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Abstract 

Catalytic processes are important and widely studied chemical processes aimed at making 

chemical reactions as efficient and environmentally friendly as possible. Heterogeneous catalysis 

involves the use of a generally highly porous, solid catalytic material with liquid or gaseous 

reactant molecules. Two important factors determining the overall performance of a heterogeneous 

catalytic material are the interactions of any species present during the process with the catalyst 

surface and the mass transport of said species through the porous network of the catalytic materials. 

Therefore, it is desirable to tailor the surface chemistry and pore structures of catalytic materials 

to exploit these factors and give catalytic materials with increased performance. An overview of 

the impact of mass transport and reactant-catalyst surface interactions are given in Chapter 1. 

In this thesis, Nuclear Magnetic Resonance (NMR) methods, amongst others, are used to 

quantitatively characterise mass transport through the pores of catalytic materials and also probe 

the strength of surface interactions between guest molecules and the solid surface. Pulsed-Field 

Gradient (PFG)-NMR and NMR relaxation are used to study diffusion and molecular dynamics of 

relevant molecules in the pores of porous materials with a particular focus on catalytic materials. 

As such an outline of such NMR methods are given in Chapter 2 as well as an evaluation and 

comparison of other methods used for the same purpose.  
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Summary 

In Chapter 4, PFG-NMR measurements were used to study the diffusion of guest molecules 

through the pores of various alumina carriers prepared using different conditions to tailor the pore 

size and structure. These results show that it is possible to design alumina supports with clearly 

defined pore sizes and structures in order to tailor the mass transport properties for specific 

applications by changing simple preparation conditions (i.e. temperature and mixing time).  

In Chapter 5, PFG-NMR methods were then used to study the diffusion of molecules of varying 

kinetic diameter through the hierarchical pore structure of novel zeolites with remarkable fluid 

catalytic cracking performance. It is shown that the hierarchical structure of the novel zeolites 

alleviates mass transport limitations and increases accessibility of reactive species to the strong 

acidic sites within the intra-crystalline pore space. In chapters 4 and 5, the use of PFG-NMR as a 

powerful tool to investigate materials with hierarchical porosity is highlighted. 

In Chapter 6, NMR relaxation has been used to investigate the solvent effect seen during the 

isomerisation of glucose by novel metal-doped zeolites. Results show that reductions in reactivity 

seen upon changing the solvent used are due to adsorption of the solvent molecules to catalytically 

active sites on the zeolite surface thereby restricting isomerisation of glucose molecules. Chapters 

5 and 6 serve to highlight the importance of low field NMR methodology to investigate catalytic 

systems using zeolite catalysts. 

In Chapter 7, NMR relaxation has also been used to characterise surface interactions in the 

photocatalytic C-C bond formation using solid carbon nitride prepared using a range of pre-

treatment protocols. Results show that the optimal catalysts are those that limit solvent adsorption 

and maximise the strength of halogen bonding between the reactive species and the carbon nitride 

surface. Chapters 6 and 7 show the effectiveness of NMR relaxation in investigating solvent effects 

in catalytic reactions. 

In Chapter 8, NMR relaxation is extended to investigation of porous membranes and was used to 

unravel the effect of altering carbon membrane preparation temperature upon the surface chemistry 

and pore size and structure of the resultant materials. In turn, these factors were related to the 

membrane CH4/H2O separation performance and transport mechanism. It was found that the 

preparation temperature significantly impacts the pore size and pore wettability which both in turn, 
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act to alter the membrane separation performance dependent upon the dominant transport 

mechanism. Chapter 8 further highlights the importance of NMR relaxation to investigate surface 

interactions of molecules with the surface of porous materials such as catalysts. In addition to this, 

Chapter 8 also highlights how such measurements can be used to gain insight into mass transport 

processes taking place within the pores nicely tying together the contents of all the results chapters 

in the thesis. 

Chapter 10 outlines the impact of this thesis work through discussion of future applications based 

on the findings of this work. In particular, the work presented in this thesis offers insights into the 

measurement of diffusion in hierarchical porous materials for the purpose of material design and 

characterisation of such materials as well as associated processes. This work also highlights the 

use of NMR relaxation to characterise adsorption processes and surface interactions occurring in 

porous catalysts presenting, for the first time, NMR relaxation used to measure halogen bonding 

with a catalyst surface.  Finally, this work demonstrates new NMR relaxation methods for the 

characterisation of porosity and wettability in microporous materials and how these factors can 

impact the usefulness of such materials. 
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Chapter 1: Introduction: Porous materials as catalyst and separation 

media 

Catalysis is a fundamental branch of chemistry contributing to modern life as we know it. Catalysis 

occurs all around us, from the industrial plants manufacturing the chemical products we need to 

live and thrive, to the exhausts of our vehicles preventing our cities from becoming severely 

polluted and even to plants and our own bodies in the form of enzymes allowing reactions that 

enable life itself. Catalysis truly is essential to all that we do. 

In industry, heterogeneous catalysts are generally the favoured method of catalysing chemical 

reactions as they are easily removed from reaction mixtures and are typically more thermally stable 

than homogenous catalysts and therefore more suitable for continuous processes. However, active 

sites are often difficult to identify, meaning reaction mechanisms are generally difficult to unveil 

whilst reaction rates may be limited by diffusion in and out of pores found on the solid catalyst 

surface. It is these widespread applications and many advantages of heterogeneous catalysis that 

make research into the development and improvement of these systems of such great importance. 

Most of the current work in the area however, is focused on the role of the active metal 1-3 and the 

effect of the catalyst support upon catalytic performance is much more poorly understood. The 

catalyst support is generally considered to be a relatively cheap, inert, high surface area, often 

highly porous material to accommodate catalytically active sites but its role in a catalyst’s 

performance is generally neglected. Nevertheless, the support accounts for a significantly large 

proportion of the makeup of the whole catalyst and as such, it is vital that the role of the 

heterogeneous catalyst support is fully investigated and understood to allow for the optimal 

performance of catalytic systems. This work aims to investigate the influence of the support in 

catalytic systems to determine how the surface and structure of the support can be effectively 

altered to maximise catalyst performance. 

1.1. Strong metal support interactions 

The effect of the support in altering activity and selectivity in catalytic reactions is generally 

thought to be dominated by the presence of strong metal support interactions (SMSI). SMSIs 

generally arise from the use of metal nanoparticles supported on reducible metal oxide supports 

and favourable interactions between the active metal and the support can greatly enhance catalytic 
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activity. 4 This can occur through one of three effects: an electronic effect, a geometric effect or a 

bifunctional effect, where the metal and support provide separate but synergistic reaction sites. 

Electronic and geometric effects are typically quantified using X-ray photoelectron spectroscopy 

(XPS) to look for peak shifts indicating changes in charge or electron density (electronic effect) 5, 

6 or the formation of new species, bonds and changes in bond lengths (geometric effect). 7 

Temperature Programmed Desorption (TPD), Fourier Transform Infrared Spectroscopy (FTIR) 

and Raman spectroscopy have been used to quantify bifunctional effects by indicating the 

reduction of species or the formation of new species altogether. 8, 9 

An example of SMSI has been found to occur in the selective hydrogenation of furfural over 

supported Pd catalysts. It has been reported that furfural shows an increased selectivity to 

tetrahydrofurfuryl alcohol (THFA) when Pd is supported on TiO2 or Al2O3 as opposed to other 

supports. 10 Further work has shown that a physical mixture of Pd/Al2O3
 and Ru/ZrO2 gives the 

total hydrogenation product, tetrahydrofurfuryl alcohol, in very high yield, with the Pd catalyst 

responsible for ring hydrogenation and the Ru catalyst responsible for carbonyl hydrogenation 

with a clear support dependent promotion effect present for both catalyst when compared to with 

other supports. 11 These works show a good example of SMSI and how this can be utilised to 

achieve high conversions and selectivities, however, the exact understanding of why or how the 

supports enhance these reactions is still unclear. 

SMSIs can also be seen in the selective hydrogenation of various nitroaromatics over Au/TiO2. In 

this reaction, 3-nitrostyrene adsorbs onto the TiO2 surface preferentially through the nitro group 

to give the corresponding aniline with the alkene group being unaffected. With other supports 

complete hydrogenation of both groups occurred implying a large contribution to the reaction 

selectivity from the support. 12 Further studies upon the selective hydrogenation of 3-nitrostyrene 

found that for Pt supported catalysts, alumina and carbon supports resulted in reduction of both 

the alkene and nitro groups whereas when reducible supports were used only the nitro group was 

reduced with ZnO showing the highest selectivity to the aniline. 13 Nonetheless, Pt/C catalysts have 

recently found use in the selective hydrogenation of 3-nitrostyrene by utilising a variation in 

reduction temperature with a simple pre-treatment. At lower reduction temperatures, the vinyl 

group is preferentially reduced due to the presence of surface acidic groups next to the metal active 

sites which adsorb NO2 strongly and thereby enhance reactivity of the alkene. At high 
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temperatures, P species introduced in the pre-treatment form and interact with Pt to form Pt-POx 

species which can adsorb and reduce the NO2 group selectively. 14 

Similar favourable metal support interactions are seen in the selective hydrogenation of 

cinnamaldehyde, 15 citral, 16 acetophenone, 17 4-phenyl-2-butanone 18 and  

p-chloronitrobenzene. 19 

1.2. Influence of catalyst wettability 

Catalyst supports can work to enhance and alter catalytic reactions in more ways than by just 

interacting with the metal active site by SMSIs. Catalyst supports are generally considered to be 

otherwise inert, however, it has been shown that certain properties, pre-treatments and 

modifications applied to catalyst supports can greatly affect reactions involving heterogeneous 

catalysts. One such support property that has been shown to be of great importance is the 

wettability of the surface and this is due to the interactions of water with catalyst surfaces seen in 

many common catalytic reactions. 20 

The surface wettability is thought to aid catalyst performance by many methods; enriching the 

concentration of reactants at the catalyst surface and thereby enhancing catalyst activity, inhibiting 

side reactions therefore giving only desirable products and by reducing poisoning of active sites 

to increase stability of the catalyst. 21 In addition to this, surface wettability can act to increase the 

fast diffusion of products to shift the reaction balance and even to form new reaction intermediates. 

22 

The enrichment of reactants due to surface wettability is reported to occur in the oxidation of 

hexane, hexene and benzyl alcohol with H2O2 over the hydrophilic zeolite catalyst, H-TS-1. The 

catalytic activity is enhanced by the increased number of hydroxyl groups on the hydrophilic 

catalyst surface after being subject to a calcination treatment which enriches the concentration of 

H2O2 in the micropores and causes an increase in activity. 23  

Due to the effectiveness of altering surface wettability to enhance catalytic reactions many 

different methods have been developed to tune the hydrophilicity/hydrophobicity of supports. 

Methods to alter surface wettability that have been reported include, but are not limited to; physical 

mixtures of hydrophilic and hydrophobic catalyst particles, 24 encapsulating catalyst particles in 

zeolite sheaths with controllable wettabilities, 25 doping the support with zirconia causing a 

favourable interaction between ZnO crystals and Ru particles which increases catalytic activity 26 
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and the chemical modification of surfaces by addition of groups with desirable functionalities. 27, 

28 It has been shown that the wettability can be finely tuned by varying the chain length and 

functionality of these added groups and silanes are usually the preferred choice for this type of 

surface modification. 29 Catalysts with modified wettability have been shown to be of use in a wide 

range of reactions such as; oxidations, 30 biofuel upgrading, 31 dehydrogenative organosilane 

coupling, 32 and dehydrogenation reactions. 33 

The fine tuning of surface wettability has presented some very interesting results in certain 

reactions. Indeed, it has been reported that for the oxidation of ethylbenzene over a hydrophilic 

Co/SiO2
 catalyst a low activity was seen with the major product being acetophenone. However, 

when the catalyst was designed to instead be hydrophobic, activity drastically increased with a 

high selectivity to acetophenone. 34 

More recently, the surface wettability has been shown to play a part in determining the reaction 

pathway during wet air oxidation over Pt and Ru nanoparticles. It is reported that Pt nanoparticles 

show increased activity when the support is hydrophobic yet Ru nanoparticles are more active 

when the support is hydrophilic 35 which is thought to be due to a change in the mass transfer 

properties of O2 gas therefore overcoming the limitation of the realtively low solubility of O2 in 

the condensed aqueous phase. This effect is theorised to be dependent on the metal active sites 

therefore explaining the difference in behaviour for Pt and Ru catalysts. 

Particularly interesting results are seen in the hydrogenation of various nitroaromatics using Pd 

immobilized on a metal organic framework (MOF). A hydrophobic polydimethylsiloxane (PDMS) 

coating was applied and both coated and uncoated catalysts were tested for the hydrogenation of 

both hydrophobic nitrobenzene and hydrophilic 4-nitrophenol. It was reported that the uncoated 

catalyst showed a higher activity for the hydrogenation of 4-nitrophenol than for nitrobenzene. 

However, when the hydrophobic coated Pd/MOF was used, the reaction rate was much quicker for 

nitrobenzene and no hydrogenation occurred for the hydrophilic 4-nitrophenol. 36 Further to this 

work, Pd/MOF was coated in hydrophilic graphene oxide (GO) which can be selectively reduced 

to hydrophilic reduced graphene oxide (rGO) in order to alter the wettability of the catalyst to 

varying degrees.  GO was found to enhance hydrogenation of hydrophilic reactants and rGO was 

found to enhance the hydrogenation of hydrophobic reactants by enhancing the adsorption and 

transfer of desirable reactants whilst still maintaining size selectivity. 37 The ability of this coating 

to impart tuneable wettability makes this a finding of great interest. Clearly, the surface wettability 
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of catalysts is essential to the efficient performance of catalytic systems and is essential to consider 

for the development of highly active and selective catalysts. 

1.3. Catalyst surface modifications 

The surface wettability of a catalyst has been identified as a key property in designing efficient 

catalysts. To utilise this property, different techniques to manipulate the surface chemistry and 

therefore influence the surface properties have been developed. One of the most common methods 

of modifying a catalyst surface is by silylation (Figure 1.1). Addition of silyl groups to a surface 

allows for the fine tuning of surface properties.   

 

Figure 1.1. A standard silylation of a catalytic material by reaction of a silicate ester with hydroxyl groups present on 

the catalyst surface. The R groups can be varied accordingly to alter the chemical properties of the catalyst surface. 

As previously discussed, silylation can be used to effectively alter the hydrophilicity of a catalyst 

thereby enhancing activity and selectivity due to changes in the adsorption interactions of 

reactants/products with the surface. 36-38 However, silylation has been shown to alter catalytic 

reactions in different ways. Indeed, it has been reported that large silyl groups can block the pores 

of some porous materials and reduce catalyst activity 39 and it has been shown in the methanation 

reaction over Ru/SiO2 that silylation reduces CO adsorption affinity and therefore it increases 

methanation rate as CO acts as an inhibitor to this reaction. 40 Intriguingly, this steric blocking by 

silyl groups has recently been used to alter the selectivity of phenol hydrogenation by blocking 

coordinatively unsaturated sites on a Rh/SiO2 catalyst. These sites, found on steps and kinks, are 

thought to be the active site for the direct conversion to cyclohexanol, therefore blocking these 

sites causes selectivity to cyclohexanone to increase. 41 

Functionalization of catalyst surfaces with amines is another attractive method to enhance catalyst 

performance. Recently, a bimetallic PdAg catalyst supported on a phenylamine functionalized 

mesoporous carbon was used to achieve the highly efficient conversion of carbon dioxide and 

hydrogen to give formic acid. The reaction was shown to be reversible depending on the reaction 

pH and rather interestingly, the phenylamine groups were found to promote both the backwards 

OH OSiR3 OSiR3 OSiR33 Si(OR)4
OH OH
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and forwards reactions due to an increased dispersion of the metallic nanoparticles, increased 

stability of reaction intermediates and promotion of O-H bond dissociation in the reverse reaction. 

42 A similar interaction between support and intermediates can be seen in the selective 

hydrogenation of furfural to tetrahydrofurfuryl alcohol by Pd nanoparticles supported on an amine 

functionalized MOF. The amine groups on the support hydrogen bond to the intermediate furfuryl 

alcohol allowing further reduction of the ring to produce the final product. 43 

Addition of amine functionality to catalyst surfaces can have additional benefits such as that seen 

in the reduction of bromate over amine functionalized Pt catalysts.  In this reaction, the positive 

surface charge of the amine groups interact with the negative bromate ions and increase adsorption 

and subsequently catalyst activity. 44 

Coating a catalyst in a substance is seen as another effective way to change the surface properties 

and hence alter the reactivity of a catalyst. Subjecting a supported Pd catalyst to a pre-treatment of 

acetylene causes a hydrophobic trans-polyacetylene layer to form on the surface which protects Pd 

nanoparticles from sintering whilst boosting activity for the hydrogenation of hydrophobic 

substrates although a thick coating can reduce activity by blocking active sites. 45 Also, coating of 

a Ni catalyst in an ionic liquid has been shown to drastically increase the selectivity of the partial 

hydrogenation product butene in the hydrogenation of 1, 3-butadiene and this is thought to be due 

to a donation of electrons from the ionic liquid to the Ni sites as well as the solubility differences 

between reactants and products in the ionic liquid. 46 Similar work has shown that coating a variety 

of supports with polydopamine (PDA) or carboxylic acids layers prior to loading of Pd 

nanoparticles can greatly enhance activity by giving a greater dispersion of the metal. The PDA 

layer is thought to achieve this by introducing binding and adsorption sites for Pd whereas the 

carboxylic acid monolayer improves electrostatic interactions between Pd and the support. 47 

An interesting example of pre-treatments affecting the selectivity of a reaction can be seen in the 

selective hydrogenation of citral over Pt/TiO2. It has been shown that subjecting the catalyst to a 

pre-treatment with H2 gas greatly enhances the selectivity of the reaction to the alcohol as reduction 

of the titania support causes an SMSI to occur and oxygen vacancies form. These vacancies are 

thought to be the active site for reduction of the carbonyl bond therefore the alcohol is favoured 

after a pre-treatment with H2. 
48 

However, it is usually the case that although a change in catalyst activity is seen upon modifying 

the surface, the exact reason for this enhancement is poorly understood. 49 To gain a better 
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understanding of the interactions by which support modifications change reactivity is one of the 

main aims of this project. 

1.4. Solvent effects in heterogeneous catalysis 

A catalyst surface will not only interact with reactants and products during the reaction process, 

consequently, the interaction of the catalyst with the reaction solvent is important to consider. The 

nature of the solvent can have a profound effect upon both the activity and selectivity of certain 

reactions and is widely researched and developed in homogenous catalysis. 50 Indeed, it has been 

shown that solvent effects have a significant effect upon many heterogeneous catalytic reactions 

and solvent effects have been seen in hydrogenation reactions, 51-54 oxidations, 55-58 epoxidations 

59 and dechlorinations 60 amongst others. However, the interactions between the solvent and 

surface are up to now, relatively poorly understood. 

A clear solvent effect can be seen in the selective hydrogenation of acetophenone over silica 

supported catalysts and this solvent effect has been well studied. Carrying out this reaction over 

Cu/SiO2 in different solvents gave differing initial rates of conversion in the order: Isopropyl 

alcohol (IPA) > cyclohexane > toluene > benzene. This is explained by the strong adsorption of 

toluene and benzene which strongly interact with and block Cu active sites thereby limiting the 

number of active sites available to dissociate hydrogen. IPA can dissociate on Cu active sites to 

give extra atomic hydrogen, therefore the rate is fastest when IPA is used as reaction solvent. 61 

Carrying out this reaction over a Ni/SiO2 catalyst in a variety of protic, aprotic and apolar solvents 

gave similar interesting results with protic polar solvents giving the highest activity and apolar 

solvents the lowest. Activity in aprotic and apolar solvents was explained by considering the 

solvent-catalyst interactions and rate decreased with increased adsorption of solvent on the surface 

whilst in protic solvents the activity decreased with solvent H-bond ability which reduces 

adsorption of acetophenone. 62 Further studies into these two systems as well as the same reaction 

using Co/SiO2 revealed that, for this reaction, the solvent effect is support dependent although the 

magnitude of the effect is dependent upon the nature of the metal. 63 

A study of this reaction using Rh/C and Rh/Al2O3, showed that both catalysts showed opposite 

solvent effects in terms of initial reaction rate and this is thought to be due to the respective 

hydrophobicity and hydrophilicity of the catalyst surfaces. 64 Further studies on this reaction using 

analogous Pd catalysts proved that these effects are also support dependent. The carbon support 



Luke Forster – Tailoring surfaces in porous media for catalysis and separation applications 
 

23 
 

conversion values correlate well with the solvents hydrogen bond donor ability due to the reactant-

solvent interaction with the carbonyl bond whereas the alumina support conversion values 

correlate well with the solvents hydrogen acceptor ability and this is thought to be due  to solvent-

catalyst interactions resulting in blocking of the catalyst active sites. 65 Similar solvent effects have 

been seen in the selective hydrogenation of acetophenone over Raney nickel, 66 molecular sieve 

supported silver catalysts 67 and the hydrogenation of p-chloronitrobenzene. 68 

An interesting combination of both support modifications and solvent effects has been reported in 

the hydrogenation of acetophenone over Ru supported on an amine functionalized polymer in a 

biphasic isooctane/water solvent system. In this system, isooctane solvates the phenyl ring and 

promotes interaction of the carbonyl bond with the active site whilst water makes the surface 

hydrophilic to further enhance the reaction with hydrophilic acetophenone. In addition to this, 

steric effects of the polymer chains cause the reactant to orientate favourably for carbonyl 

reduction. 69 

It has also been shown how a change in solvent can completely change the selectivity of a given 

reaction. The hydrogenation of furfural over a bimetallic CuNi catalyst in ethanol has been shown 

to produce tetrahydrofurfuryl alcohol at a high selectivity. However, by simply switching the 

reaction solvent to methanol, the reaction will produce furfuryl alcohol at a high selectivity and 

this thought to be due to methanol adsorbing to and blocking the active sites for ring 

hydrogenation. 70 Similarly, the selective hydrogenation of cinnamaldehyde over Pd/C in all of the 

solvents tested except pyridine and 4-methylpyridine produced hydrocinnamaldehyde as the main 

product at a high rate which increases with solvent polarity whereas in pyridine and 4-

methylpyridine the main product is cinnamyl alcohol produced at a much slower rate and this is 

again thought to be due to these solvents blocking the active sites for ring hydrogenation. 71 

1.5. Altering catalyst morphology and pore structures 

Heterogeneous catalysts and associated catalytic processes are, of course, defined not only by the 

interactions of the respective species involved with the catalytic active sites on the catalyst surface. 

The ability of desired molecules to access these active sites on the catalyst surface and indeed, the 

ability to restrict access of undesired molecules is vitally important to the design of effective 

catalytic materials. That is, it is not enough to only tailor the surface of the catalysts appropriately 
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for a given system but also the pore structure must be designed in a way to maximise the transfer 

of species to the catalyst surface and optimise the efficiency of catalytic processes occurring. 

 

Figure 1.2. Mass transport process taking place in a porous catalyst. The reactants diffuse from the bulk phase into 

the catalyst pores where the catalytically active sites can be found. The pore structure and surface chemistry must be 

appropriately tailored to maximise catalytic activity.  

Previous works have shown that alterations of the catalyst pore structures is an effective method 

of altering both the catalytic activity and selectivity. 72 Indeed, catalytic activity has been shown 

to vary significantly for a range of Ni/CeO2 catalysts used for CO2 methanation dependent upon 

the CeO2 morphology. 73 A similar morphology dependant catalytic activity is seen in a range of 

TiO2-Al2O3 composite support NiMo desulfurization catalysts. 74  

The addition of secondary pore networks to catalytic materials is a common method of altering a 

catalysts activity by changing its pore structure. The activity of a Ni-CaO2-ZrO2 catalyst for CO2 

reforming of CH4 was shown to vary greatly dependent upon the pore structure of the catalyst. Ni-

CaO2-ZrO2 with a mesoporous framework showed the greatest activity and stability and also was 

not deactivated after use. 75 This was due to a “confine effect” preventing Ni sintering and giving 

an improved resistance to coking. 75 Furthermore, mesoporous channels of varying size and 

uniformity were formed in a series of Ce-Co catalysts by altering the molar amount of Ce and Co 

to form lattice defects and expose surface active sites. 76 These catalysts were then tested for 

mercury oxidation processes. It was found that those catalysts with unequal molar amounts of Ce 

and Co were less active due to low mass transfer owing to non-uniform mesopores and low surface 

Bulk phase

Catalyst

Liquid/solid

interface
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areas. 76 The addition of a secondary mesoporous pore structure has also been shown to increase 

the performance of metal organic framework (MOF) based catalysts used for the hydrogenation of 

nitro compounds. 77 

Although less reported than changes in activity, it is possible for an alteration of the catalyst 

structure to result in changes in the reaction selectivity. The shape dependence of selective H2S 

oxidation over ceria nanocrystals was investigated and it was found that the hierarchical porous 

structure, that is the pore structure consists of types of pores of two or more sizes, hindered SO2 

and sulfate formation thereby giving an increased selectivity to sulphur, the desired product. 78 

Hollow multishelled structures (HoMSs), namely Au/CeO2 HoMSs, have also been reported to 

show a pore structure dependent selectivity for the catalysed reduction of nitrophenol. 79, 80 

This method of introducing a hierarchical porous network into the structure of a catalytic material 

is one that finds much use in the field of zeolite catalysis. A relatively large, secondary series of 

pores is introduced into the zeolite structure that is highly interconnected with the existing pores 

in the zeolite crystal. This highly interconnected porosity acts to enhance diffusion of species 

within the zeolite pores and reduce pore blocking by coking thereby increasing catalytic 

performance and longevity respectively. 81 However, the catalytic mechanisms associated with 

hierarchical zeolite catalysts are not yet fully understood and remain the subject of much interest. 

Recent work from Zhou et al stresses the importance of mesopore surface diffusion acting to limit 

mass transfer in hierarchical zeolites and theorises that, for optimal catalytic performance, the 

zeolite surface should be modified to reduce surface interactions and therefore limit surface 

diffusion. 82 Nonetheless, the use of hierarchical porous structures has enabled the creation of many 

different zeolite catalysts capable of increased catalytic activity and selectivity for many processes. 

83-87 This approach has also been applied to other catalytic materials with similar results. 88-91 

1.6. Porous materials as separation media 

Porous materials are also widely used in separation processes to allow the separation of one 

species from another. For example, porous materials are commonly used for the separation of 

different gases 92, 93 and the separation of oil/water emulsions 94 although they also find use in 

other separation processes. 

Similarly to catalysis, as previously described, the separation performance can be greatly 

impacted by the morphology and pore structure of the porous medium used and the surface 
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interactions between the different species present during the separation process. 95 For example, 

the wettability, and therefore the interaction between the surface and water present, is essential to 

determining optimal separation performance in oil/water emulsion separation. 96 

1.7. Studying surface interactions in catalysis using NMR 

NMR spectroscopy, in particular (PFG)-NMR, continues to be incredibly useful to the design of 

heterogeneous catalysts, 97, 98 their characterisation 99 and studying their deactivation. 100, 101 Using 

NMR to study catalytic materials can provide valuable information to aid the design of more active 

and efficient catalytic systems.  

The molecular dynamics of reactants and solvents interacting with the catalyst surface continue to 

be of great importance to the design of heterogeneous catalytic systems and these interactions are 

something that can be simply and effectively studied by NMR techniques. Indeed, it has been 

shown that NMR relaxation time measurements can be used to characterise the adsorption 

strengths of reactants with the catalyst surface. 102 By comparison of these adsorption strengths for 

both the reactant and solvents, the solvent effects seen in the liquid phase oxidations of both 1,4-

butanediol 55, 56 and various 1,3-propanediols 57 have been explained using NMR relaxation 

measurements and therefore the optimal solvent in which to carry out these reactions can be 

identified. Recently, NMR relaxation measurements have also shown that oxygenated heterocyclic 

compounds form Lewis acid-base pairs with sites on the surface of TiO2 and therefore inhibit 

catalyst activity 103 showing that non oxygenated solvents such as cyclohexane are preferable for 

reactions using this support. 

NMR relaxation measurements are not limited to investigating only the effects of solvents. It has 

been shown that in the oxidation of glycerol over Au/TiO2, the reaction products inhibit the 

reaction thereby limiting the catalytic activity. 104 

Finally, and crucial to this project, (PFG)-NMR and NMR relaxation measurements can be used 

to characterise and probe the effects of modifications upon a surface upon the adsorption of 

reactants. Recent work has shown that use of a polymer modified with sulfonic acid groups 

enhanced the adsorption of pyridine from aqueous solutions 105 and determination of the self-

diffusivity coefficient of pyridine over both the modified and unmodified surface allows the effect 

of the surface modification to be fully quantified. This technique can be applied to reactions 

involving heterogeneous catalysts. Indeed, work from Robinson et al, 106 has shown that coating 
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various catalyst supports with a layer of silanes can significantly increase the motional freedom of 

adsorbed liquid methanol by replacing hydroxyl groups on the surface preventing interactions of 

the surface with the hydroxyl group of methanol as well as detailing a general method to use NMR 

to study more general cases of surface functionalisation. 
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Chapter 2: Theory of NMR 

In this project, nuclear magnetic resonance (NMR) will be of central importance in order to probe 

the interactions of liquids inside the respective materials pores. NMR will be used to obtain a 

greater understanding of the way reactants, products and solvents are affected by the catalyst 

surface composition and characteristics and how activity and selectivity to desired products can be 

maximized by modifications of catalyst surfaces. Therefore, a brief overview of basic NMR theory 

is given below.  

2.1. Basic principles of NMR 

2.1.1. Nuclear spins and bulk magnetisation 

Nuclear magnetic resonance is a phenomenon that arises due to the quantum mechanical property 

known as “nuclear spin”. 1 Nuclear spin is a fundamental property intrinsic to all elementary 

particles. Atomic nuclei act as if they are spinning about their axis resulting in a property known 

as nuclear spin angular momentum; P. Nuclear spin angular momentum generates a magnetic field 

and an associated magnetic moment, μ, in which nuclei act as magnetic bars with north and south 

poles. The values of the nuclear spin angular momentum, P, is quantised according to quantum 

mechanics and its magnitude is defined as follows: 

𝑃 =  
ℎ

2𝜋
[𝐼(𝐼 + 1)]2 (2.1) 

 Where h is the Plank constant (ℎ = 6.626 × 10−34 J s) and the quantity I is the nuclear spin 

quantum number which describes the spin of an atomic nucleus. Every nucleus has a characteristic 

value of I and the nuclear spin of each nucleus will have 2I + 1 possible orientations, denoted by 

the magnetic quantum number, m, which may take the values –I, -I + 1, …, I – 1, I. Nuclei are only 

NMR active if they have a non-zero value of the nuclear spin quantum number, I. The value of I 

is dependent upon the number of protons and neutrons that the atomic nucleus is composed of, 

more specifically, it depends upon the number of unpaired protons and neutrons. The rules for 

determining the net spin of an atomic nucleus are given below: 

1) Number of protons and neutrons are both even → I = 0 

2) Number of protons plus number of neutrons is odd → I = (2n + 1)/2 

3) Number of protons and number of neutrons are both odd → I = (2n)/2 
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where n is a positive integer. For example, 4He, 12C and 16O will all be NMR inactive as they have 

no net spin whereas nuclei such as 1H, 13C and 19F have I  =  
1

2
 and 2H and 14N have integer values 

of I = 1. 

The nuclear spin angular momentum, P, of nuclei with a non-zero spin number is related to the 

associated magnetic moment as follows: 

𝛍 =  𝛾𝐏 (2.2) 

The parameter γ is known as the gyromagnetic ratio of a given nucleus. In the absence of an 

external magnetic field, all possible magnetic quantum states are equal in energy. When an external 

magnetic field of strength B0 is applied, the magnetic moment of the nucleus acquires an energy, 

E, defined by: 

𝐸 =  −𝛍 ∙ 𝐁0 =  −𝛾
ℎ

2𝜋
𝑚𝐵0 (2.3) 

In the presence of an external magnetic field, the nucleus will develop 2I + 1 energy levels 

corresponding to the different values taken by m. Energy level transitions are quantised and as 

such, these transitions are governed by selection rules. The NMR selection rule governing such 

transitions is Δm = ± 1. That is, the magnetic quantum number, m, must decrease or increase by 1 

only. The most commonly studied NMR nuclei 1H and 13C have I = 
1

2
 and therefore adopt two spin 

energy states with m = −
1

2
 and m = 

1

2
 respectively. These two states are described as being parallel 

and anti-parallel and are often referred to as α-state and β-state, respectively. The α-state, or 

parallel orientation, is the lower energy state. The energy required to induce a transition between 

the two energy levels is given by: 

∆𝐸 = ℎ𝑣 = |𝛾
ℎ

2𝜋
∆𝑚𝐵0| = 𝛾

ℎ

2𝜋
𝐵0 (2.4) 

The last equation defines the Larmor frequency of the nucleus. This is also known as the 

precessional frequency and refers to the rate of precession of the magnetic moment of the nucleus 

around the external magnetic field. The Larmor frequency is written as: 

𝑣0 =
𝛾𝐵0

2𝜋
[Hz] 𝑜𝑟 𝜔0 = 𝛾𝐵0 [rad s−1] (2.5) 

At thermal equilibrium and in a static magnetic field, the population of the α-state and β-state 

obeys the Boltzmann distribution: 
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𝑁𝛽

𝑁𝛼
=  𝑒

−
∆𝐸

𝑘𝐵𝑇 (2.6) 

Where kB is the Boltzmann constant (𝑘𝐵 = 1.380649 J K−1) and T is the temperature of the spin 

system. As the α-state is lower in energy, an excess of nuclear spins in the spin system will exist 

in the α-state. This excess can be visualised as a number of magnetic moments distributed 

randomly around a precessional cone, as shown in Figure 2.1. 

 

Figure 2.1. (a) Representation of the Bloch vector model showing the spins in both α and β states precessing around 

an external magnetic field, B0, at the Larmor frequency, 𝜔0, and (b) the resultant bulk magnetisation vector. 

The excess of spins in the α-state results in a net magnetisation parallel to the external magnetic 

field, along the z-direction. As the spins are randomly distributed about the z-axis, the net 

magnetisation in the transverse plane is zero. Thus, the entire spin system can be considered as a 

bulk magnetisation vector, M0, aligned along the z-axis with the external magnetic field. This way 

of visualising spin magnetisation is known as the Bloch vector model. 

2.1.2. Spin excitation and the rotating frame of reference 

The earliest examples of NMR spectrometers were based on continuous-wave (CW) NMR 

spectroscopy. In CW NMR spectroscopy, the sample can be analysed in two different ways. 

Firstly, the sample can be held in a strong magnetic field whilst the frequency of the source is 

slowly scanned. Alternatively, the source frequency can be held constant whilst the field is 

z

xy

α-state

β-state

z

xy

M0

B0

(a) (b)
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scanned. Modern day NMR spectrometers operate using Fourier Transform (FT) NMR 

spectroscopy where the static magnetic field, B0, is usually produced using a superconducting 

magnet cooled to cryogenic temperatures. A time-dependant magnetic field, B1, oscillating at the 

Larmor frequency is then applied to produce the quantum energy required to instigate magnetic 

resonance. B1 is generated using a transmission coil to induce a radio-frequency (RF) signal which 

is then applied perpendicular to B0 to tilt the bulk magnetisation from its equilibrium position (i.e. 

along the z-axis). The bulk magnetisation then relaxes back to the equilibrium position by a 

precessional motion thereby inducing a current in a detection coil placed around the sample. The 

oscillating signal produced is known as Free Induction Decay (FID). The FID, typically an 

exponential decay, is then Fourier transformed to give the NMR spectrum. The process can be 

seen in Figure 2.2. 

 

Figure 2.2. Representation of the basic NMR experiment. Spins aligned with the external magnetic field are titled 

into the transverse plane using a radiofrequency pulse where their precession frequencies are detected and an FID is 

acquired. The FID is then Fourier transformed to give the NMR spectrum. 

To understand the complex interactions between the ensemble of spins within the sample 

immersed in the static magnetic field vector, B0, and experiencing an oscillating field, B1, it is 

more convenient to consider the concept of a rotating frame of reference and use a classical 

mechanical description to explain the behaviour of NMR active systems in an external magnetic 

field. As such, the magnetic moment, μ, can be defined as a vector relating the aligning torque, Γ, 

to the external magnetic field, B0. The relationship is given by: 

𝚪 =  
𝑑𝐏

𝑑𝑡
=  𝛍 × 𝐁0 (2.7) 

Where the symbol × represents the cross products of two vectors. Combining this with Equation 

2.2, it follows that: 

y
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𝑑𝛍

𝑑𝑡
=  𝛍 ×  𝛾 𝐁0 (2.8) 

The general behaviour of the bulk magnetisation vector, M0, can be obtained using Equation 2.8 

and replacing the magnetic moment, μ, with M0, giving the Bloch equation: 

𝑑𝐌0

𝑑𝑡
= 𝐌0 ×  𝛾 𝐁0 (2.9) 

As the RF pulse is applied, the magnetisation precesses about the static field, B0, and the RF field, 

B1. The field B1 can be viewed as two identical magnetic field vectors, rotating in opposite senses 

that, when summed, give a vector that mimics the oscillating field. The rotating frame of reference 

is when the x, y and z-axis are said to rotate at the same rate, ω1, and in the same sense as one of 

the two B1 vectors. In a frame such as this, one B1 vector appears frozen with respect to the rotating 

coordinate axes, whilst the second appears to rotate in the opposite sense at a rate of 2ω1, which is 

twice the rate observed in the stationary frame. This means that the angular frequency of this 

second component is too high to interact with the magnetisation and is not considered further. 

Equation 2.9 can now be transformed using the rotating frame of reference as follows: 

𝑑𝐌0
′

𝑑𝑡
=  

𝑑𝐌0

𝑑𝑡
− (𝜔 × 𝐌0) (2.10) 

Where the prime symbol indicates that the quantity is in the rotating frame and 𝜔 is the angular 

velocity of the rotating frame. Combining Equations (2.9) and (2.10) gives the following 

expression: 

𝑑𝐌0
′

𝑑𝑡
= 𝐌0  ×  𝛾 (𝐁0 −  

𝛚

𝛾
) = 𝐌0  ×  𝛾 𝐁𝑒𝑓𝑓 (2.11) 

Where Beff  is the field experienced by the nuclear spins as observed in the rotating frame. If the 

irradiation field, B1, is applied in the plane perpendicular to the static field, B0. Hence, the effective 

magnetic field, Beff, is given by: 

𝐁𝑒𝑓𝑓 = [(𝐵0 −  
𝜔1

𝛾
)  𝐤] + (𝐵1 𝐢) (2.12) 
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It is important to note that if ω1 is equal to ω0 (the Larmor frequency) then M0 will precess around 

B1 only. Therefore, when the situation is viewed using the rotating frame of reference rotating at 

the Larmor frequency, only the motion caused by the RF pulse is required to be considered. 

 

 

Figure 2.3. The effective magnetic field in the rotating frame of reference. At resonance, i.e., ω1 = ω0, the effective 

longitudinal field is zero. 

2.1.3. Radiofrequency pulses 

Pulse NMR experiments use a short radiofrequency (RF) pulse to provide the oscillating field in 

the laboratory frame, B1. The field produced by the RF pulse may be chose to lie along the x-axis 

of the rotating frame. The nuclear spins of this system respond to the pulse in such a way as to 

move the equilibrium magnetisation vector, M0, away from the z-axis and into the transverse (x-

y) plane (as viewed in the rotating frame). The resultant angle of rotation depends on the length of 

time the field B1 is applied, t1, and its magnitude, B1, according to: 

𝜃 =  𝜔1𝑡1 =  𝛾𝐵1𝑡1 (2.13) 

NMR pulse sequences generally make use of 90⁰ (
𝜋

2
) and 180⁰ (π) which are demonstrated in 

Figure 2.4. A 90⁰ pulse (shown in Figure 2.4a) rotates the magnetisation into the transverse plane 

where it can be detected by the receiver coil. After such a pulse, referred to as an excitation pulse, 

the spin population of α and β states are equivalent and there is no net magnetisation along the 

z

xy

Bef

f

B1
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longitudinal (z) direction. Net polarisation now exists on the transverse plane. A 180⁰ pulse (shown 

in Figure 2.4b) will invert the spin population of α and β states. Net magnetisation will now be 

negative along the z-axis due to a surplus of spins in the β states. 

 

Figure 2.4. The effect of the RF field B1 on the magnetisation vector, M0, viewed in the rotating frame. The diagrams 

show: (a) a 90° pulse and (b) a 180° pulse.  

2.1.4. Spin-lattice relaxation 

Following an RF pulse, the non-equilibrium distribution of spins will give rise to two components 

of magnetisation relative to the equilibrium vector; a transverse component and a longitudinal 

component. The recovery of the longitudinal component of the magnetisation, Mz, back to its 

equilibrium positon is known as spin-lattice relaxation. It is known as spin-lattice relaxation as 

energy is lost to the surroundings (the “lattice”) as the magnetisation relaxes back from its higher 

energy state. Bloch theory assumes the equilibrium is restored according to: 

𝑑𝑀𝑧

𝑑𝑡
=  −

(𝑀𝑧 − 𝑀0)

𝑇1
 (2.14) 

where T1 is the spin-lattice (or longitudinal) relaxation time constant. T1 is the characteristic 

relaxation time taken for the longitudinal component of the magnetisation, Mz, to relax back to its 

equilibrium positon. Solving Equation 2.14 gives: 

𝑀𝑧 (𝑡) = 𝑀𝑧 (0) 𝑒
(−

𝑡
𝑇1

)
 + 𝑀0 [1 − 𝑒

−(
𝑡

𝑇1
)
] (2.15) 

z

xy

z

xy

= 90⁰ = 180⁰
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where Mz (0) is the longitudinal magnetisation at t = 0. Generally, the equilibrium magnetisation 

is restored after a time t = 5 × T1. The spin-lattice relaxation time constant, T1, is typically 

measured with the inversion recovery pulse sequence, 2 that can be seen in Figure 2.5. 

 

Figure 2.5. The inversion recovery experiment: (a) Inversion recovery pulse sequence. During the time delay τ the 

magnetisation recovers. The experiment is repeated for a list of time delays. 

Magnetisation along the z-axis cannot be detected; therefore, the relaxation process is monitored 

by applying a 90⁰ pulse after a time, τ, to place the magnetisation into the transverse plane where 

it can be detected. The recovery of magnetisation proceeds according to Mz (0) = -M0. T1 is 

measured by performing many inversion recovery experiments with τ ranging from 0 to t > 5 × T1 

and fitting the measured signal intensities to the following equation: 

𝑀𝑧(𝑡) = 𝑀0 [1 − 2 𝑒
(−

𝑡
𝑇1

)
] (2.16) 

Alternatively, the saturation recovery pulse sequence 2 can be used to determine the spin-lattice 

relaxation time constant. In a saturation recovery pulse sequence, the magnetisation is disturbed 

from thermal equilibrium by complete saturation of nuclear polarisation. The system is then 

allowed to recover by spin-lattice processes. Similarly to the inversion recovery experiment, a 90⁰ 

pulse is used to monitor the relaxation process at a time τ after saturation. The measured signal 

intensities are fitted to Equation 2.15 with the condition Mz (0) = 0 to give the following: 

𝑀𝑧 (𝑡) = 𝑀0 [1 − 𝑒
−(

𝑡
𝑇1

)
] (2.17) 

The saturation recovery method finds use due to its decreased experimental times as short 

repetition times can be used. However, it can prove very difficult to achieve the complete removal 

of magnetisation in the transverse plane. 

time

τ

180 ⁰ 90 ⁰

Acquisition
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2.1.5. Spin-spin relaxation 

Spin-spin relaxation (also known as transverse relaxation) is a relaxation process by which spins 

with magnetisation in the transverse plane come to equilibrium with each other. Excitation pulses 

of certain lengths may result in a transverse net magnetisation. The precession frequency of each 

spin will be slightly different due to variations in the local field across the whole spin ensemble. 

As such, the nuclear spins will lose phase coherence as magnetisation in the transverse plane 

evolves. This causes the NMR signal to decay as the precession of the spins become incoherent. 

The process is represented in Figure 2.6. 

 

Figure 2.6. The process of spin-spin relaxation showing the spreading out of the net transverse magnetisation. Initially, 

the spins are aligned with the external magnetic field along the z-axis and are tilted into the transverse plane using a 

90⁰ RF pulse. 

The evolution of spin-spin relaxation in the transverse plane is given by: 

𝑑𝑀𝑥,𝑦 (𝑡)

𝑑𝑡
=  −

𝑀𝑥,𝑦 (𝑡)

𝑇2
 (2.18) 

𝑀𝑥,𝑦 = 𝑀𝑥,𝑦 (0)𝑒
(−

𝑡
𝑇2

)
 (2.19) 

It should be noted that as thermal equilibrium is restored, spin-lattice relaxation will destroy the 

transverse magnetisation and therefore 𝑇1  ≥ 𝑇2. Loss of spin phase coherence will not only occur 

due to local magnetic field differences. Indeed, phase coherence will also be lost due to 

inhomogeneities in the static magnetic field, B0, and this will also contribute to the dephasing of 

z

xy

z

xy

No net 
transverse 
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transverse magnetisation Therefore, the loss of signal in the transverse plane is determined by the 

contribution of each of these processes. 

It is important to note that whilst the loss of signal due to variations of the local magnetic field is 

an irreversible process (due to the nature of the system), the loss of signal caused by 

inhomogeneities of the static magnetic field, B0, is a reversible process. Therefore, an apparent 

transverse relaxation constant, T2, and reversible, T2 (ΔB0) components of spin-spin relaxation are 

related by the expression: 

1

𝑇2
∗  =  

1

𝑇2
+ 

1

𝑇2(∆𝐵0)
 (2.20) 

The decay time constant, T2
*, is seen not only in the decay of the FID but also in the width of the 

NMR resonances line shape. For liquids associated with a single resonance frequency. The 

spectrum is approximately Lorentzian in shape and has a width, Δv, at half its maximum height, 

known as the full width at half maximum (FWHM) given by: 

∆𝑣 =  
1

𝜋𝑇2
∗  (2.21) 

Δv is typically in the order of a few hertz. When a solid or a liquid is interacting with a solid 

surface, the relaxation rate will be much faster and consequently the line widths seen will range 

from 102 – 104 Hz. Two methods, based on what is called a spin echo, are used to measure the 

transverse relaxation time constant, T2. 
3 The first technique, the Hahn echo sequence, involves the 

application of a 90⁰ pulse followed by the application of a 180⁰ pulse, after a delay time, τ. 

However, if molecular diffusion in the sample being studied is significant, then there will be 

incomplete spin refocusing leading to further signal loss and an underestimation of the transverse 

relaxation constant. When liquids imbibed within porous media are studied, local magnetic field 

gradients may exist due to changes in the magnetic susceptibility of the porous material. Hence, 

signal loss from diffusion can result in significant signal loss when investigating liquids imbibed 

within porous media.  

To prevent loss of signal due to internal field gradients, the Carr-Purcell-Meiboom-Gill (CPMG) 

4 pulse sequence was developed. The CPMG pulse sequence consists of a series of 180⁰ refocusing 

pulses and short τ delays. By using sufficiently short τ delay values, the contribution of molecular 
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diffusion to the signal loss is reduced substantially. The Hahn and CPMG pulse sequences are 

depicted in Figure 2.7. 

 

Figure 2.7. (a) The Hahn echo pulse sequence and (b) CPMG pulse sequence. The application of frequent 

180° pulses in the CPMG sequence minimises the influence of molecular diffusion on signal decay. 

2.1.6. Relaxation time constants and correlation time 

The spin-lattice and spin-spin relaxation times are caused by fluctuating local fields, which induce 

nuclei to flip amongst their available spin states. The spin-lattice relaxation, T1, process is 

dependent upon the probability that the local fields have a component oscillating at the appropriate 

frequency, that is, the resonance (or Larmor) frequency 𝜔0 = 𝛾𝐵0. The transverse relaxation rate 

also depends upon the variation of the local magnetic field. 

The local field varies from spin to spin, so the precession frequency will differ slightly for each 

spin. Consequently, the precession frequencies of the individual moments will become out of step 

with one another over time. This decay could be reversed by the use of a spin echo were the local 

fields not to change over time. However, local fields are not time independent and will change 

rapidly over time. The rotational motion of a molecule, known as molecular tumbling motion, is 
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the main cause of fluctuations in local magnetic fields at a nucleus. A characteristic time for the 

molecular tumbling motion can be defined and this is known as the rotational correlation time, τc. 

The rotational correlation time is, roughly, the taken for a molecule to end up with a rotation of 

one radian (≈ 57⁰) from its starting position.  According to Bloembergen-Purcell-Pound (BPP) 

theory of relaxation 5 both T1 and T2 relaxation constants will be dependent on τc in the following 

way: 

1

𝑇1
 = 𝐾 [

𝜏𝑐

1 +  𝜔0
2𝜏𝑐

2
+  

4𝜏𝑐

1 + 4𝜔0
2𝜏𝑐

2
] (2.22) 

1

𝑇2
=

𝐾

2
[3𝜏𝐶 + 

5𝜏𝑐

1 +  𝜔0
2𝜏𝑐

2
+  

2𝜏𝑐

1 + 4𝜔0
2𝜏𝑐

2
] (2.23) 

Where K is a constant, 𝜔0 is the Larmor frequency and τc is the rotational correlation time. The 

dependence of the spin-lattice relaxation time constant, T1, and the spin-spin relaxation time 

constant, T2, is shown in Figure 2.8. 

 

Figure 2.8. Qualitative behaviour of T1 and T2 relaxation times as function of correlation time, τc. 

The dependence of spin-lattice relaxation time, T1, on the rotational correlation time shows a 

minimum at 𝜏𝑐 =  𝜔0
−1 due to an exchange of energy between the magnetic energy of the spins 
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and the energy of thermal motion of the surrounding environment. This energy exchange is the 

most efficient when 𝜏𝑐 =  𝜔0
−1. This minimum separates the slow and fast tumbling regions. The 

spin-spin relaxation time, T2, will decrease as τc increases, as dipolar interactions will act to 

enhance the overall transverse relaxation rate. It is clear from Figure 2.8 that in the fast tumbling 

region, T1 and T2 will be approximately the same and have a similar dependence on τc 

(characteristic of small, non-viscous molecules). In the slow tumbling region (characteristic of 

large, viscous molecules or molecules interacting strongly with a solid surface), the values of T1 

and T2 will diverge and T1 may become much larger than T2. 
6 

2.1.7. NMR signal detection 

As discussed in the previous section, the NMR signal is detected by a coil placed around the sample 

with its axis of symmetry transverse to the static field, B0. As the transverse magnetisation 

precesses, an electro-motive-force (emf) is induced in the coil with a frequency equal to the Larmor 

frequency of precession. This manifests itself as a radiofrequency (RF) signal, typically of μV 

amplitude. The NMR signal is then mixed with an output signal from an oscillator in a process 

known as heterodyning or quadrature detection. In this process, the NMR signal is mixed with two 

reference signals, one 90⁰ out of phase with the other, producing two output signals that represents 

the real (Mx) and imaginary (My) components of the magnetisation in the transverse plane. If the 

reference signal used matches the Larmor frequency of the nucleus being studied, heterodyning 

will detect a DC signal. If not, the signal detected will oscillate at a frequency Δ𝜔 equal to the 

difference between the precession frequency, 𝜔0, and the receiver reference frequency, 𝜔𝑅. Note 

that although NMR precession frequencies are typically tens or hundreds of MHz, this process of 

mixing with a reference signal gives an output oscillating with frequency ~ 1- 10 kHz. 

Consequently, the frequency range that must be digitised is substantially reduced. In complex 

notation, the evolution of the magnetisation in the transverse plane following a 90⁰ pulse can be 

written as: 

𝑀(𝑡) = 𝑀0𝑒(𝑖𝜔0𝑡)𝑒
(−

𝑡
𝑇2

)
 (2.24) 

After heterodyning the signal at a frequency offset Δ𝜔, the detected signal will be: 

𝑆(𝑡) = 𝑆0𝑒(𝑖∅𝑡)𝑒(𝑖∆𝜔𝑡)𝑒
(−

𝑡
𝑇2

)
 (2.25) 
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where ϕ is the receiver phase and S0 is the signal amplitude immediately following the RF pulse. 

The signal is measured in the time domain and the two conditions can occur: 

𝜔𝑅 =  𝜔0  →  ∆𝜔 = 0 → DC signal with exponential decay (𝑜𝑛 − 𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑐𝑒 condition) 

𝜔𝑅  ≠  𝜔0  →  ∆𝜔 ≠ 0 → signal oscillating at ∆𝜔 (𝑜𝑓𝑓 − 𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑐𝑒 condition) 

Fourier transform, according to Equation 2.26 where k and r represent reciprocal variables, of such 

a time domain signal yields a Lorentzian absorption line shape (Figure 2.9a) and a dispersion line 

shape (Figure 2.9b) in the real part and imaginary part of the frequency domain, respectively. 

𝐹(𝐤) =  ∫ 𝑓(𝐫)𝑒−(𝑖2𝜋𝐤𝐫) 𝑑𝐫
+∞

−∞

 (2.26) 

 

Figure 2.9. Fourier transform of (a) real and (b) imaginary part of the free induction decay. 

The RF signal induced in the detection coil is sampled discretely. To determine NMR frequencies, 

the digitization of the NMR signal must be carried out at a minimum rate. According to the Nyquist 

theorem, at least two points per wavelength are required to characterise a regularly oscillating 

signal. Consequently, a signal must be sampled at a rate of at least twice its oscillating frequency. 

The highest frequency that must be sampled will hence provide a constraint on the minimum 

sampling rate. This frequency is commonly known as sweep width (SW). Sampling at twice the 

sweep width gives a dwell time (DW) between sample points of: 

𝐷𝑊 =  
1

2 ×  𝑆𝑊
 (2.27) 

Any signal with frequency greater than the sweep width will be sampled incorrectly and will in 

fact appear in the NMR spectrum at a frequency lower than its true value. 

(a) (b)
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2.2. NMR Spectroscopy 

2.2.1. Chemical shift and NMR spectrum 

NMR spectra are plots of radiofrequencies (x-axis) against absorption signal intensities along the 

y-axis. Generally speaking, NMR resonances occur at different frequencies, depending on the 

molecular structure of the compound under investigation. These differences in resonance 

frequencies are called chemical shift (δ) and are measured in parts per million (ppm). Chemical 

shift is a consequence of shielding of the nucleus by neighbouring electrons as this alters the local 

magnetic field experienced by the nucleus. This changes the resonance frequency of the nucleus 

and thus, chemical shifts are seen. The chemical shift is usually defined relative to the reference 

molecule tetramethyl silane (TMS) according to the following relationship: 

𝛿 =  
𝜈 − 𝜈𝑇𝑀𝑆

𝜈𝑇𝑀𝑆
 × 106 (2.28) 

where ν is the absolute frequency of the nucleus of interest and νTMS is the absolute frequency of 

TMS, which usually coincide with the operating frequency of the spectrometer, νRef. 

Conventionally, NMR spectra are plotted with δ increasing from the right to left. Trends in 

chemical shift are explained based on the degree of shielding or deshielding. More heavily shielded 

nuclei experience a lower magnetic field and hence appear towards the right hand-side of the 

spectrum or ‘upfield’. Conversely, less shielded nuclei appear on the left hand-side of the spectrum 

and are said to be ‘downfield’. Contributions to nuclear shielding include electronegativity and 

induced magnetic fields of neighbouring groups, local diamagnetic and paramagnetic shifts and 

hydrogen bonding. Electron-donating alkyl groups for example, lead to an increased shielding 

while electron-withdrawing substituents, such as nitro-groups, lead to the deshielding of the 

nucleus. In terms of electronegativity, a nucleus in the vicinity of an electronegative atom 

experiences reduced electron density and the nucleus is therefore deshielded. More details on 

shielding mechanisms are reported elsewhere. 7  

2.2.2. Scalar coupling 

Scalar coupling, also known as J-coupling, is a through bond interaction where the spin of one 

nucleus perturbs (polarises) the spins of the intervening electrons, and the energy levels of 

neighbouring magnetic nuclei are in turn perturbed by the polarised electrons. This leads to a 
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decrease of the energy of the neighbouring nucleus when the perturbing nucleus has one spin and 

an increase of the energy when the neighbour has the other spin. The effective resonance of the 

nucleus is therefore split in m = n + 1 multiplets with n being the number of nearby coupled nuclei 

(i.e. 1H nuclei). J-coupling (always reported in Hz) is field-independent (i.e. J is constant at 

different external magnetic field strength) and is mutual (i.e. JAB = JBA). As this effect is transmitted 

through bonding electrons, the magnitude of J falls off rapidly as the number of intervening bonds 

increases. 

2.2.3. Proton NMR 

The most exploited nucleus in NMR spectroscopy is the 1H nucleus with a nuclear spin I = 
1

2
. This 

is due to the high natural abundance of the 1H isotope (99.99%) and its inherent NMR sensitivity. 

Both qualitative and quantitative information can be easily deduced by a proto NMR spectrum. 

The number of resonances, representative of different chemical groups or environments, can 

deduce qualitative information. Quantitative information can be obtained by the NMR signal 

intensity of different NMR resonances. The integration of such peaks is directly related to the 

number of protons making up a particular chemical group. 

2.2.4. Carbon NMR 

The power and usefulness of 1H NMR should be evident from the previous discussion. However, 

there are certain cases where 1H NMR spectroscopy is difficult to perform. For example, when 

significant portions of a molecule lack C-H bonds, little or no information will be obtained from 

the 1H NMR spectrum. Furthermore, the use of 1H NMR may become prohibitive when studying 

liquid phase reactions in porous catalysts as the relatively narrow chemical shift range of the 1H 

nucleus together with the line broadening of 1H resonances give rise to a large number of 

overlapping resonances, making the resulting NMR spectrum almost featureless and further 

analysis difficult, if not impossible. In such cases, 13C NMR is typically the next best approach. 

When 13C is used as the nucleus of choice, the chemical shift range is much wider than when 1H 

is used, therefore, peak overlap typical of liquid species imbibed within porous materials. The 

major limitation of 13C NMR lies in its much lower signal-to-noise ratio when compared to that of 

1H NMR. The natural abundance of the 13C isotope is very low (1.1%), therefore, samples enriched 

with 13C nuclei are often required and such samples can be very costly. Furthermore, the sensitivity 
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of the 13C nucleus is only 1.6 × 10-2 relative to the reference value of 1, which is given to the 1H 

nucleus. 

A 13C NMR spectrum is usually acquired with a broadband heteronuclear decoupling. In such a 

way, all the C-H couplings are removed by saturating the 1H spin population, which no longer 

influences neighbouring 13C nuclei. A spectrum acquired in this manner displays a single sharp 

signal for each structurally distinct carbon atom in a molecule, since the proton coupling is totally 

removed. It has to be pointed out that in order to obtain a quantitative 13C NMR spectrum a very 

long recycle delay may be needed with the proton decoupling to be applied only in the acquisition 

time to minimise the effect of Nuclear Overhauser Effect (NOE). 8 

2.3. Pulsed-field gradient NMR 

2.3.1. Magnetic field gradient NMR techniques 

Using phase encoding methods, NMR can be used to measure both coherent (i.e. flow) and 

incoherent (i.e. diffusion) motion. A magnetic field gradient, 𝐠, is applied to cause the Larmor 

frequency to vary with position, r, according to: 

𝜔(𝑟) =  𝛾(𝐵0 + 𝐠 ∙ 𝐫) (2.29) 

When the signal is heterodyned at the Larmor frequency, the dependence upon on the Larmor base 

frequency is removed and the phase of the precessing spins varies according to: 

𝜙(𝑟) =  𝛾𝛿𝐠 ∙ 𝐫 (2.30) 

Where δ is the duration of the gradient pulse, r is the position of the nuclear spins and 𝐠 is the 

pulsed field gradient. Once the magnetic field gradient is applied and heterodyning has occurred, 

the nuclear spins are effectively labelled with regards to their positions. By applying a second pulse 

to reverse the effect of the first after a time, Δ, after the first pulse then it is possible to detect a 

change in the position of the spins. That is, any motion during the time, Δ, (known as the 

observation time) can be detected. If the nuclear spins have not changed position then second pulse 

will rewind the spin phases. Spins that have changed position will have a net phase given by: 

𝜙(𝑟) =  𝛾𝛿𝐠 ∙ (𝐫 − 𝐫′) (2.31) 

This shift in net phase gives access to the displacement of nuclear spins due to coherent or 

incoherent motion. 
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The effect of field gradients and the process of diffusion can be explained by the random walk 

analogy. 3 Diffusive motion of a nucleus can be regarded as a random walk process in which the 

nucleus jumps a distance ξ in a time τs. The distance travelled after n jumps in the direction of the 

field gradient can be written as: 

𝑍(𝑛𝜏𝑠) =  ∑ 𝜉𝑎𝑖

𝑛

𝑖=1

 (2.32) 

where ai is a random number equal to ± 1.For one dimensional motion the self-diffusion 

coefficient, D, is defined by: 

𝜉2 = 2𝐷𝜏s (2.33) 

Therefore, the mean square displacement, 𝑍2, after a time t = nτs, can be written as: 

𝑍2(𝑡) =  𝑍2(𝑛𝜏𝑠) =  ∑ 𝜉2𝑎𝑖
2

𝑛

𝑖=1

=  𝜉2 ∑ 1

𝑛

𝑖=1

= 𝑛𝜉2 = 2𝐷𝑡 (2.34) 

when the sample is subject to a magnetic field gradient, the phase acquired during the random walk 

after a time t = nτs is given by: 

𝜙(𝑡) =  𝛾𝐵0𝑛𝜏𝑠 +  ∑ 𝛾𝑔𝜏𝑠 ∑ 𝜉𝑎𝑖

𝑚

𝑖 = 1

𝑛

𝑚 = 1

 (2.35) 

The first term of Equation 2.35 represents the constant Larmor frequency precession and can be 

disregarded. The second term describes the dephasing Δϕ due to the field gradient. Assuming a 

Gaussian distribution for Δϕ, the mean phase shift 𝑒(𝑖𝛥𝜙), which represents the NMR signal 

attenuation at time t, can be written in terms of t and D as follows: 

𝑒(𝑖𝛥𝜙) =  𝑒
(−

𝛥𝜙2

2
)

=  𝑒
(−

𝛾2𝑔2𝐷𝑡3

3
)
 (2.36)

 

where: 

𝛥𝜙2 =  
𝛾2𝑔2𝜏𝑠

2𝜉2𝑛3

3
 (2.37) 

During a pulsed-field gradient (PFG)-NMR experiment, RF pulses are followed by gradient pulses 

and the signal attenuation, that is, the ratio of the echo amplitude in presence of a gradient, E(g), 

and the echo amplitude of in absence of gradient, E0, has the following expression: 9  

𝐸(𝑔)

𝐸0
=  𝑒

[−𝛾2𝑔2𝛿2𝐷(∆−
𝛿
3

)]
 (2.38) 
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When γ2g2δ2(Δ - δ/3), which is commonly known as the b-factor, is plotted against E(g)/E0 on a 

logarithmic scale the self-diffusion coefficient, D, can be calculated. This is known as a Stejskal-

Tanner plot and is acquired from PFG-NMR experiments. 

2.3.2. PGSE 

The most basic PFG-NMR experiment is the pulsed-gradient spin echo (PGSE) pulse sequence. 

The PGSE pulse sequence was developed by Stejskal and Tanner 9 and is shown in Figure 2.10. 

 

 

 

Figure 2.10. Pulsed-gradient spin echo (PGSE) NMR pulse sequence 

During the PGSE pulse sequence, the pulsed magnetic field gradient is applied for a time δ either 

side of the 180⁰ RF pulse and it is switched off during the RF pulse and acquisition. If motion 

occurs during the observation time, Δ, nuclear spins will exhibit a net phase offset and their 

contribution to the spin echo will be reduced, as there will be no complete refocusing of the phase-

encoded spins along the direction of motion. The diffusion coefficient is then found by using 

Equation 2.38 and plotting a Stejskal-Tanner plot as described previously. 
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2.3.3. PGSTE 

When a sample has short T2, significant signal loss of the spin echo can occur during the PGSE 

pulse sequence. To combat this, the pulsed-field gradient stimulated echo (PGSTE) pulse sequence 

was developed (Figure 2.11). When the PGSTE pulse sequence is used, the system undergoes T1 

relaxation enabling longer observation times, Δ, to be used. 10 

 

Figure 2.11. The pulsed-gradient stimulated echo (PGSTE) pulse sequence. 

The homospoil gradient destroys any residual magnetisation in the transverse plane, which could 

otherwise result in unwanted signal. 
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2.3.4. APGSTE 

For maximum accuracy in the PFG-NMR measurements, the external magnetic field, B0, must be 

as homogeneous as possible. If B0 is highly heterogeneous, local magnetic field gradients arising 

from the magnetic susceptibility of the sample will become significant. The alternating pulsed-

field gradient stimulated echo (APGSTE) pulse sequence (Figure 2.12) was developed by Cotts et 

al 11 to combat this issue. The 180⁰ and 90⁰ pulses in the APGSTE sequence are applied in the y-

axis and x-axis respectively. 

 

Figure 2.12. The 13-interval alternating pulsed-gradient stimulated echo (APGSTE) pulse sequence. 

When this technique, referred to as a 13-interval sequence, is used, the effect of the background 

gradient g0 is substantially reduced. The signal strength is correspondingly increased and the 

systematic errors in D measurements are reduced. 
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Chapter 3: Theory of diffusion 

3.1. Basic concept of molecular diffusion 

Diffusion refers to the movement of molecules from a region of high concentration to a region of 

low concentration and is commonly known as “mutual diffusion”. However, diffusion will also 

occur in the absence of a concentration gradient. This diffusion process in the absence of a 

concentration gradient is commonly referred to as “self-diffusion”. However, it is questionable if 

the term “self-diffusion” is appropriate to fully describe the diffusion process in the absence of a 

concentration gradient. 

Molecular diffusion, commonly referred to as simply diffusion, refers to the thermal motion of all 

particles at temperatures above absolute zero in the absence of mechanical or convective mixing. 

The rate of diffusion is a function of the temperature, fluid viscosity and particle size. In 1905, 

Einstein demonstrated that diffusion is the direct result of thermal molecular motion according to 

the molecular kinetic theory of heat. 1 

As discussed previously, mass transport by diffusion is vitally important to the design of catalytic 

materials and is the subject of much study. It is often the rate determining step in catalytic reactions 

and separation processes and as such it is important that the diffusivity of species involved in these 

processes is appropriately investigated. The diffusion processes occurring within porous materials 

are one of the main topics of this thesis work and, as such, the following chapter is devoted to 

providing an overview of different diffusion processes and clarifying the terminology involved in 

mass transport by diffusion. 

3.2. Types of diffusion 

3.2.1. Mutual diffusion 

As discussed previously, mutual diffusion refers to the movement of molecules across a 

concentration gradient or, more specifically, a chemical potential gradient. 2 Fick’s law 3 states that 

the net transport rate in a binary system of species i and j, is related to the concentration gradient 

by the equation: 

𝐽𝑖𝑗 = −𝐷𝑖𝑗
𝑚𝑢𝑡𝑢𝑎𝑙 𝑑𝑐𝑖

𝑑𝑧
 (3.1) 
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Where Jij is the molar flux, 𝐷𝑖𝑗
𝑚𝑢𝑡𝑢𝑎𝑙 is the mutual diffusivity, c is the concentration and z is the 

spatial coordinate of the concentration gradient. As mutual diffusion is a net transport, the flux Jij 

and the flux Jji will be both equal and opposite. 𝐷𝑖𝑗
𝑚𝑢𝑡𝑢𝑎𝑙will therefore be equal to 𝐷𝑗𝑖

𝑚𝑢𝑡𝑢𝑎𝑙 and the 

overall diffusion process will be described by a single diffusion coefficient. Generally speaking, 

concentration profiles fitted with a specific solution of the Fick’s second law equation (Equation 

3.2) are the basis for experimental techniques used to measure mutual diffusivity.  

𝜕𝑐𝑖

𝜕𝑡
= 𝐷𝑖𝑗

𝑚𝑢𝑡𝑢𝑎𝑙 𝜕2𝑐𝑖

𝜕𝑥2
 (3.2) 

where t indicates the time. The boundary and initial conditions used to solve Equation 3.2 and 

determine 𝐷𝑗𝑖
𝑚𝑢𝑡𝑢𝑎𝑙 depends on the experimental conditions used. 

3.2.2. Self-diffusion 

Self-diffusion refers to the movement of molecules in the absence of a chemical potential gradient, 

μAs discussed previously, mutual diffusion returns a system to an equilibrium concentration by 

molecular motion in the presence of a chemical potential gradient, μWhen the equilibrium 

concentration is reached, intermolecular collisions (Brownian motion) will cause a spontaneous 

mixing of molecules. This process is known as self-diffusion. Brownian motion is responsible for 

the root mean square displacement (RMSD) of molecules after a time t. The self-diffusion 

coefficient can then be defined using the Einstein relation. For a given spatial direction, this 

relation is given by: 

𝑅𝑀𝑆𝐷 =  √2𝐷𝑠𝑒𝑙𝑓𝑡 (3.3) 

Whereas mutual diffusivity is related to a net flux of mass, self-diffusivity is not. In a binary 

mixture of two components, i and j, both components will have their own diffusion coefficients, 

𝐷𝑖
𝑠𝑒𝑙𝑓

 and 𝐷𝑗
𝑠𝑒𝑙𝑓

. Generally, 𝐷𝑖
𝑠𝑒𝑙𝑓

 ≠   𝐷𝑗
𝑠𝑒𝑙𝑓

 although it is possible for both diffusion coefficients 

to be equal. Self-diffusion coefficients can be measured with high accuracy and precision using 

PFG-NMR as discussed in Chapter 2. The self-diffusion coefficient, 𝐷𝑠𝑒𝑙𝑓, is related to the 

viscosity of the solution and the size of the diffusing species according to the Stokes-Einstein 

relationship: 
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𝐷𝑠𝑒𝑙𝑓 =  
𝑘𝐵𝑇

𝑐𝜂𝑟
 (3.4) 

where kB is the Boltzmann constant, T the absolute temperature, 𝜂 the shear viscosity, r the 

hydrodynamic radius of the molecule and c is a constant equal to 6π for no-slip and 4π for slip 

boundary conditions. The Stokes-Einstein relation was derived at infinite dilution for large 

particles immersed in a bath of much smaller and lighter particles. This allows the solvent medium 

to be considered as a structureless continuum. 1 

3.3. Measurements of diffusion coefficients 

3.3.1. Diaphragm cell 

The diaphragm cell method of determining diffusion coefficients is one of the earliest developed 

methods. 4 The diaphragm cell consists of two compartments separated by a diaphragm (usually a 

glass frit or porous membrane). The two compartments are then filled with solutions of different 

concentrations of solute, 𝑐1
0 and 𝑐2

0. A typical diaphragm cell setup can be seen in Figure 3.1. 

 

Figure 3.1. Typical setup of a diaphragm cell used to measure diffusivity through a porous membrane. Other materials 

can be used in place of the porous membrane i.e. a hydrogel or glass frit. 

Tank 1 Tank 2

Porous 
membrane

Water bath

Pipettes to remove sample
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The concentrations of solute in the two chambers at any time, t, can be used to obtain the diffusion 

coefficient, D, using the following equation. 

𝐷 =  
1

𝛽𝑡
ln [

𝑐1
0 − 𝑐2

0

𝑐1 (𝑡) − 𝑐2(𝑡)
] (3.5) 

where the constant β depends on the geometry of the system and can be calculated from: 

𝛽 =  
𝐴

𝐿
[

1

𝑉1
+

1

𝑉2
] (3.6) 

where A is the effective cross-sectional area available for diffusion, L is the thickness of the 

diaphragm and V1 and V2 are the volumes of the two components. 

The nature of the diaphragm will significantly impact the time required for the diaphragm cell 

measurement. Glass frits are one of the best options for use as a diaphragm in order to achieve 

accurate results but their use can result in experimental times of several days. An interesting 

application of this method is performed by replacing the diaphragm with a porous material of 

interest (i.e. a membrane or hydrogel) to measure the rate of diffusion of a solute through a specific 

porous material. 5 It is important to note that the diaphragm cell method can produce unreliable 

results due to the small concentration differences involved. 

3.3.2. Pressure decay method 

An indirect experimental method of determining diffusion coefficients of gas molecules is known 

as the pressure decay method. 6 In this method, the gas to be studied and an oil are both injected 

into a cell (Figure 3.2) and initially, they are at a non-equilibrium state. 
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Figure 3.2. A pressure decay test cell setup for the determination of the diffusivity of a gas into an oil. LT represents 

the total length of the cell whereas LG and LO represent the length of the oil and gas compartments respectively. 

Over time, the gas will begin to diffuse into the oil resulting in a decrease in the overall cell 

pressure and a change in the position of the gas liquid interface. The cell pressure and the liquid 

level is recorded at various time intervals until the final state is reached, that is, the system is at 

thermal equilibrium. The rate of pressure change or the interface position can be used to determine 

the amount of gas transferred. The amount of gas transferred is dependent upon the rate of diffusion 

which allows for a determination of the diffusion coefficient for the system. 

The accuracy of this method has been questioned as small changes to the assumptions used can 

result in massive differences in acquired diffusivity values 7 however, recent work has attempted 

to rectify this issue by using improved models in their calculations. 8 

3.3.3. Refractive index method 

The refractive index of a substance can be defined as in Equation 3.7: 

𝜂 =  
𝑐

𝑣
 (3.7) 

P

Gas

Oil

LT

Constant temp

LG

LO
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where 𝜂 is the refractive index, 𝑐 is the velocity of light in a vacuum and 𝑣 is the velocity of light 

in the relevant phase. As light moves from one medium to another it may change its propagation 

direction in proportion to the change in refractive index (Figure 3.3). 

 

Figure 3.3. The refraction of light at the interface of two media. The refraction angle, θ, changes as the light passes 

from one medium to the other. 

When light is shone through a solution, differences in concentration will result in changes of 

refractive index, 𝜂. The relationship between refraction angles, 𝜃, and the refractive indexes is 

given by Snells Law: 

𝑠𝑖𝑛𝜃1

𝑠𝑖𝑛𝜃2
=  

𝑣1

𝑣2
=  

𝜂2 

𝜂1
 (3.8) 

In a typical diffusion study using the refractive index method, laser light is shone through a 

diffusion cell at many different elevations and the refractive angle is determined at each elevation 

point. 9 The point at which the laser beam is captured represents the concentration at each 

respective elevation point and these concentration values can be used to determine the diffusivity 

by using Ficks’ second law.  

The refractive index method is an appropriate indirect method to determine the diffusivity of 

transparent fluids, however, it cannot be used for opaque systems as the laser light is required to 

pass through the system. 

θ 1

θ 2

Medium 1 Medium 2
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3.3.4. Computer assisted tomography 

Computer assisted tomography (CAT) scanning involves the use of an X-ray source revolving 

around the object of study while attenuated X-rays are captured by a detector on the other side of 

the object. As X-rays pass through a medium, they will lose energy dependent upon the substance 

density and the path length through the substance. These projections are collected and then used 

to form a two dimensional image of the object. 10 

For a narrow, mono-energetic beam of X-ray photons passing through a homogeneous medium, 

the inlet intensity, 𝐼0, and outlet intensity, 𝐼, of the X-rays used for CAT scanning are given by: 

𝐼

𝐼0
=  𝑒−𝜇𝐿 (3.9) 

where 𝐿 is the path length through the substance and 𝜇 is the linear attenuation coefficient. If the 

medium is heterogeneous, the above equation must be modified: 

ln (
𝐼

𝐼0
) =  ∫ 𝜇(𝑥, 𝑦)𝑑𝐿

𝑑

𝑠

 (3.10) 

where 𝑠 represents the X-ray source, 𝑑 the X-ray detector and 𝜇(𝑥, 𝑦) is a distribution 

perpendicular to the X-ray beam. The linear attenuation coefficient, 𝜇, is related to the number 

stored in the computer (known as CT number or 𝐶𝑇𝑛) and the substance density, 𝜌, respectively 

by the following equations:  

𝐶𝑇𝑛 =  
1000 × (𝜇𝑖 − 𝜇𝑤)

𝜇𝑤
 (3.11) 

𝜇 =  𝜌 (
𝑎 + 𝑏𝑍3.8

𝐸3.2
) (3.12) 

𝜇𝑖 is the linear attenuation coefficient of the scanned object, 𝜇𝑤 is the linear attenuation coefficient 

of water, 𝑎 is the Klein-Nishina coefficient, 𝑏 is a constant, 𝑍 is the effective atomic number of 

the sample  and 𝐸 is the mean photon energy.  
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From the X-rays acquired, density and 𝐶𝑇𝑛 values can be obtained. This is done for many different 

samples and solutions to form a density vs. 𝐶𝑇𝑛 calibration curve. These calibration curves can 

then be used to find density values for any CAT scanned systems. 

In a CAT diffusion study, a fixed vertical-sectional position of the diffusion cell is scanned at fixed 

frequency during the diffusion process. The diffusion process is considered as a one dimensional 

vertical process. 11 An average CT number is calculated for the horizontal direction and CT 

numbers are determined for each point along the region of interest in the vertical direction. 

Changes in the CT number profile along the vertical direction are then used to determine changes 

in the density of the system. 11 Normalised concentration profiles can then be obtained from the 

determined densities according to Equation 3.13 and using a modified version of Ficks’ second 

law the diffusivity can be calculated. 

𝐶

𝐶0
=  

𝜌 − 𝜌𝑥

𝜌0 − 𝜌𝑥
 (3.13) 

Where 
𝐶

𝐶0
 is the normalised concentration, 𝜌 is the bulk substance density, 𝜌𝑥 is the initial substance 

density and 𝜌0 is the substance density close to the interface.  

This method of determining diffusivities has been applied to solvent/heavy oil mixtures and 

liquid/solid systems. 

3.3.5. PFG-NMR Diffusometry 

This technique has been discussed in detail in the previous chapter and forms the basis of work to 

be discussed later in the thesis where its applications will be discussed in detail. It can be applied 

to a vast array of challenging systems including the diffusion of complex bulk liquids and liquids 

in porous media amongst many others. It is relatively fast, non-destructive and non-invasive whilst 

low-field, benchtop NMR spectrometers, as used in this work, have made these measurements 

simple and relatively cheap to perform. 

3.3.6. Laser Raman spectroscopy 

Laser Raman spectroscopy finds great use in the measurement of mutual diffusion coefficients for 

liquids imbibed within solid catalysts. 12 An experimental setup is shown in Figure 3.4. 
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Figure 3.4. Apparatus for measuring the mutual diffusivity in zeolite crystals using Raman spectroscopy. 12 

In a laser Raman spectroscopy diffusion experiment, a catalyst basket is immersed in solution, 

magnetically stirred and heated to the required temperature. A small amount of solute is then added 

and the change of solute concentration with time is monitored using laser Raman spectroscopy. 

The solute concentration and the solute to solvent Raman peak intensity are directly proportional 

allowing for the change in solute concentration with time to be monitored effectively. The 

concentration profile determined is then fitted to theoretical equations to determine the diffusion 

coefficient, 𝐷, of the liquid within the porous catalyst.  

The theoretical equations used for the fitting are derived under the assumption that mass transfer 

resistances through macropores and across the laminar films can be ignored. Additionally, the laser 

Raman method is based on geometric assumptions about the solid crystal shape. Whilst these 

assumptions generally hold true for silicates and zeolites 12 but does not necessarily apply to all 

porous materials. 

3.3.7. Other techniques for measuring diffusion coefficients 

There are many other methods that have been developed for the determination of diffusion 

coefficients. One of the simplest methods developed is known as the infinite couple method which 

Catalyst basket
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is used to measure diffusion in solids. 13 Two solids bars with differing compositions are joined 

together and the composition is measured at a known time. From this, the variation of the 

composition with time is determined and therefore the diffusivity can be obtained. The 

composition can be measured in a variety of different ways such as by using chemical tests or an 

electron microprobe. The Taylor dispersion method is used to determine mutual diffusion 

coefficients in diluted solutions to great effect 14 whilst the capillary method is a tracer method 

suitable for measurements with radioactive tracers 15 which can yield either mutual diffusion or 

self-diffusion coefficients depending on the experimental conditions. Cyclic voltammetry and 

chronoamperometry has been shown to be able to measure diffusivity in electrolyte systems 16 

whereas diffusion of gases in solids can be measured using the constant volume method. 17 

Additional methods used to measure diffusivities include those using interferometers, 18 tapered 

element oscillating microbalance (TEOM) method 19 and the zero length column. 20 
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Table 3.1. A summary of the advantages and disadvantages of the diffusion measurement techniques discussed in 

Chapter 3.
 

Technique Advantages Disadvantages 

Diaphragm cell Detects diffusion of a solution through a 

porous medium. 

Results can be unreliable due to small 

concentration differences involved. 

Experimental times can be relatively long. 

Pressure decay Able to measure diffusion of gases into oils 

which can be relevant to real life 

petrochemical applications. 

Accuracy of results has been questioned due 

to inaccuracy of the models generally used. 

Refractive index Allows for measurement of transparent fluids 

systems. 

Not applicable to opaque fluids. 

Computer assisted tomography Applicable to many systems (i.e. opaque 

solutions, liquid/solid systems). 

Requires many calibrations and complex 

calculations. 

PFG-NMR Fast. non-destructive and non-invasive. 

Benchtop NMR is relatively cheap and 

simple. 

Requires more complicated setups to measure 

non-liquids. 

Laser raman spectroscopy Widely used to measure the diffusion of 

liquids imbibed within solids. 

The assumptions used are not applicable to all 

systems of liquids diffusing within solids. 
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3.4. Diffusion in porous materials 

When a catalyst support is formed, a network of pores will be created. These pores will range in 

size from micropores (< 2 nm pore diameter) to mesopores (2 – 50 nm in pore diameter) to 

macropores (> 50 nm pore diameter). Amongst many other things (i.e. the porosity and tortuosity 

of the material) the mechanism of diffusion of molecules through the porous network of the 

catalytic materials will be determined by the size of the diameter of the pores. More precisely, the 

diffusion mechanism will be determined by the mean free path length of the diffusing molecule 

relative to the pore diameter. It is important to note that porous media will generally contain a 

distribution of pore diameters throughout the interconnected porous network. Therefore, it is 

possible for many different diffusion mechanisms to be occurring in the same porous material. 

Diffusion in porous materials can occur through a number of different diffusion processes such as 

molecular diffusion, Knudsen diffusion, configurational diffusion and surface diffusion. An 

overview of these different mechanisms is given below. 

 

Molecular diffusion: Molecular diffusion occurs in porous materials when the pore diameter is 

significantly larger than the mean free path length of the diffusing species. As such, the diffusion 

process will be dominated by molecule-molecule collisions as opposed to molecule-pore wall 

collisions (Figure 3.5).  

 

Figure 3.5. Molecular diffusion occurring within the pores of a porous medium. The mean free path length of the 

diffusing species is smaller than the pore diameter, dpore. The diffusion process will therefore by dominated by 

molecule-molecule collisions. 

This results in a diffusivity defined by Ficks laws as discussed previously. Molecular diffusion in 

porous materials is defined by: 

dpore
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𝐷𝑀 =  
2

3
(

𝑘𝑇

𝜋𝑚
)

1
2 𝑘𝑇

𝜋𝑑2𝑝
 (3.14) 

 

Knudsen diffusion: Knudsen diffusion in porous materials occurs when the mean free path length 

of the diffusing species is significantly larger than the pore diameter. Consequently, the diffusion 

process will consist of the diffusing species colliding many times with the pore wall when 

compared to collisions with other molecules (Figure 3.6).  

 

Figure 3.6. Knudsen diffusion occurring within the pores of a porous medium. The mean free path length of the 

diffusing species is greater than the pore diameter, dpore. The diffusion process will therefore by dominated by 

molecule-pore wall collisions. 

Knudsen diffusion in porous materials is defined by Equation 3.15. 

𝐷𝐾 =  
1

3
𝑑𝑝 (

8𝑘𝑇

𝜋𝑀
)

1
2

 (3.15) 

It is important to note that as the mean free path length of the diffusing species becomes 

approximately equal to the pore diameter, the overall diffusion process occurring within the porous 

media will be a result of contributions from both molecular diffusion and Knudsen diffusion as 

shown in Equation 3.16. 

1

𝐷∗
=  

1

𝐷𝑀
+  

1

𝐷𝐾
 (3.16) 

In catalytic materials, porous networks will be highly heterogeneous and consist of irregular 

porous structures. Therefore, an effective diffusion coefficient, 𝐷𝑒𝑓𝑓 must be defined which 

accounts for both the porosity, 휀, and the tortuosity, 𝜏, of the catalyst as seen in Equation 3.17. 

𝐷𝑒𝑓𝑓 =  
휀

𝜏
𝐷0 (3.17) 

dpore
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where 𝐷0 is the bulk diffusion coefficient.  

The porosity of a porous medium is defined as the ratio of the total pore volume to the apparent 

volume and is essentially a measure of the void spaces in the porous medium. The tortuosity of a 

porous medium is a measure of the ‘windiness’ of a porous network and is defined as the ratio of 

the winding path length to the actual path length. A representation of the tortuosity of a porous 

medium can be seen in Figure 3.7. 

 

Figure 3.7. A visual representation of the tortuosity of a porous network. 

 

Surface diffusion: In a porous medium, diffusing species will diffuse by a bulk diffusion process 

driven by a concentration gradient with little or no interaction with the pore walls other than 

collisions. However, it is also possible for diffusing particles to adsorb to the pore surface and 

migrate along the porous medium along the pore surface. For porous catalysts, surface diffusion 

has been shown to contribute significantly to the total mass transfer rate in gas-solid and liquid-

solid systems. Surface diffusion is highly dependent upon the composition, structure, physical and 

chemical properties of the bare pore surface (known as the stationary phase). Additionally, surface 

diffusion is highly dependent upon the identity of the diffusing substrate as this will influence the 

strength of interaction between the pore surface and diffusing molecule. Whilst difficult to 

measure, surface diffusion in certain systems has been determined using certain techniques, both 

experimental 21 and modelling based. 22 

 

Lstraight

Lwinding
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Configurational diffusion: Configurational diffusion (also known as hindered diffusion or 

restricted diffusion) occurs when the diffusing species is larger than the pore diameter (Figure 3.8), 

typically in microporous substrates such as zeolites.  

 

 

 

Figure 3.8. Configurational diffusion occurring within the pores of a porous medium. The pore diameter, dpore, is 

approximately equal to the size of the diffusing species. The diffusion process will therefore by dominated by friction 

between the diffusing species and the pore wall. 

As a result of this, the diffusion process will be dominated by ‘drag’ on the pore walls and the 

diffusivity will be drastically reduced due to the steric implications. Configurational diffusion has 

been shown to result in diffusivity decreases of a few orders of magnitude when compared to other 

diffusion regimes resulting in severe mass transfer limitations when using catalysts such as 

microporous zeolites. Changes in the diffusion regime as a function of the pore diameter has been 

previously reported 23 and can be seen in Figure 3.9. It is important to note that this diagram is 

valid for gases diffusing within the pores of zeolites. The diagram and values listed are also highly 

dependent on other factors which may result in variations of the measured diffusivity values and 

subsequent diffusion regimes. For example, the temperature of the system will greatly impact the 

determined value. Also, for PFG-NMR, the field of the spectrometer will significantly impact the 

diffusivity values measured. 

More information on diffusion mechanisms and definitions of general terms are given by Cussler. 

24 

dpore
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Figure 3.9. The change in diffusion regime as a function of the pore diameter. Figure taken from 23. 
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Chapter 4: Tailoring textural properties for tuning diffusion 

behaviour of alumina catalytic materials: A rational guideline 

exploiting bench-top Pulsed-Field Gradient (PFG) Nuclear Magnetic 

Resonance (NMR) 
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a rational guideline exploiting bench-top pulsed-field gradient (PFG) nuclear magnetic resonance 

(NMR) - Molecular Systems Design & Engineering (RSC Publishing) 
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author, or authors, of the most meritorious paper published by IChemE during the last year for this 

paper. 

Abstract 

Alumina catalyst carriers were prepared from boehmite using varying preparation conditions to 

produce carriers with different pore sizes and macropore content. Pore size and macropore content 

decreased with boehmite mixing time and increased with calcination temperature due to alumina 

phase transformations occurring. Mass transport within the different materials was studied by 

pulsed-field gradient (PFG) NMR diffusion techniques, with a low-field, bench-top NMR 

instrument, using n-octane as the probe molecule. The diffusion results revealed that mass 

transport occurs more readily in carriers with greater pore size and macropore content, by 

providing a comprehensive and quantitative description of this behaviour. In particular, up to a 

pore size of 17.0 nm diffusion increases very rapidly with pore size; at pore sizes greater than 17.0 

nm and macropore content greater than 27 % the major geometrical restrictions imposed by the 

pore structure on the probe molecule were removed and the diffusivity of guest molecules reaches 

a constant plateau, suggesting that above such values of pore size and macropore content, no 

https://pubs.rsc.org/en/content/articlelanding/2020/me/d0me00036a#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2020/me/d0me00036a#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2020/me/d0me00036a#!divAbstract
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further improvements in mass transport are obtained. Diffusion studies using water, methanol and 

ethanol, as probe molecules with functional hydroxyl groups able to interact with the surface, 

showed that in samples with small pores and no amount of macropores, surface interactions of 

these guest molecules with the pore surface have a significant effect on determining the diffusive 

motion, in addition to the effect of the physical pore structure. For larger pores and larger 

macropore content, the surface chemistry of the pore walls has a much smaller impact on the 

diffusive motion inside the porous matrix. This work gives a comprehensive and quantitative 

overview on how to tailor carrier preparation procedures in order to tune mass transport, providing 

a rational guideline with important implications in preparation, applications and physical 

chemistry of porous materials 

4.1. Introduction 

The development of catalytic materials with suitable textural properties is essential to achieving 

high activity, 2 selectivity 3 and reusability 4 in catalytic processes. One example of where control 

of the textural properties of the catalyst is required can be seen in hydrotreating desulfurization 

processes, that is, the removal of sulphur from natural gas or refined petroleum products. 5 For 

example, in upstream hydrotreating of diesel, when alumina is used as a substrate a high surface 

area and relatively small pores (ca. 4 nm) are desired for high activity 6 whereas for downstream 

processes, such as heavy vacuum gas oil or resid hydrotreating, larger pores (ca. 7 –13 nm) 7, 8 are 

required to allow diffusion and access of larger molecules to the catalyst active sites. Conversely, 

certain highly selective processes such as the partial epoxidation of ethylene to ethylene oxide 9, 10 

and the selective oxidation or selective hydrogenation of acetylene 11 require catalysts with large 

pores and low surface areas to limit the residence time of substrate on the catalyst thereby boosting 

selectivity to the desired products by limiting further reactions on the catalyst surface. 12, 13 The 

importance of controlling the textural properties of a catalyst can also be seen in the design of 

hierarchical zeolites, where an additional pore system is introduced to the zeolite crystal, aiming 

at alleviating mass transport limitations imposed by the zeolite micropores. 14 Many studies have 

investigated the tuning of textural properties of both catalysts and catalyst supports, including 

carbon materials, 15-17 zeolites, 18, 19 silicas, 20, 21 titanias 22 and aluminas 23-25 which are all 

commonly used as supports for catalytic materials.  
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Mass transport and textural properties are widely known to be highly inter-related; in particular, 

tailoring pore structures in order to modify diffusion properties is an aspect of high relevance in 

the field of heterogeneous catalysis.  For example, the importance of such a relationship has been 

reported to play a role in zeolite catalysis during acetalization reactions, whereby the observed 

increase in catalytic activity of hierarchically structured Y zeolites with introduced mesoporosity 

was attributed to the enhanced diffusion of guest molecules within the pore matrix relative to the 

purely microporous parent Y zeolite. 26 Such a conclusion was solely based on observations on 

catalytic conversion measurements as no attempt to quantify diffusion rate inside the pore matrix 

was made. It is indeed the case that whilst the relationship between textural properties and mass 

transport is often discussed on qualitative basis, relatively little work has been carried out to 

systematically investigate the effect of tailoring textural properties of porous catalytic particles on 

intra-particle diffusion. Previous work has detailed the relationship between pore structure and the 

overall diffusivity of molecules throughout the respective porous space and how this can then, in 

turn, affect the catalytic activity of reactions using such catalytic materials. 27–29 Therefore, it is 

clear that a rational overview aimed towards the design of materials with tailored textural 

properties, and therefore molecular diffusivity through their porous network, is desirable. 

A powerful tool to probe diffusion inside porous materials is the Pulsed-Field Gradient (PFG) 

NMR techniques. 30-36 Amongst notable work done in the area of zeolites, Kortunov et al. 37 have 

investigated the effect of introducing mesopores in microporous zeolites showing that if the 

introduced pores form as isolated cavities, little or no increase in diffusion coefficient is observed. 

Conversely, the formation of a newly formed interconnected pore network is expected to lead to 

significant changes in diffusion coefficients. Indeed, in a recent work on hierarchical 

macroporous–mesoporous SBA-15 sulfonic acid catalysts with interconnected macropores of 

tuneable diameter, used for esterification reactions of bio-derived feedstock, it was shown that 

pore size and connectivity are not mutually exclusive and that enhanced mass transport can be 

achieved through tailoring the macropore size to the reactant size. 38 

Whilst this previous work suggests that the introduction of macropores to mesoporous structures 

enhances mass transport by diffusion, a systematic study looking at the effect of catalyst 

manufacturing procedures for tailoring textural properties, by introducing macropores, and tuning 

diffusion properties, has not yet been reported; yet, a comprehensive analysis of this would lead to 
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a more rational and guided design of pore structures with certain transport properties. In this work, 

we carried out a comprehensive and systematic study on how tailoring textural properties of 

industrial catalytic materials, through various preparation procedures, affects mass transport by 

diffusion. In particular, we assess the effect of operating conditions in the preparation of 

hierarchical alumina carriers on the final textural properties of the materials and how this, in turn, 

affect mass transport by diffusion, the latter quantified using low-field, bench-top PFG NMR 

experiments with different guest probe molecules. 

4.2. Experimental 

4.2.1. Materials and chemicals  

Methanol (anhydrous, 99.9 %, 25 mL) and ethanol (>99.7 %, 25 mL)  were supplied by Alfa Aesar, 

n-octane (>99 %, 25 mL) was supplied by Merck. All chemicals were used as received. Deionised 

water was obtained from a laboratory water purification system. 

4.2.2. Carrier preparation 

The alumina carriers were supplied by Haldor Topsøe. A number of 8 different samples were 

investigated denoted as Al2O3 (1) – Al2O3 (8). Carriers were prepared by mixing boehmite powder 

with water in the presence of nitric acid to obtain 600 g of uniform paste. The amount of nitric acid 

was set to 10 mmol per 1 mol of alumina on calcined basis for all samples. The amount of water 

expressed as water-to-boehmite ratio (g/g) varied between samples and was set to 1 for Al2O3 (1) 

– Al2O3 (4) and 1.18 for Al2O3 (5) – Al2O3 (8). Additionally, Al2O3 (1) – Al2O3 (4) were mixed 

for 25 minutes, while samples Al2O3 (5) – Al2O3 (8) were only mixed for 6 minutes (Table 4.1). 

Subsequently, the resulting paste was extruded into trilobe pellets (4 mm length, 1 mm diameter), 

dried and calcined at various temperatures and conditions (Table 4.1). The structural properties of 

all carriers were studied by Haldor Topsøe using mercury (Hg)- intrusion porosimetry. Samples 

were dried at 250 °C prior to analysis. Hg-intrusion measurements were performed on an Autopore 

IV instrument from Micromeritics. 

4.2.3. X-Ray diffraction (XRD) measurements 

The materials were analyzed by X-ray diffraction using a Panalytical XPert Pro instrument system 

in Bragg-Brentano geometry working in reflectance mode using CuKα radiation (λ = 1.541 Å). 
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The instrument is equipped with a monochromator, soller-, divergence- and anti-scatter slits with 

a scan range of 5-70 degrees. Rietveld analysis was carried out using the Topas Software. 

4.2.4. PFG NMR diffusion measurements  

The samples for PFG NMR measurements were prepared by soaking the porous solid under 

investigation in the liquid of choice (~2 mL) for over 24 h prior to the measurements in order to 

ensure full saturation of the intra-particle pore space; different guest molecules (n-octane, water, 

methanol or ethanol) were used for the study. The liquid-saturated solid samples were then dried 

on a pre-soaked filter paper to remove any excess liquid from the external surface and transferred 

to 5 mm NMR tubes. To ensure a saturated atmosphere in the NMR tube, hence minimising errors 

due to evaporation of volatile liquids, a small amount of the respective pure liquid was absorbed 

onto filter paper, which was then placed under the cap of the NMR tube. The tube sample was 

finally placed into the magnet and left for approximately 15 min before starting the measurements, 

in order to achieve thermal equilibrium. NMR experiments were performed in a Magritek 

SpinSolve benchtop NMR spectrometer operating at a 1H frequency of 43 MHz. The PFG NMR 

experiments were carried out using a diffusion probe capable of producing magnetic field gradient 

pulses up to 163 mT m−1. Diffusion measurements were performed using the pulsed-field gradient 

stimulated echo sequence (PGSTE sequence). 39 The sequence is made by combining a series of 

radiofrequency pulses (RF) with magnetic field gradients(𝑔), according to Figure 2.11.  

The NMR signal attenuation of a PFG NMR experiment as a function of the gradient strength, 

E(𝑔), is related to the experimental variables and the diffusion coefficient (D) by Equation 2.38.  

Equation 2.38 assumes a Gaussian distribution of the diffusing spins and it generally applies to 

free diffusion, such as the case of bulk liquids. 40 However, this equation can also be applied for 

diffusion in porous materials with a quasi-homogeneous behaviour, that is, with a macroscopically 

homogeneous pore structure, 41 which shows a linear behaviour of the PFG log plot of the signal 

attenuation. 

The measurements were performed by fixing Δ = 50 ms and using values of δ = 4 - 12 ms 

depending on the sample. The magnitude of 𝑔 was varied linearly with sixteen spaced increments. 

In order to achieve full signal attenuation, maximum values of 𝑔 of up to 163 mT m−1 were 
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necessary. All the measurements were performed at atmospheric pressure and 25 °C. The diffusion 

coefficients D were calculated by fitting Equation 1 to the experimental data. 

4.3. Results and discussion 

4.3.1. Effect of alumina preparation conditions upon the carrier textural properties 

The alumina samples were prepared as detailed in the experimental section using varying 

preparation conditions and their impact upon the porous structure of the final alumina sample was 

determined. The parameters varied in the preparation of the alumina samples can be seen in Table 

4.1.  

Table 4.1. Preparation conditions used in the preparation of each alumina sample. All calcinations were carried out 

using a temperature ramp of 5 °C min-1 and a hold time of 2 hours. The mixing speed used for preparation was 5000 

rpm. *calcined in the furnace on the net (1 cm layer), **calcined in the furnace in the closed container (5cm layer) 

Sample 

Water to 

boehmite 

ratio (-) 

Mass of nitric 

acid (g) 

Mixing 

time (min) 

Calcination 

temperature (°C) 

Al2O3 (1) 1.00 2.40 25 550 (dry*) 

Al2O3 (2) 1.00 2.40 25 550 (wet**) 

Al2O3 (3) 1.00 2.40 25 700 (dry) 

Al2O3 (4) 1.00 2.40 25 700 (wet) 

Al2O3 (5) 1.18 1.00 6 700 (wet) 

Al2O3 (6) 1.18 1.00 6 900 

Al2O3 (7) 1.18 1.00 6 1100 

Al2O3 (8) 1.18 1.00 6 1200 

The alumina carriers prepared according to the conditions reported in Table 4.1 were characterized 

by mercury porosimetry. The mean pore diameter (dpore), percentage of macropores of varying size 

within the carrier studied and surface area-to-volume ratio (S/V) were determined and are listed in 

Table 4.2. 
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Table 4.2. Mercury porosimetry characterisation of the alumina carriers used in this study.  

Sample 
dpore 

(nm) 

Macropores > 

50 nm (%) 

Macropores > 

200 nm (%) 

Surface area 

(m2g-1 ) 

Al2O3 (1) 8.0 ± 0.2 2 1 367.7 

Al2O3 (2) 9.2 ± 0.3 2 1 345.9 

Al2O3 (3) 10.4 ± 0.3 2 1 293.8 

Al2O3 (4) 11.8 ± 0.4 2 1 280.4 

Al2O3 (5) 17.0 ± 0.5 25 21 225.1 

Al2O3 (6) 22.4 ± 0.7 27 23 178.3 

Al2O3 (7) 53.6 ± 1.6 67 32 49.6 

Al2O3 (8) 201.6 ± 6.0 99 62 12.0 

From the mercury porosimetry analysis, it can be seen that the samples studied contain a wide 

variety of average pore sizes, degrees of macroporosity and surface areas. From the results 

obtained, it is clear to see that there are 2 main factors which significantly influence the pore 

structure of the alumina produced: the mixing time, tmix, and the calcination temperature. It can be 

seen that those samples with a significantly longer tmix contain no macropores within their pore 

structures, for example, Al2O3 (4) and Al2O3 (5) are both calcined at 700 °C but mixed for differing 

lengths of time. Al2O3 (4) is mixed for 25 minutes and contains only 2 % of macropores with a 

mean pore diameter > 50 nm whereas Al2O3 (5) is mixed for only 6 minutes resulting in a final 

alumina carrier containing 25 % macropores with a mean pore diameter > 50 nm. In general, the 

average pore size increases as macroporosity increases and in turn, these factors reduce the overall 

surface area-to-volume ratio, as shown in Figure 4.2. It should be noted that the acid/boehmite and 

water/boehmite ratio also have an influence on the final pore volume of the alumina carrier. By 

increasing water/boehmite ratio, dry matter content decreases which acts to increase pore volume 

(at the same mixing time and rate). The acid it is needed to peptitize alumina, therefore, the more 

acid added will result in more peptitization. This means that the more acid added the lower the 

pore volume of the final carrier (at the same mixing time and rate as well as the same dry matter 

content). 
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Figure 4.2. (a) The dependence of the surface area-to-volume ratio upon the average pore size of the alumina carriers 

and (b) the dependence of the degree of carrier macroporosity upon the surface area-to-volume ratio. The lines are a 

guide to the eye. 

It must be considered that the surface area-to-volume ratio (S/V) of a porous particle is complex in 

nature and is dependent upon many factors including the porosity, shape, size and roughness of a 

specific particle in addition to the pore size distribution. However, the results of the mercury 

porosimetry analysis show that, for the samples being studied, S/V is significantly influenced by 

both the presence of macroporosity and the average pore size. In particular, both a low average 

pore size and degree of macroporosity is essential for preparing high surface area-to-volume ratio 

alumina carriers. 

The calcination temperature is also seen to significantly affect the final pore structure of the 

alumina carriers. Al2O3 (5) - Al2O3 (8) were all prepared by mixing for a relatively short mixing 

time of 6 minutes resulting in the formation of macropores. Each of these alumina carriers 

containing macroporosity were then subject to calcination at varying temperatures. The effect of 

varying calcination temperature upon the final macropore content within the aluminas mixed for 

6 minutes only can be seen in Figure 4.3. 
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Figure 4.3. The dependence of the preparation calcination temperature of the carriers Al2O3 (5) – Al2O3 (8) upon the 

percentage of macropores with diameter > 50 nm and the percentage of macropores with diameter > 200 nm within 

the carrier produced.  

As the calcination temperature is increased, the alumina particles will begin to sinter, forming 

bigger alumina particles and eventually inducing phase transformations causing the collapse of 

small pores and resulting in the formation of large mesopores and macropores. 42 At temperatures 

below 900 °C, phase transformations do not occur and the carriers are composed of γ-Al2O3 only. 

At 900 °C, γ-Al2O3 particles begin to sinter and transition partly to θ-Al2O3 and above 900 °C, the 

carriers are composed solely of θ-Al2O3 and α-Al2O3.  The phase transformations that occur result 

in changes to the textural properties of the resultant carriers, specifically dpore and the percentage 

of macropores within the samples increases whilst the surface area decreases. As such, the samples 

prepared using a calcination temperature less than 900 °C (Al2O3 (1) - Al2O3 (5)) will be composed 

of γ-Al2O3 only. This is confirmed from the XRD analysis of Al2O3 (5) (Figure 4.4a) showing 

peaks characteristic of γ-Al2O3. 
43, 44 

https://pubs.rsc.org/image/article/2020/me/d0me00036a/d0me00036a-f3_hi-res.gif
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Figure 4.4. XRD patterns of (a) Al2O3 (5) and Al2O3 (6), (b) Al2O3 (6) and Al2O3 (7), (c) Al2O3 (7) and Al2O3 (8), and 

(d) Al2O3 (5) - Al2O3 (8) to show the different alumina phases present in each sample and the transformations that 

occur when the preparation conditions are altered. The symbols γ, θ and α indicate peaks representative of γ, θ and α-

Al2O3 respectively. 

As the preparation calcination temperature is increased from 800 ⁰C to 900 ⁰C (Al2O3 (5) to Al2O3 

(6), Figure 4.4a) peaks indicative of the presence of θ-Al2O3
 45 appear confirming that phase 

transformations are taking place and are therefore responsible for the change in textural properties 

seen. As the calcination temperature is increased further, from 900 ⁰C for Al2O3 (5) to 1100 ⁰C and 

1200 ⁰C in Al2O3 (7) and Al2O3 (8) respectively, it can be seen that the θ-Al2O3 peaks disappear 

https://pubs.rsc.org/image/article/2020/me/d0me00036a/d0me00036a-f4_hi-res.gif
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and sharper more intense peaks appear in their place, which are indicative of the presence of α-

Al2O3, 
46 the most thermally stable of the alumina phases. 

4.3.2. PFG NMR studies: Effect of pore network connectivity on self-diffusion 

We now turn our attention to how the textural properties of the final carrier, determined by the 

different operating conditions in the preparation methods, influence mass transport within the pore 

structure. One important parameter to assess is the tortuosity, which is a structural property of the 

porous matrix defining the pore connectivity; knowledge of this parameter is important as values 

of tortuosity are highly desirable as input parameters for modelling and molecular simulations of 

mass transport within porous materials. 47  The tortuosity is, in theory, a function of the pore 

structure only and can be calculated using PFG NMR. Taking the ratio of the free bulk liquid 

diffusivity, D0, to the effective diffusivity of the liquid within the porous material, Deff, gives a 

dimensionless “PFG interaction parameter”, ξ. 48 This relation is shown in Equation 4.1: 

𝜉 =
𝐷0

𝐷eff
 (4.1) 

This ratio has commonly been inaccurately referred to as the tortuosity, τ, of a porous material. 49 

PFG NMR allows the calculation of the tortuosity of a porous medium defined in Equation 3: 

𝜏 =
𝐷0

𝐷eff
 (4.2) 

The important distinction between the parameters defined in Equations (4.1) and (4.2) is that for 

Equation (4.2), Deff represents the effective self-diffusivity of a weakly-interacting molecule only. 

Clearly then, the selection of an appropriate guest molecule for PFG NMR experiments is essential 

to determine the actual tortuosity of a porous medium. Liquid alkanes have been shown to be the 

most suitable guest molecules for determining tortuosity by PFG NMR experiments 50 due to their 

distinct lack of chemical functionalities which can interact with the porous medium or indeed, with 

any other molecules present with the porous medium under study. Effectively, the use of liquid 

alkanes ensures that the tortuosity calculated is dependant solely on the pore connectivity and is 

unaffected by any other interactions that could otherwise alter the self-diffusivity of the guest 

molecule. Previous work by D’Agostino et al. 50 has proven that a good estimate of tortuosity is 

therefore given by: 
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𝜏 ≡ 𝜉𝐴𝑙𝑘𝑎𝑛𝑒𝑠 (4.3) 

To probe the tortuosity of the samples studied here we have used n-octane. Previous studies have 

demonstrated that short chain liquid alkanes, namely n-octane, n-decane and cyclohexane, give 

reliable values of τ regardless of molecular dimension size. 41 A typical PFG NMR decay plot 

using n-octane imbibed within an alumina pellet used in this study can be seen below in Figure 

4.5. 

 

 

Figure 4.5. A typical PFG NMR decay plot of n-octane imbibed within Al2O3 (1) obtained using the PGSTE pulse 

sequence. Self-diffusion coefficients were obtained by fitting the log attenuations to Equation 1. Data collected at 

atmospheric pressure and 25 °C. 

The log attenuation plots of n-octane imbibed within pellets of the alumina carriers under study 

can be seen in Figure 4.6. The experimental data were fitted using Equation 1, giving a straight 

line when plotted on a logarithmic scale. Diffusion coefficients were determined by taking the 

negative value of the respective slopes.  

 

 

https://pubs.rsc.org/image/article/2020/me/d0me00036a/d0me00036a-f5_hi-res.gif
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Figure 4.6. Log attenuation plots of n-octane imbibed within (a) Al2O3 (1) – Al2O3 (4) and (b) Al2O3 (5) – Al2O3 (8). 

Solid lines are fitting to Equation 1. 

No evident curvature is seen in the log attenuation plots indicating that the behaviour is quasi-

homogeneous. 51 This behaviour is usually observed for porous materials with a macroscopically 

homogeneous pore structure when the root mean squared displacement (RMSD) of the diffusing 

species is much larger than the average pore size of the sample, i.e., the probe molecule will collide 

with the pore walls many times. As a result, Deff will be representative of the liquid confined within 

the porous medium and reduced by the tortuosity factor relative to the free bulk liquid. 51 The 

RMSD is defined by: 

𝑅𝑀𝑆𝐷 = √2 ∙ 𝐷eff ∙ 𝑡 (4.4) 

The smallest RMSD used for the measurements with n-octane (Table S4.1) was used when 

investigating the tortuosity of Al2O3 (1) and this was equal to 9.7 μm, much larger than the largest 

average pore size of the samples studied (201.6 nm). The quasi-homogeneous diffusion behaviour 

reported for our samples have important implications in terms of industrial scale-up of carrier 

preparation as it indicates that the preparation method reported here gives carrier particles with a 

uniform pore structure. RMSD is far greater than the average pore size in each sample which 

implies that each measurement is representative of the entire pore space in each sample. 

The numerical values of the self-diffusivity coefficients obtained from the PFG NMR 

measurements shown in Figure 4.6 are shown in Table 4.3. It should be noted that the reference n-

https://pubs.rsc.org/image/article/2020/me/d0me00036a/d0me00036a-f6_hi-res.gif
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octane measurements in this thesis will likely differ from those in the literature due to factors such 

as the field of the spectrometers used and the temperature of the system 

Table 4.3. Self-diffusivity coefficients and calculated tortuosity values of the alumina carriers determined using PFG 

NMR diffusometry of imbibed n-octane (free bulk self-diffusivity also reported). The relative error on all 

measurements is approximately 3 %. The error was determined from the standard deviation of many previous 

measurements on the spectrometer and this error value is used throughout the thesis for all NMR measurements. 

Sample Deff (m2s-1∙1010) τ (-) 

Al2O3 (1) 9.41 ± 0.28 2.57 ± 0.08 

Al2O3 (2) 11.13 ± 0.33 2.17 ± 0.07 

Al2O3 (3) 12.42 ± 0.37 1.95 ± 0.06 

Al2O3 (4) 13.56 ± 0.41 1.78 ± 0.05 

Al2O3 (5) 13.40 ± 0.40 1.81 ± 0.05 

Al2O3 (6) 16.03 ± 0.48 1.51 ± 0.05 

Al2O3 (7) 16.13 ± 0.48 1.50 ± 0.05 

Al2O3 (8) 17.00 ± 0.51 1.42 ± 0.04 

Bulk 24.14 ± 0.72 - 

As the tortuosity is a measure of the pore connectivity and is therefore a function of the pore 

structure of the porous materials under study, it seems appropriate to evaluate this parameter as a 

function of the average pore size of the alumina carriers; despite tortuosity, which measures pore 

connectivity, and pore size are in theory independent of each other, previous work has reported 

that these two parameters can be inter-related 52 and that larger pores tend to enhance pore network 

connectivity, hence enhance the rate of diffusion of the probe molecule within the porous structure. 

Figure 4.7 reports the values of self-diffusivity of n-octane and corresponding tortuosity values in 

the alumina samples studied here as a function of the average pore diameter. 
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Figure 4.7. The pore size dependence of the self-diffusivity of n-octane imbibed within the pores of the alumina 

carriers. 

The values of tortuosity reported in this work were found to be of a similar value to those reported 

in the literature for the same guest molecules within similar porous materials. 53, 54 Both the self-

diffusivity and tortuosity values show a strong dependence upon the average pore diameter at low 

values of pore size. The self-diffusivity of n-octane increases drastically upon increasing the pore 

size from 8.0 nm to 17.0 nm. At average pore sizes higher than 17.0 nm the self-diffusivity no 

longer increases with increasing pore size and becomes constant, within error, at roughly 1.65 × 

10-9 m2s-1 when pore sizes are greater than 17.0 nm. Clearly, it is reasonable to group the samples 

studied in this work into 2 groups based on these results. Those with small (up to 17.0 nm) average 

pore sizes and those with relatively ‘large’ pore sizes, that is, those with pore sizes greater than 

17.0 nm. These groupings are indicated in Figure 4.7 by the regions I and II representing the small 

and relatively large pore size samples, respectively. These results can be explained as a molecular 

confinement effect due to the small size of the pores. At the low pore size of 8.0 nm, the n-octane 

molecules are highly confined and will be subject to many collisions with the pore walls. As the 

pore size is increased, some of this restriction is lifted; hence, molecules are relatively freer to 

move and as such collide with the pore walls less and therefore exhibiting a larger RMSD, hence 

faster diffusion. When the pore size is large (dpore > 17.0 nm), the level of confinement is further 

decreased, which further increases the RMSD and hence the average self-diffusivity. As the 

tortuosity is effectively proportional to the inverse of the self-diffusivity the same trend is seen but 

with the tortuosity decreasing as pore size increases, as would be expected. In summary, the results 
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reported in Figure 4.7 clearly demonstrate that larger pores ensure a better pore network 

connectivity, hence a lower tortuosity. 

Due to the pore size dependence of both the diffusivity and tortuosity of the samples studied in 

this work, it is important to consider also the contribution of the relative proportions of macropores 

present within the samples in determining the average pore size. Figure 4.8 reports the values of 

self-diffusivity as a function of the macropore percentage. It can be seen that in general, a greater 

percentage of macropores present within a sample aids mass transport and decrease tortuosity, 

hence improving pore network connectivity, possibly by providing wider, less restricted pathways 

through which molecules can diffuse. Wider pores will inevitably result in less collisions with the 

pore walls and therefore molecules will diffuse faster within the porous structure. 

 

Figure 4.8. The effect of the percentage of macropores with a radius greater than 50 nm on (a) the self-diffusivity of 

n-octane imbibed within the alumina carriers and ( (b) the effect of the percentage of macropores with a radius greater 

than 200 nm on the self-diffusivity of imbibed n-octane and the calculated tortuosities, respectively. 

The samples possessing no macropores with a radius greater than 50 nm, show differing values of 

diffusivity and tortuosity. As there are little to no macropores present in these samples, the value 

of diffusivity measured is influenced solely by the average pore sizes. Indeed, this is evidenced as, 

of the samples containing no macropores, the slowest self-diffusivity value of 9.41 × 10-10 m2s-1 is 

observed in Al2O3 (1) with an average pore size of 8.0 nm. Al2O3 (2) – Al2O3 (4) also possess no 

macropores but show faster self-diffusivity values owing to their larger pore sizes. Therefore, it is 
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reasonable to conclude that, for samples containing a similar macropore content, the diffusivity is 

determined by the restrictions imposed upon the guest molecules due to the average size of the 

pores.  

When the carriers contain between 0 – 27 % of macropores with a radius greater than 50 nm, the 

diffusivity increases/tortuosity decreases as the contribution of the macropore diffusivity to the 

overall mass transport processes taking place becomes significant. Carrier samples containing 

more than 27 % of macropores with a radius greater than 50 nm show no significant increase in 

diffusivity indicating that at 27 % macroporosity the main transport route is through the 

macropores. 

When the percentage of macropores with a radius greater than 200 nm are considered, a similar 

trend is observed. Therefore, it is reasonable to conclude that, for the samples studied here, a 

macropore radius of 50 nm is sufficient to alleviate any restriction upon guest molecules, allowing 

n-octane to diffuse faster with less geometrical restrictions imposed by the porous network. It can 

also be concluded that the pore connectivity of the alumina carriers is enhanced up to a maximum 

path length of 1 μm as determined from the RMSD values. Despite the obvious interlinked 

relationship between the percentage of large macropores and the average pore diameter seen within 

the samples, it is important to consider how both factors impact the mass transport of guest 

molecules throughout the entire porous network. 

4.3.3. PFG NMR studies: Effect of pore surface chemistry on self-diffusion 

The previously discussed ‘PFG interaction parameter’ ξ, can be used to determine the effect of the 

surface chemistry and subsequent surface interactions upon the self-diffusivity of guest molecules 

imbibed within the pores of a given porous material. 48, 50 The PFG interaction parameters 

determined using water, methanol and ethanol are shown in Table 4.4 and the variation in these 

values with increasing pore size can be seen in Figure 4.9. The log attenuation plots of water, 

methanol and ethanol imbibed within pellets of the alumina carriers under study can be seen in 

Figures S4.1 – S4.3. Hydrogen bonding between molecules with appropriate functional groups and 

surface hydroxyl groups on a catalyst surface are thought to be significant interactions in 

adsorption and desorption in catalytic processes 55 and can contribute to solvent effects 56, 57 

resulting in changes in catalytic activity.  
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Table 4.4. PFG interaction parameter values, ξ, of water, methanol and ethanol imbibed within the alumina carriers. 

The tortuosity, τ, of the carriers measured using weakly-interacting n-octane is reported as a benchmark.  

Sample ξWater (-) ξMethanol (-) ξEthanol (-) τ (-) 

Al2O3 (1) 2.10 ± 0.06 2.79 ± 0.08 2.67 ± 0.08 2.57 ± 0.08 

Al2O3 (2) 1.86 ± 0.06 2.28 ± 0.07 2.20 ± 0.07 2.17 ± 0.07 

Al2O3 (3) 1.84 ± 0.06 2.03 ± 0.06 2.02 ± 0.06 1.95 ± 0.06 

Al2O3 (4) 1.62 ± 0.05 1.89 ± 0.06 1.81 ± 0.05 1.78 ± 0.05 

Al2O3 (5) 1.72 ± 0.05 1.91 ± 0.06 1.92 ± 0.06 1.81 ± 0.05 

Al2O3 (6) 1.48 ± 0.04 1.62 ± 0.05 1.60 ± 0.05 1.51 ± 0.05 

Al2O3 (7) 1.41 ± 0.04 1.51 ± 0.05 1.44 ± 0.04 1.50 ± 0.05 

Al2O3 (8) 1.34 ± 0.04 1.31 ± 0.04 1.31 ± 0.04 1.42 ± 0.04 

 

 

Figure 4.9. The pore size dependence of ξ for water, methanol and ethanol imbibed within (a) the alumina carriers 

and (b) the alumina carriers with Al2O3 (8) omitted to aid comparison of the smaller pore size samples. 

The PFG interaction parameter, ξ, generally decreases for all three molecules imbibed within the 

alumina carriers. This effect can be attributed to changes in structural properties, in particular it is 

due to the reduced restriction of the guest molecules within the carrier pores resulting in less 

collisions with the pore walls and therefore a faster diffusivity. However, there are significant 

https://pubs.rsc.org/image/article/2020/me/d0me00036a/d0me00036a-f9_hi-res.gif
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differences between the values of ξ for water, methanol and ethanol diffusing within the small pore 

size samples; conversely,  the medium to large pore size samples (dpore > 17.0 nm) show very 

similar values of  ξ (between 1.3 – 1.6) regardless of  probe molecule used. Within the structure of 

the small pore size samples there is a relatively high concentration of the guest molecule close to 

the pore wall and thereby the diffusivity will be significantly affected by interactions of the guest 

molecules with the pore surface, meaning that those molecules interacting more strongly with the 

surface will diffuse more slowly. This is consistent with recently reported results on alcohol 

diffusion in mesoporous silica. 58 In the larger pore size samples, there is a much higher 

concentration of bulk liquid diffusing in the pore volume as opposed to at the surface, and 

therefore, surface interactions will have a lower impact on the diffusivity. Intriguingly, water 

confined within the pores of Al2O3 (1)-Al2O3 (7) show lower values of interaction parameter than 

the respective tortuosity values obtained using n-octane indicating an ‘enhanced’ diffusivity of 

water relative to n-octane confined within the same network of pores, a property that has been 

previously detailed for various polyols confined within TiO2, SiO2 and γ-Al2O3 carriers. 50, 59 This 

property is attributed to the disruption of the extensive hydrogen bonding networks between polyol 

molecules by the porous medium and recent work has confirmed this as well as demonstrating the 

importance of pore saturation to measuring accurate values of diffusivity in similar systems. 59 

However, further discussion of this phenomenon is beyond the scope of this work.  

4.4. Conclusions 

In this paper, alumina carriers with differing textural properties were prepared under different 

operating conditions. Among the conditions varied during the preparation, two main parameters, 

specifically, mixing time and calcination temperature, were changed. Mercury porosimetry 

analysis confirmed that longer mixing times resulted in smaller average pore sizes and a lower 

percentage of macropores present in the aluminas produced. Higher calcination temperatures were 

found to trigger phase transitions of the alumina thereby resulting in the alumina samples produced 

to have larger average pore sizes and to contain a higher percentage of macropores. It is clear that 

the textural properties of the alumina carriers can be easily controlled and effectively tailored to 

form structures with optimal pore characteristics required for specific applications by simply 

varying the preparation conditions. 



Luke Forster – Tailoring surfaces in porous media for catalysis and separation applications 
 

93 
 

A comprehensive set of PFG NMR studies using n-octane to probe the effect of textural properties 

of the prepared carriers confirmed that, up to an average pore size of 17.0 nm, the diffusivity of n-

octane increases rapidly with the average pore. When alumina samples with larger pore sizes were 

analysed, diffusivity was only slightly higher, reaching a plateau with increasing pore size 

suggesting that a pore size greater than 17.0 nm is sufficient to alleviate the major restrictions on 

the probe molecules motion. When alumina samples containing no macroporosity were analysed, 

the probe molecule diffusivity was determined only by the average pore size of the sample. 

However, probe molecule diffusivity was found to increase as the percentage of macropores within 

the sample increased. When the samples contained approximately 27 % macroporosity or above, 

the probe molecule diffusivity remained constant suggesting that 27 % macroporosity is sufficient 

to alleviate any mass transport limitations due to geometrical restriction of the probe molecule 

within the pore structure of the carriers.  

In order to study the effect of the pore surface chemistry on diffusion, PFG NMR using water, 

methanol and ethanol were conducted. The results revealed that, for the samples with low average 

pore size and low macropore content, surface interactions between the probe molecules and the 

pore surface are significant in determining the diffusivity through the pore structure; conversely, 

for samples with much larger pore size and macropore content, surface interactions have little 

effect on determining the diffusive motion of guest molecules. 

In summary, the study reported here highlights in a very comprehensive and quantitative manner 

the role of pore size and macropore content on mass transport by diffusion in macroporous–

mesoporous catalytic materials. The reported methodology and results, obtained with a bench-top 

NMR instrument, which is recently increasing accessibility to NMR techniques for the wider 

scientific academic and industrial communities, may serve as a guideline for tailoring textural 

properties of porous materials through adopting suitable operating condition of the preparation 

procedure, which can lead to pore structure with tuned diffusion properties. We believe the work 

will be a useful tool for those working in the area of catalyst preparation, physical chemistry of 

porous materials and their applications. 
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Supporting information 

Table S1. Root mean squared displacements (RMSD) used to investigate the self-diffusivity of the guest molecules; 

n-octane, water, methanol and ethanol within the alumina carriers Al2O3 (1) - Al2O3 (8) during PFG-NMR 

diffusometry experiments. 

 

 

Figure S1. Log attenuation plots of water imbibed within (a) Al2O3 (1) – Al2O3 (4) and (b) Al2O3 (5) – Al2O3 (8). 

Solid lines are fitting to Equation (1). 
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(a) (b)

Sample RMSDOCT (μm) RMSDH2O (μm) RMSDMeOH (μm) RMSDEtOH (μm) 

Al2O3 (1) 9.70 10.63 9.31 6.39 

Al2O3 (2) 10.55 11.29 10.30 7.04 

Al2O3 (3) 11.14 11.34 10.93 7.35 

Al2O3 (4) 11.64 12.09 11.30 7.75 

Al2O3 (5) 11.58 11.74 11.26 7.52 

Al2O3 (6) 12.66 12.65 12.24 8.26 

Al2O3 (7) 12.70 12.94 12.66 8.69 

Al2O3 (8) 13.04 13.29 13.61 9.12 
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Figure S2. Log attenuation plots of methanol imbibed within (a) Al2O3 (1) – Al2O3 (4) and (b) Al2O3 (5) – Al2O3 (8). 

Solid lines are fitting to Equation (1). 

 

Figure S3. Log attenuation plots of ethanol imbibed within (a) Al2O3 (1) – Al2O3 (4) and (b) Al2O3 (5) – Al2O3 (8). 

Solid lines are fitting to Equation (1). 
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Chapter 5: Creation of Al-enriched mesoporous ZSM-5 nanoboxes 

with high catalytic activity: converting tetrahedral extra-framework 

Al into framework sites by post treatment 

This chapter has been published as a full article in the journal Angewandte Chemie. 1 Creation of 

Al‐Enriched Mesoporous ZSM‐5 Nanoboxes with High Catalytic Activity: Converting 

Tetrahedral Extra‐Framework Al into Framework Sites by Post Treatment - Jiao - 2020 - 

Angewandte Chemie - Wiley Online Library 

Author contributions are as follows; Luke Forster conceived part of the main ideas related to 

diffusion, performed the NMR measurements and subsequent data processing and analysis, as well 

as interpretation and discussion of the data, and contributed to the preparation of the article. Yilai 

Jiao, Xiaolei Fan and Carmine D’Agostino prepared the article. All other authors contributed to 

the testing and characterisation of the catalytic materials studied (i.e. SS-NMR, TEM, SEM, NH3-

TPD, BET, XRD, pyridine-FTIR and TGA). 

Abstract 

ZSM-5 zeolite nanoboxes with accessible meso-micro-pore architecture and strong acid sites are 

important to heterogeneous catalysis suffering from mass transfer limitations and weak acidities. 

Rational design of parent zeolites with concentrated and non-protective coordination of Al species 

can facilitate the post-synthetic treatments to produce mesoporous ZSM-5 nanoboxes. In this work, 

a simple and effective method was developed to prepare and convert parent MFI zeolites with 

tetrahedral extra-framework aluminium (EFAL) into Al-enriched mesoporous ZSM-5 nanoboxes 

with low silicon-to-aluminium ratios (SARs) of ~16. The parent MFI zeolite was prepared by a 

strategy of rapid ageing of the zeolite sol gel synthesis mixture. The accessibility to the well-

developed meso-micro-porous intra-crystalline network was probed systematically by 

comparative pulsed field gradient nuclear magnetic resonance (PFG-NMR) diffusion 

measurements, which, in synergy with the high concentration of strong acidity of nanoboxes, 

provided superb catalytic activity and catalyst longevity in hydrocarbon cracking for producing 

propylene. 

 

 

https://onlinelibrary.wiley.com/doi/10.1002/ange.202002416
https://onlinelibrary.wiley.com/doi/10.1002/ange.202002416
https://onlinelibrary.wiley.com/doi/10.1002/ange.202002416
https://onlinelibrary.wiley.com/doi/10.1002/ange.202002416
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5.1. Introduction 

Hierarchical zeolites with mesoporous features are a class of materials with high industrial 

relevance, particularly heterogeneous catalysis for both conventional petrochemical and the 

emerging biomass conversions, due to the improved diffusion properties of reactants and/or 

products within their crystalline domains. 2 MFI-type zeolites (with a nearly circular cross section 

of ~0.54 nm diameter), particularly ZSM-5, are one of the most important active components 

(along with FAU-type Y zeolites) in petroleum refining and petrochemical catalysts, and have seen 

significant growth in recent years for developing propylene-selective processes such as catalytic 

cracking and methanol-to-olefins (MTO). 3 The limited accessibility of guest molecules to intrinsic 

micropores of ZSM-5 is still very problematic for realising its full catalytic potential. ZSM-5 

normally has medium to high silicon-to-aluminium ratios (SAR ≥~12) with heterogeneous Al 

distribution across its framework, 4,5 and the post-synthetic alkaline treatments (via selective 

desilication) using sodium hydroxide (NaOH) 5-8 and sodium carbonate (Na2CO3) 
9-13 are generally 

effective to create mesoporous structures in ZSM-5, such as mesopores and hollow crystals. Notice 

that SAR values of parent ZSM-5 zeolites are the critical parameter in the controlled dissolution 

of Si species from the framework of the parent zeolites to form accessible meso-micro-porosity. 

Previous research has confirmed the protective role of the tetrahedral framework Al for the Si 

extraction in alkaline media. For parent ZSM-5 zeolites with low SAR values of <20 (i.e. Al-rich), 

post-synthetic alkaline treatments are not effective for the formation of mesoporous features, and 

sequential fluorination-desilication and steaming-desilication for creating mesoporous structures 

in the ZSM-5 zeolites (via tandem dealumination and desilication treatments) are necessary. 14 

However, the use of corrosive chemicals and steam makes the sequential treatment processes 

dangerous and energy-intensive, and thus industrially unfavourable. Conversely, for highly 

siliceous ZSM-5 with SAR values >50, excessive desilication occurs during post-synthetic alkaline 

treatments, leading to the uncontrollable mesopores formation.[4] Accordingly, the optimal 

framework SAR of 25–50 was identified for forming mesoporous structures effectively and 

controllably. 5-8, 14, 15  

The use of structural directing agents (SDAs), especially tetrapropylammonium hydroxide 

(TPAOH), in the modification of MFI zeolites (such as TS-1, 16 silicalite-1 17-20 and ZSM-5) 21, 22 

under alkaline conditions can facilitate the recrystallisation of leached species from dissolution 
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(i.e. the dissolution-recrystallisation mechanism), 16 and hence enabling the controlled formation 

of hollow yet mesoporous zeolite crystals (i.e. nanoboxes). Such zeolite nanoboxes are important 

for catalysis, not only being able to allow percolation diffusion through short paths but also 

providing the opportunity for functionalisation (e.g. encapsulation of metal nanoparticles). 21, 22 

Since recrystallisation on the outer surface of parent zeolite crystals occurs only with the pre-

selective dissolution of unprotected Si species, the dissolution-recrystallisation route is again 

limited by the precise location of Al in the framework of the parent zeolite; this is critical to the 

success of post-synthetic desilication methods aiming to improve molecular transport through the 

zeolite crystals. Currently, to enable the post-synthetic modification using SDAs for making 

mesoporous ZSM-5 nanoboxes, the use of parent zeolites such as siliceous silicalite-1 (in presence 

of Al sources) 17-20 or ZSM-5 with SAR values >40 19, 21-23 (ideally 40–74) 22 is the essential 

prerequisite. Therefore, although ZSM-5 nanoboxes with a low framework SAR of <25 (and hence 

high Brønsted acidity) are significantly beneficial to zeolite catalysis (especially diffusion-limited 

reactions), one-step post-synthetic alkaline treatments of the homologous parent zeolites to obtain 

such materials is challenging, regardless with or without SDAs or additional Al sources. Therefore, 

rational design of the parent zeolite with high concentration yet non-protective coordination of Al 

species (which facilitates dissolution of Si and recrystallisation of Si and Al to crystallographic T-

sites during the post-synthetic treatment) can be the solution to develop novel mesoporous ZSM-

5 nanoboxes with the combination of meso-micro-pore architecture and concentrated Brønsted 

acidity. 

Herein, we report a simple yet effective method to synthesise mesoporous ZSM-5 nanoboxes with 

the low SAR value of ~16. The method involves (i) the synthesis of a parent zeolite with tetrahedral 

extra-framework Al (EFAL) and (ii) post-synthetic treatment of the parent zeolite with TPAOH 

solution. The novel feature of the method lies in the rapid ageing of zeolite sol gel synthesis 

mixture at 40 C (i.e. 30 min), which enables the synthesis of the parent zeolite with tetrahedral 

EFAL. The subsequent treatment using TPAOH solution allows the recrystallisation and 

redistribution of dissolved Si and EFAL to occur, forming highly crystalline hollow ZSM-5 

zeolites with Al-rich shell (SAR = ca. 16, shell thickness = ca. 20 nm), and hence affording both 

improved acidity and diffusivity for catalysis. The mechanism of the new method is elaborated 

based on the comprehensive characterisation of materials using X-ray powder diffraction (XRD), 

nitrogen (N2) physisorption, solid-state nuclear magnetic resonance (NMR) spectroscopy and 
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ammonia temperature programmed desorption (NH3-TPD) analysis at different stages of the 

synthesis. Notably, the obtained ZSM-5 nanoboxes possess significantly high Al concentration 

(SAR of ∼16) in the shell (∼20 nm) and mesoporous features (e.g. specific mesopore volume = 

∼0.26 cm3 g−1). The percolation diffusion of probing molecules within the materials was assessed 

by pulsed-field gradient NMR (PFG-NMR) measurements. Previous research has shown that PFG-

NMR is a powerful tool of investigating the mass transport in zeolites with mesoporous features 

24-26 and cracking catalysts, 27 such as intracrystalline diffusivity. However, the interpretation of 

the diffusion data in relation to the relevant catalytic data has not yet been reported. Benefits of 

the mesoporous ZSM-5 nanoboxes to catalytic cracking (of model naphtha  and aromatic 

compounds) is demonstrated, showing excellent activity and selectivity to propylene due to the 

unique combination of pore structural features and chemical properties (i.e. the low SRA and 

percolating porous network). The simple and effective strategy solves the challenge of preparing 

mesoporous ZSM-5 zeolites with low SAR values. 

 

Figure 5.1. Schematic illustration of the preparation of the mesoporous ZSM-5-P nanoboxes via the rapid ageing (of 

the precursor sol gel mixture) and post-synthetic TPAOH treatment. 

5.2. Experimental 

5.2.1. Synthesis of materials 

5.2.1.1. Synthesis of mesoporous ZSM-5 nanoboxes 

All chemicals were obtained from Sinopharm Chemical Reagent Co., Ltd and used as received. 

The procedure to prepare the parent zeolite is described as: aluminium chloride (AlCl3) was added 

to a mixture of tetrapropylammonium hydroxide (TPAOH) and deionised (DI) water and 

continually stirred for 1 h at room temperature (RT), then the mixture was heated to 40 C. 

Subsequently, tetraethylorthosilicate (TEOS) was added rapidly into the mixture under vigorous 

stirring and continuously stirred for 30 min until the synthesis gel become clear. The molar 
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composition of the sol gel mixture is SiO2:0.04Al2O3:0.3TPAOH:19H2O. After rapid aging of the 

sol gel synthesis mixture, it was transferred into a Teflon-lined stainless-steel (SS) autoclave (500 

ml capacity) for crystallisation at 160 °C (for different h). The resulting product was recovered by 

centrifugation and washed with DI water (100 mL for each wash, 3 times), then dried at 110 °C 

(overnight) and calcined in static air at 550 °C for 6 h (heating rate = 1 °C min−1). The as-

synthesised parent zeolite is denoted as AS-MFI. For comparison, conventional ZSM-5 (denoted 

as C-ZSM-5) was also prepared using the conventional aging method (i.e. precursor aging at RT 

for 24 h), then followed by the same hydrothermal synthesis and work-up. 

ZSM-5 nanoboxes are synthesised using a post-synthetic treatment method. Post-synthetic 

hydrothermal treatment of AS-MFI using TPAOH aqueous solution was carried by mixing the 

sample (4 g) with TPAOH solution (0.1 M, 40 mL, pH ≈ 13) at 400 rpm (for 20 min to form a 

slurry). Then the slurry was transferred to a Teflon-lined SS autoclave (100 ml) and left at 

autogenous pressure and 160 °C under hydrostatric condition for various h (specifically, 6, 12, 24, 

48 and 96 h). Finally, the mixture was filtered, washed with DI water, dried at 120 °C for 12 h, 

and calcined at 550 °C for 6 h. The post-treated sample was denoted as ZSM-5-P-x-y, in which P 

represents via post-synthetic treatment, x represents the TPAOH concentration using in the post-

treatment (in M) and y represents post-treatment time (in h), respectively. 

5.2.1.2. Post-synthetic treatment of AS-MFI using concentrated TPAOH solutions (0.3 and 0.5 

M) 

Post-synthetic treatment of AS-MFI using 0.3 and 0.5 M TPAOH aqueous solutions was carried 

by mixing AS-MFI (4 g) with TPAOH solution (0.3 M and 0.5 M, 40 mL) at 400 rpm (for 20 min 

to form a slurry). Then the slurry was transferred to a Teflon-lined SS autoclave (100 ml) and left 

at autogenous pressure and 160 °C for 24 h. Finally, the mixture was filtered, washed with DI 

water, dried at 120 °C for 12 h, and calcined at 550 °C for 6 h. The treated sample was denoted as 

ZSM-5-P-0.3-24 and ZSM-5-P-0.5-24. Relevant pH values of the systems are ~14. 

5.2.1.3. Synthesis and post-synthetic treatment of conventional ZSM-5 

Standard procedure was used to synthesise the conventional ZSM-5 zeolite (denoted as C-ZSM-

5), and it is described as: AlCl3 was added to a mixture of TPAOH and DI water and continually 

stirred for 1 hour at RT. Subsequently, TEOS was added dropwise into the mixture under vigorous 

stirring at ice bath temperature (~12 h) and continuously stirred for 12 h at the same temperature. 
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The molar composition of the sol gel mixture is SiO2:0.04Al2O3:0.3TPAOH:19H2O. After the 24 

h aging of the sol gel synthesis mixture at RT, it was transferred into a Teflon-lined SS autoclave 

(500 ml capacity) for crystallisation at 160 °C for 48 h. The resulting product was recovered by 

centrifugation and washed with DI water (100 mL for each wash, 3 times, then dried at 110 °C 

(overnight) and calcined in static air at 550 °C (with a ramp rate of 1 °C min−1 for 6 h) to obtain 

C-ZSM-5. 

The post-synthetic treatment of C-ZSM-5 using 0.1 M TPAOH aqueous solution was carried by 

mixing the C-ZSM-5 (4 g) with TPAOH solution (0.1 M, 40 mL) at 400 rpm (for 20 min to form 

a slurry). Then the slurry was transferred to a Teflon-lined SS autoclave (100 ml) and left at 

autogenous pressure and 160 °C for 6 h. Finally, the mixture was filtered, washed with DI water, 

dried at 120 °C for 12 h, and calcined at 550 °C for 6 h. The resulting sample of the post-treated 

C-ZSM-5 was denoted as C-ZSM-5-P-0.1-6 (6). 

5.2.1.4. Synthesis of conventional hollow ZSM-5 with a SAR of ~45 (C-HO-ZSM-5) 

The procedure to prepare the relevant parent ZSM-5 is described as: AlCl3 was added to a mixture 

of TPAOH and DI water and continually stirred for 1 h at RT. Subsequently, TEOS was added 

into the mixture under vigorous stirring and continuously stirred for 24 h. The molar composition 

of the precursor sol is SiO2:0.0125Al2O3:0.3TPAOH:19H2O. After the 24 h aging of the precursor 

sol at RT, it was transferred into a Teflon-lined SS autoclave (500 ml capacity) for crystallisation 

at 160 °C for 48 h. The resulting product was recovered by centrifugation and washed with DI 

water (100 mL for each wash, 3 times, then dried at 110 °C (overnight) and calcined in static air 

at 550 °C with a ramp rate of 1 °C min−1 for 6 h. 

The post-synthetic treatment of the parent zeolite using 0.7 M TPAOH aqueous solution was 

carried by mixing the sample (4 g) with TPAOH aqueous solution (0.7 M, 40 mL) at 400 rpm (for 

20 min to form a slurry). Then the slurry was transferred to a Teflon-lined SS autoclave (100 ml) 

and left at autogenous pressure and 160 °C for 24 h. Finally, the mixture was filtered, washed with 

DI water, dried at 120 °C for 12 h, and calcined at 550 °C for 6 h. The treated sample was denoted 

as C-HO-ZSM-5. 
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5.2.2. Characterisation of materials 

5.2.2.1. Powder X-ray diffraction (XRD)  

XRD patterns of materials were recorded using a Panalytical X'Pert Pro system fitted with CuKα1 

X-ray source (λ = 0.15406 nm) operated at 40 kV and 40 mA. The measurement was performed 

over a 2θ range of 5°–35° in 0.02 step size at a scanning rate of 1° min−1. The relative crystallinity 

(RC) of zeolites was determined by using a standard Integrated Peak Area Method, which involves 

a comparison of the integrated peak areas in the range of 22.5 to 25.0° 2θ. Details of the method 

has been described elsewhere. 28 The sample with the strongest peak at 23.1° 2θ was selected as 

the reference, which was ZSM-5-P-0.1-12 in this study. It is worth mentioning that, in this work, 

the parent zeolite, i.e. AS-MFI, was not perfectly crystallised with the non-coordinated tetrahedral 

Al and Si species, and hence the crystallinity of AS-MFI is comparatively poor. The subsequent 

post-treatment with the aqueous TPAOH solution (at 0.1 M) under hydrothermal conditions can 

facilitate the re-crystallisation of the parent AS-MFI zeolite during the post-treatment, and hence 

producing the relevant ZSM-5-P zeolites with the improved crystallinity. 

5.2.2.2. Nitrogen (N2) adsorption-desorption 

N2 physisorption measurements at the liquid nitrogen temperature (−196.15 C) using a 

Micromeritics 3Flex surface area and pore size analyser. Prior to the measurement, the sample 

(~100 mg) was degassed at 350 °C under vacuum overnight. The micropore size distribution was 

calculated by the Horvath-Kawazoe (HK) method, 29 and mesopore size distribution was 

determined from the adsorption branch of the isotherms by the Barrett-Joyner-Halenda (BJH) 

method. 30 

5.2.2.3. Solid-state nuclear magnetic resonance (NMR) 

Solid-state NMR spectra were recorded on an Agilent 600 DD2 spectrometer operating at a Larmor 

frequency of 600 MHz for 1H. 29Si magic angle spinning (MAS) NMR spectra were recorded at 

119.15 MHz (with the proton decoupling (TPPM) during acquisition) at a spinning rate of 8 kHz 

using a 3.6 μs pulse with a 30 s recycle delay and 1024 scans (tetramethylsilane as the reference). 

27Al MAS NMR spectra were recorded at 156.25 MHz (with the proton decoupling (TPPM) during 

acquisition) at a spinning rate of 12 kHz using a 3.6 μs pulse with a 5 s recycle delay and 512 scans 

(aluminium chloride as the reference). 
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5.2.2.4. Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX) 

SEM-EDX analysis was performed on a JEOL 7401 high-resolution field emission scanning 

electron microscope with an Oxford INCA 350 EDX system. 

5.2.2.5. High resolution transmission electron microscopy (HRTEM) 

HRTEM analysis of the microstructure of zeolites was performed using a Fei Tecnai F20 field 

emission gun transmission electron microscope at 200 kV. Before TEM analysis, the sample was 

dispersed in ethanol (which was sonicated for 5 min in an ultrasonic bath), and a droplet of the 

solution was casted on a carbon-coated mesh grid. 

5.2.2.6. Inductively coupled plasma-atomic emission spectroscopy (ICP-AES) 

ICP-AES analysis of various zeolites for the elemental analysis of their Al and Si contents was 

performed on a Varian Vista AX ICP-AES spectrometer. To prepare the solutions for ICP-AES 

analysis, the zeolite sample (0.1 g) was dissolved using hydrofluoric acid (HF) solution (10 wt.% 

HF in water, 5 ml) at RT, then diluted using DI water to 100 ml. 

5.2.2.7. X-ray photoelectron spectroscopy (XPS) 

XPS analysis was carried out using ThermoScientific ESCALAB 250 spectrometer equipped with 

monochromated AlKα X-ray source (1486.6 eV, 150W, spot size = 500 μm), a charge neutraliser 

and a hemispherical electron energy analyser. During data acquisition, the chamber pressure was 

kept below 10−9 mbar. The spectra were analysed using the CasaXPS software pack and corrected 

for charging using C1s binding energy (BE) as the reference at 284.8 eV. 

5.2.2.8. Ammonia temperature-programmed desorption (NH3-TPD) 

NH3-TPD measurements were performed using a Micromeritics AutoChem II 2920 chemisorption 

analyser (Micromeritics, USA) to determine the acidic property of the zeolites. ~100 mg zeolite 

was pre-treated at 823 K for 1 h and then cooled down to 323 K under Helium (He). A gas mixture 

of NH3 in He (10%:90%, 30 cm3 min−1) was then introduced to saturate the catalyst followed by 

the purge of pure He (60 cm3 min−1) at 373 K for 2 h to remove the physically adsorbed NH3. 

Finally, NH3-TPD was performed by heating the catalyst from 373 K to 873 K with a heating rate 

of 10 K min−1 under He flow (30 cm3 min−1) and the desorbed NH3 was monitored by a gas 

chromatography (GC) equipped with a thermal conductivity detector (TCD). 
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5.2.2.9. Pyridine fourier transform infrared (py-FTIR) 

py-FTIR analysis was performed using a nexus Model Infrared Spectrophotometer (Thermo 

Nicolet Co, USA) operating at 2 cm−1 full width at half maximum (FWHM) equipped with an in 

situ cell containing CaF2 windows. Adsorption of pyridine was performed at RT and then 

evacuated at 200 C measuring pyridine adsorbed at all acid sites. After that, the sample was 

evacuated in situ at 350 C corresponding to the pyridine adsorption at the strong acid sites. 

5.2.2.10. Thermogravimetric analysis (TGA) 

TGA of the used zeolites from the cracking reaction was performed using a TG analyser (Q600 

TGA-DSC, TA Instruments, Germany) under air (flow rate = 100 ml min−1). The temperature ramp 

was from RT to 800 °C with the heating rate of 10 °C min−1. 

5.2.3. Pulsed-Field Gradient Nuclear Magnetic Resonance (PFG-NMR) diffusion 

experiments 

Zeolites were pelletised with particle sizes of 1.6–1.8 mm for PFG-NMR measurements. The 

zeolite particles were dried at 60 °C in a vacuum oven overnight and calcined at 550 °C for 12 h. 

To prepare samples for PFG-NMR experiments, the zeolite particles were soaked in n-octane 

(Merck, ≥99%, ~2 mL), cumene (Sigma, 99%, ~2 mL) or 1,3,5-triisopropylbenzene (TIPB) 

(Sigma, 95%, ~2 mL) for 2 days to ensure full saturation of the porous matrix of the zeolite samples 

with the respective probe molecule. The saturated samples were then dried on a filter paper to 

remove any excess liquid from the external surface of the particles and transferred to 5 mm NMR 

tubes. To minimise relevant errors due to evaporation of the volatile liquid, a small amount of pure 

liquid was dropped onto a filter paper, which was placed under the cap of the NMR tube. The tube 

was then placed into the magnet and left for approximately 15 min to achieve thermal equilibrium 

before measurements started. NMR experiments were performed on a Magritek SpinSolve 

benchtop NMR spectrometer operating at a 1H frequency of 43 MHz. PFG-NMR experiments were 

carried out using a diffusion probe capable of producing magnetic field gradient pulses up to 163 

mT m−1. Diffusion measurements were performed using the pulsed-field gradient stimulated echo 

sequence (PGSTE sequence). 31 The sequence is made by combining a series of radiofrequency 

pulses (RF) with magnetic field gradients (g, Figure 2.11). The NMR signal attenuation of PFG-

NMR experiments as a function of the gradient strength, E(g), is related to the experimental 

variables and the diffusion coefficient (D) by Equation 2.38. 



Luke Forster – Tailoring surfaces in porous media for catalysis and separation applications 
 

109 
 

The measurements using cumene and octane were performed by fixing Δ = 200 ms and δ = 3 ms, 

and measurements with TIPB were performed by fixing Δ = 500 ms and δ = 5 ms. The magnitude 

of g was varied linearly with 16 spaced increments. To achieve full signal attenuation, maximum 

values of g of up to 163 mT m−1 were necessary. All the measurements were performed at 

atmospheric pressure and 25 °C. The diffusion coefficients D were calculated by fitting Equation 

2.38 to the experimental data. 

Root-mean-square displacement (RMSD) values of the probing molecules are determined using 

Equation 4.4. 

To understand the diffusion process occurring within the pore structures under investigation, the 

PFG interaction parameter is calculated, 32 which in the case of using hydrocarbons as probe 

species, can be approximated to the tortuosity of the pore network, τ, defined as in Equation 4.2. 

33 

5.2.4. Catalysis, stability and regeneration 

5.2.4.1. Cracking reactions 

Cracking of n-octane and cumene over the catalyst was carried out in a fixed bed reactor (I.D. = 

10mm). The packed bed consists of 1 g pelletised zeolite catalysts (particle size = 1.6–1.8 mm) 

with glass beads as dilution. For catalytic cracking, the catalyst bed was preheated at the reaction 

temperature for 2 h, then n-octane (0.1 ml min−1 with N2 as the carrier gas at 240 ml min−1) or 

cumene (0.1 ml min−1 with N2 as the carrier gas at 150 ml min−1) was introduced to start the 

reaction at the same temperature (i.e. 540 °C for n-octane and 320 °C for cumene). The gaseous 

products of the reactions were analysed using an in-line gas chromatograph (GC, Agilent 7890B) 

equipped with a flame ionisation detector (FID) and Agilent PoraPLOT Q column. The carbon 

balance is above 95%. 

5.2.4.2. Hydrothermal steam aging of zeolite 

Hydrothermal aging of ZSM-5 nanoboxes (~100 mg) using steam was carried out in a tube furnace 

(Carbolite Gero Ltd., UK) at 500 °C. N2 (at 200 mL min−1) was used as the carrier gas which was 

passed through a bubbler containing DI water (at 50 °C) to generate steam. The samples were 

treated by steaming for 10 h prior to XRD and N2 physisorption analysis. 
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5.2.4.3. Catalyst regeneration 

Regeneration of the used ZSM-5-P-0.1-6 zeolite catalyst (the used catalyst is denoted as ZSM-5-

P-0.1-6-U, the ZSM-5-P-0.1-6-U catalyst was recovered from of n-octane cracking) was 

performed by calcining ZSM-5-P-0.1-6-U at 550 °C in O2 (10 vol.%) in N2 (at 200 mL min−1) for 

6 h. The regenerated ZSM-5-P-0.1-6-U was assessed in catalytic cracking of n-octane and 

characterised by N2 physisorption, NH3-TPD and MAS NMR. 

5.3. Results and Discussion 

For the first time, the rapid ageing of the sol gel synthesis mixture (at 40 C for 30 min, thereby 

increasing the rate of hydrolysis of the silica source, i.e. tetraethylorthosilicate, TEOS) was 

explored to produce the as-synthesised parent MFI zeolite (AS-MFI) with tetrahedral EFAL 

(Supporting Information). Comparison of X-ray powder diffraction (XRD) patterns of AS-MFI 

and conventional ZSM-5 (C-ZSM-5) is shown in Figure 5.2a, showing the distinct difference at 

2θ of ~24.4°. AS-MFI shows the characteristic of monoclinic phase for MFI zeolites, 34 i.e. the 

split twin peaks, proving the presence of tetrahedral EFAL. Conversely, C-ZSM-5 (prepared via 

conventional ageing at ice bath temperature for 24 h) shows the sole peak at ca. 24.4° which is 

assigned to the typical orthorhombic crystal symmetry of ZSM-5. 35  
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Figure 5.2. (a) XRD patterns, (b) 27Al MAS NMR spectra and (c) 29Si MAS NMR spectra of ZSM-5-P-0.1-6 (top), 

AS-MFI (middle) and C-ZSM-5 zeolites (bottom). SS-NMR spectra were deconvoluted using a Gaussian function. 

Comparably, after TPAOH treatment of AS-MFI (pH ≈ 13, at 160 °C under static conditions), the 

resulting zeolites (denoted as ZSM-5-P-x-y, where P represents via post-treatment, x represents 

the TPAOH concentration in M and y represents post-treatment time in h, respectively) show the 

single peak at about 24.4° as well (Figures 5.2a and S5.1a), suggesting the re-insertion of the 

tetrahedral EFAL in AS-MFI into the newly formed framework (due to dissolution and 

recrystallisation mechanism) 16 during the post-treatment. We found that a 6 h post-treatment of 

AS-MFI with 0.1 M TPAOH was sufficient to produce ZSM-5 nanoboxes with excellent 

crystallinity (relative crystallinity, RC, >98%, Figure S5.1b) and mesoporous features (Figure S5.2 

and Table S5.1). By extending the treatment time beyond 12 h, excessive dissolution occurred, 

damaging the intactness of the hollow structure to certain extents (as evidenced by the transmission 

electron, TEM, and scanning electron microscopy, SEM, analysis, Figures S5.3 and S5.4) and 

variation in mesoporosity of ZSM-5-P zeolites (Table S5.1). The excessive dissolution due to the 
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prolonged treatment time (>12 h) was also reflected by the reduced RC values of the relevant 

ZSM-5-P zeolites (at ~81%, Figure S5.1b). 

Solid-state 27Al magic angle spinning (MAS) NMR analysis (Figure 5.2b) shows the presence of 

tetrahedral (chemical shift centres at ~58 ppm) and octahedral Al species (at ~0 ppm) for all 

zeolites. However, one-dimensional 27Al MAS NMR is not possible to elucidate the local 

symmetry and coordination state of Al species in zeolites. 36 Previous research has confirmed that 

the change of peak width at ~58 ppm indicates the variation of local Al coordination after post-

treatments of MFI zeolites. 18, 19, 37, 38 In this work, it was measured that the peak width of the 

tetrahedral 27Al in AS-MFI is the broadest among the samples under investigation (as the shaded 

orange area in Figure 5.2b), suggesting the presence of EFAL in AS-MFI. The post-treatment 

using TPAOH changed the local Al coordination substantially, and the peak width of the resulting 

ZSM-5-P-0.1-6 was narrowed noticeably, being comparable to that of the highly crystallised C-

ZSM-5. Such variation of the NMR signal of tetrahedral Al may be attributed to the reintegration 

of EFAL in the recrystallised framework. 18, 19, 37, 38 Comparison of 29Si MAS NMR spectra of AS-

MFI, ZSM-5-P-0.1-6 and C-ZSM-5 is shown in Figure 5.2c. Only the resonances above −110 ppm 

were measured for AS-MFI, which are assigned to Si(4Si) sites, 39 proving the insignificant 

presence of the framework Al in AS-MFI. Conversely, for C-ZSM-5, the chemical shifts of lower 

intensities at −103 – −108 ppm (corresponding to Si(1Al)) and <−100 ppm (corresponding to 

Si(2Al)) 39 were identified. After the TPAOH treatment, the band at −105.4 ppm was measured 

for ZSM-5-P-0.1-6, evidencing the conversion of EFAL into framework T-sites.  

Post-treatments using SDAs, especially TPAOH, are known to be effective to recover the dissolved 

species to a certain extent (reducing the loss of materials) and to form hollow MFI zeolites with 

controlled properties such as wall thickness. 4, 16-22 However, for ZSM-5, SAR value of the parent 

zeolite is the most important parameter to ensure the successful dissolution-recrystallisation 

process. Accordingly, the formation of ZSM-5 with regular hollow structures is only likely with 

the parent ZSM-5 having the SAR value >40, 21-23 leading to hollow materials with the Si-rich 

shell. According to the energy dispersive X-ray spectrometry (EDX) and inductively coupled 

plasma-atomic emission spectrometry (ICP-AES), the parent AS-MFI has a bulk SAR of ∼12 

(Table S5.1). A conventional ZSM-5 with the low SAR of about 12 is not appropriate as the parent 

zeolite for preparing ZSM-5 with mesoporous hollow structures via the controlled dissolution and 
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recrystallisation approach. However, as discussed above, AS-MFI inherently possesses tetrahedral 

EFAL which does not interfere with the Si dissolution during the post-treatment. More 

importantly, the co-recrystallisation of dissolved Si and EFAL facilitated by TPAOH (0.1 M at 

160 °C) on the external surface during the post-treatment (6 h to 96 h) produced zeolite nanoboxes 

with Al-rich walls (SARs of ∼16, Table S5.1). X-ray photoelectron spectroscopy (XPS) also 

shows that the surface SARs of ZSM-5-P zeolites are lower than the according bulk ones by EDX 

and ICP (Table S5.1), suggesting the occurrence of Al redistribution during the TPAOH treatment. 

AS-MFI is primarily microporous (specific external surface area, SBET = 375 m2 g−1) with uniform 

sizes of about 300–500 nm (as shown by the High resolution TEM (HRTEM) and scanning 

transmission electron microscopy (STEM) analysis, Figures 5.3a1, b1 and c).  
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Figure 5.3. HRTEM micrographs of (a1-a2) AS-MFI and (b1-b2) ZSM-5-P-0.1-6 zeolites; STEM micrographs of (c) 

AS-MFI and (d) ZSM-5-O-0.1-6 zeolites; (e-f) HRTEM micrograph of ZSM-5-P-0.1-6 zeolite (Inset: the 

corresponding fast Fourier transform (FFT) of HRTEM). 

After the post-treatment, zeolite nanoboxes were formed with comparable crystal sizes (Figures 

5.3a1, b1, c, d and S5.3). The post-treatment condition used (i.e. 0.1 M TPAOH, at 160 °C for <12 

h) was appropriate to produce the regular ZSM-5 nanoboxes with uniform cavities, which can be 

attributed to the preferential desilication of siliceous part of AS-MFI and recrystallisation of 

dissolved Si and EFAL. The shell thickness of ZSM-5-P zeolites is about 20 nm (Figures 5.3e, f 

and S5.3). The shell of ZSM-5-P-0.1-6 is well crystallised, as evidenced by the fast Fourier 

transform (FFT) of HRTEM (inset in Figure 5.3f) and XRD analysis (Figure S5.1). The Al-rich 

walls of ZSM-5 nanoboxes are also confirmed by EDX, as shown in Figure 5.3. ZSM-5-P 

nanoboxes show the significant mesoporous features as revealed by the nitrogen (N2) adsorption-
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desorption analysis (Figures 5.4a and S5.2, Table S5.1) with specific external surface areas (Sext.) 

= 113–149 m2 g−1 and mesopores volumes (Vmeso.) = 0.16–0.26 cm3 g−1. Using concentrated SDA 

(i.e. 0.3 M or 0.5 M TPAOH, Supporting Information) in the post-treatment (24 h) was not 

beneficial to the formation of mesoporous hollow structures (e.g. Sext. <86 m2 g−1), as well as 

reducing the crystallinity of the resulting zeolites (i.e. ZSM-5-P-0.3-24 and ZSM-5-P-0.5-24, RC 

<56%), which is evidenced by various characterisation data of the materials (Figures S5.5–S5.8 

and Table S5.2). This is again due to the fast and excessive dissolution, which suppresses the 

recrystallisation rate, making the formation of mesoporous hollow structures challenging. RC 

value of ZSM-5-P-0.5-24 from the treatment using 0.5 M TPAOH aqueous solution was only 

~51% (Table S5.2), suggesting the significant loss of crystallinity due to the fast dissolution. N2 

physisorption analysis also shows that the hysteresis loops of ZSM-5-P-0.3-24 and ZSM-5-P-0.5-

24 zeolites are less significant (Figure S5.7) in comparison to that of ZSM-5-P zeolites (Figure 

S5.2). In summary, the post-treatment with TPAOH solution is effective to revive EFAL in the 

parent AS-MFI, converting it into framework Al in ZSM-5-P zeolites. However, the balance of 

dissolution and recrystallisation needs to be regulated (by varying the treatment time and the 

concentration of aqueous TPAOH solution) in order to obtain well-defined crystalline nanoboxes. 

C-ZSM-5 shows the typical features of conventional ZSM-5 zeolites which were characterised as 

presented in Table S5.2. Comparably, as discussed above, the post-synthetic treatment of C-ZSM-

5 (with 0.1 M TPAOH for 6 h, Supporting Information) was not able to develop mesoporous 

structures (e.g. Sext. = ~76 m2 g−1, Figures S5.9–S5.11, Table S5.2) due to the presence of abundant 

framework Al in its framework (Figures 5.2b and S5.12), inhibiting the effective dissolution of Si, 

and resulting in the post-treated ZSM-5 zeolite (i.e. P-C-ZSM-5-0.1 (6)) with limited and irregular 

mesopores (by SEM and TEM, Figure S5.10). 

Al-rich ZSM-5-P nanoboxes (i.e. with low SARs) show the improved acidity, especially strong 

acidity corresponding to Brønsted acidity (concentration of strong acid sites, as determined by 

NH3-TPD for NH3 desorption at 300–500 °C, Figure S5.13 and Table S5.3), which is beneficial to 

catalysis. Due to the absence of Al-O-Si sites in AS-MFI, its strong acidity is insignificant at 24.1 

µmol g−1, as shown in Figure 5.4b and Table S5.33 and infrared (IR) study of pyridine adsorption 

on zeolites (Figure S5.14). It should be noted that the lack of strong acidity in AS-MFI also serves 

as the evidence of the absence of framework tetrahedral Al in it. 
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Figure 5.4. (a) N2 adsorption (solid symbols)/desorption (open symbols) isotherms and (b) NH3-TPD curves of AS-

MFI, C-ZSM-5 and ZSM-5-P-0.1-6. The steep initial increase in volume of N2 adsorbed (circled) is within the 

micropore region and is due to filling of the micropores. Increases in volume adsorbed after this point are due to filling 

of the mesopores. Hysteresis at high relative pressure (indicated by the arrows) are due to differences in filling and 

emptying of the pore space, indicated by the green and blue arrows respectively.  

Conversely, ZSM-5-P nanoboxes show a significantly enhanced acidity (with an average strong 

acidity of 404.9±33.4 µmol g−1), reflecting the reconstruction of EFAL to the tetra-coordinated 

framework Al during the post-treatment using TPAOH. Regarding the acidity of C-ZSM-5, it is 
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comparable to that of ZSM-5-P nanoboxes (Figure S5.13c and Table S5.3). However, the post-

treatment of C-ZSM-5 (to P-C-ZSM-5-0.1 (6)) reduced the strong acidity by ca. 28% (from 393.6 

to 282.3 µmol g−1). 

ZSM-5-P nanoboxes combine the mesoporous structure with the low SAR value (~16, 

corresponding to a high concentration of framework Al) favour the relevant zeolite catalysis such 

as propylene-selective catalytic cracking. ZSM-5 is the widely used additives in cracking catalysts 

for improving propylene selectivity, 10 due to its pore diameter which can provide size/shape 

selectivity. However, the conventional microporous ZSM-5 zeolite is prone to deactivate due to 

carbon deposition which is mainly the results of long diffusion pathway, as well as the redundant 

strong acid sites. 40 Although strong acid sites are crucial for catalytic reactions, especially for 

hydrocarbon cracking, the reactants could over-react on the acid sites and convert to aromatic 

hydrocarbons or carbon deposition, resulting in the deactivation of catalyst. Therefore, the 

development of zeolite catalysts combing the strong acidity with improved accessibility to active 

sites will be highly beneficial to address the challenge. 

Comparative catalytic evaluation of ZSM-5-P-0.1-6 along with the control catalysts, i.e. AS-MFI, 

C-ZSM-5 and a conventional hollow ZSM-5 nanoboxes with a SAR value of ~45 (i.e. C-HO-

ZSM-5, Figures S5.15 and S5.16, Table S5.4, Supporting Information) was performed using 

cracking reactions with n-octane (kinetic diameter, KD, = 0.43 nm) 41 and cumene (KD = 0.68 nm) 

42 as the model naphtha  and aromatic compounds (Figures 5.5 and S5.17, Tables S5.5 and S5.6). 

Catalysis was carried out in a fixed bed reactor (I.D = 10 mm) with 1 g pelletised zeolite catalysts 

(particle size = 1.6–1.8 mm). Figure 5.6 presents the conversion of n-octane over different zeolites 

at 540 °C as a function of time-on-stream (ToS).  
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Figure 5.5. Conversion profiles of different zeolite catalysts as a function of time-on-stream (ToS) in (a) catalytic n-

octane cracking and (b) catalytic cumene cracking. 

AS-MFI shows insignificant activity compared to other catalysts due to the lack of framework Al, 

and thus Brønsted acidity (Figures S5.13a and S5.14). Although the microporous C-ZSM-5 

presented the highest initial activity (with an initial n-octane conversion of ∼90%), it deactivated 

gradually and significantly over time (the final n-octane conversion and dropped to ∼48% after 25 

h on stream). The deactivation of C-ZSM-5 was due to the coke formation on the external surface 

of the crystals, which was the result of the diffusion resistance caused by the pure microporous 

framework of C-ZSM-5, leading to the loss of accessibility and acidity (i.e. SBET and strong acidity 

dropped by about 73% and 57%, respectively, according to the post-reaction characterisation of 

the used catalysts using N2 physisorption and NH3-TPD analyses, Tables S5.7 and S5.8). 
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Conversely, the ZSM-5-P-0.1-6 nanoboxes promoted the diffusion of n-octane through their newly 

formed percolating pore network, being highly stable regarding both n-octane conversion (at ca. 

73%) and selectivity to propylene (at ~30%, as shown in Figure S5.17). C-HO-ZSM-5 with the 

mesoporous hollow structure (Figures S5.15 and S5.16) showed a stable catalytic performance in 

cracking n-octane as well. However, due to the low concentration of strong acidity in C-HO-ZSM-

5 (at 214.4 µmol g−1), it was outperformed by ZSM-5-P-0.1-6 nanoboxes by ∼130% regarding n-

octane conversion. The used ZSM-5-P-0.1-6 (denoted as ZSM-5-P-0.1-6-U) can be regenerated 

(by calcination at 550 °C under 10 vol.% O2 in N2), and the regenerated ZSM-5-P-0.1-6 showed 

the comparable chemical, physical and catalytic properties, as shown in Figures S5.18–S5.20 and 

Tables S5.7–S5.8). 

The accessibility issue was substantial when relatively bulky cumene (KD = 0.68 nm) 42 was 

cracked (at 320 °C), the advantages of Al-rich ZSM-5-P-0.1-6 nanoboxes over the conventional 

microporous C-ZSM-5 and conventional C-HO-ZSM-5 (SAR = ~45) are highly recognisable. 

Severe deactivation (i.e. cumene conversion dropped by ~88% within 10 h) was measured for C-

ZSM-5 due to coke deposition (as shown by the thermogravimetric, N2 physisorption and NH3-

TPD analysis of the used zeolite catalysts, Figure S5.21, Tables S5.9–S5.10). By comparing the 

two ZSM-5 nanoboxes under study, ZSM-5-P-0.1-6 showed remarkably better activity than C-

HO-ZSM-5 on stream of 70 h (e.g. deactivation rate regarding the cumene conversion: −0.31% 

h−1 for ZSM-5-P nanoboxes vs. −0.48% h−1 for C-HO-ZSM-5). More importantly, although with 

a low SAR value of ~16, ZSM-5 nanoboxes remained stable as well, as evidenced by the 

comparable XRD and N2 physisorption analysis of the used ZSM-5-P-0.1-6 before and after steam 

ageing (at 500 °C for 10 h with 50% water in N2, Figure S5.22 and Table S5.11). The specific 

micropore surface area (Smicro) of the used ZSM-5-P-0.1-6 after steam ageing dropped by ca. 6% 

(from 415 m2 g−1 to 391 m2 g−1), while the RC values remained comparable at ~85%. 

As previously mentioned, it is likely that the creation of an intra-crystalline accessible meso-micro-

porous structure of ZSM-5-P nanoboxes contributes to the measured catalytic activity; this was 

experimentally confirmed by PFG-NMR measurements carried out at a 1H frequency of 43 MHz, 

with a diffusion probe capable of producing magnetic field gradient pulses up to 163 mT m−1, at 

atmospheric pressure and 25 °C. The mass transport properties of the zeolites under study 

measured by PFG-NMR (using probing molecules of n-octane, cumene and 1,3,5-
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triisopropylbenzene, TIPB) are shown in Figure 5.6, together with PFG-NMR plots of the bulk 

liquid of probing molecules (i.e. purple inverted triangle symbols in Figures 5.6a–5.6c) as a 

reference. Diffusion measurements were performed using the pulsed-field gradient stimulated echo 

sequence (PGSTE sequence). 31 The sequence is made by combining a series of radiofrequency 

pulses (RF) with magnetic field gradients (g, Figure 2.11). According to Equation 2.38, the NMR 

signal attenuation of PFG-NMR experiments as a function of the gradient strength, E(g), is related 

to the experimental variables and the diffusion coefficient (D, calculated by fitting Equation 2.38 

to the experimental data). PFG-NMR plots, i.e. log-attenuation plots as shown in Figures 5.6a–

5.6c, provide a visual representation of the diffusion properties of the guest molecules within the 

porous media being studied.  

 

Figure 5.6. PFG-NMR log attenuation plots for (a) n-octane, (b) cumene and (c) TIPB within different zeolite samples 

under investigation (solid lines represent the fittings using Equation 2.38); (d) values of tortuosity of the probe 

molecules of n-octane, cumene and TIPB in different zeolite samples. 
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The lack of any evident curvature for PFG-NMR plots, as well as the relatively large root-mean-

square displacement (RMSD) values (Table 5.1), 43 which are much greater than the average 

crystal size of the zeolite particles, indicates that the guest molecules have the time to explore the 

overall pore structure of the solid samples (both inter- and intra-crystalline space) during the 

observation times used for the experiments (i.e. 200 ms for n-octane/cumene and 500 ms for TIPB). 

Table 5.1. Root mean squared displacements (RMSD) of n-octane, cumene and 1,3,5-triisopropylbenzene (TIPB) 

imbibed within the ZSM-5-P-0.1-6, AS-MFI and C-ZSM-5 zeolite catalysts. 

 

Sample RMSDOCT [μm] RMSDCUM [μm] RMSDTIPB [μm] 

C-ZSM-5 23.0 18.6 11.4 

AS-MFI 18.9 17.7 11.1 

ZSM-5-P-0.1-6 12.1 11.6 8.2 

 

Therefore, the calculated diffusion coefficients (D) represent the averaged molecular diffusivity 

across the whole zeolite particle. 44 Consequently, the diffusion measured is not solely 

intracrystalline diffusion but rather, an effective diffusivity comprised of diffusion within the 

intracrystalline pore space and the pore space between crystallites, commonly referred to as long-

range diffusion. By fitting PFG-NMR plots using Equation 2.38, the relevant diffusion coefficient 

of the systems under investigation was obtained (the negative value of the slope is equivalent to 

the numerical value of D of the guest molecules being studied), as shown in Table 5.2.  

Table 5.2. Self-diffusivity and diffusivity values of bulk n-octane, cumene and TIPB, and n-octane and cumene 

imbibed within the C-ZSM-5, AS-MFI and ZSM-5-P-0.1-6 samples, and the calculated tortuosity values of the 

samples. 

 

Sample DOCT [m2 s−1] × 10 9 τOCT DCUM [m2 s−1] × 10 9 τCUM  DTIPB [m2 s−1] × 10 9 τTIPB 

C-ZSM-5 1.29±1 % 1.82±1 % 0.80±1 % 1.95±1 %  0.13±1 % 2.00±1 % 

AS-MFI 0.76±8 % 2.68±8 % 0.70±1 % 2.22±1 %  0.14±1 % 1.86±1 % 

ZSM-5-P-0.1-6 0.30±5 % 6.62±5 % 0.22±8 % 7.33±8 %  0.07±2 % 3.71±2 % 

Bulk liquid 2.30±1 % - 1.56±1 % -  0.26±4 % - 
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Interestingly, PFG-NMR measurements showed that D values of the probing molecules in ZSM-

5-P-0.1-6 were the smallest in comparison with the microporous AS-MFI and C-ZSM-5. As a 

consequence, the pore network tortuosity, defined as the ratio of the bulk diffusivity of the guest 

molecule and that of the same molecule within the pore space, (τ, Figure 5.6d, calculated using 

Equation 4.2) of the ZSM-5-P-0.1-6 sample is the largest. Considering the kinetic diameter n-

octane (0.43 nm) and cumene (0.68 nm), for ZSM-5-P-0.1-6, the comparatively small value of D 

and large value of τ, suggest that the developed method created a new percolating network within 

ZSM-5-P-0.1-6 zeolite crystals. As a result, the probing molecules gain access to the newly formed 

percolating network in the intra-crystalline pores, which is more tortuous than the inter-crystalline 

space, hence leading to lower values of the averaged measured diffusion coefficient due to 

increased collisions with the intra-crystalline pore walls. It is also possible that the measured 

diffusivities are impacted by a change in diffusion mechanism. Within the purely microporous 

crystal, molecules will not be able to enter the small pore space so will diffuse through the 

relatively large intercrystalline pore space, most likely by the molecular diffusion mechanism, as 

discussed in Chapter 3, where diffusion is dominated by molecule-molecule interactions and is 

relatively fast. Within the intracrystalline pores, the diffusion is more likely to be Knudsen type 

diffusion, also discussed in Chapter 3, where molecule-pore wall interactions dominate and the 

diffusivity is relatively slow. This slowing of diffusivity due to change in diffusion mechanism 

can also be responsible for the higher tortuosity values observed. 

For the microporous AS-MFI and C-ZSM-5, the probing molecules diffuse primarily within the 

inter-crystalline pore space (since the intra-crystalline space is less accessible due to the much 

smaller pore size of 0.54 nm). To prove this further, PFG-NMR experiments were carried out using 

a bulky molecule, TIPB (kinetic diameter = 0.94 nm), 45 which is not able to enter the micropores 

of the intra-crystalline space (i.e. the intrinsic micropores of ZSM-5 zeolites). It was found that, 

when bulky TIPB was used as the probing species, (i) unlike n-octane and cumene, PFG-NMR 

plots of the materials are comparable for all the zeolite samples (Figure 5.6c) and (ii) the rate of 

diffusion within the ZSM-5-P-0.1-6 sample measured across the whole zeolite particle increases, 

leading to a significant decrease in τ values, which becomes comparable with values measured for 

the parent and conventional zeolites (Table 5.2). Such findings can be clearly explained by 

considering the larger size of TIPB (in comparison with n-octane and cumene) hinders the access 

to newly formed percolating network inside the crystalline space of ZSM-5-P-0.1-6 zeolites, hence 
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the probe molecules experience a faster diffusion, lower tortuosity, within the inter-crystalline 

space only. This is also confirmed by the comparable D and τ values of the zeolites under 

investigation when TIPB was used as the probing molecules in PFG-NMR measurements (Table 

5.2). In comparison with the state-of-the-art post-synthetic alkaline treatments (with or without 

SDA, Tables S5.12 and S5.13), the method produced ZSM-5 nanoboxes with (i) a well-developed 

percolating meso-micro-porous network and (ii) high concentration of strong acid sites (i.e. low 

SAR) in zeolite crystals. 

5.4. Conclusions 

ZSM-5 zeolites are important catalysts for many catalytic conversions such as catalytic cracking 

(to increase propylene selectivity by cracking gasoline range molecules selectively), MTO, 

alkylation and ethanol dehydration. Accessibility issues and mass transfer limitations in ZSM-5’s 

microporous framework commonly affect the outcome of the catalysis to a great extent. Post-

synthetic desilication treatment of ZSM-5 is the practical way to introduce mesoporosity to ZSM-

5 zeolites but is limited by SAR of the parent zeolites. This work presents a simple and novel 

strategy via rapid ageing of the sol gel mixture to prepare the parent zeolite with the tetrahedral 

EFAL and low SAR of about 12, which can be subsequently reconstructed (during the post-

synthetic treatment using SDA, i.e. TPAOH) to give mesoporous hollow ZSM-5 nanoboxes with 

low SAR of ~16. The developed protocol removed the constraint of SAR of the parent zeolite on 

properties of the post-treated ZSM-5. The unique combination of the hierarchical meso-micro-

porous thin shell and low SAR of such ZSM-5 nanoboxes led to (i) the significantly improved 

accessibility of guest molecules to the active sites (evidenced by PFG-NMR measurements) and 

(ii) comparably high yet stable catalytic performance in cracking reactions, which is significantly 

important for the development of specific propylene-selective catalysts aiming to improve the 

current on-purpose propylene production technologies.  
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Supporting information 

 
 

Figure S5.1. (a) XRD patterns and (b) relative crystallinity (RC) of AS-MFI and mesoporous ZSM-5 nanoboxes (i.e. 

ZSM-5-P zeolites) from the post-synthetic TPAOH (0.1 M) treatment of AS-MFI with different treatment times (6–96 

h, ZSM-5-P-0.1-12 as the reference with 100% RC). 
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Figure 

S5.2. (a) Nitrogen (N2) adsorption/desorption isotherms, (b) micropore cumulative pore volume, (c) mesopore 

cumulative pore volume and (d) differential pore size distribution of AS-MFI and mesoporous ZSM-5 nanoboxes (i.e. 

ZSM-5-P zeolites) from the post-synthetic TPAOH (0.1 M) treatment of AS-MFI with different treatment times (6–96 

h). 
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Table S5.1. Textural properties and molar SARs of AS-MFI and mesoporous ZSM-5 nanoboxes (i.e. ZSM-5-P 

zeolites) from the post-synthetic TPAOH (0.1 M) treatment of AS-MFI with different treatment times (6–96 h). 

Sample 
SBET Smicro Sext. Vmicro Vtotal Vmeso Molar SAR [-] 

[m2 g−1] [m2 g−1] [m2 g−1] [cm3 g−1] [cm3 g−1] [cm3 g−1] by XPS by EDX by ICP 

AS-MFI 375 275 100 0.12 0.22 0.10 5.9 12.1 12.3 

ZSM-5-P-0.1-6 521 372 149 0.15 0.41 0.26 10.9 16.3 15.6 

ZSM-5-P-0.1-12 468 339 129 0.14 0.34 0.20 9.1 16.6 16.3 

ZSM-5-P-0.1-24 456 331 125 0.14 0.34 0.20 10.2 17.6 17.1 

ZSM-5-P-0.1-48 420 295 125 0.12 0.30 0.18 12.5 15.2 16.4 

ZSM-5-P-0.1-96 406 293 113 0.12 0.28 0.16 12.6 14.7 15.2 
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Figure S5.3. TEM micrographs of (a) AS-MFI, (b) ZSM-5-P-0.1-6, (c) ZSM-5-P-0.1-12, (d) ZSM-5-P-0.1-24, (e) 

ZSM-5-P-0.1-48 and (f) ZSM-5-P-0.1-96 zeolites. 
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Figure S5.4. SEM micrographs of (a) ZSM-5-P-0.1-12, (b) ZSM-5-P-0.1-24, (c) ZSM-5-P-0.1-48 and (d) ZSM-5-P-

0.1-96 zeolites. 

 
 

Figure S5.5. SEM micrographs of (a) ZSM-5-P-0.3-24 and (b) ZSM-5-P -0.5-24 zeolites (the samples were obtained 

by treating AS-MFI using 0.3 M and 0.5 M TPAOH solutions for 24 h). 
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Figure S5.6. TEM micrographs of (a) ZSM-5-0.3-P-24 and (b) ZSM-5-P-0.5-24 zeolites. 

 

 

 

 

 
 

Figure S5.7. (a) N2 adsorption/desorption isotherms, (b) micropore cumulative pore volume, (c) mesopore cumulative 

pore volume of AS-MFI, ZSM-5-P-0.3-24 and ZSM-5-P-0.5-24 zeolites. 
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Figure S5.8. XRD patterns of AS-MFI, ZSM-5-P-0.3-24 and ZSM-5-P-0.5-24 zeolites. 

 

 

Table S5.2. Textural properties, molar SARs and relative crystallinities (RC) of AS-MFI, P-ZSM-5-0.3-24 and P-

ZSM-5-0.5-24 zeolites. 

Sample 
SBET  Smicro Sext. Vmicro Vtotal Molar SAR [-] RC 

[m2 g−1]  [m2 g−1] [m2 g−1] [cm3 g−1] [cm3 g−1] by XPS by EDX by ICP [%] 

AS-MFI 375  275 100 0.12 0.22 5.9 12.1 12.3 80.1 

ZSM-5-P-0.3-24 392  317 75 0.13 0.25 15.4 15.6 14.9 55.9 

ZSM-5-P-0.5-24 388  302 86 0.13 0.23 13.9 13.7 14.3 51.0 

C-ZSM-5 341  285 56 0.14 0.21 9.7 13 13.4 - 

C-ZSM-5-0.1-6 337  261 76 0.12 0.23 12.0 16.5 16.1 77.3 

C-HO-ZSM-5 379  234 145 0.10 0.28 42.0 45.1 44.9 - 
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Figure S5.9. (a) N2 adsorption/desorption isotherms, (b) micropore cumulative pore volume, (c) mesopore cumulative 

pore volume of C-ZSM-5 and C-ZSM-5-P-0.1-6 zeolites (C-ZSM-5-P-0.1-6 was obtained from the post-synthetic 

TPAOH (0.1 M) treatment of C-ZSM-5 for 6 h).  

 

 

 

 

 

 
 

Figure S5.10. TEM micrographs of (a) C-ZSM-5 and (b–c) C-ZSM-5-P-0.1-6 zeolites. 
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Figure S5.11. XRD patterns of C-ZSM-5 and C-ZSM-5-P-0.1-6 zeolites. 

 

 
 

Figure S5.12. (a) 27Al MAS NMR spectrum and (b) 29Si MAS NMR spectra of the C-ZSM-5-P-0.1-6 zeolite. 
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Figure S5.13. Comparative NH3-TPD curves of (a) AS-MFI and mesoporous ZSM-5 nanoboxes (i.e. ZSM-5-P 

zeolites), (b) AS-MFI, ZSM-5-P-0.3-24 and ZSM-5-P-0.5-24 zeolites, and (c) C-ZSM-5 and C-ZSM-5-P-0.1-6 

zeolites. 

 

 
 

Figure S5.14. IR spectra, in the region characteristic of adsorbed pyridine vibrations, of the relevant zeolite catalysts 

after pyridine sorption and evacuation at 200 °C (solid lines) and 350 °C (dash lines). 
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Table S5.3. Acidic properties of the zeolite catalysts under investigation by NH3-TPD. 

 

Sample 
Temperature at maximum [K] Weak acidity 

[µmol g−1] 

Strong acidity 

[µmol g−1] First peak Second peak 

AS-MFI 473 569 107.6 24.1 

ZSM-5-P-0.1-6 471 645 249.6 403.1 

ZSM-5-P-0.1-12 478 666 292.9 425.4 

ZSM-5-P-0.1-24 480 662 293.3 364.7 

ZSM-5-P-0.1-48 472 652 248.7 448.7 

ZSM-5-P-0.1-96 477 661 248.2 382.6 

ZSM-5-P-0.3-24 474 648 208.9 286.6 

ZSM-5-P-0.5-24 485 675 303.1 469.2 

C-ZSM-5 488 682 321.6 393.6 

C-ZSM-5-P-0.1-6 474 651 215.1 282.3 

C-HO-ZSM-5 468 640 131.1 214.4 
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Figure S5.15. (a) N2 adsorption-desorption (open symbols) isotherms, (b) micropore cumulative pore volume, (c) 

mesopore cumulative pore volume, and (d) NH3-TPD curves of  C-HO-ZSM-5 (SAR = ~45). 
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Figure S5.16. TEM micrographs of C-HO-ZSM-5 (SAR = ~45). 

 

Table S5.4. Key Physical and chemical properties of the zeolite catalysts used for cracking reactions. 

 

Catalysts 
SBET Smicro Sext. Vmicro Vtotal SARa Acidityb 

[µmol g−1] 

 

[m2 g−1] [m2 g−1] [m2 g−1] [cm3 g−1] [cm3 g−1] [-] 

AS-MFI 375 275 100 0.12 0.22 12.3 24.1  

ZSM-5-P-0.1-6 521 372 149 0.15 0.41 15.6 403.1  

C-ZSM-5 341 285 56 0.14 0.21 13.4 393.6  

C-HO-ZSM-5 379 234 145 0.10 0.28 44.9 214.4  
 

a Molar SAR values by ICP; b Strong acidity by NH3-TPD. 

 

 
 

Figure S5.17. Selectivity of n-octane cracking as a function of time-on-stream over (a) AS-MFI, (b) ZSM-5-P-0.1-6 

and (c) C-ZSM-5 zeolites. 
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Table S5.5. Conversions and selectivity of n-octane cracking reactions (at 540 °C) over the zeolite catalysts under 

study.a  

 

Zeolite 
Conversionb 

[%] 

Selectivity [%] P/Ec 

[-] parafins ethylene propylene butenes+butanes BTX 

AS-MFI 3.2 53.9 10.2 22.7 13.3 0.00 2.2 

ZSM-5-P-0.1-6 72.7 29.3 16.6 30.7 17.2 6.2 1.8 

ZSM-5-P-0.1-6 (regenerated) 72.8 29.8 16.8 30.0 17.3 6.1 1.8 

ZSM-5-P-0.1-24 75.2 30.7 16.9 27.1 16.2 9.0 1.6 

ZSM-5-P-0.1-48 82.3 31.8 17.6 25.9 16.2 8.5 1.5 

ZSM-5-P-0.1-96 88.5 33.4 17.7 22.3 14.2 12.3 1.3 

C-ZSM-5 90.0 35.8 17.9 23.2 14.3 8.8 1.3 

C-HO-ZSM-5 31.0 29.3 9.0 38.1 23.5 0.0 4.2 

 

a All data are the averaged values of the first three hours on stream with the margin of errors of ca. 7% for C-

ZSM-5 and <1.5% for the rest; b carbon mass balances >95.0%; c the propylene/ethylene (P/E) ratio. 

 

Table S5.6. Conversion and selectivity of cumene cracking reactions (at 320 °C) over the zeolite catalysts under study.a  

 

Catalyst 
Conversiona 

[%] 

Selectivity [%] 

parafins ethylene propylene butenes+butanes BTX 

ZSM-5-P-0.1-6 94.0 7.0 0.7 7.3 11.3 73.8 

C-ZSM-5 66.1 6.06 0.7 7.7 10.1 75.3 

C-HO-ZSM-5 83.4 5.0 0.4 11.7 11.1 71.8 

 

a All data are the averaged values of the first three hours on stream with the margin of errors of ca. 21% for 

C-ZSM-5, ca. 5% for C-HO-ZSM-5 and 0.3% for ZSM-5-P-0.1-6; b carbon mass balances >95.0%. 

 

 

 



Luke Forster – Tailoring surfaces in porous media for catalysis and separation applications 
 

141 
 

 
 

Figure S5.18. (a) conversion and (b) selectivity of n-octane cracking over the regenerated ZSM-5-P-0.1-6-U zeolite 

catalyst. 

 
 

Figure S5.19. (a) N2 adsorption/desorption isotherms and (b) NH3-TPD curves of the ZSM-5-P-0.1-6, ZSM-5-P-0.1-

6-U and regenerated ZSM-5-P-0.1-6 zeolite catalysts. 
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Figure S5.20. (a) 27Al MAS NMR and (b) 29Si MAS NMR spectra of the regenerated ZSM-5-P-0.1-6 zeolite. 

Table S5.7. Comparative textural properties of the fresh, used and regenerated ZSM-5-P-0.1-6 zeolite catalyst by N2 

physisorption. 

 

Sample 
SBET Smicro Sext. Vmicro Vtotal 

[m2 g−1] [m2 g−1] [m2 g−1] [cm3 g−1] [cm3 g−1] 

ZSM-5-P-0.1-6 521 372 149 0.15 0.41 

ZSM-5-P-0.1-6-U 382 265 117 0.11 0.35 

Regenerated ZSM-5-P-0.1-6 522 369 153 0.15 0.43 

 

Table S5.8. Comparative acidic properties of the fresh, used and regenerated ZSM-5-P-0.1-6 zeolite catalyst by NH3-

TPD. 

 

Sample 
Temperature at maximum [K] Weak acidity 

[µmol g−1] 

Strong acidity 

[µmol g−1] First peak Second peak 

ZSM-5-P-0.1-6 471 645 249.6 403.1 

ZSM-5-P-0.1-6-U 471 645 221.7 313.2 

Regenerated ZSM-5-P-0.1-6 471 642 250.6 397.1 
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Figure S5.21. Weight loss of the used zeolite catalysts (by TGA) from the cumene cracking reactions. 

 

Table S5.9. Comparative textural properties of the fresh and used ZSM-5-P-0.1-6 (SAR = ~16), C-HO-ZSM-5 (SAR 

= ~45) and C-ZSM-5 (SAR = ~13) from the catalytic cracking reactions by N2 physisorption. 

 

Sample 
SBET Smicro Sext. Vmicro Vtotal 

[m2 g−1] [m2 g−1] [m2 g−1] [cm3 g−1] [cm3 g−1] 

ZSM-5-P-0.1-6 521 372 149 0.15 0.41 

ZSM-5-P-0.1-6-Ua 382 265 117 0.11 0.35 

ZSM-5-P-0.1-6-Ub 249 188 61 0.08 0.31 

C-HO-ZSM-5 379 234 145 0.10 0.28 

C-HO-ZSM-5-Ua 304 193 111 0.10 0.20 

C-HO-ZSM-5-Ub 213 178 35 0.08 0.20 

C-ZSM-5 341 285 56 0.14 0.21 

C-ZSM-5-Ua 92 75 17 0.03 0.05 

C-ZSM-5-Ub 20 16 4 0.01 0.02 
 

a The used zeolite from n-octane cracking; b the used zeolite from cumene cracking. 
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Table S5.10. Comparative acidic properties of the fresh and used zeolite catalysts (from cracking reactions) by NH3-

TPD. 

 

Sample 
Temperature at maximum [K] Weak aciditya 

[µmol g−1] 

Strong acidityb 

[µmol g−1] First peak Second peak 

ZSM-5-P-0.1-6 471 645 249.6 403.1 

ZSM-5-P-0.1-6Ua 471 645 221.7 313.2 

ZSM-5-P-0.1-6Ub 475 640 192.8 228.3 

C-HO-ZSM-5 468 640 131.1 214.4 

C-HO-ZSM-5-Ua 478 666 102.9 168.4 

C-HO-ZSM-5-Ub 465 605 74.5 100.6 

C-ZSM-5 488 682 321.6 393.6 

C-ZSM-5-Ua 472 637 146.6 172.0 

C-ZSM-5-Ub 480 669 117.6 104.9 

 

a The used zeolite from n-octane cracking; b the used zeolite from cumene cracking. 

 

 
 

Figure S5.22. (a) XRD patterns and (b) N2 adsorption/desorption isotherms of ZSM-5-P-0.1-6-U before and after the 

steam aging. 
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Table S5.11. Textural properties ZSM-5-P-0.1-6-U (from the catalytic n-octane cracking) and its counterpart after 

steam aging treatment. 

 

Sample 
SBET Smicro Sext. Vmicro Vtotal 

[m2 g−1] [m2 g−1] [m2 g−1] [cm3 g−1] [cm3 g−1] 

ZSM-5-P-0.1-6-U 415 262 153 0.11 0.34 

Steam aged ZSM-5-P-0.1-6-U 391 244 147 0.10 0.33 

 

 

 

 

 

 

 

 

 

 

 

Table S5.12. Information of the parent MFI zeolites and the resulting zeolites prepared using the conventional post-

synthetic alkaline treatment methods. 

 

Parent zeolites 
Post-treatment conditions 

Resulting mesoporous zeolites 
Ref. 

zeolite SAR Crystal size Textural property SAR 

ZSM-

5 
40 

μm 

aggregates 
0.2 M NaOH at 80 C (5 h) Mesoporous n/a 1 

ZSM-

5 
37 n.a. 

0.05 M NaOH at 50 or 70 C (0.5–

30 h) 
Mesoporous 

374–

2133 
2 

ZSM-

5 
37 

μm 

aggregates 
0.2 M NaOH at 65 C (0.5 h) Mesoporous 24 3 

ZSM-

5 
37 

μm 

aggregates 

0.2 M NaOH at 35–85 C (15–120 

min) 
Mesoporous 24–37 4 

ZSM-

5 

17 

n.a. 0.2 M NaOH at 65 C (30 min) 

Limited mesoporosity 15 

5 

19 Limited mesoporosity 18 

26 Mesoporous 18 

37 Mesoporous 24 

42 Mesoporous 29 

176 Mesoporous 133 

1038 Limited mesoporosity 560 

ZSM-

5 
26 400–700 nm 

0.2 M NaOH at 65 C (15 or 30 min) 

Mesoporous and 

hollow 
18–19 

6 

 41 20–30 μm 
Mesoporous and 

hollow 
32 

ZSM-

5 
72 200–300 nm 0.6 M Na2CO3 at 80C for 36 h. Hollow structure 49 7 

ZSM-

5 

50 <100 nm 
0.1 M NaOH at 80C (2–5 min, 1–

10 h) 
Hollow structure 27–41 

8 

14 
μm 

aggregates 
0.1 M NaOH at 80C for one week Limited mesoporosity n/a 
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Table S5.13. Information of the parent MFI zeolites and the resulting zeolites prepared using the conventional post-

synthetic methods using TPAOH solutions. 

 

Parent zeolites 
Post-treatment conditions 

Resulting mesoporous 

zeolites Ref. 

zeolite SAR Crystal size Textural property SAR 

silicalite-1 - <200 nm 

0.56 M TPAOH with additional Al 

sources (Al(NO3)3) at 170 C (0.75–

24 h) 

Hollow structure 
50–

100 
9 

silicalite-1 - 0.5–1 μm 
0.56 M TPAOH with Al(NO3)3 at 170 

C (24 h) 

Heterogeneous 

mesoporosity 
125 

silicalite-1 - μm  Mesoporous 
33–

402 
10 

ZSM-5 100 <300 nm 1 M TPAOH at 170 C (24 h) Hollow structure 
101–

105 
11 

ZSM-5 
40–

79 
<200 nm 

TPAOH (0.05–0.5 M) at 170 C (72 

h) 
Hollow structure 

47–

70 
12 

ZSM-5 50 300–500 nm 
TPAOH (0.15 or 0.3 M) at 170 C (72 

h) 
Hollow structure n/a 13 

ZSM-5 37 n.a. TPAOH (0.3 M) at 170 C (72 h) Hollow structure 33 14 

silicalite-1 - 200–900 nm 

0.3 M TPAOH with NaAlO2 at 170 

C (72 h) with different liquid-to-

solid ratios 

Hollow structure 
41–

63 
15 

silicalite-1 - <100 nm 
TPAOH with NaAlO2 at 170 C (72 

h) with different synthesis times 
Hollow structure 

31–

51 
16 
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Chapter 6: The design and optimisation of a heterogeneous tin and 

gallium doped zeolite Y catalytic system for the green isomerisation 

of hexose sugars using low-field NMR relaxation measurements 

The content of this chapter will be published as a full research article. Author contributions are as 

follows; Luke Forster designed and performed the NMR measurements. Philippa James and Dedi 

Sutarma prepared the catalysts and carried out the catalytic tests. Luke Forster, Carmine 

D’Agostino and Marco Conte prepared the manuscript. 

Abstract 

Novel tin and gallium doped zeolite Y catalysts were prepared via wet impregnation and tested for 

the catalytic isomerisation of glucose to produce fructose and mannose. When methanol was used 

as the reaction solvent the pure zeolite Y was found to convert 39 % of glucose to the isomerisation 

products whilst the tin and gallium doped zeolites converted 55 % and 51 % of glucose 

respectively. No isomerisation occurred when water was used as the reaction solvent and 

intermediate conversion were seen in ethanol. 

2D NMR relaxation time measurements found that the reaction solvents studied interact with the 

catalyst surfaces with interaction strengths in the order; water > ethanol > methanol for both the 

non-doped and metal doped zeolites in agreement with the catalytic data obtained, where the 

highest activity was in methanol and the lower was in water. NMR relaxation time measurements 

imply that the reduced catalytic activity in water and ethanol compared to methanol are due to 

relatively strong adsorption of the reaction solvent to the zeolite surfaces thereby blocking 

reactants from the catalytically active sites situated on the zeolite surface hence suppressing the 

isomerisation reaction. 

2D NMR displacement experiments showed that water readily displaces both methanol and 

ethanol from the zeolite pores. Methanol is displaced at a faster rate than ethanol due to its’ weaker 

interaction with the zeolite surface. The displacement of the alcohols from the zeolite pores by 

water was found to occur at the same rate regardless of whether the zeolite was doped or not. This 

was explained by considering the ratio of the water adsorption strength to that of the alcohols 

which demonstrated that impregnation using tin or gallium metal does not significantly influence 

the relative strengths of adsorption of the water and alcohols thereby the displacement rate is 

unaffected by the presence of metal centres. 
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6.1. Introduction 

In recent times, the development of chemical systems with minimal environmental impact has 

become of paramount importance to academic and industrial researchers alike. This is due to 

rapidly increasing levels of pollution and the subsequent environmental concerns that arise. 1 As 

such, green and sustainable chemistry has become one of the most important concepts to combat 

climate change; thereby reducing environmental damage. Green chemistry is a broad and far 

reaching concept defined by twelve key principles; one of which is catalysis. 2 

The role of catalysis in green chemistry lies in its’ ability to increase the efficiency of chemical 

manufacturing systems by reducing the production of waste products 3-5 or potentially allowing 

new, sustainable feedstocks or fuels to be used in chemical processes that were previously not 

viable. 6-8 

As crude oil stocks are rapidly depleting, it is vital that new sustainable alternatives are discovered. 

One promising alternative route to renewable biofuels is through the valorisation of biomass. 9, 10 

Biomass is generally comprised of carbohydrates, proteins, lipids and fatty acids and it is through 

the breakdown of these molecules, generally carbohydrates, that high value platform chemicals 

can be produced to be used as versatile building blocks to form useful products, such as fuels and 

chemical monomers. 11-14 5-hydroxymethlfurfural (HMF) is one such industrially desirable 

platform chemical that can be derived from carbohydrates and used for the production of a wide 

range of important building block chemicals such as 2,5-furandicarboxylic acid 15-17 and 2,5-

dimethylfuran 18-20 or even levulinic acid, which has been previously recognised as one the top 

twelve building blocks that can be derived from biomass feedstock. 21 

The usefulness of biomass as a feedstock to produce platform chemicals is critically dependent on 

the efficient conversion of cellulosic matter. Pentose (C5) sugars, such as xylose, have been 

suggested as appropriate molecules for this process due to a high atom efficiency when converting 

to levulinic acid 22, 23 but the formation of insoluble, undesired side products such as humins can 

lead to catalyst poisoning 24, 25 thereby decreasing the viability of the overall process. The hexose 

(C6) sugar, glucose, has also been considered as it is efficiently produced by the hydrolysis of 

cellulose 26, 27 and is therefore cheap and highly abundant. However, glucose is a relatively inert 

molecule due to its stable 6 membered ring structure, and the subsequent dehydration of glucose 

to HMF is a relatively inefficient process. 28 As such, fructose has been suggested as an alternative 
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as its 5-membered ring structure is more reactive and more prone efficient dehydration step via 

enolization of the open chain saccharide. 29, 30 Fructose is, however, much less abundant than its 

isomer glucose and finds much use in the food and drink industry as a sweetener 31, 32 resulting in 

a higher relative cost. Therefore, it is vital to find efficient processes for the conversion of glucose 

to fructose. 

Currently, the most promising catalyst reported for the glucose to fructose isomerisation reaction 

is a Sn doped beta zeolite converting 50 wt% of glucose with a selectivity of 84 wt% to fructose 

and 16 % to mannose within the temperature range of 343 to 413 K. 33 The Sn beta zeolite possesses 

two separate types of active sites; the “closed” form and  “open” form corresponding to non-

hydrolysed, fully coordinate Sn sites and partially hydrolysed Sn sites respectively 34 with the open 

site being the most catalytically active. 35 However, the reaction is shown to occur more readily in 

methanol than in water as the Sn beta possess hydrophobic micropores thereby allowing a greater 

uptake of methanol solvent as opposed to water 36, 37 giving rise to a partial solvation of the sugar-

catalyst complex during reaction thereby increasing activity. 28  

Such solvent effects are widespread in the field of heterogeneous catalysis, but relatively little 

work has been carried out so far to characterise such catalysts and reaction mixtures/reactive 

species as well as to quantify and rationalise the impact of such effects upon catalytic activity. 

NMR relaxation measurements represent a valuable tool to provide vital information on such 

phenomena. Indeed, it has been shown that NMR relaxation time measurements can be used to 

characterise the adsorption strengths of reactants with the catalyst surface. 38 By comparison of 

these adsorption strengths for both the reactant and solvents, the solvent effects seen in the liquid 

phase oxidations of both 1,4-butanediol 39, 40 and various 1,3-propanediols 41 have been explained 

using NMR relaxation measurements and therefore the optimal solvent in which to carry out these 

reactions can be identified. Recently, NMR relaxation measurements have also shown that 

oxygenated heterocyclic compounds form Lewis acid-base pairs with sites on the surface of TiO2 

and therefore inhibit catalyst activity 42
 showing that non oxygenated solvents such as cyclohexane 

are preferable for reactions using this support. 

In this work, novel tin and gallium doped zeolite Y catalysts are synthesised and shown to 

effectively isomerise glucose to produce relatively high yields of fructose and mannose. The effect 

of the reaction solvent upon the overall catalytic activity of the system is evaluated using NMR 

relaxation measurements to aid optimisation of the catalytic system. 
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6.2. Experimental 

6.2.1. Materials  

Materials were used as delivered, without any additional purification, unless otherwise specified: 

Gallium (III) nitrate hydrate (Ga(NO3)3∙H2O, Acros, 99.9998%), Tin (IV) chloride  

pentahydrate (SnCl4∙5H2O, Fisher, Pure), Zeolite Y (Zeolyst), Glucose (D-(+)-Glucose, Alfa  

Aesar, anhydrous, 99%), Fructose (Fisher, >99%), Mannose (D-(+)-Mannose, Alfa Aesar,  

99%), Methanol (Fisher, HPLC Grade, >99.9%), Ethanol (Sigma, Anhydrous, ≤0.005% water). 

Deionised water was obtained from a laboratory water purification system. 

6.2.2. Catalyst preparation  

The desired amount of metal precursor (Ga(NO3)3∙H2O, 78.5 mg; or SnCl4∙5H2O, 59.1 mg) to 

produce a 1 wt. % gallium or tin catalyst was dissolved in deionised water (25 mL) and the  

support (zeolite Y, 1.98 g) was added under vigorous stirring. The resultant slurry was heated to 

80 ℃ under stirring and the solvent evaporated to dryness. The slurry was then dried at  

120 ℃ overnight for 16 h in a fan-assisted oven and calcined at 550 ℃ for an additional 4 h in a 

static-air muffle furnace (temperature ramp 20 ℃ min-1). 

6.2.3. Catalytic testing 

Glucose (125 mg), catalyst (Table 6.1) and water (4 mL) or methanol (4 mL) were added  

to an ACE pressure vessel equipped with a magnetic stirrer bar. The tube was then immersed  

into a preheated aluminium block and heated at 120 ℃ for 2 h. On completion, the reaction  

mixture was quenched in an ice bath, centrifuged to remove the catalyst and refrigerated until 

analysed. 

 

 

 

 



Luke Forster – Tailoring surfaces in porous media for catalysis and separation applications 
 

152 
 

Table 6.1. The mass of catalyst used for testing the isomerisation of glucose reaction. The mass of catalyst was 

adjusted in such a way to preserve a constant molar metal to substrate (M:S) ratio between the active metal and the 

substrate. 

Catalyst Mass used for testing (mg) 

Ga/Y 48.4 

Sn/Y 82.4 

Zeolite Y only 75.0 

 

6.2.4. Analysis of reaction mixtures 

Reaction mixtures were analysed using high-performance liquid chromatography (HPLC) using a 

Shimadzu UPLC XR equipped with an Evaporative Light Scattering Detector- Low Temperature 

(ELSD-LT). The method development was completed by adapting a current method previously 

established within the research group, which used a Phenomenex Rezex ROA- Organic Acid H⁺ 

(8%), 250 by 4.6 mm column and was known to separate glucose and fructose.   

Glucose, fructose and mannose were dissolved in water at various concentrations between 150 and 

2000 mg/L, and eluted over 25 minutes and injection volume of 10 µL. 

The obtained chromatograms were then analysed to calculate the conversion and selectivity as  

defined in (1) and (2): 

 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =  
∑(𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎𝑠)

∑(𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑎𝑛𝑑 𝑅𝑒𝑎𝑔𝑒𝑛𝑡 𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎𝑠)
 (6.1) 

 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑡𝑜 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑋 (%) =  
∑(𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑋)

∑(𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎𝑠)
 (6.2) 

 

6.2.5. NMR relaxation 2D T1-T2 correlation analysis 

Large grains of non-doped and Ga or Sn doped zeolite Y were soaked in n-octane, deionised water, 

methanol or ethanol (~2 mL) for 2 days prior to analysis. The zeolites were removed from the 
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respective liquids and gently dried on a pre-soaked filter paper to remove excess liquid from the 

outer surface whilst avoiding removal of liquid from the internal pore structure.  

Following drying, the zeolites were transferred to 5 mm NMR tubes and tested using a T1-T2 NMR 

pulse sequence (Figure 6.1) to determine spin-lattice and spin-spin relaxation times. The typical 

error for all T1-T2 measurements was approximately 3 %. 

 

Figure 6.1. T1-T2 NMR pulse sequence. The thin and thick vertical bars represent 90° and 180° radiofrequency (RF) 

pulses, respectively. T1 relaxation is encoded in the variable time tdelay. T2 relaxation is encoded in the train of n 180 ° 

pulses. A single data point is acquired at the centre of each echo time, τ. 

Sixteen recovery delays were used, from 1 ms to 500 ms. The echo train of the CPMG sequence 

was composed of 1200 or 1600 echoes dependent upon the sample acquired in a single shot with 

an echo spacing of 2τ = 1 ms. Each data set was acquired with 4 scans in approximately 2 min. 

The 2D data was processed using an algorithm kindly provided by Prof. Michael Johns of the 

University of Western Australia, Perth based on the presented by Venkataramanan et al. 43 

6.2.6. NMR relaxation 2D T1-T2 correlation displacement experiments 

Relatively large grains (approximately 125 mm3 in volume) of non-doped and Ga or Sn doped 

zeolite Y were soaked in methanol or ethanol (~ 2 mL) for 2 days prior to analysis. The large grains 

were removed from the liquid before being dried, prepared and analysis using the same process 

detailed previously. 

The large zeolite grains were then removed from the NMR tube and left in an excess of the 

displacing liquid, water (~ 2 mL), for the amount of time specified, hereon referred to as the 

displacement time. The excess liquid was again removed prior to acqusition of the NMR data using 

the process detailed previously to obtain a 2D T1-T2 correlation plot for varying values of the 

displacement time. 

time

180 ⁰ 90 ⁰ 180 ⁰ 180 ⁰ 180 ⁰
tdelay 2τ 2τ 2τ
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6.3. Results and discussion 

6.3.1. Catalytic testing 

Both the metal doped and non-doped zeolites were tested for the conversion of glucose to its’ 

isomerisation products, glucose and mannose. As the reaction solvent has been shown to play a 

significant role in heterogeneous catalytic reactions previously; by influencing factors such as the 

adsorption of reactive species, 40-42 the solubility of reagents 44 and directly influencing the 

catalytic cycle through interactions with species involved in the catalytic cycle. 45 To investigate 

potential solvent effects the reactions using each catalyst were carried out using water, methanol 

or ethanol as reaction solvent. For the reactions using water as the reaction solvent, 0% conversion 

of glucose was observed. Previous work has demonstrated that the use of water with zeolites 

possessing hydrophilic pores and high Lewis acidity can result in a significant decrease in catalytic 

activity; 30 due to the coordination of water to Lewis acidic sites via electron-rich oxygen atoms 

thereby hindering coordination of reactive species hence suppressing catalytic activity. 29  

The use of alcohol solvents, namely, methanol and ethanol resulted in conversion of glucose to its 

isomerisation products and the results of these tests are shown in Table 6.2 and represented 

graphically in Figure 6.2. 
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Table 6.2. Conversion and selectivity to fructose and mannose values for the catalysed glucose isomerisation reaction 

using zeolite Y only, Ga/Y or Sn/Y as catalyst and methanol or ethanol as the reaction solvent. 

  Solvent 

Catalyst  MeOH EtOH 

 Conversion (%) 39 ± 2 12  2 

Zeolite Y only Fructose Selectivity (%) 31 ± 2 30  2 

 Mannose Selectivity (%) 69 ± 2 70  2 

 Conversion (%) 51 ± 2 12  2 

Ga/Y Fructose Selectivity (%) 37 ± 2 35  2 

 Mannose Selectivity (%) 63 ± 2 65  2 

 Conversion (%) 55 ± 2 11  2 

Sn/Y Fructose Selectivity (%) 31 ± 2 32  2 

 Mannose Selectivity (%) 69 ± 2 68  2 

 

Figure 6.2. Product selectivity and overall conversion values of the glucose isomerisation reaction using the catalysts 

zeolite Y, Ga/Y and Sn/Y in (a) methanol and (b) ethanol solvent. The blue and pink columns represent the fructose 

and mannose selectivities respectively and the black line indicates the conversion values. 
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Using non-doped zeolite Y as catalyst for this reaction showed glucose conversions of 

approximately 39 % to the isomerisation products, matching the current optimal conversion of 40 

% reported in the literature for the same reaction using zeolite Y as catalyst 46 indicating that 

appropriate reaction conditions were used in this study. Impregnation of zeolite Y with tin and 

gallium metals showed a marked improvement in the conversion values to 55 % and 51 % 

respectively. This increase in conversion indicates both that zeolite Y can facilitate the 

isomerisation and epimerisation of the sugars within its pore structure and that tin and gallium are 

active catalytic species for this reaction. As discussed previously, when the Sn/zeolite beta catalyst 

was used, a similar solvent effect was also seen for the glucose isomerisation in that the catalytic 

activity is enhanced when methanol solvent is used as opposed to water. 36, 37 This occurs due to 

an increased uptake of methanol into the relatively hydrophobic zeolite pores (or alternatively less 

hydrophilic than the external surface of the zeolite crystals) when compared to that of water leading 

to an increased solvation and therefore stabilisation of the sugar-catalyst complex intermediate. 28 

In ethanol, the conversion although higher than in water, was significantly lower than in methanol 

(ca 10-12%) although this did not lead to a substantial difference in selectivity between mannose 

and fructose. 

6.3.2. 2D T1-T2 NMR relaxation 

To investigate the solvent effect occurring in the catalytic isomerisation of glucose, T1-T2 

measurements were performed to assess the relative adsorption strengths of the reaction solvents 

used; water, methanol and ethanol, with the surface of the various catalysts. 

In brief, if a fluid is confined in a porous medium, the measured relaxation times (T1, T2) are given 

by: 47, 48 

1

𝑇1,pore
=

1

𝑇1,bulk
+ 𝜌1

𝑆

𝑉
 (6.3) 

1

𝑇2,pore
=

1

𝑇2,bulk
+ 𝜌2

𝑆

𝑉
 + 𝐷 (6.4) 

The first terms of these equations represent the relaxation time, Tx, of the bulk solvent; in the 

second term, attributed to water close to or in contact with the surface, 𝜌𝑥 is the surface relaxivity, 
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which depends on the intrinsic surface chemistry of the material and is effectively a measure of 

how strongly the guest molecule interacts with the surface. D represents an additional term 

dependent upon the diffusivity of the molecule under study and 
𝑆

𝑉
 is the surface-to-volume ratio.  

Generally, for high 
𝑆

𝑉
 materials, the bulk liquid term is negligible as the Tx of a bulk liquid is usually 

much greater than that of the same liquid confined inside pore structure (for example, for bulk 

liquid water T1 ≈ 2.9 s), hence one can write: 49 

1

𝑇𝑥,pore
≈ 𝜌𝑥

𝑆

𝑉
 (6.5) 

A change of Tx in pores relative to bulk can therefore be due to either a variation of 

adsorbate/adsorbent surface interaction, reflected in 𝜌𝑥, or in a change in internal surface area and 

pore dimension, reflected in 
𝑆

𝑉
.  

It follows that when T1 and T2 are determined for the same guest molecule within the same porous 

media, then the surface-area-to-volume ratio term is constant and the dependence of the relaxation 

times upon the pore structures can be removed by taking the ratio T1/T2. This ratio is therefore a 

measurement of only the surface interactions occurring between the guest molecule and the pore 

walls/surface and is defined as: 

𝑇1

𝑇2
≈

𝜌2

𝜌1
 (6.6) 

Indeed, it has been shown that this ratio is related to the molecular mobility (tumbling) of 

molecules. BPP theory of relaxation, 50 states that the correlation time, τc, the average time taken 

for a molecule to rotate 1 radian from its original starting position, is dependent upon the T1 and 

T2 values as shown in Figure 2.8. 

This can be interpreted as molecules that interact more strongly with the surface of a porous 

medium will be more restricted in their motion and therefore T1 will be much larger than T2. That 

is, the T1/T2 ratio will be large whereas in bulk liquids which have unrestricted movement the ratio 

will be approximately equal to 1.  Previous work has shown that this ratio is related to surface 

adsorption and can be directly correlated to adsorption energies determined using temperature 

programmed desorption (TPD). 3 As such, the T1/T2 ratio can find great use in the field of catalysis 
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and surface science to quantify the strength of surface interactions taking place and explain 

phenomena such as solvent effects. 39-41 

The 2D T1-T2 correlation maps obtained can be seen in Figure 6.4 and T1/T2 values were 

determined from the peak maximum for all plots. 

 

Figure 6.4. T1-T2 relaxation correlation plots for (a) water, (b) methanol, (c) ethanol and (d) octane imbibed within 

the pores of zeolite Y. The solid black line indicates T1 = T2. 

From the T1/T2 ratios, as previously discussed, it is possible to determine the relative strengths of 

surface interactions for the solvent imbibed within zeolite Y. Water has T1/T2 ≈ 7.1 indicating that 

this is the most strongly adsorbed of the solvents tested and this relatively strong adsorption could 

be responsible for the solvent effect observed in the isomerisation of glucose. This can be expected, 

as water molecules can strongly interact with any OH groups present on the zeolite surface. The 

(a) (b)

(c) (d)
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zeolite surface shows a slight preference for ethanol as opposed to methanol as seen by the 

respective T1/T2 values of 3.1 and 2.8. This implies that the zeolite surface adsorbs ethanol more 

strongly than methanol and further supports the catalytic data which shows the catalyst is active in 

methanol but not ethanol. n-octane was used as a reference probe molecule. Due to its lack of 

chemical functionality, surface interactions with the zeolite will be limited and thereby the motion 

of the molecule will be relatively fast when compared to the reaction solvents. This is confirmed 

as n-octane shows the lowest T1 /T2 of 1.9. It should be noted that the correlation plots obtained 

using methanol and ethanol show a second, less intense peak at approximately T1/T2 ≈ 7.1, of a 

similar value to that of the peak obtained in the water plot. Anhydrous alcohol solvents were used 

to obtain these plots therefore this peak is attributed to the presence of strongly adsorbed water 

already present on the zeolite surface prior to the analysis. 

The experiments conducted for the solvents imbibed within the parent zeolite were repeated for 

the Ga and Sn doped zeolites and the resultant plots can be seen in Figures 6.5 and 6.6. 
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Figure 6.5. T1-T2 relaxation correlation plots for (a) water, (b) methanol, (c) ethanol and (d) octane imbibed within 

the pores of zeolite Ga/Y. The solid black line indicates T1 = T2.  

 

(a) (b)

(c) (d)
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Figure 6.6. T1-T2 relaxation correlation plots for (a) water, (b) methanol, (c) ethanol and (d) octane imbibed within 

the pores of zeolite Sn/Y. The solid black line indicates T1 = T2.  

The trend in relative adsorption strengths can be seen to be the same for both the metal doped 

zeolites and the parent zeolite. The results of all tests are summarised in Table 6.3 and a clearer, 

graphical representation can be seen in Figure 6.7. 

 

 

 

 

(a) (b)

(c) (d)
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Table 6.3.  The T1/T2 ratios determined for the reaction solvents water, methanol and ethanol imbibed within zeolite 

Y and doped zeolites Ga/Y and Sn/Y. The error on all measurements is 3 %. The peak error arises from the inherent 

error in the width of the peak in each respective direction. 

Sample (T1/T2)H2O (T1/T2)MeOH (T1/T2)EtOH (T1/T2)Oct 

Zeolite Y 7.1 ± 0.2 2.7 ± 0.1 3.1 ± 0.1 1.9 ± 0.1 

Ga/Y 11.2 ± 0.3 4.4 ± 0.1 5.9 ± 0.2 3.1 ± 0.1 

Sn/Y 11.2 ± 0.3 4.4 ± 0.1 5.9 ± 0.2 2.5 ± 0.1 

 

Figure 6.7. T1-T2 ratios of water, methanol, ethanol and n-octane imbibed within the pores of the parent zeolite Y and 

metal doped derivatives Ga/Y and Sn/Y. 

The T1/T2 ratio of water is shown to be the greatest across all samples indicating that, when imbibed 

within the pores of the zeolites, water exhibits the most reduced mobility, hence highest surface 

affinity. This can be attributed to the interaction of water with the zeolite surfaces (for example, 
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through hydrogen bonding with surface hydroxyl groups). The relatively strong interaction of 

water with the catalyst surface will limit the accessibility of any reactants (in this case glucose) to 

active sites located on the catalyst surface thereby resulting in a decreased catalytic activity. Whilst 

the metal doped zeolites show higher T1/T2 ratios when compared to that of the parent zeolite, it 

should be noted that the T1/T2 ratio can be affected by many other factors such as the presence of 

internal magnetic field gradients. Indeed, it has even been shown that T2 values can differ 

significantly even for the same adsorbate in similar porous materials, 51 therefore this must be 

considered when comparing values across the different zeolite samples. 

It is also important to note the effect of the different solvents upon the stabilisation of the ring-

opened species when converting from glucose to fructose. In actuality, the sugars may exist in 

many different conformations in solution each with their own varying stabilities and reactivities. 

The stability of the ring opened sugar conformations and any related reaction intermediates and 

transition states will also have a significant impact on the conversion and selectivity. 52, Study of 

this effect is beyond the scope of this work but it is important to consider that this effect will 

influence the results obtained. 

In the doped zeolites, Ga/Y and Sn/Y, ethanol shows a higher T1/T2 ratio when compared to that 

of methanol indicating that ethanol has a stronger interaction with the zeolite surface as opposed 

to methanol, and the reactivity by using this solvent is intermediate in between methanol and water. 

Clearly, the reaction using methanol shows the highest catalytic activity as it interacts relatively 

weakly with the zeolite surface and therefore allows reactants to access catalytically active sites 

on the zeolite surface resulting in an increased activity. This effect is not seen in the non-metal 

doped parent zeolite Y as ethanol and methanol show effectively the same T1/T2 within this zeolite 

(Figure 6.7) indicating that they interact with the surface equally, so the introduction of the metal 

appears to affect the adsorption of the solvents significantly. 

T1/T2 ratios obtained using n-octane confirm that the difference in T1/T2 ratios are due to differences 

in the surface interactions taking place between the reaction solvents and catalyst surfaces. Alkanes 

contain no functional groups and as such will have little or no interaction with the catalyst surface 

and this is confirmed as for all the zeolite samples, n-octane shows the lowest value of T1/T2. As 

n-octane will not interact with the surface of the catalyst its mobility will be affected only by the 

structure and size of the catalyst pores. If no or weak interactions were taking place between the 
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other solvents and the zeolite surfaces, all T1/T2 values obtained would be equivalent to that of n-

octane. As this is clearly not the case, it can be concluded that the trend in T1/T2 seen is due to 

adsorption of the solvent molecules to the zeolite surface. 

6.3.3. 2D T1-T2 NMR solvent displacement 

The results of the solvent displacement experiments can be seen below. Figure 6.8a-6.8c shows 

the displacement of methanol by water and Figure 6.9a-6.9c shows the displacement of ethanol by 

water. There is a visible peak at T1/T2 = 7.05 for zeolite Y (Figures 6.8a and 6.9a) and at T1/ T2 = 

11.23 for the doped zeolites Ga/Y and Sn/Y (Figures 6.8b, 6.8c, 6.9b and 6.9c respectively) 

attributed to strongly adsorbed water present on the zeolite surfaces.  

At 0 s, methanol/ethanol is present within the pores of the zeolite and the respective peaks can be 

clearly seen on the spectra. With increasing displacement time, the alcohol peaks decrease in 

intensity and the water peak increases in intensity as water displaces the alcohol from the pores. 

After 600 s, methanol is completely displaced from the pores of the zeolites studied (Figures 6.8a–

6.8c) whereas a weak ethanol peak can still be seen (Figures 6.9a–6.9c). This supports the previous 

NMR relaxation studies as ethanol was determined to adsorb more strongly to the zeolite surface 

than methanol (evidenced by the respective T1/T2 ratio values) which, in turn, supports the catalytic 

data as the glucose isomerisation reaction occurs readily in methanol and with low conversion in 

ethanol or water. 
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Figure 6.8. T1-T2 relaxation correlation plots for methanol being displaced by water within the pores of (a) zeolite Y, 

(b) Ga/Y and (c) Sn/Y at the displacement time intervals of 0 s, 10 s, 60 s, 150 s and 600 s.  

0 s 0 s 0 s

10 s 10 s 10 s

60 s 60 s 60 s

150 s 150 s 150 s

600 s 600 s 600 s

(a) (b) (c)
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Figure 6.9. T1-T2 relaxation correlation plots for ethanol being displaced by water within the pores of (a) zeolite Y, 

(b) Ga/Y and (c) Sn/Y at the displacement time intervals of 0 s, 10 s, 60 s, 150 s and 600 s. 

0 s 0 s 0 s

10 s 10 s 10 s

60 s 60 s 60 s

150 s 150 s 150 s

600 s 600 s 600 s

(a) (b) (c)



Luke Forster – Tailoring surfaces in porous media for catalysis and separation applications 
 

167 
 

To allow quantification of the solvent displacement experiments, the volume fractions of both 

water and the respective alcohol at each displacement time were determined. This analysis was 

performed by integration of both solvent peaks at each point and the volume fraction of each 

alcohol was determined by the following equation: 

𝑉𝐴𝑙𝑐 =  
𝐼𝐴𝑙𝑐

𝐼𝑡𝑜𝑡
=  

𝐼𝐴𝑙𝑐

𝐼𝐴𝑙𝑐 + 𝐼𝑊
 (6.7) 

Where IAlc  is the integral of the alcohol peak and IW  is the integral of the water peak. To account 

for the water already strongly adsorbed to the zeolite surface (found to account for approximately 

30% of the total integral), (7) must be altered as follows: 

𝑉𝐴𝑙𝑐 =  
𝐼𝐴𝑙𝑐

𝐼𝐴𝑙𝑐 + 𝐼𝑊 − 𝐼𝑊,0
 (6.8) 

Where Iw,0 is the integral of the water peak at 0 s. The variation in volume fraction of the alcohols 

imbibed within the pore of the zeolite samples with displacement time can be seen in Figure 10.  

 

Figure 6.10. The volume fraction of methanol/ethanol remaining within the pores of the zeolite Y, Ga/Y and Sn/Y 

during the displacement by water as a function of displacement time. The connecting lines are a guide to the eye. 

With increasing displacement time both alcohols are displaced from the zeolite pores by water as 

is expected, however, methanol is clearly displaced much more rapidly than ethanol for the 

zeolites. Indeed, methanol is fully displaced from all the zeolites by water after only 300 s, whereas 

ethanol remains in the pores (between 4 – 7 % of the total volume) after 600 s. This can again be 

attributed to ethanol’s increased affinity for the zeolite surface as previously determined from the 

T1/T2 ratio values making the displacement of ethanol molecules from the zeolite surface a slower 

process.  
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The effect of impregnating the zeolite Y with Ga and Sn can be seen in Figure 6.11. 

 

Figure 6.11. The volume fraction of (a) methanol and (b) ethanol remaining within the pores of the zeolite Y, Ga/Y 

and Sn/Y during the displacement by water as a function of displacement time. The connecting lines are a guide to the 

eye. 

Despite the differences in T1/T2 ratio values (Table 6.3) previously seen when the zeolite was doped 

with the metals, the displacement process is seen to be unaffected by the presence of the metal 

centres. This can be explained by considering the following ratio: 

𝛼𝑥 =  

(
𝑇1

𝑇2
)

𝐻2𝑂

(
𝑇1

𝑇2
)

𝑋

 (6.9) 

Calculated αMeOH and αEtOH values can be found in Table 6.4. Values of αMeOH and αEtOH are 

statistically the same regardless of whether the metal is present or not. This indicates that regardless 

of the presence of metal, the relative interaction strengths of water and alcohol is the same which 

causes the displacement of alcohol by water to proceed at the same rate regardless of the metal 

centre. 
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Table 6.4.  The T1/T2 ratios determined for the reaction solvents water, methanol and ethanol imbibed within the parent 

zeolite sample Y and doped zeolites Ga/Y and Sn/Y. The error on all measurements is 3 – 5 %. 

Sample (T1/T2)H2O (T1/T2)MeOH (T1/T2)EtOH αMeOH αEtOH 

Zeolite Y 7.1 ± 0.2 2.7 ± 0.1 3.1 ± 0.1 2.62 ± 0.2 2.3 ± 0.1 

Ga/Y 11.2 ± 0.3 4.4 ± 0.1 5.9 ± 0.2 2.54 ± 0.3 1.9 ± 0.4 

Sn/Y 11.2 ± 0.3 4.4 ± 0.1 5.9 ± 0.2 2.54 ± 0.3 1.9 ± 0.4 

6.4. Conclusions 

In this paper, zeolite Y both non-doped and doped with gallium and tin metal were tested as 

catalysts for the isomerisation of glucose to fructose and mannose using 3 different solvents: water, 

methanol and ethanol. For each catalyst, catalytic activity was found to be highest in methanol but 

inactive in water. Intermediate activity was seen when ethanol was used as the reaction solvent. 

Zeolite Y was shown to be catalytically active for this reaction under the reaction conditions used 

achieving conversions comparable to similar systems used in the literature for the same reaction. 

Catalytic activity increased significantly upon impregnation of zeolite Y with tin and gallium 

species. 

To investigate the solvent effect seen in this reaction, 2D NMR relaxation correlation 

measurements were performed. T1/T2 ratio values obtained from the resultant correlation plots 

confirmed that methanol adsorbs the weakest to the zeolite surfaces and water adsorbs the 

strongest. This supported the catalytic data suggesting that the solvent effect is due to a blockage 

of active sites on the zeolite surface by the strong adsorption of water molecules. n-octane 

correlation plots confirmed that the difference in T1/T2 ratios is due to differences in the strength 

of interactions between the solvent molecules and the catalyst surfaces evidenced by the low T1/T2 

obtained, which is to be expected for an alkane due to their distinct lack of chemical functionality 

with which they can interact with the catalyst surface. 

2D NMR displacement studies support the relaxation data as methanol is displaced from the zeolite 

pores by water more readily than ethanol. This is due to the stronger interactions between ethanol 

and the zeolite surface making ethanol more difficult to displace from the zeolite pores than 

methanol which interacts with the zeolite surface more weakly. The displacement of the alcohols 

from the zeolite pores by water was found to occur at the same rate regardless of whether the metal 
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was doped or not. This was explained by considering the value αx, which is the ratio of the water 

T1/T2 value and the respective alcohol T1/T2 value. When  these values were calculated it was found 

that αMeOH and αEtOH were the same across all of the zeolite samples studied showing that 

impregnation using tin or gallium metal does not significantly influence the relative strengths of 

adsorption of the water and alcohols thereby the displacement rate is unaffected by the presence 

of metal centres. 

To summarise, the study reported here highlight the development and optimisation of a moderately 

active, novel catalytic system to produce industrially valuable sugar compounds. The influence of 

the reaction solvent upon the overall catalytic activity was investigated using a low-field, benchtop 

NMR instrument, which is currently finding increasing use in the academic and industrial sectors 

as a relatively cheap and easy way of performing studies such as the work described in this paper. 

Therefore, it is apparent that this work is of value not only to those working in the area of catalytic 

sugar isomerisation but also to those investigating solvent effects in heterogeneous catalytic 

reactions and designing and optimising heterogeneous catalytic processes. 
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Chapter 7: Light-driven, heterogeneous organocatalysts for novel C-

C bond formation towards valuable perfluoroalkylated intermediates 

This chapter has been published as a full research article in the journal Science Advances. 1 Light-

driven, heterogeneous organocatalysts for C–C bond formation toward valuable perfluoroalkylated 

intermediates | Science Advances (sciencemag.org) 

Michele Melchionna, Paolo Fornasiero, and Maurizio Prato conceived the main idea and directed 

the work. Giacomo Filippini designed and performed the catalytic experiments. Francesco 

Longobardo prepared and characterized the carbon nitrides. Lucia Nasi performed the HRTEM 

experiments. Luke Forster conceived part of the idea related to surface analysis through NMR, 

designed and performed the NMR experiments, did the data processing and analysis and wrote the 

manuscript section on NMR. Alejandro Criado performed and discussed the XPS experiments. 

Michele Melchionna prepared the manuscript. 

Abstract 

The favorable exploitation of carbon nitride (CN) materials in photocatalysis for organic synthesis 

requires the appropriate fine-tuning of the CN structure. Here we present a deep investigation of 

the structure/activity relationship of CN in the photocatalytic perfluoroalkylation of organic 

compounds. Four types of CN bearing subtle structural differences were studied via conventional 

characterization techniques and innovative NMR experiments, correlating the different structures 

with the fundamental mechanistic nexus, especially highlighting the importance of the halogen 

bond strength between the reagent and the catalyst surface. The optimum catalyst exhibited an 

excellent performance, with a very wide reaction scope, and could prominently trigger the model 

reaction using natural sun. The work lays a platform for establishing a new approach in the 

development of heterogeneous photocatalysts for organic synthesis related to medical, agro- and 

material chemistry. 
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7.1. Introduction 

There is increasing pressure on industry for a rapid switch to new sustainable synthetic schemes 

to access chemicals of widespread use. In this context, heterogeneous photocatalysis by readily 

available, metal-free catalysts has a formidable appeal. In contrast with homogeneous systems, 

heterogeneous catalysts can be easily recycled; moreover, the metal-free nature avoids some 

typical drawbacks of metal-based catalysis such as: i) high cost of the metal; ii) poor compatibility 

with particular reaction environments; iii) decrease of activity over time due to nanoparticle 

aggregation. Graphitic carbon nitride (g-CN) is an ideal semiconductor nanomaterial candidate, 

with a relatively narrow band-gap, extensively used in photocatalytic applications related to 

energy, such as H2 production, water oxidation and CO2 reduction. 2-4 It is a stable material, that 

can be prepared by simple and scalable procedures, and properties and reactivity can be fine-tuned 

by carrying out structural modifications. 5 For instance, protonation and doping with heteroatoms 

other than N can adjust the electronic band edges and increase exposed surface area 6-8 while 

intercalation of metal ions can improve charge carriers mobility, decrease the band gap and provide 

the material with additional catalytic sites. 9, 10 In recent years, use of g-CN has been extended to 

photocatalytic organic synthesis for preparing industry-relevant compounds. While mainly 

employed in photo-catalytic oxidation of small molecules, 11, 12 there are also notable examples of 

C-C and C-heteroatom bond formation reactions, 13-16 including the functionalization of arenes and 

heteroarenes with fluoroalkylated groups, 17 that are important compounds in medicinal chemistry, 

agrochemistry and material science. 18-20 The use of g-CN circumvents that of catalysts such as 

Ru/Ir/Cu metal complexes, 21-23 that are associated with high cost, toxicity and non-recyclability, 

or that of organic dye-based catalysts, that require very high catalyst loadings. 24-26 Hence, the 

development of stable and cost-effective visible-light photocatalysts for C-C bond formation 

towards fluoroalkylated compounds is highly demanded. An in-depth analysis of the mechanistic 

features of the reaction, and the consequent structure/activity relationship, will establish the 

platform for the rational design of new and more effective material-based catalysts, for a range of 

different reactions. Here, diversely modified CN catalysts were prepared and investigated in the 

visible-light photocatalytic perfluoroalkylation of electron-rich organic substrates (1) by using 

simple perfluoroalkyl iodides (2) as the radical sources under mild operative conditions. The 

choice of 2 as model substrates lies in their high tendency to form reactive fluorinated radicals 

upon photo-induced single electron transfer processes. 27 The post-synthetic modifications 
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afforded materials with fine-tuned properties, and a robust correlation between the structural 

features and the catalytic behaviour was for the first time established by the combination of 

detailed characterization, advanced nuclear magnetic resonance (NMR) spectroscopy, and 

production rates. Moreover, the catalysis could be extended to many substrates, covering a wide 

reaction scope, including arenes as well as unsaturated aliphatic molecules. New insights were 

acquired into the specific and most relevant interactions between the CN materials and the 

employed fluorinated substrates (2), which modulate kinetics and thermodynamics of the 

photocatalytic reaction. Finally, the best performing photo-catalyst, with a very low loading, was 

successfully tested under Sun exposure at ambient temperature, demonstrating the excellent 

catalytic competence under real operative conditions. 

7.2. Experimental 

7.2.1. Materials 

Commercial reagents and solvents were purchased from Sigma-Aldrich, Fluka, Alfa Aesar, 

Fluorochem, VWR and used as received, without further purification, unless otherwise stated. 

1,3,5-trimethoxybenzene (1a), 2,6-diisopropylaniline (1b), methyl 5-acetylsalicylate (1c), caffeine 

(1d), 1-hexene (1e), 1-decen (1f), 5-hexen-1-ol (1i), 6-bromo-1-hexene (1k), 6-chloro-1-hexene 

(1l), 1-hexyne (1n), nonafluoro-1-iodobutane (2a), perfluorohexyl iodide (2b), heptadecafluoro-

1-iodooctane (2c), 2,6-lutidine, melamine and potassium carbonate are all commercially available. 

The preparation of olefins 1g, 1h, 1j and 1m is detailed in the Supporting information (SI).  

7.2.2. Synthesis of nanomaterials 

All nanomaterials were prepared using commercial reagents and solvents purchased Sigma-

Aldrich and used as received, without further purifications. For the g-CN, the furnace used was a 

cubic muffle operating under static air atmosphere; the samples were positioned in the middle. For 

the am-CN and red-CN, the furnace used was tubular, with the cylindrical quartz reactor inserted 

horizontally. The gas stream was inlet from one side of the reactor and exit to the other, with high-

vacuum glass connectors. The gas mixture and flux was set used calibrated mass flow controllers. 
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g-CN: 10 g of melamine were transferred in a covered alumina crucible and heated in 

muffle furnace at 550°C for 300 minutes with a ramping time of 5 °C/min. The final product was 

milled in order to have a uniform powder. 

red-CN: 0.75 g of g-CN were transferred in an alumina boat-shaped crucible and thermally 

heated in a tubular furnace at 520°C for 120 minutes with a ramping time of 2 °C/min in a mixture 

of argon (200 mL/min) and hydrogen (30 mL/min) flow. 

am-CN: 0.75 g of g-CN were transferred in an alumina boat-shaped crucible and thermally 

heated in a tubular furnace at 620°C for 120 minutes with a ramping time of 2 °C/min in argon 

flow.  

ox-CN: preparation: 0.75 g of g-CN were transferred in a 600 mL distillation flask, 

dispersed in 300 mL of a solution 4 M nitric acid and sonicated for 5 h. The product was collected 

by filtration and washed with 250 mL of MilliQ and 250 mL of methanol. 

7.2.3. Catalytic testing 

All reactions were set up under an argon atmosphere in Schlenk tubes, unless otherwise stated. 

Synthesis grade and anhydrous solvents were used as purchased. The catalysts were all grinded in 

a mortar for a period of 15 minutes prior to photocatalytic experiments, after which time thinly 

powdery samples are obtained. Chromatographic purification of products was accomplished using 

flash chromatography on silica gel (35-70 mesh). For thin layer chromatography (TLC) analysis 

throughout this work, Merck pre-coated TLC plates (silica gel 60 GF254, 0.25 mm) were 

employed, using UV light as the visualizing agent (254 nm), basic aqueous potassium 

permanganate (KMnO4) stain solution or iodine, and heat as developing agents. Organic solutions 

were concentrated under reduced pressure on a Büchi rotatory evaporator. 

7.2.4. Characterisation of materials 

7.2.4.1. Thermogravimetric analysis (TGA) 

TGA was performed on a TGA Q500 (TA Instruments) in air. The samples were equilibrated at 

100 °C for 20 min, following a ramp of 10 °C/min up to 830 °C. Raman spectra were acquired 

using an Invia Renishaw spectrometer equipped with a diode laser at 785 nm.  
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7.2.4.2. Ultraviolet visible (UV-vis) spectroscopy  

Diffuse reflectance UV-vis spectroscopy was performed with a Thermo Scientific Evolution 600 

spectrophotometer, equipped with a diffuse reflectance accessory Praying–Mantis sampling kit 

(Harrick Scientific Products, USA). 

UV-vis spectra for starting materials were performed with Shimadzu UV-2450.  

7.2.4.3. X-Ray photoelectron microscopy (XPS) 

XPS for the all nanomaterials was performed with a SPECS Sage HR 100 spectrometer with a 

non-monochromatic X ray source of Magnesium with a Kα line of 1253.6 eV energy and 250 W. 

XPS data was fitted using CasaXPS software. Standard transmission electron microscopy  

7.2.4.4. Transmission electron microscopy (TEM) 

TEM images were carried out on TEM Philips EM208, using an acceleration voltage of 100 kV. 
HR-TEM characterization was performed using a JEOL 2200FS microscope operating at 200 kV, 

equipped with an Energy Dispersive Spectrometer (EDX) and a high-angle annular dark-field 

(HAADF) detector. To minimize the radiation damage from the electron beam, the HRTEM 

images were acquired using a very low beam current and low exposure time. 

7.2.4.5. X-Ray diffraction (XRD) 

X-ray diffraction (XRD) was performed on a Philips X’Pert diffractometer using a 

monochromatized Cu Kα (λ= 0.154 nm) X-ray source in the range 20° < 2θ < 100. 

7.2.4.6. Nitrogen (N2) adsorption-desorption 

N2 physisorption was performed with a Micrometrics ASAP 2020 analyzer at liquid nitrogen 

temperature. All the nanomaterials were degassed at 150°C for 12h at 10 µmHg. The Specific 

Surface Area was calculated applying the BET method equation. Pore size distributions were 

determined to the adsorption branch of the isotherms with BJH method equation. 

7.2.4.7. 1H and 19F NMR relaxation measurements 

NMR experiments were performed on a 1H/19F Magritek SpinSolve 43 MHz benchtop NMR 

spectrometer. For 19F NMR measurements a pulse length of 130.4 μs was used, with a pulse 

amplitude of -6 dB for the 90 ° pulse and 0 dB for the 180 ° pulse, a receiver gain of 52 and 

acquiring 8192 points in the time domain with a dwell time of 50 μs. For 1H NMR measurements 
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a pulse length of 18 μs was used, whilst the other acquisition parameters were the same as those 

used for the 19F NMR experiments.  

T1 was measured using the inversion recovery pulse sequence, 28 (Figure 2.5) with a repetition time 

of 5 × T1, acquiring 16 time delay steps logarithmically spaced and a number of scans varying 

between 8 – 16 for 1H NMR experiments and between 32 – 64 for 19F NMR experiments, 

depending on the signal-to-noise ratio (SNR) of the sample.  

T2 was measured using the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence 28 (Figure 2.7b) 

using an echo time of 1 ms with 16 steps, using two echoes per step and 16 – 32 scans for 1H NMR 

experiments and 128 – 1024 scans for 19F NMR experiments.  

To prepare solid samples for the NMR experiments, the photocatalyst solid particles were soaked 

in the liquid under investigation (~2 mL) for 24 h to ensure full saturation of the solid. The 

saturated solid samples were then transferred to 5 mm NMR tubes. To minimise errors due to 

evaporation of the liquid, a small amount of pure liquid was dropped onto a filter paper, which 

was placed under the cap of the NMR tube. The NMR tube was then placed into the magnet and 

left for approximately 20 min to achieve thermal equilibrium before measurements started. 
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7.3. Results and discussion 

Three structural and chemical variations were introduced into the pristine g-CN, adopting a 

reduction protocol (red-CN), a mild oxidation protocol (ox-CN) and a thermal amorphization 

protocol (am-CN) (Figure 7.1). The chosen modifications introduce a specific feature in each 

material that was expected to reflect in a diverse interaction with the substrate, as described in 

detail below. 

 

Figure 7.1. Sketch of synthesis and structure of the different CN materials. Graphical sketch of the synthesis of the 

various CN structures, with the associated photograph of the as-obtained powdery material. Standard thermal 

conditions applied to melamine lead to synthesis of graphitic carbon nitride (g-CN), where the morphology is typically 

described by melem units connected in-plane; oxidative treatment presumably introduce small amounts of oxygenated 

functional groups on the surface (ox-CN), while reductive treatment partly remove N atoms creating planar vacancies 

(red-CN; higher temperature thermal treatment under inert atmosphere generates partially amorphous structure by 

misalignment of CN planar domains (am-CN). Note: the graphic rendering of the structure is only an idealized 

depiction used for the benefit of discussion. Real CN structures are much more complex. Photo credit: Francesco 

Longobardo, University of Trieste, Italy. 
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Microscopic analysis through TEM revealed that the three modifications result in slight 

morphological alterations, with the smooth sheet-like geometry of g-CN being partially scrambled 

(Figure S7.1). A visual inspection of the materials reveals a change in the colour depending on the 

specific treatment, consequent to the structural change and in turn a change in the electronic 

properties of each CN (Figure 7.1). In particular, H2/Ar high temperature treatment (red-CN) has 

been reported to lead to defective structure introducing superficial nitrogen vacancies, 29 confirmed 

here by X-ray photoelectron spectroscopy (XPS, vide infra). The absence of N atoms not only 

creates additional defects in the structure, but also decreases the overall polarization of the C atoms 

on the surface of the catalyst. In contrast, the oxidation protocol (ox-CN) introduces additional 

amounts of oxygen atoms, as confirmed by X-Ray photoelectron spectroscopy (XPS), presumably 

through formation of oxygenated functional groups on the surface, similarly to oxidation of other 

carbon nanostructures. 30, 31 In principle the presence of such functional groups can be non-

innocent, contributing to direct interaction with the substrate; alternatively, O atoms inserted onto 

the CN surface can behave as dopants and tune the electronic properties. 32 Higher temperature 

treatment under inert atmosphere (am-CN) is able to disrupt hydrogen bonding of the 

NH/NH2 groups causing misalignment between strands of polymeric melon units with consequent 

partial amorphization and particle size reduction (am-CN). 33 High-resolution TEM (HRTEM) 

shows differences in the thermally treated materials (am-CN and red-CN) as compared with the 

conventional g-CN. In particular, the crystalline domains in the latter are more clearly identified 

and present in high density, with the lattice fringes being confirmed by Fast Fourier Transform 

(FFT) from which an interplanar spacing of 0.32 nm is seen in agreement with literature (Figure 

7.2c). 34 In contrast, for am-CN the crystal fringes are not easily detected, with the observed 

dominant FFT pattern being associated to an amorphous material (Figure 7.2a). Moreover, the FFT 

of g-CN reveals the order of the in-plane geometry, namely the intra-layer spacing of 0.68 nm is 

appreciated as observed in other reports (Figure 7.2d). 34, 35 Such feature is not found in am-CN, 

presumably as the order is partly broken. For red-CN that was treated under milder conditions than 

am-CN we could observe some crystalline domains although much less densely distributed in 

comparison with g-CN (Figure 7.2b). Finally, the most interesting feature for ox-CN, where the 

qualitative crystalline domains distribution looks intermediate between am-CN and red-CN based 

on HRTEM inspection (Figure 7.2e), is gained by Energy-dispersive X-ray spectroscopy (EDX) 

elemental mapping, that shows that this is the only sample where oxygen is present in significant 
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percentage throughout the material (Figure 7.2f). Two very sensitive techniques to confirm the 

disruption of the long-range order (“amorphization”) are X-Ray Powder Diffraction (XRD) and 

Raman spectroscopy as also reported by Kang et al. previously. 33
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Figure 7.2. High-resolution microscopy of the four samples. a) representative HRTEM image of am-CN; inset: FFT 

of a selected area showing the pattern of a typical amorphous material; b) representative HRTEM image of red-CN; 

inset: high magnification of a selected area, showing the crystal lattice fringe, where a 0.32 nm interlayer spacing is 

measured; c) representative HRTEM of g-CN with the FFT (inset) showing the lattice fringe with the expected 0.32 

nm interlayer spacing and d) high magnification of a selected area of c) with the FFT showing the intra-layer XRD 

pattern with a 0.68 nm spacing ; e) representative HRTEM image of ox-CN with the inset showing the lattice fringe 

with the 0.32 nm inter-layer spacing and f) EDX elemental mapping of ox-CN: Carbon (red), nitrogen (green) and 

oxygen (blue).  
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In particular, it can be observed for am-CN that the strong 27.2° peak ascribed to the (002) plane 

of the interlayer stacking of the conjugated aromatic system, 35 associated to the crystallinity of 

the material, is broader and less intense as compared to the other three samples, in agreement with 

an increased amorphous nature (Figure 7.3b). The calculated crystallite size (inset Table Figure 

7.3b) is therefore smaller (5.4 nm), implying a reduction of the number of layers in am-CN. 

Consistently, the intensity of the (100) reflection at 12.7°, which is associated to the intra-layer 

spacing (also observed in the HRTEM), decreases from g-CN to am-CN, further corroborating the 

hypothesis of the partial rupture of the strands of heptazines. In agreement with this hypothesis, 

Raman spectroscopy reveals the different profiles for the four materials. It is known that Raman 

spectroscopy of CN materials under visible excitation is problematic due to the strong fluorescence 

in such wavelength range. 36 However, use of Near-Infrared (NIR) excitation provides an 

informative Raman pattern. NIR-Raman spectra of the four samples show the characteristic peaks 

at ~ 705 cm-1, and 990 cm-1, due to breathing modes of the rings, and ~ 1200 cm-1 due to the A1 

vibration of the melem units (Figure 7.3a). 37, 38 The lower peak intensity pattern in am-CN, as 

compared to the other three materials, is in line with the increased amorphous character as observed 

also in the XRD. Further evidence is finally provided by the thermogravimetric analysis (TGA), 

where the combustion temperature is decreased by about 50 °C in all treated CN with respect to 

that of the pristine material (Figure S7.2), implying a lesser crystallinity. 
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Figure 7.3. Physical characterization. NIR Raman spectra (a) and XRD diffractogram (b) of the four materials; 

crystallite size reported in the table of fig (b) were calculated by applying the Scherrer equation to the (002) reflection; 

(c) High-resolution XPS spectra in the C1s binding energy (B.E.) range; (d) DRS spectra and the corresponding band 

gap (inset). 

X-Ray Photoelectron Spectroscopy (XPS) shows that for all materials the two main components 

C and N are in similar atomic ratios (see Table S7.1), with red-CN bearing a lower content of N, 

as expected for a H2-treated CN material. 29 In addition, the increment of C-N component (286.2 

eV) of red-CN as compared to the other samples reflects the reduction process.  All C1s spectra 

could be deconvoluted in four components, 284.8, 286.2, 288.2 and 293.5 eV, assigned to C-C, C–

N, C=N–C and π-π* species. 39 Amorphization by higher temperature treatment is reflected into 

the lower contribution of the aromatic component (288.2 eV) with respect to the other species, as 

compared to g-CN (Figure 7.3c). The anticipated increase in oxygen content is finally confirmed 
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in ox-CN, where O at% reaches 5.3%. For all materials, high-resolution spectrum of the N1s core 

level could be deconvoluted into three different peaks, including the most intense component at 

398.8 eV assigned to C=N-C nitrogen atoms in the sp2-hybridized nitrogen, a component N-(C)3 

originating from the three-coordinated nitrogen atoms at 400.7 eV, and a minor contribution at 

around 404.5 eV, whose attribution is controversial, and in some cases has been related to a N-N 

bonding (Figure S7.3). 39 Importantly, XPS analysis also confirm absence of metal species in 

detectable amounts. This is an important aspect in relation to the recent debate on the true “metal-

free” nature of carbon nanostructures that may contain metal impurities. 40 While XPS provides 

information on the superficial element composition, the metal-free nature of the bulk catalysts was 

further proved by inductively coupled plasma optical emission spectrometry (ICP-OES) where 

metals were below the limit of detection. The materials were also characterized by elemental 

analysis to evaluate the differences in the bulk (Table S7.2). As expected, the composition of all 

samples remains very similar to each other, and in agreement with values reported for graphitic 

carbon nitride prepared from melamine precursor, where the C:N atomic ratio is ~ 0.66 due to 

residual uncondensed melamine. 34, 41, 42 This confirms that the structural modifications are mainly 

involving the surface of the materials, which are those relevant for the catalysis as it is where 

adsorption of reagents occurs. 

The band gap results affected by the post-modification of each sample, as observed by UV-Vis 

diffuse reflectance spectroscopy (DRS) analysis, which shows a different absorbance profile of 

am-CN, whose band gap is reduced to 2.57 eV as compared to g-CN (2.71 eV). The oxidative and 

reductive treatments, in contrast, cause smaller variations suggesting a lower disruption of the 

long-range order (2.73 eV for red-CN and 2.74 eV for ox-CN). It is also observed that the 

absorption profile for am-CN also present a broad peak at lower energy (larger wavelength) which 

could be associated to the presence of intra-gap states, as also previously suggested (Figure 7.3d). 

43 The valence band (VB) edge for the four materials was calculated by the analysis of the XPS 

profile in the low binding energy range (Figure S7.4), with values in the range expected from 

previous literature. 44 Compared to the g-CN (VB = 1.83 eV), the thermal treatment carried out for 

preparing am-CN and red-CN decreases the energy of the VB, while the oxidative treatment 

increases it (Figure S7.5). As a result, the calculated conduction bands (CB) edges for am-CN and 

red-CN are localized at more negative energies (-0.92 eV and -1.28 eV, Figure S7.5), thus being 

more efficient for reduction of the substrates, based on the reported redox potential ranges of the 
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perfluoroalkyl iodides (~ -0.76 V vs RHE).(20) In any case, the CB of all samples are adequate for 

performing the reduction step on the fluorinated compounds while it is insufficient for other non-

fluorinated substrates that were tested (see below), whose redox potentials lie at significantly more 

negative energies, thus requiring future development of the CN catalysts, with ad hoc engineering 

of the band structure by alternative synthetic methodologies.  

Structural distortions are accompanied by relatively small changes in surface area, with the 

Brunauer-Emmett-Teller (BET) surface area remaining in the range between  7 and 19 m2 g-1, 

namely relatively low as expected for CN materials. 45 (Figure S7.6). However, despite in all cases 

the isotherms and the t-plot analysis indicating the presence of meso/macro-pores, the pore size 

distribution is affected, with the average pore diameter increasing in the order g-CN (maximum of 

distribution: 65 nm) < red-CN (maximum of distribution: 73 nm) < ox-CN (maximum of 

distribution: 78 nm) < am-CN (maximum of distribution: 122 nm) (Figure S7.7). Larger pores in 

am-CN presumably minimize mass diffusion restrictions, contributing to increase the activity of 

this catalyst. 

As a primary goal of the investigation, the relationship between the structure of the material and 

its photocatalytic activity was thoroughly investigated on a model reaction, in order to reveal the 

key parameters influencing activity. For this reason, 1,3,5-trimethoxy-benzene (1a) as the model 

electron-rich organic molecule, and perfluorobutyl iodide (2a) as the fluorinated precursor were 

chosen (Table 7.1).   
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Table 7.1. Catalytic tests on the model reaction. Optimization studies and control experiments. Reactions were 

performed on 0.1 mmol scale. [a] Yield determined by 1H-NMR spectroscopy using 1,1,2-trichloroethene as the 

internal standard. [b] Isolated yield. Photo credit: Giacomo Filippini, University of Trieste, Italy. 

Optimization of conditions was carried out with the pristine photocatalyst (g-CN), under 450 nm 

blue monochromatic irradiation at ambient temperature. Under the standard conditions (Entry 1, 

Table 7.1), the studied transformation proceeds quantitatively to afford 3a (yield > 99%) after 24 

hours and with complete product selectivity. In contrast, deviations from standard conditions 

severely affects the reaction. In particular, absence of catalyst (Entry 2, Table 7.1), absence of light 

(Entry 3, Table 7.1), presence of oxygen (Entry 4, Table 7.1), and presence of (2,2,6,6-

Tetramethylpiperidin-1-yl)oxyl (TEMPO; Entry 5, Table 7.1) prevent the transformation, 

confirming both the photocatalytic and radical nature of the process. Other deviations from 

standard conditions such as the change of irradiation wavelength as well as changes of base, 

reaction stoichiometry, and solvent, are also detrimental (Entries 6-11, Table 7.1). The 

photocatalytic activity of the four different prepared materials was then screened. Reducing the 

amount of g-CN to half (0.35 %w/v) results in a significant drop of yield (Entry 12, Table 7.1). 
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Disappointingly, the use of ox-CN leads to the formation of product 3a in very poor chemical yield 

(Entry 13, Table 7.1). On the other hand, both red-CN and am-CN provide very high yield, 

respectively 90% and 99% (Entries 14-15, Table 7.1). The best reaction conditions were thus found 

as shown in Entry 16, Table 1. Notably, the amorphous catalyst is highly performant even at lower 

loadings, reaching a 89% yield at 0.125% w/v, which is a very low loading as compared to typical 

reported conditions (Entry 17, Table 7.1). 17 

The rates of product formation were calculated for product 3a with the four catalysts. Following 

very recent proposed guidelines for reporting the activity of photocatalysts, 46 the rates were also 

calculated per surface area of the four catalytic materials (Table S7.3), in order to evaluate the 

contribution of the geometric effect. It can be seen that over the 24 h reaction time, if normalized 

by the surface area, the red-CN catalyst is apparently more efficient, hinting that intrinsically such 

a catalyst is more active. However, it must be noted that red-CN after 24 h is unable to convert 

totally the reagent, while am-CN does. If normalized per mass of catalyst, am-CN is the most 

efficient.  

A plausible mechanism that drives the catalytic reaction by the am-CN is proposed based on 

previous findings and supported by NMR studies (see below). 
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Figure 7.4. NMR investigation and proposed mechanism. (a) T2 CPMG spectra of perfluorohexyl iodide in red-CN. 

The CF2I resonance is at approximately -69 ppm, that of the CF3 at approximately -92 ppm, and the (CF2)4 peaks in 

the range -120 –  -145 ppm; (b) Corresponding T2 CPMG decay plots for the NMR signals of CF2I, (CF2)4 and CF3 

fitted using a single CPMG exponential decay; (c) 19F NMR T1/T2 ratio of the different moieties of perfluorohexyl 

iodide in the various CN-based photocatalytic materials used in this work; (d) Proposed reaction mechanism which 

drives the photocatalytic perfluorobutylation of 1a. The perfluorinated substrate binds the catalyst surface via iodine 

halogen bond. After photoexcitation and charge separation in the semiconducting catalyst, excited electrons are 

injected from the catalyst to the substrate, forming the radical Ia. The radical then attacks the aromatic molecule 

leading to the cascade reaction generating the final product. Photo credit: Francesco Longobardo, University of 

Trieste, Italy. 

Figure 7.4d shows the catalytic cycle, where prior to photo-induced charge separation in the 

semiconductor, the binding of 2a occurs presumably via halogen bonding with the N atoms of the 

photocatalyst. 47 This step is of high importance, as it dramatically affects the rate of the injection 

of the photo-excited electron into the C4F9I reagent and thus also the formation of the ∙C4F9 radical 

(Ia). Finally, the as-formed open-shell species Ia attacks the aromatic ring of the trimethoxy-

benzene (2a) and the catalysis eventually evolves to the final desired product (3a). We also 
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evaluated the apparent quantum yield (AQY) of reaction producing 3a by am-CN, in order to gain 

insights into the possibility of a chain-propagating mechanism, for which the quantum yield is 

expected to be > 1, as discussed in recent reports on photocatalysis mechanisms. 48 As the AQY is 

of 0.016 mmol(3a)/mmol photons, therefore < 1, the reaction does not presumably occur via a 

chain-propagation process, although this cannot be totally ruled out as the AQY < 1 may also 

derive from a highly inefficient initiation step. 48 

Assessment of the iodine halogen bond strength and its effect on reactivity was investigated by 19F 

NMR T1/T2 relaxation measurements using perfluorohexyl iodide (2b) as our probe molecule (we 

chose a longer-alkyl chain substrate due to the lower volatility than 2a). The T1/T2 ratio has been 

shown to be a robust indicator of strength of surface interactions of liquids confined in porous 

catalysts. 49 It has previously been demonstrated that such measurements allow the quantification 

of the strength of hydrogen bonding of liquids confined in porous catalysts, 50 as reported by some 

of us who studied the behavior of alcohols inside porous silica, using 1H NMR T1/T2 relaxation. 51 

Prompted by such results, in this work we have extended the methodology in order to probe the 

strength of surface interactions of the perfluoroalkyl iodide reagent over the different catalysts 

screened for the reactions and exploiting 19F NMR. T1 was measured using the inversion recovery 

pulse sequence, whilst T2 was measured using the Carr-Purcell-Meiboom-Gill (CPMG) pulse 

sequence. Figure 7.4a contains a typical data set, which shows the T2 CPMG decay of the 

perfluoroalkyl iodide compound inside the red-CN sample. Figure 7.4b shows the T2 CPMG decay 

of CF2I, (CF2)4 and CF3, from which it can be seen that within the same molecule the various 

groups have different T2 CPMG decay rates, with the resonance of the CF2I having a significantly 

faster decay compared to the (CF2)4 and CF3. 

Two important observations can be drawn from the data in Table S7.4 and Figure 7.4c. Firstly, in 

all cases the T1/T2 of the CF2I moiety of perfluorohexyl iodide is higher compared to those of the 

(CF2)4 and CF3 within the same molecule. In particular, the following trend, consistent across all 

materials, can be observed: 

T1/T2 [CF2I] > T1/T2 [(CF2)4] ≃ T1/T2 [CF3] 

This indicates that the strength of surface interaction of the CF2I is greater compared to the rest of 

the molecule and groups further away from this moiety exhibit a weaker interaction. The presence 

of van der Waals dipole-dipole interactions with the surface of CN does not explain this trend as 
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such forces are present for all moieties and should be even stronger for fluorine-richer moieties, 

such as (CF2)4 and CF3. This suggests that it is the iodine atom which differentiates the CF2I 

moiety, especially if it is considered that the strength of halogen bonding is the highest for iodine 

as compared with the other halogens. 52 Hence, the current results and the previously published 

work 51 strongly support the hypothesis that the 19F T1/T2 trend observed in this work can be 

ascribed to the ability of the CF2I to form halogen bonding with the solid surface of the catalyst, 

giving exclusive new insights into adsorbate/adsorbent interactions in these materials. Further 

insights into the relaxation behaviour can be drawn by calculation of surface relaxivities (see SI 

for details), that provide more evidence on the catalytic trend.  

Secondly, by looking at the T1/T2 of the CF2I group of perfluorohexyl iodide in different catalysts, 

the following trend can be identified: 

T1/T2 [am-CN] > T1/T2 [red-CN] > T1/T2 [ox-CN] ≃ T1/T2 [g-CN] 

The trend exactly parallels with the reactivity trend in Table 7.1, indicating that materials with a 

higher surface affinity for the fluorinated substrate are also those with the highest activity. This 

strongly suggests that the ability of the perfluoroalkyl iodide to form halogen bonding with the 

solid material is a critical factor determining reactivity and support the reaction mechanisms 

proposed in Figure 7.4c, highlighting the importance of the binding of the perfluoroalkyl iodide 

to the catalyst surface.  

Further insights into the relaxation behaviour can be drawn by calculation of surface relaxivities. 

In order to do this, we consider the biphasic fast-exchange model. According to this model, fluids 

in contact with solid surfaces exhibit NMR relaxation times that can be very different from those 

of the same liquid as bulk, which can be described according to: 

1

𝑇1,2
=

1

𝑇1,2,𝑏𝑢𝑙𝑘
+ 𝜌1,2

𝑆

𝑉
 (7.1) 

The first term is the contribution of the bulk, the second term is the contribution of the surface, 

whereby 𝜌1,2 are the relaxivities associated to T1,2, and 
𝑆

𝑉
 is the surface-to-volume ratio. Surface 

relaxivities characterise the ability of the surface to facilitate relaxation and are related to the 

adsorbate/adsorbent affinity. Assuming cylindrical pores, the expression can be written in terms 

of pore diameter as: 
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1

𝑇1,2
=

1

𝑇1,2,𝑏𝑢𝑙𝑘
+ 𝜌1,2

4

𝑑
 (7.2) 

Usually the bulk term is much larger than the surface term, hence the approximation: 

1

𝑇1,2
≈ 𝜌1,2

4

𝑑
 (7.3) 

Hence, by knowing the typical value of pore diameter d of the solid material it is possible to 

calculate 𝜌1 and 𝜌2. The ratio 𝜌1/𝜌2 ≈ T1/T2. Values of 𝜌1 and 𝜌2are reported in Table 7.1, together 

with single values of T1 and T2.  

Table 7.1. Values of 19F NMR T1, T2, T1/T2 and surface relaxivities, ρ1 and ρ2, of different moieties of perfluorohexyl 

iodide within different photocatalysts. 

Sample NMR 

peak 

T1  

[ms] 

T2  

[ms] 

T1/ T2  

[-] 

ρ1 

 [nm/s] 

ρ2  

[nm/s] 

g-CN 

CF2I 1124 ± 33 323 ± 9 3.48 ± 0.17 9.35 ± 0.28 32.55 ± 0.98 

(CF2)4 1190 ± 35 417 ± 12 2.86 ± 0.14 8.82 ± 0.26 25.20 ± 0.75 

CF3 1163 ± 34 455 ± 12 2.56 ± 0.13 9.01 ± 0.27 23.10 ± 0.69 

ox-CN 

CF2I 1136 ± 33 286 ± 8 3.98 ± 0.18 15.84 ± 0.47 63.00 ± 1.89 

(CF2)4 1250 ± 37 385 ± 11 3.25  ± 0.16 14.40 ± 0.43 46.80 ± 1.40 

CF3 1235± 36 435 ± 13 2.84 ± 0.14 14.58  ± 0.44 41.40 ± 1.24 

red-CN 

CF2I 1149 ± 34 147 ± 4 7.82 ± 0.39 16.10 ± 0.48 124.10  ± 3.72 

(CF2)4 1149 ± 34 196 ± 5 5.86 ± 0.25 15.88 ± 0.47 93.08 ± 2.79 

CF3 1176 ± 35 204 ± 5 5.76 ± 0.29 15.51 ± 0.46 89.43 ± 2.68 

am-CN 

CF2I 1042 ± 30 128 ± 3 8.13 ± 0.40 28.32 ± 0.85 230.10 ± 6.90 

(CF2)4 1010 ± 29 159 ± 4 6.36 ± 0.32 29.21 ± 0.87 185.85 ± 5.55 

CF3 1053 ± 31 164 ± 4 6.42 ± 0.33 28.03 ± 0.84 179.95 ± 5.93 

It can be observed that am-CN has by far the highest 𝜌1 and 𝜌2 values among all materials. 

Differences in 𝜌2 across all samples are much more evident compared to 𝜌1. In particular, it can 

be seen that the most active samples, am-CN and red-CN, have values of 𝜌2 which exceeds by far 
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the least active samples, ox-CN and g-CN. At this point it is worth noting that whilst T1 is more 

representative of the overall pore structure, T2 is more affected by the local surface chemistry. The 

results strongly suggest then that the different preparation conditions of the solids affect 

significantly the local surface chemistry of the final CN photocatalyst. 

1H NMR T1/T2 relaxation measurements using the reaction solvent, dimethylformamide (DMF) 

were carried out to evaluate the contribution of the solvent affinity to the reaction (Figure 7.5 and 

7.6). 

 

Figure 7.5. (a) T2 CPMG spectra of DMF in ox-CN and (b) the corresponding T2 CPMG decay plot for the whole 

spectrum. 

 

Figure 7.6. T1/T2 ratio of DMF imbibed within the various CN-based photocatalytic materials used in this work. 
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From this data, it is possible to identify a clear trend in T1/T2 ratio value for DMF imbibed within 

the pores of the various photocatalysts: 

T1/T2 [ox-CN] > T1/T2 [g-CN] > T1/T2 [red-CN] > T1/T2 [am-CN] 

As noted, the trend is inverse to that of activity, which suggests that when the DMF solvent has a 

lower surface interaction with the catalyst surface it can be easily displaced by the reagent, hence 

preventing the blocking of catalytically active sites (Figure 7.6 and Table 7.2).  

Table 7.2. Values of 1H NMR T1, T2 and T1/T2 of the DMF solvent within different photocatalysts. * Relative errors 

are in the range 3-5%; for bulk DMF T1 = T2 = 3501 ms. 

Sample T1 

[ms] 

T2 

[ms] 

T1/ T2 

[-] 

g-C3N4 2133 ± 64 424 ± 13 5.03 ± 0.15 

ox-C3N4 653 ± 20 96 ± 3 6.80 ± 0.20 

red-C3N4 1722 ± 52 377 ± 11 4.57 ± 0.14 

am-C3N4 1929 ± 58 496 ± 15 3.89 ± 0.12 

The advanced NMR studies therefore shed important new light on the structure/activity 

relationship in CN materials, as connected with the microstructure of the specific sample. In 

particular, the NMR results indicate that the stronger surface affinity of the perfluoroalkyl iodide 

for the catalyst relative to that of the solvent is critical for controlling the access to the active sites 

of the substrate. This has been previously observed for liquid-phase oxidation over heterogeneous 

catalysts. 53 

As mentioned above, other parameters are however important for defining the overall catalytic 

performance. In particular, the reduced band gap of am-CN resulting in its better absorption at 450 

nm could contribute significantly. Discerning quantitatively the contribution of the different 

parameters is extremely complicated. However, in order to confirm that optical properties are not 

the unique cause of the higher performance of am-CN, catalytic experiments were carried out on 

the four materials with a higher energy LED (395 nm corresponding to 3.14 eV) on the model 

reaction (Table S7.4). Instead of a flattening of the activity among the four photocatalysts 

following saturation of the electron/hole separation process with such a higher energy light source, 



Luke Forster – Tailoring surfaces in porous media for catalysis and separation applications 
 

196 
 

we still observed a clear and significant difference in the activity trend, which remains almost 

unaltered. This rules out a sole effect on the performance due to CB population differences, but 

strongly suggests that other factors are involved, although the reduced bandgap in am-CN does 

play a role. 

The scope of the reaction was then investigated using am-CN (0.27% w/v) as photocatalyst under 

the optimized operative conditions (Scheme 7.1), and functionalization of a variety of aromatic, 

heteroaromatic and unsaturated aliphatic substrates (1a-n), even bearing reaction-sensitive 

functional groups, was successfully achieved, confirming the high tolerance of the photocatalyst 

(products 3a-p, isolated yield up to 97%). Notably, catalytic tests using natural sunlight (product 

3g) also proved successful, and remarkably the reaction was completed within 4 hours in analogy 

with the artificial illumination test on the same alkene substrate (1e). This is an essential aspect for 

future real applications of am-CN as photocatalyst in organic synthesis. The stability of the am-

CN photocatalyst was evaluated by recycling the catalyst three times at the end of the reaction for 

product 3g and we did not observe any significant decrease of activity, the small differences being 

due to the physical loss of the am-CN material during separation from the reaction environment 

(Figure S7.8). 
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Scheme 7.1. Evaluation of the scope of the photochemical reaction. Survey of the organic compounds and 

perfluoroalkyl iodides which can participate in the photocatalytic process. Conditions: reactions conducted in Schlenk 

tubes in DMF (0.25 M) on 0.1 mmol scale of 1, 0.6 mmol of perfluoroalkyl iodide 2, 0,1 mmol of K2CO3 and 0.27 % 

w/v of am-CN, degassed by four freeze-pump-thaw cycles and irradiated for 4-24 hours by a blue LEDs strip (450 

nm). [a] Outdoor experiment and the used set-up (from 9:00 to 13:00 of the 5th of August 2019, in Trieste, see Figure 

S7.9). Photo credit: Giacomo Filippini, University of Trieste, Italy. 

To the best of our knowledge, the investigated reactions have been exclusively performed with 

homogeneous photocatalysts, so that our example is the first with a heterogeneous catalyst. 

Nevertheless, we compared the performance versus homogeneous systems (Table S7.5). Given the 

large scope of reaction investigated herein, we selected product 3k as a representative case study, 

given that it is the most represented in literature. It can be seen from the rate of production of 3k 

that despite the intrinsically general higher activity of homogeneous catalysts, am-CN performs 

better than most of the reported catalysts. This result, combined with the metal-free nature of am-

CN and with the advantages of heterogeneous catalysis highlights the great appeal of the present 

material and especially the synthetic approach for fine-tuning activity, which can be subject to 

future developments. 
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Finally, we explored the generality of the catalytic behavior using a less electron-rich substrate, 

anisole, and observed a dramatic decrease of activity (overall yield 25%) and selectivity (NMR 

shows presence of a complex mixture of adducts, presumably associated with different regio-

isomers or bifunctionalization) (Table S7.6). The poor regio-selectivity is not surprising as it is 

typically associated with reactions proceeding with HAS mechanism. 54 Other simple molecules 

such as benzene or naphthalene did not exhibit any reactivity, as also expected based on the 

absence of strongly electron-donating groups on the substrate (Table S7.6). Moreover, non-

terminal alkenes such as cyclohexene displayed a drop of yield (19%) presumably to steric effects, 

together with a low diastereoselectivity (2:1 trans:cis isomers were formed, Table S7.6). Equally, 

the reaction with non-perfluorinated hydrocarbons fails to proceed (Table S7.7), as expected from 

considerations on the band structure of the semiconductor photo-catalysts, located at energies 

suitable to convert reagents with a redox potential within the band gap. The absence of the fluorine 

groups implies a significant shift of the redox potential towards much more negative values, out 

of the reduction ability of the described photocatalysts.  

7.4. Conclusions 

In conclusion, we present an in depth experimental analysis of the photocatalytic activity for the 

perfluoroalkylation of electron-rich organic substrates by carbon nitride materials in relation to 

their different microstructure. A discrimination of the critical parameters that define activity is 

carried out through a combined set of investigations based on different characterization techniques. 

In particular, for the first time, advanced 19F NMR provides key quantitative insights into the 

importance of reagent affinity towards the solid catalyst through formation of halogen bonding, 

which in turn depends on the local structure. This NMR approach could therefore be extended to 

other types of heterogeneous catalytic reactions involving halogen bonding. Our proof of concept 

study is finally condensed into a practical exploitation of the best catalyst by using natural solar 

light for achieving high activity synthesis of a perfluorinated alkyl iodide. While focusing on 

pefluoroalkyl compounds, the work has the potential to inspire future rational design of CN-based 

photocatalysts for other organic reactions, provided the CN catalyst is tailored with the suitable 

structural and electronic properties. 
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Supporting information 

Synthesis of alkenes 1g, 1h, 1j and 1m 

(Hex-5-en-1-ylsulfonyl)benzene (1g).  

Prepared according to the literature procedure. 1 In a two neck round-

bottomed flask, purged under argon, a mixture of 6-bromo-1-hexene 1k (260 μL, 2 mmol, 1 

equiv.), sodium benzenesulfinate (391 mg, 2.4 mmol, 1.2 equiv.) tetrabutylammonium iodide 

(74 mg, 0.2 mmol, 0.1 equiv.) in dry DMF (2 mL) was heated up to 60°C and stirred over 5 

hours. The reaction was quenched by the addition of brine (5 mL) and then extracted with ethyl 

acetate (3 x 5 mL). The organic phases were combined and washed with brine (5 mL) and then 

dried over sodium sulfate. The solvent was removed under reduced pressure and the residue 

was purified by flash column chromatography (n-hexane/ethyl acetate 9:1) to give the 

corresponding alkene 1g as a colorless oil (372 mg, 83% yield). The characterization of the 

compound matches with the data reported in the literature.(54) 1H-NMR (400 MHz, CDCl3) δ 

7.99 – 7.85 (m, 2H), 7.73 – 7.61 (m, 1H), 7.62 – 7.53 (m, 2H), 5.82 – 5.60 (m, 1H), 5.04 – 4.89 

(m, 2H), 3.17 – 3.01 (m, 2H), 2.10 – 1.96 (m, 2H), 1.81 – 1.66 (m, 2H), 1.55 – 1.36 (m, 2H); 

HRMS calculated for C12H16O2S (M-Na): 247.0769, found: 247.0766. 

 2-(hex-5-en-1-yl)isoindoline-1,3-dione (1h).  

Prepared according to the literature procedure. 1 In a two neck round-

bottomed flask, purged under argon, a mixture of 6-chloro-1-hexene 1l (400 µL, 3 mmol, 1 

equiv.), potassium phthalimide  (610 mg, 3.3 mmol, 1.1 equiv.) and potassium iodide (50 mg, 

0.3 mmol, 0.1 equiv.) in dry DMF (5 mL) was heated up to 90°C and stirred overnight. The 

reaction was quenched by the addition of water (10 mL) and then extracted with 

dichloromethane (3 x 10 mL). The organic phases were combined and washed with KOH 0.2 

M (10 mL), brine (10 mL) and then dried over sodium sulfate. The solvent was removed under 

reduced pressure and the residue was purified by flash column chromatography (n-hexane/ethyl 
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acetate 9:1) to give the corresponding alkene 1h as a pale yellow oil (506 mg, 74% yield). The 

characterization of the compound matches with the data reported in the literature.(54) 1H-NMR 

(400 MHz, CDCl3) δ 7.84 (dd, J = 5.5, 3.0 Hz, 2H), 7.70 (dd, J = 5.4, 3.1 Hz, 2H), 5.78 (ddt, J 

= 16.9, 10.2, 6.7 Hz, 1H), 5.04 – 4.91 (m, 2H), 3.69 (t, J = 7.3 Hz, 2H), 2.10 (dd, J = 14.3, 7.2 

Hz, 2H), 1.75 – 1.65 (m, 2H), 1.44 (dt, J = 15.2, 7.5 Hz, 2H); HRMS calculated for C14H15NO2 

(M-Na): 252.1000, found: 252.0992. 

Hex-5-en-1-yl acetate (1j).  

Prepared according to the literature procedure. 1 In a two neck round-bottomed 

flask, purged under argon, a solution of 5-hexen-1-ol 1i (420 μL, 3.5 mmol, 1 equiv.) and 2,6-

lutidine (408 μL, 3.5 mmol, 1 equiv.) in dry THF (10 mL) was stirred at 0°C for 10 minutes. 

Acetyl bromide (260 μL, 3.5 mmol, 1 equiv.) was added dropwise and the solution was stirred 

at room temperature over 3 hours. The reaction was quenched by the addition of water (10 mL) 

and then extracted with diethyl ether (3 x 10 mL). The organic phases were combined and 

washed with brine (10 mL) and then dried over sodium sulfate. The solvent was removed under 

reduced pressure to give the corresponding alkene 1j as a pale yellow oil (141 mg, 28% yield). 

The characterization of the compound matches with the data reported in the literature.(54) 1H-

NMR (400 MHz, CDCl3) δ  5.80 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.08 – 4.87 (m, 2H), 4.06 

(t, J = 6.7 Hz, 2H), 2.19 – 1.99 (m, 5H), 1.73 – 1.56 (m, 2H), 1.54 – 1.37 (m, 2H); HRMS 

calculated for C8H14O2 (M-Na): 165.0892, found: 165.0885. 

1-(hex-5-en-1-yloxy)octane (1m).  

Prepared according to the literature procedure. 1 In a two neck round-

bottomed flask, purged under argon, a solution of 5-hexen-1-ol 1i (420 μL, 3.5 mmol, 1 equiv.) 

and 1-bromooctane (610 μL, 3.5 mmol, 1 equiv.) in dry THF (14 mL) was stirred at 0°C for 10 

minutes. Sodium hydride (170 mg, 4.2 mmol, 1.2 equiv.) was added portionwise and the 

solution was heated up to reflux and stirred overnight. The reaction was quenched by the 
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addition of ammonium chloride (10 mL) and then extracted with ethyl acetate (3 x 10 mL). 

The organic phases were combined and washed with brine (10 mL) and then dried over sodium 

sulfate. The solvent was removed under reduced pressure and the residue was purified by flash 

column chromatography (n-hexane/ethyl acetate 95:5) to give the corresponding alkene 1m as 

a pale yellow oil (494 mg, 67% yield). The characterization of the compound matches with the 

data reported in the literature.(54) 1H-NMR (400 MHz, CDCl3) δ 5.79 (ddt, J = 16.9, 10.2, 6.7 

Hz, 1H), 5.06–4.89 (m, 2H), 3.38 (td, J = 6.6, 4.9 Hz, 4H), 2.12–2.01 (m, 2H), 1.56 (dp, J = 

9.6, 6.8 Hz, 4H), 1.49–1.38 (m, 2H), 1.38–1.22 (m, 10H); HRMS calculated for C14H28O (M-

Na): 235.2038, found: 235.2032. 

General procedures for the photocatalytic fluoroalkylation of organic compounds and 

characterization data 

 

Scheme S7.1. General scheme for the fluoroalkylation of organic compounds. Photo credit: Francesco 

Longobardo, University of Trieste (Italy)  

A 10 mL Schlenk tube was charged with the appropriate electron-rich organic compound 1 (0.1 

mmol, 1 equiv.), perfluoroalkyl iodide 2 (0.6 mmol, 6 equiv.), potassium carbonate (0.1 mmol, 

1 equiv.) and am-CN (0.27 w/v, 1.4 mg). To this suspension was then added N,N-

dimethylformamide (0.4 mL, [1]0 = 0.25 M). The reaction mixture was thoroughly degassed 

via freeze-pump-thaw cycles (x 3) and the schlenk tube was filled with argon and placed in the 

centre of 8 blue LEDs system at 450 nm (3.5 V and 700 mA controlled by an external power 
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supply). The LEDs were produced and purchased by AddicoreTM (for more details, see: 

https://www.addicore.com/3W-Royal-Blue-LED-on-Star-Board-Heatsink-p/ad425.htm).  

Stirring (400 rpm) was maintained for 24 hours (4 hours for compounds 3g-p) and then the 

irradiation was stopped. The reaction crude was diluted with a 5% lithium chloride solution 

and extracted with ethyl acetate (three times). The organic phase was filtered through sodium 

sulfate. The solvent was removed under reduced pressure and the residue was purified by 

column chromatography (eluent: n-hexane/ethyl acetate) to give the corresponding fluoroalkyl 

compound 3. 

Calculation of yields 

The production yields listed in Table 7.1 and referred to product 3a were determined by 1H-

NMR spectroscopy in CDCl3 using 1,1,2-trichloroethylene (0.10 mmol, 9 μL) as the internal 

standard (I.S.). The following formula has been used: 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑌𝑖𝑒𝑙𝑑(%)  =
Integration of the NMR signal of 3a [δ 6.2 ppm (𝑠, 2H)] x 50

Integration of the NMR signal of the I. S. [δ 6.5 ppm (𝑠, 1H)]
 

The isolated yields of products 3a-3p listed in Scheme 7.1 have been calculated using the 

following formula: 

𝐼𝑠𝑜𝑙𝑎𝑡𝑒𝑑 𝑌𝑖𝑒𝑙𝑑(%)  =
Actual Yield x 100

Theretical Yield
 

For the calculation of the Apparent Quantum yield (AQY) the following equation was used: 

𝐴𝑄𝑌 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑓𝑜𝑟𝑚𝑒𝑑

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
 

The moles of product and emitted photons were calculated after 5 hours of a photocatalytic 

experiment under typical conditions. 

Characterization data of the reaction products 

1,3,5-trimethoxy-2-(perfluorobutyl)benzene (3a).  

Prepared according to the general procedure using 1,3,5-trimethoxybenzene 1a 

(0.1 mmol, 17 mg) and nonafluoro-1-iodobutane 2a (0.6 mmol, 103 μL). The product 3a was 

obtained as white solid (37 mg, 96% yield). The characterization of the compound matches 



Luke Forster – Tailoring surfaces in porous media for catalysis and separation applications 
 

206 
 

with the data reported in the literature. 2 1H-NMR (400 MHz, CDCl3) δ 6.15 (s, 2H), 3.84 (s, 

3H), 3.80 (s, 6H); 19F-NMR (376 MHz, CDCl3) δ -80.97 (m, 3F), -102.86 (m, 2F), -123.00 (m, 

2F), -126.44 (m, 2F); HRMS calculated for C13H11F9O3 (M-Na): 409.0462, found: 409.0463. 

1,3,5-trimethoxy-2-(perfluorohexyl)benzene (3b).  

Prepared according to the general procedure using 1,3,5-trimethoxybenzene 1a 

(0.1 mmol, 17 mg) and perfluorohexyl iodide 2b (0.6 mmol, 130 μL). The product 3a was 

obtained as white solid (45 mg, 92% yield). The characterization of the compound matches 

with the data reported in the literature. 3 1H-NMR (400 MHz, CDCl3) δ 6.13 (s, 2H), 3.85 (s, 

3H), 3.81 (s, 6H); 19F-NMR (376 MHz, CDCl3) δ -80.83 (m, 3F), -102.67 (m, 2F), -122.14 (m, 

4F), -122.69 (m, 2F), -126.17 (m, 2F); HRMS calculated for C15H11F13O3 (M-Na): 509.0398, 

found: 509.0390. 

1,3,5-trimethoxy-2-(perfluorooctyl)benzene (3c). 

 Prepared according to the general procedure using 1,3,5-trimethoxybenzene 1a 

(0.1 mmol, 17 mg) and heptadecafluoro-1-iodooctane 2c (0.6 mmol, 158 μL). The product 3c 

was obtained as white solid (52 mg, 90% yield). The characterization of the compound matches 

with the data reported in the literature. 3 1H-NMR (400 MHz, CDCl3) δ 6.15 (s, 2H), 3.84 (s, 

3H), 3.80 (s, 6H); 19F-NMR (376 MHz, CDCl3) δ -80.84 (t, J = 10.0 Hz, 3F), -102.66 (m, 2F), 

-121.75 (m, 2F), -122.05 (m, 6F), -122.79 (m, 2F), -126.15 (m, 2F); HRMS calculated for 

C17H11F17O3 (M-Na): 609.0334, found: 609.0335. 

2,6-diisopropyl-4-(perfluorohexyl)aniline (3d).  

Prepared according to the general procedure using 2,6-diisopropylaniline 1b 

(0.1 mmol, 19 µL) and perfluorohexyl iodide 2b (0.6 mmol, 130 μL). The 

product 3d was obtained as white solid (42 mg, 86% yield). The characterization of the 

compound matches with the data reported in the literature. 4 1H NMR (400 MHz, CDCl3) δ 
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7.19 (s, 2H), 4.05 (s, 2H), 2.91 (hept, J = 6.8 Hz, 2H), 1.29 (d, J = 6.8 Hz, 12H) ; 19F NMR 

(376 MHz, CDCl3) δ -80.85 (m, 3F), -109.41 (m, 2F), -121.57 (m, 2F), -121.89 (m, 2F), -122.85 

(m, 2F), -126.17 (m, 2F) ; HRMS calculated for C18H18F13N (M-H): 496.1309, found: 

496.1306. 

Methyl 5-acetyl-2-hydroxy-3-(perfluorohexyl)benzoate (3e).  

Prepared according to the general procedure using methyl 5-acetylsalicylate 1c 

(0.1 mmol, 19 mg) and perfluorohexyl iodide 2b (0.6 mmol, 130 μL). The 

product 3e was obtained as white solid (23 mg, 45% yield). The characterization of the 

compound matches with the data reported in the literature. 5 1H NMR (400 MHz, CDCl3) δ 

8.68 (s, 1H), 8.31 (s, 1H), 4.04 (s, 3H), 2.61 (s, 3H); 19F NMR (376 MHz, CDCl3) δ -80.95 (t, 

J = 10.0 Hz, 3F), -108.97 (t, J = 14.3 Hz, 2F), -121.18 (m, 2F), -121.90 (m, 2F), -122.85 (m, 

2F), -126.22 (m, 2F); HRMS calculated for C16H8F13O4 (M-H): 511.0220, found: 511.0218. 

1,3,7-trimethyl-8-(perfluorohexyl)-3,7-dihydro-1H-purine-2,6-dione 

(3f).  

Prepared according to the general procedure using caffeine  1d (0.1 mmol, 

19 mg) and perfluorohexyl iodide 2b (0.6 mmol, 130 μL) over 48 hours of irradiation. The 

product 3f was obtained as white solid (14 mg, 40% yield). The characterization of the 

compound matches with the data reported in the literature. 6 1H NMR (400 MHz, CDCl3) δ 

4.19 (s, 3H), 3.60 (s, 3H), 3.42 (s, 3H); 19F NMR (376 MHz, CDCl3) δ  -80.74 (m, 3F), -108.96 

(m, 2F), -121.01 (m, 2F), -121.39 (m, 2F), -122.71 (m, 2F), -126.06 (m, 2F); HRMS calculated 

for C14H11F13N4O2 (M-K): 553.0311, found: 553.0526. 

1,1,1,2,2,3,3,4,4,5,5,6,6-tridecafluoro-8-iodododecane (3g).  

Prepared according to the general procedure using 1-hexene 1e (0.1 mmol, 13 

µL) and perfluorohexyl iodide 2b (0.6 mmol, 130 μL). The product 3g was obtained as 
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colorless oil (48 mg, 91% yield). The characterization of the compound matches with the data 

reported in the literature.(54) 1H NMR (400 MHz, CDCl3) δ 4.43 – 4.26 (m, 1H), 3.04 – 2.66 

(m, 2H), 1.94 – 1.72 (m, 2H), 1.58 – 1.22 (m, 4H), 0.93 (t, J = 7.2 Hz, 3H); 19F NMR (376 

MHz, CDCl3) δ  -80.86 (m, 3F), -111.92 (m, 1F), -114.69 (m, 1F), -121.84 (m, 2F), -122.91 

(m, 2F), -123.69 (m, 2F), -126.19 (m, 2F) ; It was not possible to measure the HRMS (ESI-

MS) of compound 3g due to its poor tendency to ionize. 

1,1,1,2,2,3,3,4,4,5,5,6,6-tridecafluoro-8-iodohexadecane (3h). 

Prepared according to the general procedure using 1-decen 1f (0.1 

mmol, 19 µL) and perfluorohexyl iodide 2b (0.6 mmol, 130 μL). The product 3h was obtained 

as colorless oil (54 mg, 83% yield). The characterization of the compound matches with the 

data reported in the literature.(54) 1H-NMR (400 MHz, CDCl3) δ 4.40 – 4.27 (m, 1H), 3.06 – 

2.63 (m, 2H), 1.90 – 1.69 (m, 2H), 1.43 – 1.18 (m, 12H), 0.89 (t, J = 6.9 Hz, 3H); 19F NMR 

(376 MHz, CDCl3) δ  -80.85 (m, 3F), -111.80 (m, 1F), -114.70 (m, 1F), -121.82 (m, 2F), -

122.90 (m, 2F), -123.71 (m, 2F), -126.18 (m, 2F) ; It was not possible to measure the HRMS 

(ESI-MS) of compound 3h due to its poor tendency to ionize.  

((7,7,8,8,9,9,10,10,11,11,12,12,12-tridecafluoro-5-

iodododecyl)sulfonyl)benzene (3i).  

Prepared according to the general procedure using (hex-5-en-1-ylsulfonyl)benzene 1g (0.1 

mmol, 22 mg) and perfluorohexyl iodide 2b (0.6 mmol, 130 μL). The product 3i was obtained 

as colorless oil (57 mg, 84% yield). The characterization of the compound matches with the 

data reported in the literature.(54) 1H-NMR (400 MHz, CDCl3) δ 7.95–7.88 (m, 2H), 7.71–

7.64 (m, 1H), 7.58 (t, J = 7.6 Hz, 2H), 4.26 (ddd, J = 13.3, 8.5, 5.2 Hz, 1H), 3.15–3.08 (m, 2H), 

2.99–2.62 (m, 2H), 1.87–1.70 (m, 4H), 1.71–1.60 (m, 1H), 1.56–1.45 (m, 1H); 19F-NMR (376 

MHz, CDCl3) δ -80.80 (m, 3F), -111.52 (m, 1F), -114.69 (m, 1F), -121.80 (m, 2F), -122.85 (m, 
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2F), -123.61 (m, 2F), -126.09 (m, 2F); HRMS calculated for C18H16F13IO2S (M-Na): 692.9606, 

found: 692.9600. 

2-(7,7,8,8,9,9,10,10,11,11,12,12,12-tridecafluoro-5-

iodododecyl)isoindoline-1,3-dione (3j).  

Prepared according to the general procedure using 2-(hex-5-en-1-yl)isoindoline-1,3-dione 1h 

(0.1 mmol, 23 mg) and perfluorohexyl iodide 2b (0.6 mmol, 130 μL). The product 3j was 

obtained as colorless oil (60 mg, 88% yield). The characterization of the compound matches 

with the data reported in the literature.(54) 1H-NMR (400 MHz, CDCl3) δ 7.84 (dd, J = 5.5, 

3.0 Hz, 2H), 7.71 (dd, J = 5.4, 3.1 Hz, 2H), 4.30 (ddd, J = 16.8, 8.3, 5.3 Hz, 1H), 3.71 (t, J = 

7.2 Hz, 2H), 3.00–2.68 (m, 2H), 1.95–1.39 (m, 6H); 19F-NMR (376 MHz, CDCl3) δ -80.87 (tt, 

J = 10.0, 2.2 Hz, 3F), -111.77 (m, 1F), -114.63 (m, 1F), -121.83 (m, 2F), -122.93 (m, 2F), -

123.69 (m, 2F), -126.20 (m, 2F); HRMS calculated for C20H15F13INO2 (M-Na): 697.9837, 

found: 697.9832. 

7,7,8,8,9,9,10,10,11,11,12,12,12-tridecafluoro-5-iodododecan-1-ol (3k). 

Prepared according to the general procedure using 5-hexen-1-ol 1i (0.1 

mmol, 12 µL) and perfluorohexyl iodide 2b (0.6 mmol, 130 μL). The product 3k was obtained 

as colorless oil (52 mg, 94% yield). The characterization of the compound matches with the 

data reported in the literature.(54) 1H-NMR (400 MHz, CDCl3) δ 4.34 (ddd, J = 13.4, 8.4, 5.3 

Hz, 1H), 3.68 (t, J = 6.1 Hz, 2H), 3.03 – 2.68 (m, 2H), 1.93 – 1.75 (m, 2H), 1.71 – 1.44 (m, 

4H); 19F-NMR (376 MHz, CDCl3) δ  -80.83 (m, 3F), -111.76 (m, 1F), -114.67 (m, 1F), -

121.80 (m, 2F), -122.86 (m, 2F), -123.65 (m, 2F), -125.57 – -126.96 (m, 2F); ; HRMS 

calculated for C12H12F13IO (M-Na): 568.9623, found: 568.9612. 

7,7,8,8,9,9,10,10,11,11,12,12,12-tridecafluoro-5-iodododecyl acetate 

(3l).  
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Prepared according to the general procedure using hex-5-en-1-yl acetate 1j (0.1 mmol, 14 mg) 

and perfluorohexyl iodide 2b (0.6 mmol, 130 μL). The product 3l was 

obtained as colorless oil (53 mg, 91% yield). The characterization of the 

compound matches with the data reported in the literature.(54) 1H-NMR (400 MHz, CDCl3) δ 

4.32 (ddd, J = 13.4, 8.5, 5.1 Hz, 1H), 4.08 (t, J = 6.3 Hz, 2H), 3.02–2.68 (m, 2H), 2.05 (s, 3H), 

1.91–1.43 (m, 6H); 19F-NMR (376 MHz, CDCl3) δ -80.85 (m, 3F), -111.63 (m, 1F), -114.68 

(m, 1F), -121.83 (m, 2F), -122.89 (m, 2F), -123.66 (m, 2F), -126.17 (m, 2F); HRMS calculated 

for C14H14F13IO2 (M-Na): 610.9728, found: 610.9723. 

12-bromo-1,1,1,2,2,3,3,4,4,5,5,6,6-tridecafluoro-8-iodododecane (3m).  

Prepared according to the general procedure using 6-bromo-1-hexene 1k (0.1 mmol, 14 µL) 

and perfluorohexyl iodide 2b (0.6 mmol, 130 μL). The product 3m was obtained as colorless 

oil (58 mg, 95% yield). The characterization of the compound matches with the data reported 

in the literature.(54) 1H-NMR (400 MHz, CDCl3) δ 4.40–4.25 (m, 1H), 3.43 (t, J = 6.7 Hz, 1H), 

3.27–3.15 (m, 1H), 3.05–2.67 (m, 2H), 2.05–1.59 (m, 6H); 19F-NMR (376 MHz, CDCl3) δ -

80.85 (m, 3F), -111.62 (m, 1F), -114.65 (m, 1F), -121.81 (s, 2F), -122.89 (m, 2F), -123.65 (m, 

2F), -126.18 (m, 2F); It was not possible to measure the HRMS (ESI-MS) of compound 3m 

due to its poor tendency to ionize. 

12-chloro-1,1,1,2,2,3,3,4,4,5,5,6,6-tridecafluoro-8-iodododecane (3n). 

Prepared according to the general procedure using 6-chloro-1-hexene 1l (0.1 

mmol, 13 µL) and perfluorohexyl iodide 2b (0.6 mmol, 130 μL). The product 3n was obtained 

as colorless oil (53 mg, 93% yield). The characterization of the compound matches with the 

data reported in the literature.(54) 1H-NMR (400 MHz, CDCl3) δ 4.33 (ddd, J = 13.5, 8.4, 5.2 

Hz, 1H), 3.56 (t, J = 6.5 Hz, 2H), 3.05–2.65 (m, 2H), 1.92–1.52 (m, 6H); 19F-NMR (376 MHz, 

CDCl3) δ -80.85 (m, 3F), -111.68 (m, 1F), -114.67 (m, 1F), -121.84 (m, 2F), -122.92 (m, 2F), 
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-123.65 (m, 2F), -126.18 (m, 2F); It was not possible to measure the HRMS (ESI-MS) of 

compound 3n due to its poor tendency to ionize. 

1,1,1,2,2,3,3,4,4,5,5,6,6-tridecafluoro-8-iodo-12-(octyloxy)dodecane (3o).  

Prepared according to the general procedure using 1-(hex-5-en-1-

yloxy)octane 1m (0.1 mmol, 21 mg) and perfluorohexyl iodide 2b (0.6 

mmol, 130 μL). The product 3o was obtained as colorless oil (64 mg, 97% yield). The 

characterization of the compound matches with the data reported in the literature.(54) 1H-NMR 

(400 MHz, CDCl3) δ 4.45–4.24 (m, 1H), 3.51–3.34 (m, 4H), 3.04–2.68 (m, 2H), 1.95–1.74 (m, 

2H), 1.71–1.44 (m, 6H), 1.40–1.20 (m, 10H), 0.88 (t, J = 6.9 Hz, 3H); 19F-NMR (376 MHz, 

CDCl3) δ -80.82 (tt, J = 9.9, 2.2 Hz, 3F), -111.82 (m, 1F), -114.61 (m, 1F), -121.81 (m, 2F), -

122.88 (m, 2F), -123.66 (m, 2F), -126.17 (m, 2F); HRMS calculated for C20H28F13IO (M-Na): 

681.0875, found: 681.0870. 

(E)-7,7,8,8,9,9,10,10,11,11,12,12,12-tridecafluoro-5-iodododec-5-ene (3p). 

Prepared according to the general procedure using 1-hexyne 1n (0.1 mmol, 12 

µL) and perfluorohexyl iodide 2b (0.6 mmol, 130 μL). The product 3p was obtained as 

colorless oil (34 mg, 64% yield, 4:1 E/Z). The characterization of the compound matches with 

the data reported in the literature.(54) (E)-isomer: 1H-NMR (400 MHz, CDCl3) δ 6.35 (t, J = 

14.4 Hz, 1H), 2.66 (t, J = 7.6 Hz, 2H), 1.59 (m, 2H), 1.38 (m, 2H), 0.97 (t, J = 7.3 Hz, 3H). 

The (Z)-isomer appears at 6.16 ppm; . (E)-isomer:  19F-NMR (376 MHz, CDCl3) δ -80.82 (t, J 

= 10.4 Hz, 3F), -105.46 (t, J = 13 Hz, 2F), -121.70 (m, 2F), -122.86 (m, 2F), -123.30 (m, 2F), 

-126.17 (m, 2F). The (Z)-isomer appears at – 108.50  ppm; It was not possible to measure the 

HRMS (ESI-MS) of compound 3p due to its poor tendency to ionize. 

Uv-vis spectra of starting materials 

Photocatalyst, namely am-CN, is the only species that can absorb light at 450 nm. We did not 
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observe any ground-state association between 1a and the radical source 2a, because their 

combination does not lead to relevant change of the absorption spectra (Figure S7.10, black 

line overlays the red line). 
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Figure S7.1: Representative TEM images of the CN samples. 
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Figure S7.2: TGA analysis of the four materials under air. The combustion temperature onset of all the modified 

CN is reduced by ~50 °C as compared to the g-CN, as better observed in the figure inset, where the weight 

derivative is shown.  

 

 

Figure S7.3. XPS showing the deconvoluted N1s core level spectra.  
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Figure S7.4. XPS of the four samples in the low binding energy range. The VB is calculated from the intercept 

of the onset of the first peak with the baseline. 
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Figure S7.5. Schematic representation of the VB and CB positions for the four materials with energy values in 

eV. RHE stands for Reversible Hydrogen Electrode.  
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Figure S7.6. N2 physisorption isotherms of the four materials, with report of their specific surface area. 

 

 

Figure S7.7. Pore size distribution (inset reporting the maximum of the curve). 
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Figure S7.8. Outdoor experiment: solar irradiation over time the 5th of August 2019, in Trieste.  
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Figure S7.9. Recycling tests for reaction producing 3g with am-CN. 
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Figure S7.10. Uv-vis spectra of trimethoxybenzene (1a), perfluorobutyl iodide (2a) and their combination (optical 

length 1 cm). 
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Table S7.1. XPS analysis. 

Sample C / at% N / at% O / at% 

am-CN 43.13 56.87 - 

g-CN  42.33 57.67 - 

ox-CN  41.94 52.71 5.35 

red-CN 45.00 55.00 - 

Components derived from fitting analysis. 

Sample Core level Component Binding Energy / eV Area / % 

am-CN 

C1S 

C-C 284.80 7.20 

C-N 286.22 8.29 

C=N-C 288.23 80.80 

pi-pi* 293.69 3.70 

N1S 

C=N-C 398.80 76.50 

N-(C)3 400.87 18.05 

N-Nb 404.49 5.45 

g-CN 

C1S 

C-C 284.80 4.16 

C-N 286.11 6.20 

C=N-C 288.11 86.11 

pi-pi* 293.59 3.53 

N1S 

C=N-C 398.65 75.98 

N-(C)3 400.69 17.60 

N-Nb 404.32 6.43 

ox-CN 

C1S 

C-C 284.80 6.78 

C-N 286.04 7.26 

C=N-C 288.12 82.70 

pi-pi* 293.50 3.27 

N1S 

C=N-C 398.67 74.6 

N-(C)3 400.68 19.06 

N-Nb 404.93 6.34 

red-CN 

C1S 

C-C 284.80 5.28 

C-N 286.36 13.52 

C=N-C 288.14 76.89 

pi-pi* 293.79 4.31 

N1S 

C=N-C 398.59 86.76 

N-(C)3 401.18 9.59 

N-N 404.66 3.65 
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Table S7.2. Elemental analysis of the four CN materials. 

Sample C (%) N (%) H (%) 

am-CN 34.52 59.85 1.640 

g-CN 34.67 61.36 1.720 

red-CN 34.42 60.66 1.740 

ox-CN 33.96 59.87 1.780 

 

Table S7.3. Rates of production (per gram of catalyst and per square meter of catalyst) for reaction generating 

product 3a. 
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Table S7.4. Comparison of the photocatalytic activity with different LED wavelengths for the production of 3a 

with the four catalysts.  
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Table S7.5. Comparison between the activity of photocatalyst am-CN with other reported photocatalysts for 

production of compound 3k.  
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Table S7.6. Limitation of the reported photochemical transformation using catalyst am-CN.  

 

 

Table S7.7. Photocatalytic tests with different radical precursors with higher redox potential.  
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Chapter 8: Tailoring pore structure and surface chemistry of 

microporous Alumina-Carbon Molecular Sieve Membranes (Al-

CMSMs) by altering carbonization temperature for optimal gas 

separation performance: An investigation using low-field NMR 

relaxation measurements 

This chapter has been published as a full article in the journal Chemical Engineering Journal. 

1 Tailoring pore structure and surface chemistry of microporous Alumina-Carbon Molecular 

Sieve Membranes (Al-CMSMs) by altering carbonization temperature for optimal gas 

separation performance: An investigation using low-field NMR relaxation measurements - 

ScienceDirect 
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provided support in writing and revising the article as well as managing the research work. 

Vincenzo Spallina revised the article. 

Abstract 

In this work, we applied low field, NMR spin-lattice measurements to evaluate for the first 

time the effect of carbonization temperature (range 600-1000 ℃) on the preparation of 

Alumina-Carbon Molecular Sieve Membranes (Al-CMSMs), providing new insights into intra-

pore fluid interactions. The results show that the average Al-CMSM pore size generally 

increases with carbonization temperature whilst the hydrophilicity of the pore surface, and the 

amount of strongly adsorbed H2O, decreases with an increasing carbonization temperature. As 

such, lower carbonization temperatures produce more hydrophilic membranes, with further 

evidence provided by FTIR measurements demonstrating the presence of polar functional 

groups on the surface, with water interacting more strongly with the membrane surface, as 

evidenced by NMR. 

It was found that the Al-CMSM carbonization temperature significantly affected permeance 

and H2O/CH4 permselectivity by altering the membrane pore size distribution and pore 

https://www.sciencedirect.com/science/article/pii/S1385894721009013
https://www.sciencedirect.com/science/article/pii/S1385894721009013
https://www.sciencedirect.com/science/article/pii/S1385894721009013
https://www.sciencedirect.com/science/article/pii/S1385894721009013
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hydrophilicity. H2O permeance values are seen to be up to 100 times larger than respective 

CH4 permeance values. The greater permeance of H2O is attributed to the larger kinetic 

diameter of CH4 relative to H2O and the adsorption of water in the hydrophilic pores enhancing 

the adsorption-diffusion transport mechanism.  Optimal water permeation temperatures are 

thus higher for the more hydrophilic membranes, obtained at lower carbonization temperatures, 

as more energy is required to remove strongly adsorbed water blocking the pores. At higher 

carbonization temperatures, the Knudsen diffusion mechanism of permeance dominates over 

the adsorption-diffusion mechanism thereby reducing permeance as diffusion slows due to 

collisions between gas molecules and the pore walls.  CH4 permeation always occurs via 

Knudsen diffusion with CH4 permeance increasing with permeation temperature due to the 

increased rate of CH4 diffusion. 
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8.1. Introduction 

The separation of gases is relevant to a vast array of industrial and chemical engineering sectors 

including the petrochemical and pharmaceutical industries. As such, the separation of different 

gases from gaseous mixtures is an industrial process of much importance and the development 

of cheap and efficient methods and materials capable of selective gas separation is of great 

interest. Amongst the most promising processes currently available for gas separation and 

purification is membrane separation owing to its relatively low consumption of energy, ease of 

use, low relative construction costs and possible use for continuous operation. 2 

Several classes of gas separation membranes are currently in use and can be classified into: 

polymeric, inorganic and mixed-matrix membranes; the main advantages of inorganic 

membranes are a high stability at high temperatures, and that they do not suffer plasticization. 

Nevertheless, in dense inorganic membranes the main mechanism of permeation is solution 

diffusion which is a slow process. 

For porous defect free membranes, the mechanism of permeation depends on both the size of 

the pore and the interaction between the pore surface and the permeating gas molecules. In 

micropores (0.5- 2 nm) where the mechanism of permeation is by adsorption-diffusion, 

whereby the more adsorbable gas permeates preferentially through the membrane, 

simultaneously blocking the passage of the smaller gases. In ultra-microporous membranes 

(0.25 – 0.5 nm), separation can occur by molecular sieving where only the gas molecules 

smaller than the membrane pores will pass through the membrane or microporous Knudsen 

type diffusion, which occurs mainly at high temperatures where adsorption effects are 

attenuated and the gas molecules collide with the pores increasing the diffusion path length. 3 

The adsorption-diffusion mechanism of membrane separation can be effectively improved by 

functionalization of the porous membranes. It has been reported how different gas separation 

membranes can be functionalized using amine groups to drastically improve selectivity and 

activity 4-6 whilst functionalization of certain graphene oxide membranes with carboxyl groups 

has been shown to increase membrane hydrophilicity and therefore improve performance for 

water separation. 7 The functionalization of membranes with nitro groups, 8 hydroxyl groups, 9 

ethers 10 and metal nanoparticles 11 has been shown to significantly affect separation activity in 

various ways. 

A relatively new class of promising materials for separation technologies are carbon molecular 

sieve membranes (CMSMs). CMSMs are prepared by carbonization of an appropriate 
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polymeric precursor under an inert atmosphere or vacuum. 12, 13 The CMSM morphology 

consists of small graphene layers that are packed imperfectly, forming a structure commonly 

referred to as turbostratic carbon. The nanosized openings within/between layers are 

considered slit-like micro and ultra-micropores. 14 There is no long range structural order, and 

therefore not a single pore size but instead a broad pore size distribution. The mechanism of 

gas transport in CMSM is a combination of molecular sieving and adsorption-diffusion. 3 

The pore size distribution and the surface properties of the pores in CMSMs can be tuned by 

changing the polymer precursor, time and temperature of carbonization, and by applying 

pre/post synthesis treatment of the precursor or product, respectively. 15-17 It has been shown 

that the functional groups present within the pores of separation membranes (i.e., changing the 

wettability of the membrane pores) can influence the permeance of molecules passing through 

the porous structure due to favourable molecular interactions (adsorption-diffusion). 18  

Varying the carbonization temperature during the CMSM preparation process is a common 

method of altering the physical and chemical properties and therefore permeation properties of 

CMSM and their performance for gas separation. Indeed, it has been shown that an increase in 

carbonization temperature can reduce the size of micropores present in the membrane. 19 Many 

reports have also shown that at higher carbonization temperatures, the pore size tends to shrink 

increasing the permselectivity of a specific membrane whilst decreasing the permeability. 20-25 

Shrinkage of the pores favours the molecular sieving mechanism of permeation in CMSMs; 

hence, CMSMs prepared at higher carbonization temperatures selectively allow molecules to 

pass through with the separation performance determined by pore size and the molecular 

dimensions of the gas. 26 Therefore, it is clear that the optimum carbonization temperature must 

be investigated to find the right balance between the permselectivity and permeability.  

It has been reported that when CMSMs prepared from P84 polyimide films carbonized from 

600 to 900 °C are used for various gas separations, the best performance for CO2/CH4 and 

CO2/N2 separations were obtained using a carbonization temperature of 800 °C. 18, 27 For a 

CMSM derived from Matrimid polyimide, the best temperature of carbonization for O2/N2 and 

CO2/CH4 and C3H6/C3H8 gas separations was 550 °C. 28 Fuertes et al. 29 reported that CMSMs 

prepared from novolak phenolic resin using a carbonization temperature of 700 °C were highly 

effective for the recovery of hydrocarbons from hydrocarbon-N2 mixtures, whilst those 

prepared using a carbonization temperature of 800 °C were most effective for O2/N2, CO2/CH4 
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separation. Finally, those prepared at a carbonization temperature of 900-1000 °C had the best 

performance for separating mixtures of gases with molecular sizes smaller than 0.4 nm. 29 

Self-supported CMSMs are brittle and hence in order to improve the mechanical strength, 

thermal stability and permeation properties, thin, supported CMSMs are required.  Pacheco and 

Llosa reported for the first time the preparation of supported composite alumina CMSM (Al-

CMSM) from phenolic resins (resol 30-32 and novolac 12, 33) in a one dip coating carbonization 

process.  

For Al-CMSMs prepared from novolac and boehmite precursors; the average pore size and 

pore size distribution vary with the carbonization temperature within the temperature range of 

450 – 1000 °C. 34 The membranes carbonized at low temperature possess hydrophilic groups 

able to adsorb water thereby blocking the pores and reducing the pore size of the microporous 

domain. This water can be removed by heating; therefore, the size of the pore (amount of water 

adsorbed) will change with the temperature; in a reversible process. 34 It was found that by 

saturating the pores of the membrane with water before gas separation, the permeation 

properties are improved by covering all the hydrophilic sites with water reducing the pore size 

and increasing the selectivity. 35, 36 When the water adsorption effect on Al-CMSM carbonized 

at 550 and 600 °C was studied for the separation of H2 from a H2-CH4 mixture; it was concluded 

that water adsorption is an essential parameter to improve the separation properties; indeed, a 

H2 purity of 98.95 % from 10 % H2-90 % CH4 was obtained. 36 The improvement was found 

to be more remarkable when working at high temperatures, therefore, interaction of water with 

the pores of the membrane should be studied. 36 

Power-to-X processes have unlocked the possibility to convert renewable H2 and CO2 from the 

atmosphere into valuable chemicals such as methane, methanol and dimethyl-ether that can be 

later used as fuels or bulk chemicals. 37 These processes are currently carried out at relatively 

high temperatures (200 - 300 °C) and pressures (up to 40 bar) and generally produce large 

quantities of H2O. This is detrimental for both the equilibrium conversion and catalyst stability 

and therefore the in-situ removal of H2O from the reactors used will result in a significant 

conversion enhancement and thus process intensification. 37, 38  

Composite Alumina Carbon Molecular Sieve Membranes (Al-CMSMs) are a promising 

material system for the required separation of H2O from the reactors. For membrane water-gas 

permeation by the adsorption-diffusion mechanism, water molecules must be adsorbed on to 
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the surface of the pores. The extent to which this can occur will depend on: a) hydrophilicity 

and pore size distribution of the membrane and b) the temperature and pressure of permeation.  

In this work, Al-CMSMs were prepared at various temperatures of carbonization and tested for 

their performance in H2O and CH4 permeance at relatively high temperatures. The surface 

properties of the pores play an important role in determining the performances of these 

materials, yet measuring surfaces within the pore space of such membranes has proven to be 

very challenging and little is known about how carbonization affects surface chemistry. Here 

NMR relaxation was used for the first time for this class of materials to probe the interactions 

and molecular dynamics of molecules confined within such carbon membranes in order to 

investigate how a change in carbonization temperature affects the structural and surface 

properties of CMSMs and how this can alter their performances for practical applications. 

8.2. Experimental 

8.2.1. Chemicals 

Deionized water was obtained from a laboratory water purification system; n-hexane (≥99 %) 

was obtained from Sigma Aldrich and used as supplied. 

8.2.2. Al-CMSMs preparation 

The tubular supported Al-CMSMs were prepared by the one dip-dry-carbonization step method 

previously reported. 12, 32 The supports are porous α-alumina tubes (10 mm and 7 mm outer and 

inner diameter respectively) 15 cm long from Inopor. Both ends were connected to dense 

alumina tubes using a glass seal. 33 One end was closed and the other open to allow the 

permeating gases to flow. The porous supports were introduced into a dipping solution 

containing novolac resin (13 wt%), formaldehyde (2.4 wt%), ethylenediamine (0.4 wt%), 

boehmite (as a precursor of alumina, 0.8 wt%) in N-methyl-2-pyrrolidone (NMP) using a 

vacuum pump. The remaining precursor solution was placed in a Teflon dish to make 

unsupported Al-CMSM films and used for membrane characterization. Both supported and 

unsupported membranes were dried in an oven at 100 °C overnight. The tubular supported 

membranes were dried under continuous rotation inside an oven to guarantee a uniform 

thickness. The Al-CMSMs were carbonized at temperatures from 600 °C to 1000 °C for two 

hours under a continuous flow of nitrogen. Figure 8.1 shows a 15 cm long supported Al-CMSM 

where both ends were supported in a dense alumina tube. One side was closed (left side in 

Figure 8.1) and the other left open to allow the permeating gas to flow. 



Luke Forster – Tailoring surfaces in porous media for catalysis and separation applications 
 

233 
 

 

Figure 8.1. Al-CMSM supported on porous alumina tube connected to dense alumina tubes. 

8.2.3. H2O and CH4 gas permeation studies  

A schematic representation of the experimental facility designed to perform vapor permeation 

experiments is depicted in Figure 8.2. The setup consists of four main sections: (i) the feed 

section; (ii) the pressure vessel containing the membrane; (iii) the cooling section and the (iv) 

retentate/permeate analysis section. A series of mass flow controllers, from Brooks Instrument, 

are provided in order to set the desired amount of gas to feed inside the system in (mL min-1). 

Demineralized water is contained in a tank and the desired amount to be fed inside the system 

is set through the mass flow controller (g h-1); H2O is provided above atmospheric pressure to 

overcome the pressure drop along the feeding line and output separation. H2O is then 

evaporated at a temperature of 120 °C in a controller evaporator mixer (CEM) in which a 

minimum amount of N2 (≥ 0.15 mL min-1) is used as the carrier gas.  

Several temperature controllers are used to maintain the temperature of the lines in which the 

gas mixture flows at temperatures above 150 °C, in order to ensure that the water does not 

condense inside the system. The permeator section consists of a stainless steel vessel, where 

the membrane is connected to the main body from the flange on the top. The vessel is placed 

inside an electrical oven in order to maintain isothermal conditions in the membrane. 

Both retentate and permeate gases leave the membrane at the separation temperature and go 

through the cooling section. This consists of two coolers, for the permeate side and the retentate 

side, respectively, which condense the unseparated steam contained in the mixture.  

Finally, liquid water is collected inside containers placed at the outlet of the condensers, while 

the other gases will reach the analysis section, in which it is possible to measure the amount of 

gas permeated through the film flow meters (HoribaStec).  A µ-GC analyser is also included 

in the analysis section, in order to analyse the composition of the permeate feed. 
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Several Al-CMSMs were carbonized at temperatures between 600 and 1000 °C. Each carbon 

membrane was tested at temperatures ranging from 150 to 300 °C, while the pressure difference 

between the feed and the permeate was maintained at 3 bar, keeping the permeate side at 

atmospheric conditions. Pressure at the membrane inlet and permeate side was controlled by 

back-pressure regulators from Bronkhorst and temperature inside the membrane was controlled 

by two thermocouples, placed at the feed/retentate and permeate side respectively.  

The permeation tests with pure water were performed with a stream mixture of 92.5 % H2O 

and 7.5 % N2 due to the presence of the CEM. The membranes were exposed to a flux of water 

for a fixed time interval, at the end of which the amount of water permeated was collected and 

the H2O permeability was derived accordingly. 

 

Figure 8.2. Schematic representation of the experimental facility designed to perform vapor permeation 

experiments. The four main sections: (i) the feed section; (ii) the pressure vessel containing the membrane; (iii) 

the cooling section; and the (iv) retentate/permeate analysis section are labelled. 

8.2.4. Thermogravimetric analysis (TGA) 

TGA data was acquired on a Netzsch TGA 760, in the temperature range from 20 – 900 °C, 

heating rate at 5 °C min-1 under nitrogen. The analysed samples were self-supported precursor 

films before carbonization, and the amount of sample used was ~ 5 mg. 

 

(i) (ii) (iii) (iv)
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8.2.5. FTIR analysis  

The IR spectra were obtained using an Agilent Cary 630 FTIR with a ZnSe diffuse module for 

powder sample analysis. The samples were first ground and then diluted with KBr powder, 

obtaining a final mixture with 5 % (w/w) of carbon membrane material. Micro lab PC Software 

was used to extract the absorbance data. The final plots were obtained by subtracting the KBr 

spectrum from that of one of the diluted samples, normalizing the signal intensity for all plots 

with respect to the absorbance of pure KBr and, finally, by converting the absorbance into 

transmittance (T %). 

8.2.6. NMR measurements 

Samples were prepared for the NMR measurements by soaking in water or n-hexane for at least 

48 hours to allow the membranes to equilibrate. The Al-CMSMs were then dried on a pre-

soaked filter paper to remove any excess liquid on the external surface and finally transferred 

to 5 mm NMR tubes. To ensure a saturated atmosphere in the NMR tube, hence minimizing 

errors due to evaporation of volatile liquids, a small amount of pure liquid was placed onto 

absorbed filter paper, which was then placed under the cap of the NMR tube. The tube sample 

was finally placed into the magnet and left for approximately 15 minutes before starting the 

measurements, in order to achieve thermal equilibrium.  

NMR experiments were performed in a Magritek SpinSolve benchtop NMR spectrometer 

operating at a 1H frequency of 43 MHz. The NMR spin lattice relaxation time was measured 

using the inversion recovery technique (Figure 8.3). The typical error of all T1 measurements 

was approximately 3 %. 

The spin-lattice relaxation time constant is determined by plotting the acquired signal 

intensities as a function of the time delay, t = τ in accordance with the following equation: 

𝑀z(𝑡)

𝑀0
= 1 − 2 𝑒

−
𝑡

𝑇1 (8.1)   

where Mz (t) is the signal intensity at the respective time delay, τ, and M0 is the signal intensity 

at equilibrium.  

Inversion recovery experiments were performed using a 16-step inversion recovery pulse 

sequence and a maximum inversion delay ranging from 1–5 s for experiments using water and 

between 1–3 s for experiments using n-hexane. 16 scans were used for each time delay.  
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8.2.7. High resolution transmission electron microscopy (HRTEM) 

Transmission electron microscopy (TEM) was performed on an FEI Talos F200X operated at 

200 kV with images captured using a Ceta-M 4k CMOS camera. 

8.3. Results and discussion 

The TGA analysis of the non-supported membrane carried out under N2 is shown in Figure 

8.3b; the unsupported membrane precursor contains the partially condensated polymer, 

remains of the solvent (NMP) and boehmite. During the carbonization, NMP and volatile 

reaction products such as H2O, CO, CO2, H2 are released; 39 the peak observed in differential 

thermal gradient (DTG) around 200 °C is that of the solvent and volatiles; significant weight 

loss occurs until 550 °C. From 550 to 900 °C, the TGA data can be divided in to two regions 

(550 - 650 and 650 - 900 °C). Water and gas evolution of a resol phenol formaldehyde resin 

during carbonization was studied by Marinkovic; 39 the water evolution was significant 

between 100 and 600 °C and completed by 700 °C; H2 started to evolve at 400 °C having a 

peak at 650 °C. From 800 °C, only H2 was released. In addition, Funabiki et al. 40 studied the 

carbonization of a phenolic resin and reported that as the temperature of carbonization 

increases, the content of oxygen groups decreases. The results in Figure 8.3b shows for our Al-

CMSM precursors at 700 °C almost all the oxygen groups were removed. At higher 

temperatures, the cross-link groups in the phenolic resin are destroyed, which leads to 

clustering of the aromatic units and subsequent rearrangement of the restacked graphite planes, 

reducing the pore size of the membranes. 41 During carbonization, unstable carbon groups are 

formed in the membrane. After cooling, these groups can react with water from the 

environment (water chemisorption) making the membrane hydrophilic. Figure 8.3a shows the 

C-O stretching frequency (1240 cm-1) intensity as a function of the carbonization temperature 

used to produce the Al-CMSM membranes. A sharp decrease in intensity is observed in the 

550 - 650 °C temperature range suggesting that above this temperature most of the oxygen 

containing groups were removed. 
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Figure 8.3.  (a) FTIR C-O peak height of unsupported Al-CMSM precursor where T % is the percentage of 

transmittance and 100 – T % is related to the amount of C-O functional groups on the Al-CMSM surface and (b) 

TGA/DTG analysis. 

The release of gas during heating of the precursor leads to the formation of pores and shrinkage 

of the membrane.  The effect of the carbonization temperature on Al-CMSM (prepared with 

the same conditions as in this paper) on pore size distribution was reported by Mendes et al. 

from the CO2  adsorption isotherm at 0 °C; the equilibrium values were obtained using a 

gravimetric method and the data was processed using the Dubinin-Astakhov equation (Figure 

8.4). 33 The micropore distribution can be divided in to two regions: 0.25 - 0.5 nm and 0.5 - 0.9 

nm representative of the pore sizes relevant to molecular sieving (MS) and adsorption-diffusion 

(AD) mechanisms of transport respectively. Most of the pores on the membrane carbonized at 

550 °C are within the AD region with a maximum pore size of around 0.65 nm. When the 

carbonization temperature is increased to 650 °C, an important change in the pore size 

distribution occurs, that is, the number of pores in the MS region increases considerably. In the 

AD region, the peak maximum is shifted to the left at around 0.55 nm. At a higher carbonization 

temperature of 750 °C the number of pores in the MS region decreases, the number of pores in 

the AD region increases, and the peak maximum returns to 0.65 nm.  
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Figure 8.4. Micropore size distribution of Al-CMSMs carbonized at 550, 650 and 750 °C showing the molecular 

sieving and adsorption-diffusion regions (adapted from Tanco et al. 33 with permission of Elsevier). 

The porous nature of the membranes was examined by TEM analysis (Figure S8.1). However, 

due to the very small dimensions of the pores, (of the order of molecular dimensions) and the 

disordered nature of the material it was not possible to use high resolution TEM imaging to 

visualise differences in the porosity for different carbonisation temperatures. All Al-CMSMs 

showed nanostructured carbon membranes implanted with nanosized alumina. This highlights 

the importance of NMR relaxation measurements to characterise differences in porosity, which 

is subsequently discussed.   

8.3.1. NMR relaxation measurements 

The effect of the carbonization temperature used during sample preparation upon the surface 

chemistry of the Al-CMSMs was assessed by using water and n-hexane to probe hydrophilic 

and hydrophobic interactions of the Al-CMSMs surface, respectively. Low-field NMR 

experiments, 42, 43 in particular low field NMR relaxation measurements 44-48 have previously 

been successfully used to understand the role of water and other solvent interactions in porous 

catalysts and here the same idea is extended to membranes.  

Spin-lattice relaxation time (T1) NMR results are shown in Figure 8.5a and b for water and n-

hexane, respectively. The experimental data were fitted using single exponential functions and 

the quality of data and fitting is excellent (R2 > 0.99). The extracted T1 values are shown for 

different carbonization temperatures in Figure 8.6, with absolute values tabulated in Table 

S8.1. 
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Figure 8.5. T1 inversion recovery plots of (a) H2O and (b) CH4 confined within Al-CMSMs prepared using various 

carbonization temperatures. Solid lines represent fitting to a single inversion recovery exponential. Due to 

extremely fast relaxation of n-hexane molecules within the CMSM pores, spins have already relaxed to some 

degree even at the lowest delay times used, therefore the normalised signal intensity does not reach -1. This is not 

thought to significantly impact the results obtained and is merely a peculiarity of the system studied. 

An increase in carbonization temperature is seen to increase the time that the confined liquid 

takes to fully relax within the micropores for both guest molecules across all samples studied. 

This effect is significant for the tests using water; however, when using n-hexane, the 

difference in the time taken for the signal to fully recover is seen to increase only slightly in 

CMSMs carbonized between 600 – 800 ⁰C before becoming almost constant for CMSMs 

carbonized at above 800 ⁰C.  
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Figure 8.6. T1 values of n-hexane and water confined within the micropores of Al-CMSMs as a function of Al-

CMSM carbonization temperature. The approximate error for T1 values is 3 %. Solid lines are a guide to the eye. 

According to Bloembergen-Purcell-Pound (BPP) theory (Chapter 2.1.6.), T1 values of fluids are 

related to the molecular tumbling motion of the molecule being analysed. Generally, for fast 

tumbling fluids, such as water and n-hexane, T1 is large when tumbling is unrestricted and 

therefore molecular motion is very fast; this then decreases to a minimum as molecular motion 

becomes slower/the molecule becomes more restricted. 49 

The T1 values of confined liquids, T1,obs, compared to the bulk T1,bulk, depend on multiple factors, 

which can be summarized by the following equation: 50 

1

𝑇1,𝑜𝑏𝑠 
=  

1

𝑇1,𝑏𝑢𝑙𝑘
+  

2𝛼𝜌𝑖 

𝑑𝑝𝑜𝑟𝑒
 +  

8𝛼𝐷𝑜

𝑑𝑝𝑜𝑟𝑒
2  (8.2)  

where α is a pore shape factor, ρi is the surface relaxivity, dpore is the pore size and Do is the 

self-diffusivity of the liquid under confinement. This equation allows for the determination of 

two limiting cases upon the spin-lattice relaxation times of confined liquids, namely the slow 

diffusion limit (when bulk diffusion dominates i.e., when surface relaxivity or the pore size is 

very large) or the fast diffusion limit (when surface processes dominate i.e., when surface 

relaxivity is weak or pore size is very small). 51 In the case of liquids confined within porous 
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materials, the bulk term is negligible and two new equations can be written for the fast and 

slow diffusion limits respectively; 

1

𝑇1,𝑜𝑏𝑠 
=  

2𝛼𝜌𝑖  

𝑑𝑝𝑜𝑟𝑒
 (8.3) 

1

𝑇1,𝑜𝑏𝑠
=  

8𝛼𝐷𝑜

𝑑𝑝𝑜𝑟𝑒
2

 (8.4) 

The small micropores of the order of approximately 1.50–1.80 nm are sufficiently large to 

allow access of both n-hexane and water (kinetic diameters of 0.27 and 0.43 nm respectively) 

36, 52 however, it is apparent that these molecules will be under a significant degree of 

confinement which will greatly affect their mobility within the porous structure of the Al-

CMSMs. As the liquids are highly confined within the micropores of the Al-CMSMs, they are 

defined by the fast diffusion limit. The fast diffusion limit can be rewritten as:  

𝑇1 ≈  
𝑑𝑝𝑜𝑟𝑒

𝜌1
 (8.5) 

Using this equation, it can be inferred that the general increase in T1 across all samples for both 

guest molecules is down to the general increase in the average pore size with increasing 

carbonization temperature. Figure 8.4 showed that the volume and number of smaller 

micropores increases with the carbonization temperature up to 650 ⁰C whereas at higher 

carbonization temperatures the pore size distribution indicates that a wider range of larger 

micropores are formed. 33 As the micropores become larger with increasing carbonization 

temperature, the guest molecules will become less confined and therefore more mobile so T1 

will increase. 

However, as the trend for n-hexane and water is different (Figure 8.6), clearly the surface 

relaxivity has a significant effect on the T1 values, besides that of the pore size. Indeed, the T1 

relaxation time can be used as a tool to study surface effects on the configuration of water and 

hydrocarbons, which has been extensively applied to study wettability in rocks and minerals. 

53-55 In the case of the membranes used in this work, the difference in mobility between n-

hexane and water can be effectively related to the relative surface affinities of each respective 

guest molecule for the surface of the Al-CMSMs.  By taking the ratio of the respective T1 

values, the pore size dependence can be removed to give an effective measure of wettability, 

denoted as H, where a higher value indicates a greater degree of hydrophilicity. 
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𝐻 =  
𝑇1,𝐻𝐸𝑋

𝑇1,𝐻20

 =  
𝜌𝐻2𝑂

𝜌𝐻𝐸𝑋
 (8.6) 

By plotting the effective hydrophilicity parameter, H, as a function of the carbonization 

temperature as seen in Figure 8.7 and Table S8.1, it can be seen that Al-CMSMs generally 

become increasingly, less hydrophilic, and hence more hydrophobic, with increasing 

carbonization temperature.  

 

Figure 8.7. A plot of the effective hydrophilicity parameter H as a function of Al-CMSM carbonization 

temperature. Error is approximately 3 % for each value of H. 

All values for H are less than 1 indicating that n-hexane interacts more strongly with the Al-

CMSM surface regardless of carbonization temperature. This is due to the inherent 

hydrophobicity of carbon materials; however, the wettability of the surfaces clearly changes 

significantly with carbonization temperature. This change in wettability can be attributed to the 

physical and chemical adsorption of water within the Al-CMSM pores after carbonization as 

previously discussed. Clearly, the carbonization temperature influences the extent to which 

water adsorbs to the pore surface and hence the overall permeation performance of the Al-

CMSMs. As the carbonization temperature increases, more hydrophilic groups are being 

removed from the surface, making the membrane more hydrophobic. 56 
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8.3.2. H2O and CH4 permeation studies. 

In this work CH4 was selected due to its hydrophobicity and larger kinetic diameter (0.39 nm) 

when compared with water (0.27 nm). 36, 52 Previous work has shown that when Al-CMSM are 

synthesized and then exposed to air the gas permeance decreases. 33 Decomposition of the 

polymer during synthesis creates pores with reactive carbons lining the pore surface and these 

reactive carbons can then react with water from the atmosphere producing hydrophilic oxygen 

containing functional groups on the Al-CMSM surface. These groups cause water to strongly 

adsorb to the hydrophilic pore surface, leading to an overall decrease in effective pore size 33, 

57  thereby reducing permeability of the Al-CMSM. Upon heating during the separation process, 

these adsorbed water molecules desorb from the Al-CMSM pore surface, increasing the 

effective pore size and allowing greater permeance of gas molecules of an appropriate size. 34 

Therefore, the permeance of a given Al-CMSM towards a certain molecule will be dependent 

on not just the pore size but also the strength of the interaction between the pore surface and 

the adsorbed water layer, hence hydrophilicity, which will in turn influence the effective pore 

size. 

The H2O and CH4 gas permeation properties were measured at 150 ℃, 200 ℃, 250 ℃ and 300 

℃ with a pressure difference of 3 bar between the retentate and permeate sides (Tables S2 and 

S3). The results are plotted as a function of the different carbonization temperatures used to 

prepare each membrane in Figure 8.8. 

Figure 8.8. (a) H2O and (b) CH4 permeance of Al-CMSMs prepared using various temperatures of carbonization 

as a function of permeation temperature (pressure 3 bar). Note the axis scaling ×10-7 mol m-2s-1Pa-1. The accuracy 

of the equipment is approximately 3 % so the instrumental error bars are mostly too small to be visible on the 

graphs. 
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H2O permeance values are found to range between orders of 10-7 – 10-6 mol s-1 m-2 Pa-1 (Figure 

8.8a, Figure S8.2a, Table S8.2), whilst the CH4 permeance values range between 10-8 – 10-7 

mol s-1 m-2 Pa-1 (Figure 8.8b, Figure S8.2b, Table S8.3). This difference in permeance is 

attributed to the much larger kinetic diameter of CH4 when compared to H2O (0.39 nm 52 as 

opposed to 0.27 nm, 35 respectively) and the adsorption of water on the hydrophilic pores 

enhancing the adsorption-diffusion transport.    

It can be seen that H2O and CH4 permeances are both dependant on the Al-CMSM 

carbonization temperature and the permeation temperature. CH4 permeance values (Figure 

8.8b, Figure S8.2b, Table S8.3) are generally shown to increase with the permeation 

temperature, showing maximum values of CH4 permeance at 300 ℃, which is attributed to the 

increased rate of diffusion of CH4 molecules. As for the effect of carbonization temperature on 

CH4 permeance, for CH4 permeation tests with membranes carbonized in the range of 600-850 

°C, the maximum permeance is produced at 650 °C, which is related to the changes in the pore 

size distribution and porosity at this temperature compared to 550 and 750 °C (see Figure 8.4), 

that is, at 650 °C the number of pores in the MS region is higher compared to membranes 

carbonized at 600 °C and 750°C. Finally, when the carbonization temperature is 1000 °C, the 

CH4 permeance is very high, which can be attributed to the presence of structural defects in the 

membrane. The supported Al-CMSM is thin (≈3 µm) hence during heat at such high 

temperature treatment the three dimensional shrinkage of the membrane will produce through 

hole defects. 

For H2O permeance (Figure 8.8a, Figure S8.2a, Table S8.2), the main observation is that as the 

carbonization temperature of the membrane increases, the maximum water permeation is 

shifted to lower temperature. This can be explained in light of the NMR measurements, which 

indicate that higher carbonization temperatures lead to less hydrophilic membranes (see Figure 

8.7), due to the loss of polar functional groups on the membrane pore surface (see Figure 8.3). 

This decrease in hydrophilicity, hence decrease in water interactions with the membrane 

surface, leads to lower temperature requirements for water removal. Conversely, at lower 

carbonization temperature, more polar groups are present on the surface, hence more 

hydrophilicity and stronger interactions with water, which requires higher temperatures to be 

removed. At 150 °C permeations are generally the lowest due to condensation of water in the 

pores at this temperature (we note here that the operating pressure is 3 bar hence water at 150 

°C is close to its condensation point); . In particular, for the more hydrophilic membranes 
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(carbonized at 600 and 650 °C), the maximum permeances are at approximately 250 °C and 

for the less hydrophilic membranes (750, 850 and 1000 °C) the maximum permeances are at 

approximately 200 °C; as mentioned above, for more hydrophilic membranes water interacts 

more strongly with polar groups over the surface and is therefore removed at higher 

temperatures. At further higher temperatures the permeance drops and this is because as the 

temperature is further increased, the adsorption-diffusion mechanism of permeation becomes 

less relevant due to the loss of polar groups from the pore surface preventing the required 

interaction between water and the pore surface. Consequently, Knudsen-type diffusion 

becomes the dominant mechanism of permeation; hence, diffusing water molecules will collide 

with the pore walls thereby increasing the diffusion path length and decreasing the permeance. 

CH4 permeation will always occur via Knudsen diffusion, as CH4 cannot strongly adsorb to the 

hydrophilic surface due to its lack of polar functional groups. Therefore, CH4 diffusion will 

always increase with the permeation temperature due to the increased rate of diffusion of CH4 

molecules. The respective changes in H2O and CH4 permeance are reflected in the H2O/CH4 

permselectivity at the differing temperatures of permeations (Table S8.4, Figure S8.3). 

We note that when the carbonization temperature is increased from 650 to 750 °C, the number 

of pores in the AD region increases considerably (see Figure 8.4) and the maximum is shifted 

from ≈ 0.55 nm to ≈ 0.65 nm, which is reflected in the increase of H2O permeation observed. 

Additionally, the NMR relaxation measurements (Figure 8.7) show that the membranes 

prepared at 650 °C and 750 °C have effectively the same degree of hydrophilicity. Therefore, 

any change in the permeance must be solely due to the changes in the porosity and pore size.  

We also note that for a permeation temperature of 150 °C, the permeance of water measured 

for the membrane carbonized at 1000 °C is much higher compared to that recorded at lower 

carbonization temperatures. This can be attributed to the presence of defects, due to sintering 

effects and differences in expansion coefficients of the different materials composing the 

membrane, as well as to larger pores in the AD region. In addition, the lack of functional groups 

due to the low hydrophilicity of the membrane carbonized at 1000 °C may play a key role in 

preventing condensation at 150 °C, hence increasing permeance. The increase in pore size and 

general decrease in pore hydrophobicity with increasing carbonization temperature are 

supported by the findings of the low field NMR relaxation measurements (Figures 8.6 & 8.7) 

as discussed in the previous section. 
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8.4. Conclusions 

The permeance and permselectivity of an Al-CMSM to H2O and CH4 gases changes with the 

temperature of carbonization used to prepare the membrane and the temperature of permeation 

used during gas separation. TGA analysis in N2 atmosphere shows that up to a carbonization 

temperature of 650 °C, weight loss is due to the removal of water. FTIR analysis of the C-O 

stretching frequency of the unsupported membranes indicates that between 550-650 °C, there 

is a sharp decrease in the oxygen content and in the 650-700 °C range, a small increase of C-

O groups present on the pore surface is observed followed by a decrease in C-O groups to a 

constant C-O group content at higher carbonization temperatures in the range 800-1000 °C. 

The pore size and pore size distribution changes considerably with the carbonization 

temperature. By increasing the carbonization temperature from 550-650 °C the porosity of the 

membrane increases in the MS region and in the AD region below 0.65 nm, while from 650 - 

750 °C, the number of pores below 0.65 nm decreases and the number of pores above 0.65 nm 

increases. 

NMR relaxation measurements have shown that an increase in carbonization temperature 

during the preparation of Al-CMSMs causes larger micropores to form thereby increasing the 

average membrane pore size. T1 measurements confirm this as both hydrophilic and 

hydrophobic substrates (water and n-hexane respectively) show a higher T1 when confined 

within the membrane micropores, which indicates increased guest molecule tumbling/mobility 

with increasing carbonization temperature. That is, confinement of both molecules decreases 

with increased carbonization temperature. NMR relaxation measurements also show that 

CMSMs prepared at higher carbonization temperatures generally have a more hydrophobic 

surface than those prepared at lower temperatures as evidenced by the reduced mobility of n-

hexane within the pore space relative to the mobility of water within the same pore space. The 

increased hydrophilicity of CMSMs carbonized at lower temperatures is attributed to the 

presence of oxygen containing groups within the pores, which interact with water and reduce 

the mobility of water relative to n-hexane. All pores were found to be hydrophobic overall due 

to the inherent hydrophobicity of carbon. 

The permeance of H2O and CH4 was studied for the Al-CMSMs as a function of permeation 

temperatures. For the more hydrophilic membranes (carbonized at 600 and 650 °C), the 

maximum permeances for H2O are at 250 °C and for the less hydrophilic membranes (750, 850 

and 1000 °C) they are at 200 °C. This is explained as water interacts more strongly with polar 
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groups in the more hydrophilic membranes and they require higher temperatures to be 

removed. Therefore, at higher temperatures, the water adsorbed on the pores diminishes and 

consequently the adsorption-diffusion mechanism of permeation becomes less favourable. As 

such, Knudsen type diffusion becomes the predominant mechanism of permeation and the 

molecules of water collide with the pores thereby increasing the diffusion path length and 

decreasing the permeance. When the carbonization temperature is increased from 650 to 750 

°C, the number of pores in the AD region increases considerably and the maximum is shifted 

from ≈ 0.55 nm to ≈ 0.65 nm which is reflected by an almost doubling of the permeation. 

For membranes produced at the highest carbonization temperature (1000 °C), the permeance 

of both CH4 and H2O are relatively high due to the presence of structural defects in the 

membranes, creating larger holes and allowing access of larger molecules. This is well 

explained by the drop of the ideal perm-selectivity down to very low values (approximately 

1.4). The lowest H2O permeances were detected in the tests at the operating temperature of 150 

°C, due to water condensation in the pores blocking access to gas molecules. In all cases, the 

permeance of H2O is higher than CH4, due to the smaller kinetic diameter of H2O allowing for 

easier diffusion.  

CH4 permeance generally increases with the permeation temperature reaching a maximum at 

300 ⁰C due to the increased rate of diffusion of CH4 molecules at higher temperatures. CMSMs 

carbonized in the temperature range 600 - 850 ⁰C show a maximum CH4 permeance at a 

carbonization temperature of 650 ⁰C. CH4 permeance varies with carbonization temperature as 

the porosity and pore size distribution of the membrane changes with the carbonization 

temperature. When CMSMs are prepared using a carbonization temperature of 1000 ⁰C, CH4 

permeance is at its greatest due to structural defects within the CMSM allowing CH4 molecules 

to permeate freely. 

Overall, this work shows that Al-CMSMs are promising membranes for membrane reactors 

where in-situ removal of water is required in order to shift the equilibrium, such in the 

production of fuels from H2 and CO2, owing to the high water permeance in the temperature 

range 200 - 250 °C. 
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Supporting information 

 

Figure S8.1. HRTEM images of the Al-CMSM membranes carbonized at (a) 600°C, (b) 650°C and (c) 750°C 

showing little morphological variation at this scale. (d) Porosity in the 600°C membrane remained 

indistinguishable at the highest magnifications, which was similarly the case for those carbonized at 650°C and 

750°C. Needle-like crystalline particles (~10 nm long by ~3 nm thick) are the impregnated alumina and showed 

a random distribution in all the observed samples. 
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Table S8.1. T1 and calculated hydrophilicity parameter, H, values of hexane and water confined within the 

micropores of CMSMs prepared using varying carbonization temperatures. The approximate error for T1 values 

is 3 %. 

 

Carbonization temperature 

(⁰C) 
T1,Hexane (ms) T1,Water (ms) H (-) 

600 14 ± 0.4 19 ± 0.6 0.74 ± 0.03 

650 23 ± 0.7 41 ± 1.2 0.56 ± 0.03 

750 68 ± 2.0 107 ± 3.2 0.64 ± 0.03 

850 81 ± 2.4 205 ± 6.2 0.40 ± 0.02 

1000 95 ± 2.9 415 ± 12.5 0.23 ± 0.02 

 

 

 

Table S8.2. H2O permeance obtained using CMSMs prepared using differing carbonization temperatures and 

tested at varying permeation temperatures and 3 bar pressure difference between feed and permeate maintaining 

the permeate side at atmospheric conditions. The accuracy of the experimental equipment is approximately 3 %. 

 

Carbonization 

temperature 

(⁰C) 

H2O permeance  at given temperatures of permeation 

(mol m-2 s-1 Pa-1 ∙ 10-7) 

150 ⁰C 200 ⁰C 250 ⁰C 300 ⁰C 

600 3.93 ± 0.12 9.35 ± 0.28 13.24 ± 0.40 7.79 ± 0.23 

650 2.27 ± 0.07 6.04 ± 0.18 9.17 ± 0.28 7.54 ± 0.23 

750 4.02 ± 0.12 16.10 ± 0.48 7.40 ± 0.22 4.88 ± 0.15 

850 2.89 ± 0.0.9 10.71 ± 0.32 7.70 ± 0.23 5.05 ± 0.15 

1000 10.99 ± 0.33 13.58 ± 0.41 10.87 ± 0.33 7.60 ± 0.23 
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Table S8.3. CH4 permeance obtained using CMSMs prepared using differing carbonization temperatures and 

tested at varying permeation temperatures and 3 bar pressure difference between feed and permeate maintaining 

the permeate side at atmospheric conditions. The accuracy of the experimental equipment is approximately 3 %. 

 

Carbonization 

temperature 

(⁰C) 

CH4 permeance  at given temperatures of permeation 

(mol m-2 s-1 Pa-1 ∙ 10-8) 

150 ⁰C 200 ⁰C 250 ⁰C 300 ⁰C 

600 0.34 ± 0.01 0.56 ± 0.02 2.09 ± 0.60 3.14 ± 0.10 

650 1.24 ± 0.04 2.60 ± 0.08 4.31 ± 0.13 10.29 ± 0.31 

750 0.71 ± 0.02 0.33 ± 0.01 1.29 ± 0.04 2.04 ± 0.06 

850 0.63 ± 0.02 0.58 ± 0.02 3.08 ± 0.09 4.26 ± 0.13 

1000 33.27 ± 1.00 27.89 ± 0.84 52.74 ± 1.58 53.70 ± 1.61 

 

 

 

 

Figure S8.2. (a) H2O and (b) CH4 permeance (×10-7 mol m-2 s-1 Pa-1 x10-7
) of Al-CMSMs prepared using various 

temperatures of carbonization as a function of permeation temperature (pressure difference between feed and 

permeate 3 bar). The accuracy of the experimental equipment is approximately 3 %. 
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Table S8.4. H2O/CH4 permselectivity obtained using CMSMs prepared using differing carbonization 

temperatures and tested at varying permeation temperatures and 3 bar pressure difference between feed and 

permeate maintaining the permeate side at atmospheric conditions. The accuracy of the experimental equipment 

is approximately 3 %. 

 

Carbonization 

temperature 

(⁰C) 

H2O/CH4 permselectivity at given temperatures of permeation (-) 

150 ⁰C 200 ⁰C 250 ⁰C 300 ⁰C 

600 116 ± 3 168 ± 5 63 ± 2 25 ± 1 

650 18 ± 1 23 ± 1 21 ± 1 7 ± 1 

750 57 ± 2 492 ± 15 57 ± 2 24 ± 1 

850 46 ± 1 185 ± 6 25 ± 1 12 ± 1 

1000 3 ± 1 5 ± 1 2 ± 1 1 ± 1 

 

 

 

 

 

Figure S8.3. H2O/CH4 permselectivity values at varying temperatures of permeation as a function of CMSM 

carbonization temperature (pressure 3 bar). The accuracy of the equipment is approximately 3 %. 
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Chapter 9: Conclusions 

The conclusions and main achievements of the work presented in this thesis are summarised 

below for each chapter. 

Chapter 4 

The textural properties of Al2O3 catalyst supports, namely the pore size and macropore content, 

were systematically altered by changing the calcination temperature used during the carrier 

preparation. An increased preparation calcination temperature was found to instigate Al2O3 

phase transitions resulting in Al2O3 carriers with greater pore sizes and increased macropore 

content. PFG-NMR was used to investigate the effect of altering textural properties upon the 

mass transport properties of the Al2O3 carriers. It was found that mass transport occurs more 

readily in carriers with greater pore size and macropore content, in particular, up to a pore size 

of 17.0 nm diffusion increases very rapidly with pore size. In carriers with larger pore sizes, 

the increase in diffusivity is less marked. The effect of pore surface chemistry on the mass 

transport of functional molecules was also evaluated showing that surface interactions affect 

mass transport far more in small pore size carriers. 

Chapter 5 

A simple, novel strategy for the preparation of hierarchical ZSM-5 zeolites with a low silicon-

to-alumina ratio was proposed and their effectiveness in fluid catalytic cracking reactions was 

investigated. PFG-NMR measurements using molecules of differing kinetic diameters were 

performed to investigate mass transfer properties and molecule accessibility across the meso-

micro porous intra-crystalline pore network. PFG-NMR measurements confirmed that the high 

catalytic cracking activity of the hierarchical ZSM-5 zeolites was due to the increased 

accessibility of reactant molecules to the catalytic active sites in addition to the low silicon-to-

alumina ratio. 

Chapter 6 

Zeolite Y supported gallium and tin catalysts were prepared via wet impregnation and tested 

for the catalytic isomerisation of glucose in different solvents. 2D NMR relaxation 

measurements confirmed that catalytic activity is affected significantly by adsorption of solvent 

molecules to the zeolite surface. 2D NMR relaxation solvent displacement measurements 

supported this finding as the rate of displacement of each solvent was proportional to their 

respective adsorption strengths as determined by 2D NMR relaxation measurements. 
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Chapter 7 

Carbon nitride photocatalysts were subjected to one of four pre-treatments to alter the carbon 

nitride structure and surface chemistry. The treated photocatalysts were tested for their 

performance in photocatalytic C-C bond formation reactions using fluorinated substrates for a 

wide range of different substrates and using many differing sets of reaction conditions. 19F 

NMR relaxation measurements using a model fluorinated species imbibed within each pre-

treated catalyst showed the relative adsorption strengths of the fluorinated molecules were 

proportional to their catalytic activity whilst 1H NMR relaxation measurements using the 

reaction solvent, DMF, were inversely proportional to the catalytic activity implying that the 

solvent can act to block the catalytically active sites. Both of these interactions depend on the 

surface chemistry of the catalyst as determined by the pre-treatment method used. 

Chapter 8 

Alumina-Carbon molecular sieve membranes (Al-CMSMs) were prepared using a range of 

carbonization temperatures to effectively alter the pore size, pore structure and pore wettability. 

Low field 1H NMR relaxation measurements using hydrophobic n-hexane and water 

respectively showed that an increase in preparation carbonization temperature results in Al-

CMSMs with larger, more hydrophobic, micropores. The performance of Al-CMSMs in the 

separation of gaseous H2O/CH4 mixtures was also seen to vary significantly with the 

carbonization temperature used for the membrane preparation. In smaller, more hydrophilic 

micropores, the adsorption-diffusion mechanism is dominant and H2O permeance is favoured 

resulting in a high permselectivity. In larger, more hydrophobic micropores, Knudsen diffusion 

is more prevalent and CH4 permeance increases thereby decreasing the H2O/CH4 

permselectivity. 
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Chapter 10: Future Work 

The findings detailed in this work can be expanded on as described below; 

10.1 Diffusion in hierarchical systems 

The findings in Chapters 4 and 5 prove the usefulness of low-field, benchtop NMR diffusion 

measurements to investigate both hierarchical macro-meso pore networks (Chapter 4) and 

meso-micro pore networks (Chapter 5). Clearly, low-field, benchtop NMR diffusion 

measurements are a valuable tool in aiding the design of catalytic materials and ensuring that 

mass transfer properties in such materials are optimised. As such, it would be interesting to 

apply the systematic studies used in this work to investigate other common classes of catalytic 

materials (i.e. TiO2 or SiO2 supports) to give a comprehensive overview of how to prepare 

these different classes of materials with specific pore sizes and porosities and specifically how 

this will impact the mass transport properties. 

Building further on this, low-field, benchtop NMR diffusion measurements could be applied 

to investigate the impact of coking of hierarchical materials upon the mass transport properties. 

Coking is a common issue seen in catalytic processes resulting in a decreased lifetime for 

catalysts before they are required to be reactivated or disposed of. These measurements could 

be used to identify the locations of coke build up in the hierarchical porous networks and 

monitor the effect of coke build up in each region upon the overall mass transport properties 

of the reactions under study.  

The use of these measurements to investigate more industrially relevant catalytic materials and 

aid their design and optimisation is a very interesting prospect that could yield very useful 

information. 

10.2 Surface interactions of reactive species 

The interaction of reactive species with a solid catalyst surface forms a large part of this thesis 

work (Chapters 4, 6, 7 and 8) and with good reason. The activity and selectivity of catalytic 

materials and processes is largely defined by adsorption and desorption processes. It is clear 

then, that the use of low-field, benchtop NMR relaxation measurements to determine relative 

strengths of adsorption of reactants and products alike has much to offer to the design of 

catalytic materials and processes.  
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The use of 19F relaxation measurements (Chapter 7) to investigate halogen bonding strength is 

a useful tool to investigate many processes where halogen bonding is important. Halogen bonds 

are vital interactions in the field of crystal engineering and are also vitally important in the 

synthesis and structures of large biological molecules. As NMR measurements are non-

destructive, relatively fast and easy to perform they could offer new insights into the halogen 

bonding interactions used to design such materials. 

10.3 Characterisation of microporous materials 

The findings in Chapter 8 demonstrate an effective new way to characterise both the relative 

pore sizes and relative wettabilities of a series of samples using the T1 relaxation times for a 

relatively hydrophilic and hydrophobic guest molecule. This method of analysis allows for the 

determination of two important factors governing the mass transport properties of guest 

molecules through microporous species quickly and simply. As such, it would be interesting to 

see this methodology applied to other microporous materials, for example, other classes of 

microporous membranes such as; metallic (mostly Pd based) membranes, zeolite membranes 

and polymeric membranes in addition to other microporous materials. 

10.4 19F NMR relaxation studies 

The results in Chapter 7 also highlight the usefulness of 19F NMR relaxometry for investigating 

complex reactions using fluorine containing molecules. The interactions of fluorine containing 

molecules with catalyst surfaces can be investigated as in Chapter 7 for a wide range of systems 

to give similar information. 19F NMR has a similar chemical abundance to 1H (100 %) but a 

much wider range of possible chemical shift values. This allows for different groups of fluorine 

containing molecules to be easily identified and investigated even on low field instruments as 

in Chapter 7.  

Another interesting application of such NMR measurements would be to investigate the 

reaction kinetics of a reaction such as that in Chapter 7 using 19F NMR. As only 19F molecules 

can be detected during these measurements and the spectrometer is effectively blind to other 

nuclei, it would be possible to measure kinetic and adsorption data at various time points 

throughout the reaction to give information on the system in operando. 


