary hydroxyl group at C6, while the glycosidic linkage 

between C1 and C5 also contributes to its reactivity (see Figure 10). This diversity of functional 

groups enables extensive derivatization of chitosan, allowing the design of polymers with tailored 

physicochemical properties and novel catalytic behaviors. With the aim of improving chitosan or 

adapting it for specific applications, a wide range of derivatives have been developed. For instance, 

modifications such as deacetylation, depolymerization, or quaternization mainly applied as a 

biodegradable solid acid catalyst and proton-conductive material, whereas alkanoylated and 

acylated chitosan is used to tune hydrophobicity for applications in drug delivery, coatings, 

cosmetics, and diabetic wound healing.175-178 Chemically crosslinked chitosan is widely applied to 

improve mechanical stability, swelling resistance, and reusability in catalysis, adsorption, and 

biomedical scaffolds.179, 180 Graft polymerization of chitosan enables the introduction of tailored 

side chains, enhancing solubility, functionality, and compatibility for applications in drug delivery, 

 

Figure 10. Overview of functional groups in chitosan that can be modified or act as active sites in catalysis. 
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water treatment, and catalytic supports.181, 182  

The large number of amine groups also makes chitosan an excellent sustainable support material 

for diverse metal catalysts.183-185 In this context, chitosan has been extensively employed to 

immobilize palladium, nickel, and copper species, among others, for organic transformations such 

as Suzuki-Miyaura186, Heck187, Sonogashira188, and hydrogenation reactions.189, 190 The strong 

coordination ability of amino and hydroxyl groups provides stable binding sites, while the 

biopolymeric framework ensures heterogeneity and reusability, making chitosan-metal hybrids 

attractive for sustainable catalytic applications.  

Chitosan as a Support for Organocatalysts 

Beyond its role in coordinating metal species, chitosan has also been explored as a sustainable 

platform for the immobilization of purely organic catalysts. The abundance of amino and hydroxyl 

groups along the polymer backbone allows covalent attachment with organocatalytic moieties, 

thereby creating heterogeneous systems that combine the reactivity of small-molecule catalysts 

with the sustainability, stability and recyclability of a solid support (see Scheme  2). In this way, 

chitosan functions not only as a passive carrier but also as a cooperative matrix that can contribute 

secondary interactions to the catalytic process. Most reported functionalization strategies target the 

primary amine at the C2 position or in few cases secondary hydroxyl group at C6. For instance, 

Zhang et al. (2009) grafted L-proline onto the amino groups of chitosan via acyl chloride chemistry 

and employed the resulting material to catalyze aldol reactions between aromatic aldehydes and 

ketones.191 In a related study, Jose et al. (2010) immobilized (3-aminopropyl)trimethoxysilane 

(APTMS) on the hydroxyl groups of chitosan, enabling catalytic activity in self-aldolization 

reactions among aliphatic aldehydes. Interestingly, they observed no such reactivity with pristine 

chitosan.40 Furthermore, pyridine-functionalized chitosan has been reported to promote Michael 

addition reactions in heterocyclic synthesis. For example, poly(4-vinylpyridine) was immobilized 

on chitosan beads to catalyze Michael additions between benzylidenemalonitrile and various 

nucleophiles, with the catalyst reused over four cycles without significant loss of activity.192 

Similarly, Liu et al. (2012) immobilized cinchona alkaloids such as quinine and cinchonine onto 

chitosan and demonstrated comparable catalytic performance in Michael additions to that of the 

free alkaloids.193 In a further advancement, Mahe et al. (2015) investigated the role of spacers in 
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Scheme  2. Overview of chitosan supported organocatalysts applied for sustainable heterogeneous organocatalysis; 

corresponding colors denote the catalysts associated with each transformation. 

the grafting of dihydronicotinamide motifs onto chitosan. In the reduction of ethyl benzoylformate 

to ethyl mandelate, they observed a clear improvement in yield (from 33% to 79%) when a spacer 

was introduced.38 In addition to base-type modifications, acid catalysts have also been developed 

on chitosan. Chitosan-supported sulfonic acid has been applied in Friedländer annulations194, while 

chitosan-supported urea derivatives have been reported as catalysts for Friedel-Crafts alkylations.41 

Moreover, several chitosan-supported ammonium salts have been designed for the cycloaddition 

of carbon dioxide to epoxides, followed by further transformation of the resulting cyclic carbonates 

into dimethyl carbonate. 195-197 In summary successful functionalization and decent catalytic 

performances of these organocatalysts demonstrating the versatility of chitosan as a sustainable 

platform for different organocatalytic transformations. 

Chitosan as Heterogeneous Organocatalyst 

Chitosan is an inherently functional biopolymer whose amino and hydroxyl groups impart both 

basic and nucleophilic catalytic activity.198 By using as a solid catalyst, chitosan offers multiple 

advantages: it is non-toxic, biodegradable, inexpensive, and readily separable from reaction 

mixtures, thereby reducing waste and simplifying purification. The average pKa of chitosan in 

water is approximately 6.5, though it can vary depending on the degree of deacetylation (DDA), 

crystallinity, and molecular weight.199 However, solid chitosan particles typically exhibits a low 

intrinsic surface area, generally in the range of 10-20 m2g⁻1, which limits accessibility to its 
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catalytically active amino groups.200, 201 To overcome this, many studies have focused on 

modifying chitosan into structured forms such as hydrogels, aerogels, and cross-linked beads with 

higher surface areas (up to 100-250 m²/g).202-204  While these materials improve mass transfer and 

catalytic turnover, their preparation often involves energy-intensive processes or hazardous 

reagents. Consequently, using unmodified chitosan directly as a catalyst represents a simpler and 

more sustainable alternative. 

Although only a few studies have explored raw chitosan for catalytic applications, primarily in 

condensation reactions, they have consistently demonstrated notable activity and excellent 

reusability.43, 205-209 However, systematic optimization of such catalytic systems within the broader 

framework of green chemistry remains limited. In this context, Publication 2 examines the 

potential of solid chitosan as a sustainable heterogeneous catalyst for the one-pot Knoevenagel 

condensation, with particular emphasis on optimizing reaction parameters to improve sustainability 

of overall process. The reaction was optimized not only for the model transformation between 

various benzaldehydes and ethyl cyanoacetate but also extended to the gram-scale synthesis of an 

important Atorvastatin intermediate [4-methyl-3-oxo-N-phenyl-2-

(phenylmethylene)pentanamide], demonstrating the practical relevance of this sustainable catalytic 

approach. Notably, the solvent-binding and swelling capacities of chitosan in the employed 

solvents were found to play a significant role in facilitating efficient catalysis by enhancing active-

site accessibility. 

Solvent-Binding and Swelling Capacities of Chitosan 

The catalytic performance of chitosan is closely governed by its swelling and solvent-binding 

behavior, particularly in protic media. Solvent molecules can penetrate the polymer network, 

leading to chain expansion and enhanced hydrogen bonding, which in turn expose additional amino 

and hydroxyl groups responsible for catalytic activity. This behavior effectively transforms 

chitosan into a hydrogel-like material with significantly increased surface area and improved mass 

transfer properties. For instance, Cho et al. (1998) reported water-binding capacities ranging from 

458% to 805%, depending on the DDA and bulk density of chitosan.210 In our study, water vapor 

sorption analysis also revealed a dynamic surface area of chitosan approximately 150 m2g⁻1, which 

is comparable to that of hydrogels. We further quantified water and ethanol binding capacities of 

520% and 104%, respectively, alongside swelling capacities of 607% in water and 171% in ethanol. 

Such expansion not only facilitates efficient reactant diffusion but also enables adsorption of water 
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generated during condensation reactions, thereby driving the equilibrium toward product 

formation. 

Conversely, in aprotic or non-swelling media, limited solvent-polymer interactions restrict access 

to catalytic sites and reduce activity. However, catalytic performance can still be maintained under 

such conditions by adjusting parameters such as catalyst loading or reaction time. For example, in 

Publication 2, synthesis of Atorvastatin intermediate was successfully performed in acetone, a 

solvent in which chitosan does not swell - achieving over 95% yield simply by doubling the 

chitosan amount from 50 mg to 100 mg, under mild, room-temperature conditions. Remarkably, 

this was accomplished without the addition of acetic acid or the use of a Dean–Stark trap for water 

removal, as commonly reported in other studies.211-215 This finding suggests that chitosan’s high 

water-binding capacity may not only eliminate the need for such external measures but could also 

mimic the cooperative catalytic role of acetic acid - an observation inferred from practical results, 

though the exact mechanistic explanation remains to be confirmed. 

Collectively, this discussion underscores the dual functionality of chitosan - acting both as a solid 

catalyst and as a dynamic, solvent-responsive matrix whose physical adaptability directly enhances 

catalytic efficiency. Combined with its renewability, reusability, and benign nature, these attributes 

establish raw chitosan as a powerful and sustainable platform for metal-free heterogeneous 

organocatalysis. 

Mechanistic Pathways of Chitosan as a Catalyst 

Available reports demonstrate that the versatile chemistry of chitosan, bearing both amino and 

hydroxyl groups, can promote organic reactions through different mechanistic pathways depending 

on the transformation under study (see Scheme  3). The free –NH2 groups can act as Brønsted 

bases, abstracting protons from activated methylene compounds to generate carbanions that 

subsequently attack electrophilic substrates such as aldehydes or ketones. Alternatively, the amino 

groups may engage in covalent activation via formation of imine (Schiff base) intermediates with 

carbonyl compounds; in such cases, the resulting imine species serve as activated electrophiles that 

undergo C–C bond formation. In addition, chitosan can function as a hydrogen-bonding catalyst, 

wherein both –OH and –NH2 functionalities establish multiple hydrogen bonds with substrates, 

lowering activation barriers by stabilizing transition states.39, 216  

Initially, the distinction between these mechanistic modes was unclear, and before 2015 most 
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Scheme  3. Different catalytic pathways adopted by chitosan as a catalyst. 

studies attributed the activity of chitosan hydrogels in Knoevenagel, Aldol, and Henry reactions 

primarily to Brønsted base catalysis.42, 217-219 In 2016, however, Franconetti et al. combined NMR 

and density functional theory (DFT) analyses to demonstrate that Knoevenagel condensations 

catalyzed by chitosan hydrogels proceed via an imine intermediate pathway.220  Later, in 2018, 

Rani et al. reported that Knoevenagel condensations of ethyl acetoacetate and dimethylmalonate 

with aryl aldehydes follow the imine-mediated pathway in aqueous media.207 Notably, mechanistic 

studies using spectroscopic or computational methods have so far been conducted mainly on 

chitosan hydrogels, where the large water content in gel beads may significantly influence the 

reaction pathway. For pristine (raw) chitosan powder, no NMR- or DFT-based mechanistic 

investigations have yet been reported in the context of Knoevenagel or aldol reactions. Instead, 

available studies generally assume that catalysis proceeds either through imine pathway for 

carbonyl compounds and/or through Brønsted base-driven generation of carbanions, though this 

remains to be experimentally verified for the raw chitosan.43, 208, 209, 221 Additionally, one can also 

argue that water released as condensation product can assist the reaction same like in hydrogels. 

Beyond this, Strecker reactions catalyzed by raw chitosan have been proposed to follow a 

hydrogen-bonding mechanism, similar to those typically associated with thiourea-based 

organocatalysts.222 In this case, the hydroxyl groups of chitosan act as poly-hydrogen-bond donors 

to activate reaction between carbonyl compound, amine, and cyanide.216  

In summary, these discussions establish chitosan as more than a biodegradable support material; it 

is a multimodal heterogeneous organocatalyst. Through its combination of abundant, tunable active 

sites, adaptability to solvent environments, and recyclability, chitosan offers a promising route to 

sustainable catalysis. Future progress will likely depend on balancing the gains in activity achieved 

through structural modifications with the environmental costs of their preparation, ensuring that 

the applications of this biopolymer remains aligned with the principles of green chemistry.  
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3. Conclusion and Outlook 

This cumulative thesis explored two complementary material design strategies aimed at advancing 

sustainable heterogeneous organocatalysis. The first study focused on hierarchically porous silica 

monoliths synthesized via the Nakanishi sol-gel method and systematically modified by HT. The 

aim was to elucidate how mesopore size and connectivity evolve under controlled HT conditions. 

Advanced physisorption analyses revealed that pore diameters can be precisely tuned from 8 to 25 

nm - a critical range governing molecular accessibility to catalytic sites. The study established how 

HT conditions influence pore network connectivity and diffusion pathways, offering design 

principles for tailoring silica monoliths with optimized permeability and surface area for catalytic 

and chromatographic applications. It also underscored that even minor variations in synthesis 

parameters can induce significant structural differences, providing mechanistic insights essential 

for the reproducible fabrication of high-performance monolithic supports. The second study 

examined raw chitosan as a renewable heterogeneous organocatalyst for the Knoevenagel 

condensation. The aim was to evaluate whether a natural polymer could efficiently catalyze 

reactions under mild and recyclable conditions consistent with green chemistry principles. Using 

the condensation of benzaldehydes with ethyl cyanoacetate as a model reaction, chitosan 

demonstrated high catalytic efficiency (90-99% yields), excellent reusability over multiple cycles, 

and compatibility with green solvents such as ethanol and acetone. The study revealed that catalytic 

activity is governed not only by the amino groups but also by the polymer’s swelling and water-

binding capacities, which enhance accessibility and drive the reaction equilibrium toward product 

formation. Extension of the approach to the gram-scale synthesis of an Atorvastatin intermediate 

further underlined its practical and industrial relevance. Collectively, these findings highlight 

chitosan’s dual functionality, both a solid catalyst and a dynamic solvent-responsive matrix 

demonstrating how renewable materials can fulfil the principles of green chemistry when process 

parameters are carefully optimized. 

Together, these studies provide complementary perspectives: silica monoliths exemplify the 

rational engineering of pore structures for optimized diffusion, while chitosan illustrates the 

catalytic potential of renewable biopolymers under sustainable reaction conditions. Importantly, 

relying solely on solid supports or renewable feedstocks does not automatically guarantee a truly 

sustainable catalytic process. Achieving genuine alignment with the principles of green chemistry 
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requires a holistic assessment of the entire synthesis pathway, from catalyst preparation to product 

isolation, where parameters such as solvent selection, temperature, energy consumption, 

recyclability, and waste generation are optimized collectively. 

Extending the findings of Publication 1, we have recently completed a study in which silica 

monoliths with systematically varied mesoporosity were applied in continuous-flow catalysis using 

functionalized monoliths with immobilized organocatalysts. The results indicate that both pore size 

and network connectivity critically influence catalyst immobilization and turnover frequency, 

highlighting the practical role of mesostructural features in controlling catalytic performance. 

While Publication 1 detailed mesopore evolution across various hydrothermal conditions, the role 

of internal vapor pressure during hydrothermal treatment remains unclear. It may contribute to 

heterogeneity in pore size and connectivity by inducing uneven compression of the silica 

framework, leading to non-uniform dissolution and reprecipitation. Future studies should 

investigate this phenomenon through in-situ monitoring of internal vapor pressure under different 

hydrothermal regimes to better correlate pressure dynamics with pore uniformity. 

For chitosan, future work should address both opportunities and limitations. Enhancing its 

accessible surface area through porous structuring could expand its applicability in continuous-

flow catalysis, while functionalization with designed organocatalytic motifs may broaden its 

reactivity profile. Nonetheless, its limited swelling and accessibility in non-protic solvents remain 

key challenges. These may be overcome through mild crosslinking or hybridization with 

environmentally benign additives that preserve sustainability while improving performance. In 

ongoing research, we are also investigating whether hydroxyl groups in chitin and chitosan can be 

functionalized analogously to silanol sites in silica, offering a sustainable route toward tailored 

heterogeneous organocatalysts. 

Overall, this thesis demonstrates that both the controlled engineering of hierarchical pore networks 

in silica monoliths and the functional adaptability of chitosan provide distinct yet complementary 

strategies for advancing sustainable heterogeneous organocatalysis. By uniting structural precision 

in inorganic materials with renewable functionality in biopolymers, future research can further 

develop catalytic systems that are not only efficient and robust but also genuinely aligned with the 

principles of green chemistry. 
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