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Abstract: The diffusion of gases and liquids under nanoconfinement is of fundamental 

importance for understanding various processes like catalysis, enhanced oil recovery, and 
CO2 sequestration. The present contribution narrates how diffusion NMR was used as a 
quantitative method to study the transport of probe molecules in nanoporous solids when 

the fluids are subjected to variable pressure. Nanoporous glass (NPG) and zeolites have 
been considered for investigation in this work. NPG was selected as a model system to 

study confinement effects, diffusion, and partitioning of liquid water and liquid 
cyclohexane. Self-diffusion coefficients of methane were measured in several 
commercially-important zeolites as a function of pressure, with a specific focus on 

experimental reproducibility and minimization of error in the calculated diffusivities. To 
identify differences in transport properties on modification of zeolites with different silica 

to alumina ratios, methods such as ammonium-hexa-fluoro-silicate (AHFS) treatment, 
phosphoric acid treatment, steaming, and, lanthanum ion exchange were employed. 
Variable pressure of nitrogen gas and methane were applied to the NPG and zeolites 

samples, respectively and their self-diffusion coefficients were measured. One of the 
primary outcomes of the research was the development of a complete method for 

introducing gases into nanoporous solids, specifically zeolite catalysts, at variable pressure 
that yields highly reproducible diffusion coefficients. With these improvements, the NMR 
diffusometry experiments have revealed that CH4 at elevated pressure is a sensitive probe 

of both chemical and topological perturbations to zeolite catalyst structures, and thereby 
applicable to a variety of systems in which sorbents, reagents, and surfactants are 

sequestered in nanoporous hosts.  
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CHAPTER I 
 

 

INTRODUCTION 

 

 Overview: Diffusion is a transport phenomenon that occurs in all states of matter. It has 

the potential to reveal answers to some of the fundamental questions related to physical, biological, 

and chemical processes that are yet 

unknown. More specifically, studying 

diffusion can answer questions on 

molecular interactions at microscopic 

level in catalysts.1,2 Important 

experimental and theoretical 

developments on how diffusion occurs 

in various materials have been 

established to study such systems.2,3 

 Over the last few decades, interest has increasingly grown towards understanding the 

molecular behavior of liquids and gases within complex porous geometries and in confinement on 

molecular length scales, i.e., nano-confinemnent.1,3,4 The foundation of the subject relies heavily 

on the classical theories of diffusion.3,5 With the advent of new technologies, the curiosity to explore 

into the sciences of the intricate materials have peaked.1,2,4 Zeolites are microporous structures that 

are widely used for heterogeneous catalysis.2,6 In general, it has been the focus of research to 

Figure 1. Molecules migrating through the zeolite channels. 

Reproduced from reference 10 with permission.  
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describe how hydrocarbons specifically interact with zeolites of different compositions by 

measuring diffusion directly using nuclear magnetic resonance (NMR).7,8 NMR techniques allow 

investigation into different time scales as well as length scales at which molecules interact, thus 

providing a comprehensive understanding of the processes.8–10 Figure 1 shows the diffusion of 

molecules through the cage-like zeolite channels. 

 Intellectual Merit: The importance of the diffusion and interaction of hydrocarbons in 

nanoporous media, especially zeolites is ever-growing.3,4 With the following research work, we 

seek to contribute to the literature on mobility of probe molecules in nanoconfinement. Different 

chemical modifications have been applied to zeolites in order to understand the changes that occur 

in interactions between the sorbed molecules and the surface of zeolites. The aim of the study is to 

identify the trends that emerge from diffusivity coefficients of gases in zeolite and understand the 

behavior of individual liquids and their mixtures under confinement of nanoporous glass 

(NPGs).11,12 These trends may provide insight into the diffusion of gases and liquids in nanoporous 

hosts, and have implications for future technical applications. 

 Broader Impact: Zeolites and NPGs have a variety of applications. Zeolites are highly 

efficient catalysts, adsorbents and ion exchangers, and are used throughout the petroleum and 

chemical industries.3,6,13 Zeolites’ effectiveness in these applications has lead the scientific 

community to investigate their applicability in the fields of renewable energy and other 

environmentally important areas, such as, energy storage, carbon dioxide sequestration, air 

pollution remediation, etc. The ability of zeolites to act as molecular sieves opens up tremendous 

possibilities for zeolites to be employed in numerous areas of technology. While NPGs can be used 

as model systems to study subsurface phenomena of fluids. The studies conducted on diffusion of 

probe molecules in nanoporous media of zeolites and NPGs will impact all the diverse domains, 

such as petrochemical, agriculture, water treatment etc., that they find  application.13–17



3 
 

CHAPTER II 
 

 

REVIEW OF LITERATURE 

 

 Importance of zeolites in hydrocarbon diffusion: Zeolites have gained special attention 

in the research community from both practical and theoretical perspectives, due to their 

applicability in adsorption, separation, and catalysis.14 Synthetic zeolites are efficient in various 

large scale operations such as hydrocarbon conversion, gas separation, ion exchange and catalytic 

processes, due to their reactivity and high shape-selectivity.14,18–20 Zeolites are microporous, 

crystalline aluminosilicates that have intra-framework porous channels and/or cages. The 

conventional zeolite structure consists of three-dimensional networks of TO4 (T = Si, Al) 

tetrahedral, most commonly [SiO4]
4- or [AlO4]

5- linked with O atoms connecting neighboring 

tetrahedral. Other than the intra-framework aluminum, extra-framework aluminum (EFAL)  

species are present in the zeolite structure in cationic Al(OH)2+, Al(OH)2
+, AlO+ and other 

forms.21,22 The composition may contain up to three components, that is, extraframework cations, 

framework aluminosilicates and the sorbed phase water molecules and hence, the following is taken 

as the general formula for zeolites: 

Mx/n (AlO2)x(SiO2)y· zH2O 

…(1) 
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with M as the compensating cation of the negatively charged framework, y/x is the Si/Al ratio, and 

z is the number of molecules of water attached.18,23 Figure 2 displays the tetrahedra arrangement of 

the SiO4 and AlO4 molecules to form unit block and represent the framework structure of zeolites. 

 The Si/Al ratio of zeolites 

is of enormous importance as it 

can vary over a wide range and 

impart ratio specific property, 

majorly hydrophilicity. Zeolites 

with high Si/Al ratio, known as 

high-silica zeolite, have high 

hydrophobicity due to the 

nonpolar nature of the Si-O-Si 

surface.24 Thermal treatments and 

other modifications enable 

tampering with Si/Al ratio. 

Zeolites are classified into 

various categories based on 

pore size of the channels. Pore 

sizes of zeolite has a range of 0.2 to 0.8 nm.  Small pore size zeolites have 0.20–0.45 nm diameter, 

medium pore size comprises of 0.45–0.60 nm and large pore size comprises of 0.60–0.80 nm. In 

this research work, the 0.54 nm medium pore size zeolite of ten-membered rings, that is ZSM-5 

and 0.74 nm large pore size of 12-membered ring, that is, zeolite Y have been considered for 

experiments.3,13,19,23,25 Bronsted and Lewis acid sites contribute to the acidity of zeolite which 

facilitates hydrocarbon transformation  reactions. Brønsted acid sites (BAS) act as proton donors 

and are present as Bridging [Si-OH-Al] hydroxyls whereas the 4-coordinate Al associated with 

Figure 2. a. Tetrahedral arrangement of the SiO4 and AlO4 molecules forming 

unit blocks of a zeolite. b. 2D representation of framework structure of zeolite. 

Reproduced from reference 20.  

b. 

a. 
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BAS can be partially released from the framework by dealumination treatment, leading to the 

formation of EFAl species within the pores of zeolites. These EFAL species are often referred to 

as Lewis acid sites (LAS).26,27 Catalytic activity, transport of key intermediates and interaction 

between hydrocarbons and the zeolite surface are essential components of product selectivity in 

heterogeneous catalysis. Hence, understanding the diffusion of hydrocarbon is crucial in order to 

develop, design and optimize the very process of catalysis.23,28–31 Diffusion in zeolites is an 

activated process, that is, the activation energy for diffusion is primarily responsible for the 

different diffusivities of various components.25,32  

 Diffusion-limited reaction: Another major aspect to note here is that the shape-selectivity 

of molecules in zeolite is driven by diffusion.  They are important separating agents of hydrocarbon 

mixtures as it is an 

interplay of the three 

main regimes of 

diffusion: molecular, 

Knudsen and 

intracrystalline 

diffusion. The different 

regimes of diffusion are 

shown in figure 3a. 

Figure 3b shows the 

plots of diffusion coefficient 

and activation energy vs. 

pore diameter. Intracrystalline diffusion regime has the lowest diffusion coefficient and highest 

activation energy. Certain reactions that occur on the surface of catalyst depend solely on the rate 

at which the sorbate particles diffuse to the site of reaction, such reactions are termed as the 

Figure 3. a. Different regimes of diffusion b. Plots for diffusion coefficient vs. 

pore diameter and activation energy vs. pore diameter. Reproduced from 

reference 34. 
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diffusion-limited reactions. In the micropores of a zeolite, the activated diffusion regime governs 

the process due to the pore size being comparable to the size of diffusing molecules.  

 Activated/intracrystalline/configurational diffusion, also referred to as restricted diffusion, 

occurs when molecular sizes of diffusing fluids are appreciably larger than the pore opening 

resulting in hindrance of the fluid’s entry into such pores.33,34 The low rate of migration within the 

micropores cause a slow rate of reaction at the active sites. The Thiele modulus 𝜂  and the 

effectiveness factor 𝜑 are indicators of diffusion limitations and are related by the equation given 

below:29,35–37  

          𝜂 ≡
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦

𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑙𝑖𝑚𝑖𝑡𝑎𝑡𝑖𝑜𝑛
,    𝜑 ≡ √

𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 𝑟𝑎𝑡𝑒

𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡
; 

 𝜑 = √
𝑅2𝑘𝐶𝑛−1

𝐷
 

𝜂 =  
3

𝜑
(

1

tan (𝜑)
− 

1

𝜑
) 

 …(2) 

In these equations, R is the particle size, k is the intrinsic reaction rate constant, C is the reactant 

concentration inside the particle.29,38 

  A large Thiele modulus reflects a low rate of diffusion, which means the reaction is 

diffusion-limited.29,38 Methanol-to-hydrocarbon (MTH) reactions on SAPO-34 zeolite that has 

large CHA cage of 0.94 nm in diameter and a small eight-ring pore 0.38 nm opening,39,40 (CH3)2O 

conversion with H-ZSM-541,42 and C3H6 cracking with zeolite Y43 are some diffusion-limited 

reactions in which the reaction rate is entirely dependent on the rate at which solute molecules 

diffuse. SAPO-34 catalysts generally encounter transport limitations that causes coke deposition, 

and this is one of the common drawbacks of diffusion-limited reactions.44 As another example, in 

xylene isomerization and C7H8 disproportionation reactions on ZSM-5, the large difference in 
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diffusivity of the products causes effective trapping of undesired isomers, thus, enhancing 

selectivity of a specific isomer.45,46 Voogd and coworkers have demonstrated that the difference in 

diffusivities caused shape selectivity of 3-methylpentane and n-hexane reactants, thus facilitating 

the process of cracking on H-ZSM-5.47 Analyzing the activation energies of those reactions using 

Arrhenius plots provided insight on intracrystalline diffusion-limitation of both 3-methylpentane 

and n-hexane cracking rates at high temperatures within the catalyst. The plots indicate that there 

is a decrease in the activation energy over heterogeneous catalysts of similar physical and chemical 

nature.47 Further details on Arrhenius plots have been discussed in later sections of this literature 

review. 

 It has been observed that the varied applications can be targeted by manipulating the size, 

shape, and interconnected channels of zeolites through the synthesis methods. Often extreme 

restraints are imposed on selectivity of products due to confinement eff ects and diffusion 

limitations. So, posterior introduction of porosity at meso- and macroscales bestows a solution to 

such deterrents, and this has, in turn, unfolded multiple perspectives that are being discussed in the 

literature currently. These ideas related to ‘hierarchical’ zeolite have facilitated enhancement of 

adsorption, molecular sieving ability and catalytic performances as they exhibit refined molecular 

diffusion characteristics.48–51 Guenneau’s group has demonstrated experimentally that 

interconnectivity exists between the mesoporous and microporous channels.52 The mesopores 

provide new paths, creating access to the interior of the zeolite. Hence, a pathway to the 

microporous space is generated as an alternative to the existing intraframework channels, that leads 

to faster diffusion of the particles.52 In certain cases, it has been noted that mesopore generation 

within zeolites either does not tamper with Bronsted acidity or can act beneficial through Lewis-

Bronsted-synergism.53 However in other cases, such as, the introduction of  mesopores in HZSM-

5 by one-step desilication and reassembly, there was a decrease in Bronsted acid sites, increase in 

medium acid sites and formation of diverging pore structure leading to enhanced ca talytic 
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stability.54 Bonilla et al. shared a unique remark on the hierarchical SAPO-34, that although these 

materials have the capability to enhance the mass transfer in microporous domain, the magnitude 

of that improvement is dependent to a large extent on the connectivity and availability of the pores 

and channels. They further suggested that, while the reduction of surface barriers leads to such 

improvements, the effective diffusivity can be significantly increased only if the microporous 

volume fraction is below the percolation threshold, which means that the connected transport pores 

would not exist above the volume fraction of micropores.55 

 Fundamentals of diffusion: As mentioned previously, diffusion in zeolites has been the 

focus of discussion and research interest of the scientific community over several decades now. It 

is an interdisciplinary subject that has gradually incorporated diversified methodologies. The 

theoretical foundation of the subject combined with practical experimental methods originate from 

the classical theories of diffusion in different states of matter. There is a tendency of any type of 

matter, solid, liquid or gas to migrate from one position to another to reach a state of equilibrium, 

thus, eliminating any variation in the concentration and uniformity is attained. The time scale at 

which this migration takes place is tremendously varied. For gases, it could be less than a second 

whereas for solids, it can take up to decades for some cases. Therefore, time scale is a major factor 

to determine the significance of diffusion on an empirical basis.3–7 In this research work, we try to 

explore the relevance of the transport of fluids in the field of catalysis, oil and gas, energy storage, 

etc. Therefore, it is important to understand different aspects of diffusion and transport processes. 

We have investigated how fluids diffuse and interact with nanoporous solids such as nanoporous 

glass (NPG). Diffusion, being a property of matter, is projected by its tendency towards maximum 

entropy and the mechanism generally depends on the nature of diffusing particles and their 

interaction with their surroundings. 

 The activation energy of diffusion plays a key role in the diffusion process.19,56–58 Gas-

kinetic models have been developed to evaluate the diffusion coefficients that form the backbone 
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of measuring the translation motion of the particles. The coefficient of diffusion is expressed by 

combining the mean velocity and mean free path, along with other factors, such as, temperature 

contributing to the transportation process. These migrating particles have a mean free path that is 

the simplest derivation of an expression for the distance travelled by them between two successive 

collisions. For pragmatic purposes, the frame of reference and the time scale at which the diffusion 

experiment is being considered becomes significantly relevant. Diffusion can be broadly classified 

into two different phenomena that is the mass transfer or transport diffusion which takes place due 

to concentration gradient and the other being Brownian molecular motion or self-diffusion which 

is followed by tracing the trajectory of the molecules and determining the mean square 

displacement of the path.3,59–61 

             The challenge of accurately predicting transport properties is a major concern and Einstein 

obtained a relation to examine the model of a solution.  The typical relation that was aimed to 

resolve the issue is known as Stokes-Einstein equation: 

𝐷 = 𝑅𝑇/6𝑁п𝜂𝑟  

…(3) 

where R is the ideal gas constant, N is the Avogadro’s number, T is the absolute temperature, 𝜂 is 

dynamic viscosity, and r is the radius of the diffusing particles.62–64 

 It is a significant hydrodynamic law that combines the Einstein relation and Stokes law to 

relate the self-diffusion coefficient D to the shear viscosity for dense fluid. Einstein had shown that 

the relation between the movement of molecules and diffusion coefficient can be expressed with 

the following equation: 

< 𝑅2 > = 6𝐷𝑡 

…(4) 

 where R is the radius, and t is the time.65–68 
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            Another key aspect of diffusion is to understand its driving force. The process of diffusion 

is driven by concentration gradient of the solute molecules and that is formulated by Fick’s first 

law. 

𝐽 =  −𝐷
𝜕𝐶

𝜕𝑥
 

…(5) 

in which J is the flux (cm-2s2), 
𝜕𝐶

𝜕𝑥
 is the negative gradient of concentration (cm -4).69,70 

  Since diffusion exhibits the tendency to attain equilibrium at a macroscopic level, the 

gradient of chemical potential can be accounted as the force that drives diffusion.  

𝐽 = −
𝑅𝑇

𝑓

𝑑 ln 𝑝

𝑑 ln 𝑐

𝑑𝑐

𝑑𝑧
 

…(6) 

with 
𝑑 ln 𝑝

𝑑 ln 𝑐
 representing the gradient of the equilibrium isotherm in logarithmic coordinates, and f is 

simply representing a friction coefficient.3 

 Fickian diffusion is easy to analyze as it’s driven by the penetrant concentration gradient 

and does not create a stress field in fluids unlike non-Fickian diffusion in which diffusion occurs 

without obeying the Fick’s law. Non-Fickian diffusion is primarily observed in some polymer 

systems that have sharp boundary separating a highly swollen region from a dry, glassy portion and 

the stress related to viscoelastic behavior of the system results in a negative convex flux. For non-

Fickian diffusion in a polymer-solvent system, the diffusion coefficient at constant temperature is 

dependent on solvent concentration and time and the diffusing penetrant causes a deformation that 

produces a stress which then interacts with the Brownian motion of the fluid molecules. This type 

of transport is increasingly being used in applications such as gas separation, protective clothing, 

drug delivery, etc. The degree of swelling in the material has a direct consequence on its kinetics 

and performance. The transport of solvent molecules through polymeric materials is complicated 
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in nature depending on several factors, such as temperature, chemical properties of diffusing 

molecules, the physical characteristics of the polymer, their interaction with each other, and any 

external mechanical deformation. Materials like conductive polymer poly(pyrrole), phosphorous, 

etc. exhibit non-Fickian characteristics.71–73 

             One of the mechanisms that determines the rate of transport of particles if the mean free 

path of the molecule lambda is comparable or larger than the pore diameter d of the medium,  is 

termed as Knudsen diffusion, which is predominant in materials with pore sizes between 2 to 50 

nm. This leads to collisions between the particles and the pore wall being more frequent than 

interparticle collisions.29,74 Thus, the molecular trajectories become mutually independent and can 

be evaluated in terms of a set of chords of the pore network. Also, as λ is dependent on the pressure 

P and temperature T through the kinetic theory relationship λ proportional to T/p, it is observable 

in macroscopic systems at quite low pressure or high temperature. However, it plays a crucial role 

in the transportation of gas molecules in the restricted geometries. The random nature of this 

mechanism is equivalent to the Fickian expression for flux in which the diffusivity is dependent 

only on the pore size and the mean molecular velocity.75,76 In the Knudsen regime, the diffusion is 

strongly dependent on the interfacial geometry and the connectivity of pore network whereas 

weakly dependent on temperature and independent of pressure because the interparticle collisions 

are not accounted for in the mechanism.77 Knudsen number is used to measure the importance of 

Knudsen diffusion in a system, and it must be greater than one to indicate that the system is 

dominant in Knudsen regime.78 Questions have been raised on whether microporous zeolites have 

Knudsen regime prevalent in the migration of guest molecules. This doubt appears due to the heavy 

influence of van der Waal forces on the molecules that enter the channel of 0.4-0.7 nm diameters 

but there is no quantitative evidence for the magnitude of reduction in diffusivity .79 

            Particles in the lower-pressure system diffuse faster than those in the higher-pressure 

systems as they interact with more particles and come under the influence of their force fields. In a 
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macroscopic sense, diffusion is a time dependent process, and the rate of mass transfer is known as 

diffusion flux.  

𝐽 =
1

𝐴
 
𝑑𝑀

𝑑𝑡
 

…(7) 

 where A denotes the area across which diffusion is occurring, M is the number of atoms diffusing 

through and t is the elapsed diffusion time. 

If the diffusion flux is independent of time, a steady state condition exists. In steady state diffusion, 

the concentration of species at each surface, when they are diffusing from a region of higher 

concentration (pressure) to a region of lower concentration over a distance, is held constant. The 

concentration gradient is given by:  

concentration gradient =  dC/dx 

…(8) 

The constant of proportionality D is combined with the negative concentration gradient to get the 

Fick’s first law equation mentioned previously. Usually practical diffusion are non-steady-state 

ones in which the diffusion flux and the concentration gradient at any point vary with time. 

Eventually, this develop into Fick’s second law:80,81  

𝜕𝐶

𝜕𝑡
= 𝐷

𝜕2𝐶

𝜕𝑥2
 

…(9) 
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 NMR diffusometry: The translational motion that emerges from the migration of particles 

from one spatial location to another due to thermal energy or chemical potential of the system, is 

termed as self-diffusion 

and this can be 

characterize 

quantitatively to get the 

self-diffusivity 

coefficient.  It plays a 

central role in transport 

at the molecular level 

and thus, governs the 

kinetics to a great extent. 

Considering the difficulties to measure the translational motion without having any detrimental 

effects on the outcome, nuclear magnetic resonance (NMR) is one of the most powerful tools that 

provides a means of non-invasive measurements of self-diffusion. NMR diffusometry is used in a 

way acquire information about the structures, motions, reactions, and interactions of the molecules 

without significantly perturbing them. Importantly, magnetic moments are very sensitive to their 

surroundings and yet interact with them without much disturbance.  NMR utilizes the magnetic 

field gradient methods to investigate the molecular migration in zeolitic adsorbate and adsorbent 

system by encoding the physical position of the particle.82–84 It has been intensively used to analyze 

the structure of porous geometries, such as porosity, pore size distribution, permeability, water 

saturation, and a variety of processes that occurs in them. To determine the fundamental dynamics 

of diffusion of the particles present in the sample, it needs to be put into the spectrometer while 

being mindful that the system conventionally captures the signal once the radio frequency is applied 

and echo attenuation takes place.85–87 The mechanism is governed by the principles of interaction 

of magnetic dipole or electric quadrupole moments of the nuclei of the molecules with their 

Figure 4. Spin-echo diffusion NMR spectra with decaying signal intensities as a 

function of gradient strength. Reproduced from reference 83 with permission.  
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neighbors. Pulsed field gradient (PFG) NMR technique is considered one of the most reliable 

methods to determine self- diffusivity. The PFG technique determines mean square displacement 

for a particular time interval and is given by: 

𝑧𝑟𝑚𝑠 = √2𝐷𝑡  

…(10) 

where, zrms represents the time average root mean square distance travelled by a group of molecules 

within an effective sample volume. Therefore, the self-diffusivity coefficient has a unit of m2/s.88–

92 

 Hahn discovered the spin-echo phenomenon and soon after it was realized that it has the 

potential to measure the translational motion of particles.93 Without the presence of gradient pulses, 

the detected signal gets attenuated only by transverse relaxation during the 2τ period. Thereafter, 

the steady gradient spin echo (SGSE) NMR diffusion measurements was developed within the next 

decade, but it had certain limitations associated with it. To overcome the challenges, Stejskal and 

Tanner introduced the application of magnetic gradients as pulses in the spin-echo sequence in 

1965 that is known as pulsed gradient spin-echo (PGSE) NMR technique today. On application of 

Figure 5. Schematic depicting effective sample volume for diffusion NMR experiments. The zeolites with gas molecules 

diffusing through the channels.
2
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pulsed field gradients, refocusing of signal occurs based on the time interval between the pulses 

and attenuation of the detected signal is dependent on the displacement of the particles during the 

delay period delta. Due to relaxation losses and coupling evolution during transverse relaxation, 

the spin-echo is no longer the most used diffusion measurement method as it leads to undesirable 

signal distortion. These challenges can be overcome with the application of stimulated-echo (STE) 

sequence.8,94–96 Figure 6 shows the steps involved in the spin-echo and stimulated-echo sequences. 

The difference occurs due to the splitting of π into two π/2 pulses that increases the diffusion delay 

time by the spacing. Since, the attenuation of the echo occurs from increasing observation times 

that arises primarily from longitudinal (T1) rather than transverse (T2) relaxation, this procedure 

leads to a much less steep decay of signal intensity with observation time. Thus, it increases the 

magnetization time for stimulated echo sequence.2,3 

Figure 6. Sequences that represent the steps in which radio frequency (RF) produces to NMR signal. a) The spin echo (SE) 

sequence b) The stimulated echo (STE) sequence.
3 
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            Stejskal and Tanner derived a theoretical expression of the effect of a time-dependent 

magnetic field gradient and verified it experimentally as well. The equation is given below: 

 …(11) 

In the above equation, I is the intensity of the signal, Io is the intensity of signal without echo 

attenuation, D is the translational diffusion coefficient of the molecule, γ is the gyromagnetic ratio 

of the nuclei, δ is the pulse field gradient duration, Δ is the diffusion delay time, and the g is the 

gradient strength.94,96–98 

 Woessner was the first to note the effects of confined diffusion in SGSE experiments with 

sample of benzene in rubber.99 Among the various techniques of NMR, Karger and Ruthven have 

considered PFG NMR to be the most effective method. They demonstrated the application of NMR 

diffusometry to analyze elementary diffusion processes in microporous solids, specifically zeolites. 

According to them, the stimulated echo is method that overcomes the challenges posed by the 

primary echo technique which is related to the improvement of observation time due to the time 

dependence of spin echo amplitude on transverse NMR relaxation. They have discussed about the 

sorption kinetics of microporous catalysts that have been observed to be usually influenced and 

even dominated by diffusion in the extracrystalline pores that are classified as mesopores and 

macropores. Further, their analysis presented that there is consistency in the correlation between 

the diffusional activation energy for a small pore adsorbent to the size of diffusing hydrocarbon 

molecules. This in turn portrays that the diffusion process in the small pore zeolites is controlled 

by the energy barrier prevalent in the passage through the windows of zeolite.3,100–104 Therefore, 

NMR diffusometry acts as a tool to determine the self -diffusivity coefficients and activation 

energies of hydrocarbons in zeolites using the diffusion coeffic ient-Arrhenius relationship: 
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𝐷 = 𝐷𝑜𝑒𝑥𝑝 (−
𝐸

𝑅𝑇
) 

…(12) 

Here, Do is the constant independent with temperature, E is the activation energy for diffusion, T 

is the temperature and R is the gas constant with the value R = 8.31 J/(K mol).105,106 

            Some research works are dedicated to meticulously understanding the relation between 

diffusion and activation energy of various materials. Hong et al. studied diffusion anisotropy with 

methane in HZSM-5 crystals at sorbate concentration of 12 molecules per unit cell. They 

determined the activation energies to get Arrhenius plot which showed that the ratio of diffusivities 

in the plane xy to z direction is of the order 4.5.107 Grenier et al. developed a new i.r. method to 

measure the sorption rate in zeolite crystals by tracing the transient temperature response on the 

surface of the crystal. Limiting activation energy data from NMR diffusometry experiments and 

zero-length column value concur well with the results from the new method.108 Price and co-

workers conducted experiments to examine the translational motion and activation energy of 

supercool water molecules by applying PGSE NMR method. They found the diffusion of 

supercooled water has a smooth declining trend and its behavior change to non-Arrhenius as the 

temperature decreased to 238 K.109 Another set of research work by Price and coworkers on 

diffusion measurements of Lysozyme aggregation show that monomeric lysozyme does not vary 

its aggregation state with temperature as the self -diffusion coefficients abide to an Arrhenius 

relationship.110 Chmelik’s group demonstrated that the combination of PFG NMR and magic-angle 

spinning helps in observation of ethene/ethane molecules in both gas and adsorbed state. Their team 

determined the activation energy for diffusion of ethane in ZIF-8 crystals is comparatively higher 

than that of ethene through evaluation of diffusion selectivity of the both the types of 

hydrocarbons.111 Stallmach’s group has performed NMR experiments to measure diffusivity 

coefficients of C3-C4 n-alkanes and alkenes in CuBTC. This led them to find out that the activation 

energies of alkenes increase by about 7 kJ/mol compared to same number of carbon atom 
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alkanes.112 Kimmich and Bachus investigated and discussed the observations on temperature 

dependence of self-diffusion coefficients of molten form of polyethylene and polystyrene through 

modified NMR method.113 They concluded that other than the random direction factor n-1, there 

are three more sources to the molecular weight dependence of self -diffusivity coefficient in 

polymer melts and they are the intrinsic molecular weight dependence of curvilinear reptation 

diffusion, molecular weight dependence of free volume and lateral displacements. These 

accumulation of research works show the connection between activation energy and diffusivity and 

how they assist in tapping into the various applicability of migration of molecules to contribute to 

existing literature base.113 

            Intraparticle vs interparticle diffusion: As mentioned previously, zeolite encounters both 

intraparticle as well as interparticle diffusion. Due to the presence of both types of diffusion, it 

opens the opportunity for the research community of explore the variations that can be produced 

by tailoring the zeolite structure. The intraparticle diffusion occurs within the porous structure and 

it is a slow process with lower diffusivity due to increased wall effect and some steric hindrance. It 

is the domain in which the molecules are found in adsorbed state and could be attached to a carrier 

molecule for migration purposes. When interparticle diffusion takes place within  zeolites, the 

probe molecules move alone with less constraints and thus, diffusivity is increased to quite an 

extent. It has been reported that NMR signal results from the superimposition of the signals 

arising from both intraparticle and interparticle diffusion.   Since the mobility of the in these 

two domains are usually different the respective diffusivities may be found by resolving the 

echo attenuation into two different components in accordance with the equation below: 

𝜑(∆) = 𝑒𝑥𝑝 [−𝛾2𝛿2𝑔2 (𝐷2 +
𝑝1𝐷1

𝛾2𝛿2𝑔2𝜏2𝑝1𝐷1 + 1
)∆] 

…(13) 
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 with g as the field gradient, 𝛾 is the duration of pulse, 𝛿 denotes gyromagnetic ratio, p1 and p2 

denote the relative number of molecules in the inter and intra regions, respectively. Also, D1 and 

D2 are the diffusivities in the inter and intra regions, respectively and ∆ is the observation time.3,7 

                    Hypothesis: Taking into consideration all the aspects discussed above, we hypothesize 

that diffusion NMR is a quantitative method to understand diffusion of liquids and gases in 

nanoconfinement when the fluids are subjected to variable pressure and it can be used to identify 

differences in transport properties arising from altering the chemistry, silica to alumina ratio and 

post-synthetic modifications of the nanoporous hosts. Recent report by Van Speybroeck et al. 

suggests promotional effect of presence of Bronsted acid sites on the diffusivity of alkenes in 

SAPO-34 zeolites. They conducted experiments to acquire details relating to diffusion of paraffins 

and olefins in the intracrystalline space of 20-30 mm large zeolite crystals. PFG-NMR technique 

was used to measure self-diffusivity of ethane and ethane in H-SAPO-34 and the results indicate a 

favorable effect of increasing the number of Bronsted acid sites on diffusivity of ethene whereas, 

for ethane in H-SAPO-34, no such correlation was found.114 Another report by Vasenkov et al. 

demonstrates optimization of molecular sieving in zeolitic imidazolate framework (ZIF). They 

designed samples and put multiple loading pressure of hydrocarbon to perform the diffusion NMR 

experiments.115,116 Similarly, we aim to synthesize samples of different type of zeolite and tailor 

them to observe their effects on the self -diffusivity of hydrocarbons. The hydrocarbons could be 

alkane or aromatic that are suitable to move through the micropores of the zeolite. The pressure 

loadings of the hydrocarbons are a major component to determining the variation in their kinetic 

behavior as they migrate through the porous channels of the zeolite.   
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CHAPTER III 
 

 

EXPERIMENTAL METHODOLOGY 

 

 Materials: The primary materials were zeolites with different Si/Al ratios, phosphoric acid 

(H3PO4), lanthanum nitrate (La(NO3)3), ammonium-hexa-fluoro-silicate (AHFS), methane (CH4), 

sodium hydroxide (NaOH), water (H2O), nanoporous glass (NPG), nitrogen gas (N2), cyclohexane 

(C6H12), deionized water. 

 Sample preparation: The first step to prepare a zeolite sample for NMR experiments is to 

convert it to proton form at high temperature because the commercial zeolite that is available in the 

market is found usually in the ammonium or sodium cation form. The vacuum setup that is 

established in our laboratory is used to convert the ammonium or sodium form of zeolite to its 

proton form. NH4
+- exchanged zeolite ZSM-5 (Si/Al = 11.5; Si/Al = 15, CBV 302E; Si/Al = 25; 

Si/Al = 40 CBV 8014; Si/Al = 140) and zeolite Y samples were obtained from the supplier Zeolyst.  

 Vacuum drying and calcining process: Appropriate amount of the zeolite was weighed 

and put to heating in glass vessels under vacuum condition. The weight was measured to be 150±10 

mg as it is the optimum amount that can be converted to proton form in our laboratory glassware 

with minimum to no ammonium cation presence and that has been verified through solid-state 

NMR experiments. A clean glassware/vessel, that was not contaminated with any other type of 

zeolite powder, was taken and the measured zeolite was poured into it. The zeolite powder  
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forms a bed with large radius and surface area exposed at the bottom of the glassware that has large 

cross-section area. The glassware was attached to its top component that had valve on it with grease 

and then, connected with the vacuum line with an O-ring and a clamp. The pressure within the 

glassware is dropped very slowly stepwise, so that the powdered zeolite is not sucked into the 

vacuum due to large pressure drop. After multiple small release of air from the glassware to the 

vacuum line, the pressure has dropped to a large extent. When the release of air did not cause much 

fluctuation in the manometer display values, the vessel was completely opened to the vacuum line. 

The minimum value the manometer connected of vacuum pump showed was 3.6x10 -2 mbar.  

 Next, as figure 7 shows, the heater was placed around the glassware in a way that the zeolite 

is present at the middle of the height of the heater as shown in the figure and then, it was turned on. 

The temperature of the vessel was raised to 500˚C to convert the zeolite, usually ZSM-5 or zseolite 

Y, from NH4
+ form to proton form, that is, H-ZSM-5 and HY. The heater is connected to a 

temperature controller (Omega, CN616A series). The ramp and soak feature of the temperature 

controller was used for elevating the temperature in a stepwise manner to ensure minimal damage 

to the zeolite structure. The temperature was ramped up to 100˚C at a rate of 0.5˚C/min, soaked at 

100˚C for 2 hours to remove the moisture first, then ramped up to 500˚C at 0.5˚C/min and finally, 

it was held at 500˚C for 12 hours and later, stepwise cooled down. The valve of the glassware was 

closed to seal it from the atmosphere before detaching it from the channel of the vacuum line that 

was also closed through a valve. The sealed glassware with calcined sample was put into in a 

glovebox filled with argon. The glassware was opened and the argon gas was allowed to flow into 

it. The top section of the glassware was removed and the grease was cleaned. The proton form of 

the sample was transferred into an NMR tube. Then, tube was sealed with controlled atmosphere 

valve (New Era NE-CAV5) to avoid contact of sample with moisture once it was taken out from 
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the glovebox. The sample was ready for getting pressurized with hydrocarbon through the 

manifold.  

 Gas pressure in NMR tube: Subsequently, the sealed NMR tube, that either contains 

argon or has been vacuum sealed, was connected to the pressure manifold as shown the figure 8. 

The valves on the pressure manifold is closed and checked thoroughly for safety purposes. The 

valve on the gas cylinder was opened and the pressure gauge connected to the mouth of the cylinder 

was adjusted according to the requirements. On opening the right-most valve on the manifold, the 

gas flowed through the line and the pressure gauge on the manifold measure the magnitude of the 

pressure. Next, the sealed NMR tube was attached to the manifold using an adapter. Once the NMR 

tube and the manifold interlocking was tight and secure, the gas was allowed to flow into the middle 

section of the manifold where the control valve was attached. The central two-way valve was closed 

and the left-most valve was opened. Then, the control valve was opened released the pressure of 

the gas mixed with air. This step was repeated 2-3 times to eliminate the air present in the manifold 

that can supply moisture to the calcined sample. Before allowing the full pressure on the  NMR 

Figure 7. Schematic diagram for vacuum line showing the vacuum drying process of zeolite.  
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tube, the controlled atmospheric valve (CAV) at the top of NMR tube was opened. The valves on 

the manifold were closed and opened alternatively to let the argon gas from the NMR tube be 

release through the control valve. This step was repeated twice to eliminate the possible presence 

of argon gas. All the two- way valves were opened and the gas was flowing throughout the 

manifold. The NMR tube was pressurized with hydrocarbon, such as, methane. The pressure gauge 

connected to the manifold that was right above the attached NMR tube measured the pressure in it.  

On getting the pressure to the desired level, the CAV was sealed back to the tube and the pressure 

above it was released for it to be safely detached from the manifold. Thereafter, the pressurized 

sample in the NMR tube was sonicated for 30 min to facilitate the uniform distribution of the zeolite 

powder. This procedure made the sample ready for NMR diffusometry experiments and it can be 

placed into the coil of the gradient probe. 

 

 

Figure 8. Schematic diagram of pressure manifold used to introduce variable-pressure gas into nanoporous solid hosts, 

including zeolite catalysts. 
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 For AHFS washing of zeolites, NH4
+-form of zeolite was weighed in a balance and put in 

water to create a zeolite solution. The solution was heated and stirred for 10 minutes. In the 

meantime, AHFS solution was prepared using weighed AFHS and water. It was stirred and added 

to a burette. As the zeolite solution was being stirred and heated, the AHFS solution was added to 

it dropwise from the burette. Few drops of 1M NaOH was added to the resultant solution to bring 

the pH up to 5. The temperature of the closed lid beaker that contained the resultant solution was 

maintained at 90˚C for 4 hours. Later, the solution was filtered using hot deionized water and the 

solid residue was put in oven to dry for 8 hours at 80˚C. After that the dried residue is crushed to 

turn it into powder and put to vacuum drying. Once vacuum dried, the same procedure is followed 

as mentioned above, that is, it is put in NMR tube and pressurized with hydrocarbon for diffusion 

NMR experiments. 

 To synthesize LaY, cation exchange procedure was considered. The H+ form of zeolite Y 

was obtained from vacuum drying it at 500˚C. It was then treated with 0.1M aqueous La(NO3)3 at 

90˚C under stirring condition for 6 hours. The resulting solution was centrifuged. As the reside 

separated from the supernatant, the later was discarded. The exchange cycle was repeated thrice to 

remove exchangeable protons. The solid residue after the last cycle was added to deionized water 

and stirred for 6 hours at 90˚C. Later it was washed thrice with deionized water at room temperature 

and this method was repeated twice. So, after numerous washes at 90˚C and at room temperature, 

there was a complete removal of excess physiosorbed cations from the catalyst. The catalyst was 

dried and made ready for NMR diffusometry. Similarly, to prepare P-ZSM-5, the NH4
+-ZSM-5 was 

converted to H-ZSM-5 through calcining at 550˚C. Later, H3PO4 was added via incipient wetness 

to produce modified P-HZSM-5 and it was vacuum dried at 500˚C. If the exchange process and 

vacuum drying were performed once on the sample it’s referred to as LaY 1X1C and when it’s 

performed twice it’s referred as LaY 2X2C in the later sections.  
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 Steaming method via water bubbler: Steaming is performed for stabilizing the zeolite 

structure. There are various methods associated with steaming and we have considered two of them 

in this work, this is, the water bubbler and autoclave methods. The stabilization process during 

steaming leads to Al atoms to get expelled from the zeolite lattice and form nonframework Al 

species.117 Calcined samples were weighed to 80-90 mg and put in a nest of glass-wool. Then, it 

was transferred to a micro-reactor that was place within a heater. The heater was connected to a 

temperature controller with ramp and soak feature. The zeolite was treated by steaming with 21 

Torr water vapor in an air flow at 15 mL/min in a flow reactor with water bubbler, heated stepwise 

to a final temperature of 600°C, and held there for 72 h. After steaming, the samples were 

dehydrated using the flow reactor with nitrogen gas at 500°C for 5 h. Figure 9 shows the schematic 

diagram for the steaming of zeolite with various components connected to complete the system.  

Figure 9. Schematic diagram for steaming of zeolite using water bubbler method.  
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 Steaming method via autoclave: Using another method of steaming,118 selected sample 

of dry zeolite was placed in an autoclave, suspended in a beaker. Water was placed at the bottom 

of the autoclave, not directly in contact with the zeolite. Then, the 100-ml autoclave was heated up 

to 200°C to generate steam at the autogenic pressure for 24 hours. The vapor pressure of water at 

this temperature is 18.6 atm. Under these conditions, the gas compressibility factor for water is 

about 0.96. Therefore, 50 mmoles (n0) of water will be required to reach the saturation of the vapor 

at this temperature in the 100 ml volume. We use the n/n0 ratio to represent the amount of liquid 

water placed in the autoclave for each experiment plus the amount of water already present inside 

the zeolite relative to the number of moles at saturation (n0). That is, one would not expect liquid 

water on a flat surface when n/n0 < 1. After 24 hours of steaming, the zeolite was taken out of the 

autoclave and dried for 12 hours.  

 To start an NPG experiment, it was required that the 10-nm NPG was vacuum dried in the 

NMR tube by connecting it with the vacuum line using an adapter and raising the temperature up 

to 160˚C for 8 hours. The sample was cooled down gradually at the room temperature. After that, 

it was exposed to hydrocarbon, that is, cyclohexane in a controlled environment.  As figure 10 

portrays, one channel of vacuum line was connected to a flask containing cyclohexane and another 

Figure 10. Schematic diagram depicting vapor flow from liquid in flask to NPG in NMR tube using vacuum line.  
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channel was attached to the NMR tube containing the NPG. The middle valve of the vacuum line 

was closed, so that no cyclohexane is vacuumed away. Due to difference in vapor pressure, the 

cyclohexane molecules migrated in to the nanopores of the monolith. The hydrocarbon loading 

within the NPGs was measure using a microbalance from Sartorius Cubis MSE that has 1μg 

resolution. To determine the pore fillings of the NPG, the weight of the loaded sample was 

compared to the dried monolith. The NMR tube with the hydrocarbon loaded NPG was then 

subjected to variable nitrogen pressure. Nitrogen was selected as the gas for filling the NMR tube 

due to its inert nature at room temperature. This to be noted that the pressure within the NMR tubes 

in all cases was kept to 120 psi for safety reasons. 

 NMR: NMR spectrometer (Bruker Avance) with 9.4 T wide-bore superconducting magnet 

was operated to obtain the NMR diffusion data. Specific to NMR diffusometry, 1H single-channel 

diffusion probe for z-gradient was used that has the gradient strengths up to 2900 gauss/cm. The 

NMR spectrometer is communicated through the Bruker server and a software, TopSpin that was 

installed in the computer with Red Hat employed on the Nvidia’s kernel. Among many other 

techniques, the sequence stimulated echo (STE) was employed to determine the self-diffusivity 

coefficients. The Stejkal-Tanner equation that has been mentioned in the previous chapter expresses 

the signal attenuation resulting from the diffusion in STE experiment. Maximum gradient strength 

of applied during experiments are 180 G/cm. The diffusion observation time was varied but 

primarily it was 10 ms. Experiments were conducted with both 32 and 16 gradient steps to validate 

the accuracy. Also, the repetition times and the effective pulse-gradient length were adjusted 

accordingly to optimize the signal. The NMR investigations were performed at 25˚C. A chiller has 

been connected to the diffusion probe of the NMR to maintain the temperature at 25˚C through 

circulation of water around the base of the gradient coil. 
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CHAPTER IV 
 

 

RESULTS AND DISCUSSIONS 

 

 NPG control experiments: Analysis of fluids that are present in combined phases in 

porous solids find application in engineering and industrial processes, including catalysis, energy 

investigations, and geological studies3,119. Thermodynamic principles are the basis of fluid 

behavior. The solid-fluid interaction forces control the wettability and transport characteristics 

within the system. Constructing a methodology that would elucidate on the mechanism of fluid 

mobility at nano length scale is the focus of the study. The present set of control experiments have 

been conducted to probe into the chemical interactions and transport behavior of the fluids confined 

in the complex porous structures beneath the surface of earth. The translational motion of the fluid 

serves as an important criterion for mapping the movement of fluid particles within porous media 

due to various interaction. NMR diffusometry was employed to examine the diffusion and surface 

interaction of water and cyclohexane in model host structures. The NPGs had a mean pore diameter 

of 10 nm and they were loaded with water or cyclohexane at different weight fractions and 

pressurized at varied magnitude with nitrogen gas.  

 Previously, our group have published an NMR diffusometry investigation on 

water/cyclohexane mixture confined in the NPG (Vycor). The key observation of the investigation 

was that the self-diffusion and dynamics of the mixed liquid components could not be predicted 

depending on how each pure liquid  
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behaved in confinement.120 Figure 11 shows that the behavior for water and cyclohexane at very 

low loadings follows expectations for polar and hydrophobic liquids, respectively. Water exhibits 

a significantly smaller Deff due to strong adsorption on the hydrophilic glass. On the other hand, 

cyclohexane shows enhanced-diffusion region relative to bulk cyclohexane due to the combined 

effects of surface repulsion and increased vapor pressure. Further, figure 12 depicts  the selected 

samples spanning the composition range provide nearly the expected cyclohexane/water ratio of 

1:10 based on volumes used in the sample preparation. Figure 12b shows multiple peaks from slow-

exchange averaging between environments with or without the other liquid component. 

 

 

 

 

 

 

 

 Figure 13 depicts the plots of diffusivity coefficient (m2/s) of cyclohexane and water in the 

nanoporous confinement at different pore fillings inside 10-nm NPG. The self-diffusion coefficient 

of the fluids was measured at three different pressure levels, that is, 1 bar, 4 bar, and 8 bar of 

nitrogen gas. It is shown in the pictorial representation that the diffusivity of cyclohexane moves 

up a little till 0.04 pf the pore filling and then, continues to drop down till the pore filling is 1. Here, 

the observation is that there has not been any significant difference in the trend with respect to the 

Figure 11. Reduced diffusivities (Dapp/D0) of water and cyclohexane in (a) oil rich (90% v/v oil 10% v/v water), (b) 

water rich (10% v/v oil 90% v/v water) mixtures confined at different pore fillings in 10 -nm NPG and (c) water and 

cyclohexane (measured separately) in confinement at different pore fillings inside 10-nm NPG. Dapp is the apparent self-

diffusion coefficient and D0 is self-diffusion coefficient for the free fluid (D○ for water and cyclohexane measured 

separately). The effective gradient pulse duration (tg)=1 ms and diffusion time (Δ) = 50 ms. Reproduced from reference 

119 with permission. 
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three different pressure magnitudes. This, in turn, indicates that the diffusivity curve follows similar 

trend for any pore filling below the 10 bar pressure, or in other words, the diffusion -pore filling 

trend is constant below 10 bar. The pore filling (V/V) of 1 was achieved by submerging the NPGs 

in their respective fluid bath for 24 hours and later, transferring them to the NMR tube. For pure 

water, there has been a gradual increase in the diffusion coefficient from 0 to 1 pore filling. Similar 

to cyclohexane, the diffusion-pore filling trend remains constant for any pressure magnitude below 

10 bar. The diffusivity measurements were performed very less to none for the range of 0.4 to 0.9 

pore volume because of requirement of long-time span for achieving the target pore filling. The 

challenge is the limited imbibition of the fluid in the pores and its sub-surface presence blocking 

the further intake of more molecules. However, the data points from pore filling 0 to 0.4 and from 

0.9 to 1 shows a clear trend irrespective of the gap present.   

 

 

 

 

 

            This set of experiments were conducted to build upon the understanding of loading-

dependent diffusion characteristics of the components in the host individually at varied pressure 

and extending it to develop the mixture measurement in the confinement or to further elevated 

pressure. Kimmich and coworkers have conducted experiments on crushed 4 nm Vycor NPG 

particles for cyclohexane and water separately121. Erfani et al. has reported that the partitioning of 

oil and water mixture confined in nanoporous geometries cannot be extrapolated from the 

characteristics of their separate components. They demonstrated that water adheres strongly to the 

Figure 12. Effect of pore filling on chemical shift for the water-rich mixture (10/90 v/v% C6H6/H2O) confined in 10 nm 

nanoporous glass. a) Pore filling = 27.5%. b) Pore filling = 47.5% c) Pore filling = 85%. The C6H6/H2O peak area integrals 

for the 27.5, 47.5 and 85% loadings were 0.07, 0.11, 0.07 respectively. The spectra are plotted according to the intensity 

of the largest peak, not total area. Reproduced from reference 119 with permission. 
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surface of Vycor NPG host of 10 nm and could cause anomalous enhanced or suppressed diffusion 

for the other immiscible component cyclohexane based on the pore filling. The cyclohexane was 

kinetically trapped in the water-rich environments120. In our present research work, Varapor NPGs 

that are inert and structurally well-defined nanoporous solid posed challenge due to their inherent 

chemical and physical heterogeneity. Hence, it becomes necessary to directly measure the 

diffusivity of each component prior to moving into mixtures or any other advancements related to 

complexity of the experiments. 

 It is important to evaluate how the non-ideal behavior of fluid mixtures is distinct from the 

ideal pure fluid behavior and more so, under nanoconfinement. Extending the current research work 

would help develop methods and techniques to analyze the fluid distribution and phase behavior in 

the nanoporous structures. Some specific future experiments have been discussed later in the 

conclusion section. The investigation will aid in the exploring the molecular dynamics and this 

finds application in the catalysis, energy storage, enhanced oil recovery (EOR), interfacial 

phenomena, colloid science, etc. 

 Zeolite experiments: One of the ways to control fluid interaction is to functionalize and 

chemically modify the surface of nanoporous media. As previously mentioned in the introduction 

and literature survey, the zeolite structure consists of three-dimensional networks of [SiO4]
4- or 

[AlO4]
5- primarily linked with O atoms connecting neighboring tetrahedra. The NMR diffusion data 

on CH4 gas at 120 psi (~ 8 atm) in different type of zeolite both before and after chemical 

modifications shows that the diffusion coefficients are very sensitive to changes in the surface. The 

diffusion coefficients of pure methane and CH4 gas in ZSM-5, zeolite Y and their modified variety 

are different from each other, in some cases, in the order of magnitude. The pressure of CH 4 gas 

was varied to assess uncertainties/fluctuations in measurements of diffusivity of the hydrocarbon 

in zeolite. The hydrocarbon, methane was selected as the probe molecule for it being the main 

component of natural gas, small size, that is, < 0.54 nm and relatively low adsorption affinity. One 
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of its important properties being the asymmetric exchange between a proton of the zeolite and CH3 

group, part of the CH4, could be used as a model for C-H activation. 

 

 

 Figure 14 shows a sharp and narrow 1H NMR linewidth and shape measured through an 

1D experiment on the spectrometer that indicates gaseous particles that has been traced in the 

nanoporous channels of ZSM-5.122 This figure is a general representation of the chemical shifts that 

were observed for the 1D experiments that were conducted on the various types of zeolites. The 
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Figure 13. Diffusivities of a. cyclohexane and b. water separately in 10-nm NPG. The diffusivities are measured at three different 

controlled pressure of 1bar, 4 bar, and 8 bar of nitrogen gas . 
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absence of water peak within the vicinity of the methane peak denotes that the sample is devoid of 

moisture to the extent that it does not show up in the NMR spectrum. The chemical environment 

of the proton detected on CH4 molecule comprises of the other CH4 molecules along with surface 

components of the zeolite. 1D NMR experiment was performed before each diffusion experiment 

to make sure that the desired composition of the sample has been achieved.   

 

  

 Diffusion NMR techniques provide a robust and non-invasive opportunity to get chemical 

shifts with echo attenuation. The gradient coils produce the gradients in the magnetic field of the 

spectrometer for diffusion measurements, thus, it generates the pulsed field gradient in the effective 

sample volume. This can be explained by induced dephasing of the molecules in the sample due to 

the applied gradient. The diffusion of molecules in confinement is dependent on the diffusion time 

and the internal field gradients cause attenuation. The sequence of three  90 pulses may be 

advantageous in the porous media when spin-lattice relaxation time, T1 is greater than the spin- 

spin relaxation time, T2 as there is a dependence of the diffusion coefficient on the diffusion time. 

Some diffusion tests were run on liquid H2O and D2O control samples to check the working of the 

parameters set on the Topspin software. The results yielded diffusion coefficient in the range of 

Figure 14. 1H single-pulse NMR spectrum of CH4 gas in H-ZSM-5 at 120 psi pressure. 
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1.8x10-9 to 2.3x10-9 m2/s for the H2O/D2O samples. This confirms valid operating parameters as 

the data matches the values mentioned in the literature.123 

 It is essential to calibrate the experiment for implementation of accurate methods and 

garner valid data. Each set of experiment, that includes vacuum drying the zeolite and then running 

NMR experiment, was repeated few times to check the reproducibility of the data. Repeating the 

experiments aided in assessing the deviations in measurements and that provided a necessary 

platform to analyze the uncertainties associated with the methods. Also, it has facilitated the 

identification of certain issues and their solution, such as, addition of sonication to eliminate any 

clusters or extra-space within the effective sample volume. Table 1 and figure 15a demonstrates 

the error associated with the measurement of diffusion coefficient of pure methane, that is, methane 

without any constraints other than the wall of NMR tube. The error bars were reported to show 

confidence of reproducibility. The data was collected few times, 3 to 5 times in general, to find the 

average value and the standard deviation associated with the measurements. The standard deviation 

was determined through the formula: 

𝜎 = √
𝛴(𝑥𝑖− 𝑥 )2

𝑛− 1
 

…(14) 

 In the above formula, 𝑥  is the sample mean in the n sample size.124 The figure shows that 

the diffusivity coefficient has higher error at 4 atm than that in the rest two values, 6 atm and 8 atm. 

This error may not be of any relevance to the structure of the zeolites but it could be a sensitivity 

issue, that is, signal-to-noise ratio arising for shorter T2 relaxation. Another important observation 

to note here is that the diffusion coefficient of pure methane decreases with increasing the pressure. 

As the pressure increases, the molecules of methane come closer of each other and the density 

increases. The movements of the molecules get restricted to a great extent. The values of the 

diffusion coefficients remain in the same order of magnitude irrespective of the pressure applied, 
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which is within the range of 4 atm to 8 atm. Figure 15b displays the plot for diffusion coefficient 

versus diffusion time for pure methane and methane in HY and its rare-earth counterparts. The nX 

and mC that are used in denoting LaY nXmC which stand for the number of ion -exchanges and 

calcinations, respectively. The graph shows that for diffusion time of 10 to 400 ms, the diffusion 

coefficients of pure methane remains the same and appears to be comparably a straight line. The 

small decrease that is observed in diffusion coefficient with diffusion time, big delta  Δ could be 

attributed to either the hindrance provided by the heterogeneous environment in the nanoporous 

channels or very short T2 relaxation time. 

Pressure 

(atm) 

Diffusivity 

Coefficient (m2/s) Std. deviation 

8 2.439E-06 ±4.35408E-08 

6 2.921E-06 ±1.74986E-08 

4 3.845E-06 ±1.62388E-07 

 Table 2 and figure 16a shows that the diffusion coefficient of commercial NH4
+-ZSM-5 

that was as received from the supplier without calcination or any modification. It follows that 

same trend where the diffusivity reduces with increase in pressure. Although there is an anomaly 

with the average diffusion coefficient of NH4
+-ZSM-5 at 6 atm and 8 atm, we can consider that to 

be an error as possible collection of more data will show the trend to be as expected. Moreover, 

there are data points with less diffusion coefficient value than that of the lowest valve at 6 atm. It 

is important to note that the diffusivity coefficients of the Si/Al = 40 in this case are less than that 

Table 1. Pressure (atm), diffusivity coefficient (m
2
/s) and standard deviation for pure methane gas. The diffusion time is 10 ms. 
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found for Si/Al = 15 for each pressure measurements. Table 3 and figure 16b displays that the 

diffusivity coefficient of H-ZSM-5 with Si/Al = 15 is lower than that of H-ZSM-5 with Si/Al = 

40. The error associated with the diffusivity of H-ZSM-5 with Si/Al = 40 is quite high. 
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Figure 15. a. Plot for Diffusivities (m
2
/s) vs. Pressure (atm) of pure methane gas. The diffusion time is 10 ms. The error 

bars are plotted as one standard deviation. b. Diffusivity (m
2
/s) vs. diffusion time ∆ (ms) for pure methane, methane in 

HY and its La modified counterparts LaY 1X1C and LaY 2X2C.  
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Zeolite type 

Diffusivity 

Coefficient 

(m2/s) Std. deviation 

HZSM-5 Si/Al = 15 2.99E-07 ±6.14356E-09 

HZSM-5 Si/Al = 40 7.56E-07 ±4.6775E-07 

 

 

 

NH4
+-ZSM-5 Si/Al =15 NH4

+-ZSM-5 Si/Al =40 

Pressure 

(atm) 

Diffusivity 

Coefficient 

(m2/s) Std. deviation 

Diffusivity 

Coefficient 

(m2/s) Std. deviation 

4 7.59E-07 ±2.68027E-08 4.08E-07 ±4.1156E-08 

6 6.25E-07 ±2.73904E-08 3.76E-07 ±4.15006E-08 

8 6.40E-07 ±4.46027E-08 3.32E-07 ±3.89288E-08 

Table 2. Pressure (atm), diffusivity coefficient (m
2
/s) and standard deviation for methane gas in NH4-ZSM-5 Si/Al= 15 & 

Si/Al = 40. The diffusion time is 10 ms. 

Table 3. Diffusivity coefficient (m
2
/s) and standard deviation for methane gas in H-ZSM-5 Si/Al= 15 & Si/Al = 40. The 

diffusion time is 10 ms. 
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 Figure 17 shows the NMR diffusion data for the control experiments on zeolite with 

methane, in which the linearized raw echo attenuation is a function of g2 with STE method. The 

plot of signal intensity vs g2 for HZSM-5 depicts that the intensity drops as the gradient strength 

was increased. The Stejskal-Tanner equation was used to verify the output provided by the 
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Figure 16. a. Plot for Diffusivities (m
2
/s) vs. Pressure (atm) for NH4-ZSM-5 Si/Al= 15 & Si/Al = 40 and b. Diffusivities 

(m
2
/s) of methane with standard error bars in H-ZSM-5 with Si/Al of 15 and 40. The diffusion time is 10 ms. The error bars 

are plotted as one standard deviation. 
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software. The diffusion coefficient calculated by the software was equal to 2.92x10 -7 m2/s for 32 

gradient steps whereas the manually calculated value was found to be 2.89x10 -7 m2/s. Similarly, 

the plot of signal vs intensity for ZSM-5 AHFS washed sample has confirmed that the value was 

1.41x10-7 m2/s compared to 1.39x10 -7 m2/s for 32 gradient steps which was displayed by the 

software. The ZSM-5 that was used for both the experiments has the Si/Al of 15. 
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Figure 17. Plots of signal intensity vs. gradient strength square (G
2
/m

2
) for a variety of a. HZSM-5 Si/Al = 15 and b. AHFS 

washed ZSM-5 Si/Al = 15. The diffusion time is 10 ms. 
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 Figure 18 is the pictorial representation of ln(I/Io) versus square of gradient strength graph. 

Here, steeper the slope, the greater is the diffusivity of the zeolite type. The different Si/Al ratios 

of zeolite was taken and deammoniated to get the diffusion coefficient of the protonated form of 

zeolite. A trend can be observed with respect to the Si/Al ratio, that is, the slopes get steeper with 

increasing Si/Al ratio of the ZSM-5, except for Si/Al = 140. The AHFS washing was carried out to 

remove the extraframework aluminum (EFAl) from the zeolite structure.125 The EFAl species 

contribute to Bronsted acid sites, thus impacting the catalytic activity and selectivity in zeolites. 

Counterintuitive to getting a steeper slope for the AHFS WASHED ZSM-5, their diffusion 

coefficient was found to be comparatively quite low than the other zeolite.  AHFS washing could 

have caused loss in crystallinity, the lower diffusion coefficient may have been a consequence of 

that. 

 

 The table 4 shows the diffusivity coefficients and root mean square displacement R values 

for the ZSM-5 with different Si/Al ratios and their modified counterparts. The H-ZSM-5 with Si/Al 
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) for a variety of ZSM-5 catalysts as indicated. The 

diffusion time is 10 ms. 
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= 15 and 40 have been taken as a representation for MFI low Si/Al and high Si/Al, respectively. 

They were considered for the various modifications, such as AHFS treatment, phosphoric acid 

treatment and steaming. The phosphoric acid treatment is believed to impart hydrothermal stability 

to the catalyst framework structure. Hence, the dif fusion coefficient for P-ZSM-5 Si/Al =15 has 

decreased to 8x10-8 m2/s from the 2.92x10-7 m2/s for the protonated form. Similarly, the diffusion 

coefficient of P-ZSM-5 Si/Al = 40 has dropped to 1.27x10 -7 m2/s from the value of 6.27x10-7 m2/s 

for its H-counterpart. The two different steaming methods were applied to HZSM-5. The water 

bubbler method did not show any difference in diffusion coefficient whereas the autoclave method 

showed a decrease in diffusion coefficient for both Si/Al ratios of 15 and 40. This indicated a loss 

of crystallinity in the zeolite structure due to steaming through autoclave method. 118 So, the 

autoclave steaming of H-ZSM-5 lead to dealumination and formation of extraframework Al 

species. 

 Although there are reports on diffusion in zeolite that did not acknowledge that uncertainty 

involved in the variable pressure/concentration measurements such as diffusion of methane in 

CHA-zeolite,126 some recent research works have considered pressure uncertainty/error bars that 

were performed on ZIFs. Vasenkov et al. have conducted NMR studies of the self -diffusion of 

individual gases including carbon dioxide, methane, ethylene, ethane, and xenon as well as selected 

mixture of two-components in ZIF-8 and ZIF-7-8 crystals. They have considered all Deff c/p values 

with an uncertainty of 40%. The pressure above the ZIF bed has been kept to a maximum of 9 bar 

for the different gases. The primary observations include indication of increased influence of the 

framework flexibility on diffusion in ZIF-7-8 relative to ZIF-8 and for gases larger than carbon 

dioxide, the diffusivity ratios ZIF-8 and ZIF-7-8 do not elevate with increasing gas size at any of 

the loading pressures.127 Similar study on variable gas pressure was performed on ZIF-11 crystals 

by the Vasenkov’s group to investigate the intracrystalline regime. They obtained an anomalous 

relationship between sorbate size and diffusivity that shows an effect of ethylene/framework 
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interaction can be a reduction in the linker flexibility that reduces the maximum and/or effective 

aperture size in ZIF-11.128 

Type 
Diffusivity 

Coefficient (m2/s) 
<R2> (m2) 

Root mean square 

displacement R (m) 

HZSM-5 (Si/Al = 11.5) 2.05E-07 1.23E-08 1.11E-04 

HZSM-5 (Si/Al =15) 2.92E-07 1.75E-08 1.32E-04 

HZSM-5 (Si/Al =25) 5.78E-07 3.47E-08 1.86E-04 

HZSM-5 (Si/Al =40) 6.27E-07 3.76E-08 1.94E-04 

HZSM-5 (Si/Al =140) 2.73E-07 1.64E-08 1.28E-04 

ZSM-5 (Si/Al =15) AHFS 

washed 
1.39E-07 8.31E-09 9.12E-05 

ZSM-5 (Si/Al =40) AHFS 

washed 
1.16E-07 6.98E-09 8.36E-05 

PZSM-5 (15) (P/Al = 1:1) 8.004E-08 4.80E-09 6.93E-05 

PZSM-5 (40) (P/Al = 1:1) 1.266E-07 7.60E-09 8.72E-05 

Steamed H-ZSM-5 (Si/Al = 

15) water bubbler method 
2.98E-07 1.79E-08 1.34E-04 

Steamed H-ZSM-5 (Si/Al = 

15) autoclave method 
1.29E-07 7.72E-09 8.79E-05 

Steamed H-ZSM-5 (Si/Al = 

40) autoclave method 
9.14E-08 5.48E-09 7.41E-05 

 Table 5 and figure 19 show that the H-ZSM-5 has higher diffusion coefficient than that of 

P-ZSM-5 and the error is quite low for both. The method that was used to introduce phosphorus 

atoms to the zeolite framework is referred to as wet incipient impregnation method. Addition of P 

to ZSM-5 leads to improved selectivity and hydrothermal stability.129 In this research, the P/Al = 

Table 4. Diffusivity coefficient (m
2
/s), <R

2
> (m

2
) and root mean square displacement R (m) for methane gas in a variety of 

ZSM-5. The diffusion time is 10 ms. 
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1:1 was prepared for taking the measurements and effect of changes in ratio is needed to be 

investigated for further insights. 

Zeolite type Diffusivity 
Coefficient (m2/s) 

Std. deviation 

HZSM-5 Si/Al = 15 2.99E-07 ±6.14356E-09 

PZSM-5 Si/Al = 15 

(P/Al = 1:1)  8.12E-08 ±7.64936E-09 

 

 

 The table 6 and figure 20 shows that the diffusion coefficient of methane in HY decreases 

when ion exchange occurs with rare-earth ion and the vacuum drying step follows. It indicates that 

the La3+ exchange caused removal of aluminum from framework and presence of the ion that could 

be trapped in the cages, thus, mobility of methane reduces.130 The modification of HY with rare-

earth salts has been considered to increase the stability in presence of water.131 The difference in 

root mean square displacement between the LaY 1X1C and 2X2C is very little. The exchange of 
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Table 5. Diffusivity coefficient (m
2
/s) and standard deviation for methane gas in H-ZSM-5 Si/Al= 15 and PZSM-5 Si/Al = 

15 (P/Al = 1:1). The diffusion time is 10 ms. 

Figure 19. Diffusivities (m
2
/s) of methane with standard error bars in H-ZSM-5 and P-ZSM-5 (P/Al = 1:1) with Si/Al = 15. 

The diffusion time is 10 ms. The error bars are plotted as one standard deviation. 
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La3+ with zeolite for once is effective for diffusion purposes. Although figure points to the fact that 

the deviation for diffusion coefficient of methane in LaY is high, it stays relatively lower than the 

mean diffusion coefficient of methane in HY. One data point of HY has been discarded from the 

calculation as it is only data that is an order of magnitude higher than the rest of the values and can 

be considered as an outlier.  

Type 
Diffusivity 

Coefficient (m2/s) 
<R2> (m2) 

Root mean square 

displacement R (m) 

HY 7.39E-07 4.43E-08 2.11E-04 

LaY 1X1C 4.69E-07 2.82E-08 1.68E-04 

LaY 2X2C 4.46E-07 2.68E-08 1.64E-04 

 

 An important application of variable pressure work on gases encompasses hydrogen 

storage. Various porous materials such as clay minerals, zeolites, and metal–organic framework 

materials are used as an alternative to store hydrogen. The H2 uptake usually ranges from 0 to 2 

weight % with pressure range of 0-1.5 MPa. The main factors that influences the amount of 

hydrogen adsorbed are the framework structure, the composition, and the nature of the zeolite.132–

134 Chen et al. have designed and prepared Ru single-atoms catalyst supported on *BEA zeolite 

(Beta) for hydrogen storage. They observed that the obtained Ru(Na)/Beta catalyst exhibits 

excellent activity in the hydrogenation of N-ethylcarbazole with the hydrogen uptake of 5.69 wt. 

% and a conversion rate of > 99% within 1.5 h for the 6 MPa H2 at 100 °C.135 

Table 6. Diffusivity coefficient (m
2
/s), <R

2
> (m

2
) and root mean square displacement R (m) for methane gas in HY, LaY 

1X1C and LaY 2X2C. The diffusion time is 10 ms. 
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Figure 20. a. Diffusivities (m
2
/s) of methane with standard error bars in HY and LaY 1X1C. b.  Diffusivities of methane in 

HY, LaY 1X1C and LaY 2X2C. The diffusion time is 10 ms. The error bars are plotted as one standard deviation. 
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CHAPTER V 
 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

 The contribution of NMR diffusometry in studying the transport behavior of molecules in 

nanoporous media is paramount. The self-diffusivity coefficient is a gateway to embark on the 

journey to explore the interaction that occurs between fluid particles and the surface of the solid. It 

is a domain that has been the focus of interest of the scientific community and the advancements 

demonstrate that it is heading the right way. This specific research is conducted to understand the 

diffusion of hydrocarbons, oil and water characteristics in the nanoporous hosts, NPGs and zeolite. 

The water and cyclohexane diffusivity in the NPG under nitrogen pressure demonstrated that 

mobility remain the same at any pressure below 10 atm. While there is an increase in diffusion 

coefficient of water with the pore filling from 0 to 1 at that pressure range, the cyclohexane 

diffusivity coefficient displays an increase from 0 to 0.04 pore volume and then gradually decrease 

till 1. Further exploration on diffusivity of water and cyclohexane at higher pressure range of 1000 

to 10000 psi is necessary to emulate the pressure condition beneath the surface of earth. The other 

factors that could aid in the investigation are the presence of surfactants and/or surface 

functionalization. The chemical shift resolution of NMR spectrometry bestows the ability to 

measure such changes in the transport of the fluids. Altering the pore size of the NPGs, different 

oil-water mixture and the gas used for pressurizing the NMR tubes could be another way the 

research can progress. 
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 The collection and analysis of diffusion data through NMR spectrometry have facilitated 

gaining some insights on diffusion in ZSM-5 and zeolite Y. These insights elucidate on how 

hydrocarbons behave in a variety of modified zeolites. Some zeolites such as H-ZSM-5 with Si/Al 

= 15 show the highest stability with respect to reproducibility of self -diffusion coefficient while 

others such as H-ZSM-5 Si/Al = 40 and rare-earth modified HY have displayed extended deviation 

on repeating the set of data. The errors could be a function of both the complexity of the structure 

of zeolite and design faults of the NMR tube that causes pressure uncertainties. Large number of 

control experiments needs to be conducted to underpin the major cause of the errors. Although the 

diffusion experiments were conducted at diffusion time set to 10 ms, more examination is required 

to understand the effect of varying the diffusion time that changes the diffusivity. Different 

diffusion trends of methane in zeolites have been identified in our research work and they have the 

possibility to find applicability in the catalysis, adsorption and ion exchange industry. It was 

confirmed through the experiments that diffusion coefficient of pure methane and methane in 

zeolites decrease with increase in pressure. Performing the experiments at different temperature 

will allow quantification of activation energy of diffusion. Future experiments of NMR 

diffusometry on the steamed HY, BEA zeolite and silicalite can be conducted. Another set of 

experiments can be performed to investigate the effect of varied P/Al ratios in the zeolite 

framework. The chemically modified zeolites can be used to predict diffusion behavior of oxygen, 

nitrogen, carbon dioxide and methane for the pressure-swing adsorption systems.136 

 One of the primary outcomes of this work is a method that has been developed for 

introducing gases into nanoporous solids at variable pressure and it yields highly reproducible 

diffusion coefficients. The technique allows preparing samples in an NMR tube that can be sealed 

after the introduction of the gas and made ready for NMR diffusometry experiments. This particular 

process of introducing gases at variable pressure has shown consistent results with respect to 

reproducibility. Repeating the experiments aided in determining the deviations in measurements 



48 
 

and therefore, analyze the uncertainties associated with the method. The standard deviation, 1𝜎 

was established for the entire process and it is a significant outcome, considering that there is not 

enough mention of similar work in the literature. Hence, this contribution will enable the scientific 

community and the industry in general to explore diffusion studies on other albeit similar systems 

with confidence.  

 Diffusion of fluids under nanoconfinement is an area that has enormous scope for 

exploration. Ongoing investigation on the optimization of each process has led to the progress of 

various aspects associated with the industries mentioned previously. Zeolites and NPG’s are key 

model systems to further understanding of how gases and liquids adsorb, diffuse, and partition in 

nanoporous solids. It is important that these nanoporous structures can be modified and tailored in 

so many ways to meet the necessity. Identification and application of the diffusion trends in the 

industry would pave a way to optimize the processes. It will facilitate the optimization of energy 

costs in industries involved with this area of research and hence, boost the economy and improve 

our daily lives.
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Figure 21. a. NPG in NMR tube b. NPG c. Zeolites in NMR tube beside a 

measuring scale. 
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Figure 22. NMR data processing 
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Figure 23. NMR Bruker 400 MHz (9.4 T) NMR spectrometer 

Figure 24. Diffusion probe, gradient strengths up to 2900 Gauss/cm  
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