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Abstract

The present thesis focuses mainly on the investigation of diffusive transport in activated
carbons with a bi-modal pore size distribution frem both lignocellulosic (MAC-LMA12) and polymeric
(MAZ2) starting materials. This was achieved by using the ability of Pulsed Field Gradient Nuclear
Magnetic Resonance (PFG NMR) to trace molecular displacements in a microscopic, non-invasive
way. The observed distributions of diffusion coefficients revealed mass transport resistances on a
length scale much smaller than the particle size, both in the studied activated carbons but also in
the purely microporous NaX zeolite which was also investigated in this work. Furthermore,
sorption-desorption hysteresis phenomena in the MA2 sample were investigated. There, it was
verified that strong kinetic restrictions affected both the uptake and the inner-particle diffusivity of
the guest substance.

Due to the limitations of PFG NMR in the study of environmentally relevant matrices, namely
due to short relaxation times, and especially at concentrations of environmental significance, an
alternative NMR method based on the phenomenon of Paramagnetic Relaxation Enhancement was
developed. lts feasibility was demonstrated in both homogenous and heterogeneous model

systems.
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Zusammenfassung

. Die vorliegende Promotion befasst sich im Wesentlichen mit der Untersuchung von
Stofftransport infolge von Diffusion in Aktivkohlen, welche eine bimodale Porengréienverteilung
aufweisen. Es wurden Aktivkohlen untersucht, die sowohl auf Lignocellulose (MAC-LMA12) als
auch auf syntheticshen Polymeren (MA2) basieren. Die tragende Methode zur Untersuchung war
hierbei die NMR mit gepﬁlsten magnetischen Feldgradienten (PFG NMR). Diese erlaubt die
Untersuchung von molekularen Verschiebungen auf einer mikroskopischen Léngenskala auf nicht
invasive Weise und ist deshalb zur Untersuchung der Aktivkohlen bestens geeignet. Die ermittelten
Verteilungen von  Diffusionskoeffizienten  untermauern die Existenz  von  inneren
Transportwiderstanden auf einer Langenskala erheblich kleiner als der Durchmesser der einzelnen
Aktivkohlekorner. Vergleichbare Ergebnisse sind aus der Literatur fiir zeolithische Systeme
bekannt, welche im Rahmen dieser Arbeit auch speziell fur den Zeolithen NaX bestétigt werden
konnten. Uberdies wurde an der Aktivkohle MA2 die Hysterese zwischen Adsorption und
Desorption untersucht, welche auf eine starke kinetische Behinderung hinweist und somit sowohl
die Sorptionsrate als auch die Diffusion der sorbierten Substanz im porésen Wirtssystem
beeinflusst.

Ein weiterer Teil der Arbeit befasst sich mit der Entwicklung einer NMR-Methode zur Bestimmung
molekularer Beweglichkeit speziell fir umweltrelevante Proben, wo PFG NMR, bedingt durch zu
kurze NMR Relaxationszeiten bzw. zu geringe Konzentrationen, nicht angewendet werden kann.
Sie basiert auf der Ausnutzung des Paramagnetic Relaxation Enhancement (PRE) Effektes. Die

Anwendbarkeit wurde sowohl fiir homogene als auch fir heterogene Modellsysteme nachgewiesen.



Table of Contents

1z INErOTUCTION sosenesssrarimassssemimmermasrmse s nse s 4 Sobado SoH s TUE 4 B 550 5456 45 5 T8 55 A R 8T 6
2, Publicationsiand ReBUIS . msamss s soesoammsmmsssmme 8 0 i e s s s msa s 21
Publication 1: Characterization of carbon materials with the help of NMR methods ... 21

Publication 2: The evidence of NMR diffusometry on pore space heterogeneity in activated carbon ......... 45

Publication 3: Tracing pore-space heterogeneities in X-type zeolites by diffusion studies ............ccccccceec. 65
Publication 4: Guest diffusion in interpenetrating networks of micro- and mesopores..........cccccceiviiiiiciins 79
Additional results on MA2 activated Carbon ... ... 99

environmentally relevant PoroUs MEdIa .........ciiiiiriiiiiriie et e b e ema bbb b ae s e 113
G T O o T 0 F=1 T g T 143
4. Selected LIterature . ....cc..uieiieeeeeee ettt ee e e e s s e s e e e e e e 147
S AN s R St s T R e s T e S 150



1. Introduction

Generally, all solid materials have a surface which forms the interface where interactions with
liquid and gaseous substances occur. The accessible surface of a solid material primarily depends
on its geometrical properties, namely its shape, size and its microscopic imperfections and defects.
Therefore, solids with large surface area are able to interact with many molecules simultaneously,
from which a significant change in the mobility of these interacting substances may result.

Porous media, composed of porous solids or powders, have the potential to accommodate
large amounts of substance and interact with various compounds. These features are related to
their high surface area and to the properties of their porous structure. This has been proven to be of
great importance in many natural and technological processes [1]. In the context of environmental
pollution, reduced mass transfer of pollutants in porous media such as soils greatly influence their
bioavailability to pollutant-degrading bacteria, thus posing a major issue in soil remediation [2-5]
and complicating risk assessment [6]. On the other hand, many chemical reactions, particularly in
the field of heterogeneous catalysis are controlled by the rate at which the reactants are transported
to reactive sites [7,8]. The interactions between molecules and surfaces in porous media frequently
lead to complex patterns of mass transfer, which poses an obstacle in the development of new
materials for specific applications but also in understanding in detail the established ones. This,
together with the development of new porous materials in the last decades stresses the importance
of investigating mass transfer phenomena in these cases and contributing to its clarification.

The search for efficient and cost-effective solutions in adsorbents for environmental
remediation and supports for chemical catalysis has increasingly brought attention to nanoporous
carbon materials, particularly to activated carbon [9,10]. Generally speaking, activated carbon is
produced by carbonization of a carbon rich material followed by an activation step. Currently,
activated carbon is industrially produced in large amounts, and has a wide range of applications. In

fact, market studies forecast that due to growing environmental awareness in industrialized



countries the worldwide demand of activated carbon may reach up to 1.15 million tons in 2012
[11,12].

Although the final properties and applications from naturally occurring forms of porous
carbons such as coal greatly differ from those of activated carbon, their basic structure remains |
strongly related. They are formed by imperfectly stacked graphene layers (see Figure 1) with the
porosity being located on the gaps between these layers. Their strong apolar character and their
slit-shaped geometry, due to the carbon sp® hybridization state, favors the adsorption of similarly
aromatic and planar molecules [9] making them rather hydrophobic materials.

&= An absorbate molecule

Adscrption sites with
different adsorption potentials

Figure 1 — Schemes of sp?-hybridized carbon atoms forming idealized graphene layers (left,
retrieved from reference [13]) and schematic representation of a possible three-dimensional
structure in activated carbon, forming pores with different sizes, shapes and showing adsorbate

molecules (right, adapted from reference [9]).

The characteristics of a' given activated carbon depend on the starting material and the
activation process. Both natural (lignocellulosic) and synthetic materials can be used as parent
materials for the carbonization step, while subsequent activation can be of thermal or chemical
nature, or of a combination of these. Different gases and compounds can be used for this purpose.

Together, all these variables influence the final product in texture, pore size distribution and surface



chemistry. During synthesis, particularly in dependence on the activation procedure and the
precursor, various polar chemical groups are formed in the edges of these layers (Figure 2) and
give these materials a potential for also adsorbing polar molecules.
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Figure 2 — Main functional groups found on the edges of the graphene layers. Adapted from

reference [14]).

Typically, lignocellulosic materials have the advantages of being inexpensive and making a
cost effective up-scaling in activated carbon production. However, the resulting materials retain, to
some extent, the structure of their natural precursors, and typically exhibit highly developed
microporosity. While this can be beneficial in remediation applications, it limits their applicability in
fine chemistry and catalysis, since mesopores are known for playing a decisive role in mass
transfer. For this reason, efforts have been made in the development of simultaneously micro- and
mesoporous activated carbons [15], with recent years having a pronounced development of such
materials, from both synthetic [16] and natural [17] precursors.

Activated carbon distinguishes itself from other porous materials by combining a very high
specific surface area with different pore sizes, structure and surface chemistry, but more
importantly, because of the possibility to control these by varying the starting materials and the
activation processes. This makes it a particularly tailorable rﬁateria[, which accounts for its

numerous applications in different fields of technology, ranging from water and air remediation [14],



to gas separation and storage [18], chemical catalysis [19], where it is used as a catalyst support or
as catalyst per se.

Contrasting to activated carbons, other porous solids are regarded as highly organized in their
structure. Zeolites present a rather defined structure, and are considered as crystalline materials
with ordered arrangement of channels and chambers (referred to as supercages). To illustrate this,
Figure 3 shows a scheme of the repeating unit and a SEM image of faujasite, one of many types of
available zeolite structures. They are typically microporous materials and have been widely used as
molecular sieves in gas separation and in chemical catalysis. Due to their idealized structure and its
technical relevance, these materials have also served as a model system to Study the adsorptive
and molecular transport in porous media and associated phenomena. Literature is ever since their
discovery abundant concerning these topics and there are a wide range of books on this subject

[20].

Figure 3 — Left) Scheme of faujasite (zeolites type X and Y) repeating unit (adapted from ref. [21])
and right) SEM image of faujasite where channels can be observed to have a parallel and well

organized arrangement, with a 7.4 A pore spacing [22]. ‘



Characterization of porous materials

Isothermal gas adsorption is a standard procedure to estimate the specific surface area of
porous solids and powders, relying e.g., on the BET theory [21]. This method consists in recording
the gas uptake from the material under study at subsequently increasing values of the applied
external pressure. Since the capillary condensation of the adsorbing gas occurs as a function of
pore size, different pores are filled up with liquid at different values of the externally applied
pressure, thus providing qualitative information on the porosity of the material. Conversely,
desorption of the guest molecules may be obtained by the stepwise reduction of the applied
pressure. However, the rate at which the system equilibrates after each pressure step may differ in
the case of increasing or decreasing pressures, which leads to the observation of hysteresis. This
phenomenon becomes evident when different uptake values are observed for the same applied
pressure on the adsorption and desorption branch. In such cases, the concentration in the system
depends not only on the external applied pressure, but on other factors as well. Hysteretic behavior
is typically observed in materials containing mesopores (2 nm < pore size < 50 nm) but has also
been observed in microporous (pore size < 2 nm) materials. The respective mechanisms are
postulated to differ [21].

It is generally accepted that both hysteresis phenomena and the accessible surface area are
highly dependent on the characteristics of the probe molecule, namely its size and polarity but also
its mobility upon interaction with the solid matrix. Pores or spaces with diameters close to those of
the probe molecules may be inaccessible or may require very long equilibration times, during
adsorption experiments. Moreover, different compounds may experience different influence of the
pore surface because of different adsorption potentials. These factors complicate accurate
predictions on the behavior of different adsorbents by solely considering experimental data from .
gas adsorption isotherms.

Commonly, porous materials are characterized by combining information from different

experimental techniques. However, for practical purposes and especially for technical processes
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using porous media, the material itself is only a part of the system, which is also composed of the
adsorbate molecules. Therefore, for characterization, it is important to consider the whole system,
including the interaction between adsorbent and adsorbate, rather than the mere structure of the
porous solid. Due to its structure complexity and heterogeneity, the complete characterization of
activated carbons in terms of molecular adsorption and transport, is a particularly challenging task.
It has early been recognized that both adsorption and desorption on porous materials are
largely controlled by the diffusive transport inside the porous matrix [23]. With time, it became
widely accepted that pore and surface diffusion are fundamental in understanding phenomena such
as pollutant bioavailability in natural porous media and soils [2,24] but also in heterogeneous
catalytic processes [25]. For these reasons, experimental data concerning the diffusivity of gases
and liquids in porous materials has become highly desirable, and different methods have been
developed for this purpose. These can be divided into two sub-categories: macro- and microscopic
methods. Macroscopic methods [26] involve measurements under non-equilibrium conditions, while
microscopic or molecular methods refer to spectroscopic techniques, which are mostly performed in
equilibrium conditions. Frequently, a discrepancy in the values obtained between these two types of
experiments is observed. This has been interpreted as a direct consequence of the differing time
scales in these experiments [27]. Macroscopic methods typically rely on the determination of
concentration or adsorbent uptake as a function of time, from which the diffusivity can be estimated
upon geometrical considerations and use of the appropriate models. These techniques include, for
example, the gravimetric sorption method [26] and the time-lag approach [24], the latter consisting
in measuring the flux through a porous sample by creating a concentration gradient along the
sample length. In these methods, molecules must travel through the adsorbent bed before
detection, which may imply long experimental times and molecular displacements over several
millimeters. This contrasts with spectroscopic methods, such as Nuclear Magnetic Resonance
(NMR), which has established as a method to investigate molecular dynamics. NMR line-shape and

relaxation studies may provide information on the binding and interactions of the adsorbent with the
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porous material [28]. With this approach one can indirectly measure molecular diffusivity, with
typical time scales between 10" s and 107 s, corresponding to molecular displacements in the
Angstrom (107" m) range, depending on the mobility of the probed nuclei. Relying on the use of
Pulsed Field Gradients (PFG) in NMR experiments, NMR diffusometry [29,30] allows the
investigation of molecular diffusion over significantly longer time scales from ms to s and
corresponding molecular displacements, from nm to mm. Varying the observation time of the
experiment allows studying the influence of different types of restrictions to diffusion, by pores of
different sizes. This, combined with the fact that it is a nuclei-specific and non-invasive technique,
makes it particularly suitable and reliable to study diffusion in porous media. Thus, it has seen
extensive application in this [29-32] and other fields [33].

Despite its potential and applicability, the success of NMR diffusometry relies on sufficiently
long longitudinal and transverse relaxation times, which sets the limit of both duration of the
observation time and the gradient pulse, in the pulse sequence. This can be a major limitation,
particularly in systems where paramagnetic species are present [34] or upon strong adsorption [35],
since these are known to enhance spin-relaxation. Besides potentially containing significant
amounts of paramagnetic metals and minerals, natural porous media such as coals, soils and
sands may cause slow diffusivity and strong interaction of the species of interest with the pore
surfaces, rendering the NMR diffusometry inadequate in such cases. Activated carbon samples
contain varying ash amounts, potentially rich in paramagnetic species since, as previously
mentioned, they are a product of carbonization of its starting materials. Likewise, strong adsorption
and correspondingly slow diffusivities further restrict the obtainable information from PFG NMR
measurements. Due to this reason, NMR diffusometry remains a less popular technique in studying
activated carbon, in comparison to other porous media, such as zeolites. As a consequence, there
is a lack of experimental data with activated carbons as host systems, in particular, concerning the
influence of mesopores in mass transfer and hysteresis phenomenon. However, as it will be shown

in the present work, the above mentioned obstacles may be circumvented, either by a careful
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choice of the experimental conditions or by designing new methods which do not require the use of

PFG.

Aims and overview of the presented publications and results

The study of molecular dynamics, in particular the diffusion of guest substances in different
porous media, by means of different NMR methods is the central theme of the present thesis. Its
main aim was the characterization of the mobility of different guest compounds by making extensive
use of the ability of NMR diffusometry to trace their molecular displacements in activated carbons
and, in particular, to clarify the role of mesopores in mass transfer. The present work benefits from
recent hardware developments [36] and access to simultaneously micro- and mesoporous activated
carbons through cooperation with the Advanced Materials Laboratory in Alicante, Spain. The
diffusion in these materials, from both lignocellulosic (Publication 1) as well as from polymeric
(Publication 2) origin, were investigated, and the obtained results compared to those in a
microporous zeolite (Publication 3). Further studies in activated carbon include a detailed
investigation of the hysteresis phenomenon, in these materials (Publication 4).

Considering the limitations of the PFG NMR technique, an additional objective of this thesis
was the development of an alternative NMR method to probe molecular diffusivities with particular

application to environmentally relevant systems (Publication 5).

Publication 1

This work combines NMR cryoporometry, relaxometry and diffusometry to investigate different
activated carbon materials of lignocellulosic origin. These include microporous (Takeda 4A and 5A,
Norit) and simultaneously micro- and mesoporous samples (MAC-LMA12, Nuchar). Textural
characterization was done by nitrogen isothermal adsorption (BET). The pore size distribution for
micro- and mesoporous samples was also estimated from NMR cryoporometry experiments using

nitrobenzene as probe molecule. The interaction of ethanol (with high dipolar moment) and toluene
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(with low dipolar moment) with the pore surface of purely microporous and simultaneously micro-
and mesoporous samples was investigated by NMR-relaxometry. Furthermore, the diffusivity in
these host-guest systems was measured via NMR diffusometry. These results revealed a
pronounced distribution of diffusion coefficients in MAC-LMA12 sample which was not the case in
strictly microporous systems. In the case of the former, the variation of the observation time
produced no significant effect on the shape of the spin-echo attenuation, leading to the conclusion
that the distribution on the diffusivities is caused by sample heterogeneities in the pm range.
Moreover, from the initial slope of the spin-echo NMR decay, the average diffusion coefficients of
ethanol, toluene, nitrobenzene, acetone and n-decane in MAC-LMA12 were determined. The
obtained diffusivities are interpreted in light of the physico-chemical properties (bulk diffusivity and

boiling point) of each of these compounds.

Publication 2

This publication presents the study of the cyclohexane diffusion properties in resin-based
activated carbon (MA2). This material possesses an almost perfect mixture of micro- and
mesoporosity with a particularly narrow pore size distribution in the respective regions, and is
therefore an exciting model system for investigation of the interplay between these porous networks
and its influence on the transport properties of the guest molecules. To do so, the self-diffusivity of
cyclohexane was determined via NMR diffusometry, upon systematic variation of different
parameters, as a means to obtain information on the connectivity of the pore system. This includes
the dependency of /) the observation time and i) nuclear magnetic transverse relaxation, iii) the
effect of particle size, iv) the influence of substrate loading and the fraction of frozen cyclohexane in
the mesopore space, by variation of v) the temperature of the measurement. Parameters i) to iv)
revealed to have no significant influence on the observed distribution of diffusivities, while the

freezing of cyclohexane led to an additional confinement of molecules in the micropores. These
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observations indicate an interdependent contribution of the pore networks (micro- and mesoporous)
to mass transfer in this sample.

The observed distribution of diffusivities in all loadings and corresponding temperatures is
interpreted in terms of a log-normal distribution probability function, where the median diffusivity and
variance serve as parameters to describe the experimentally determined diffusion coefficients.
These are interpreted as a direct consequence of the sample heterogeneity and inherent transport
resistivities, on a scale of around 10 pm, resembling those observed in other porous systems, such

as zeolites.

Publication 3

The diffusion of n-butane in zeolite NaX was studied via NMR diffusometry at different
loadings as a means to probe the homogeneity of the porous matrix. At lower concentrations, a
broad distribution of diffusivities was observed together with an absence of observation time
dependency, resembling the observations made in activated carbon systems. This confirms the
existence of internal transport barriers, indicating considerable deviations from the idealized
structure. These results are particularly relevant for the application of these materials in industrial
processes, but also serve, in the present context, as a comparison to the results obtained in
activated carbon systems known for their pore heterogeneity. Similarly to the latter system, the
primary PFG NMR data obtained from n-butane in zeolite NaX were successfully fitted to a log-
normal distribution function.

At higher loadings, n-butane diffusivity showed a bimodal character, rather than being
log-normally distributed, accompanied by the observation of a time dependency. These results are

interpreted in light of known models for inter-particle or long-range diffusion.
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Publication 4

The main aim of this work was to investigate the adsorption hysteresis phenomena, in a
hierarchical porous material, in this case the activated carbon MA2, by establishing an experimental
correlation befween the systems uptake and mass transfer occurring inside the pore structure. This
was done by a procedure resembling the isothermal gas adsorption in which, upon system
saturation, the external pressure of cyclohexane was varied subsequently to lower values until
loading reached about 50% of the sample saturation (corresponding to empty mesopores) followed
by a step-wise increase of the pressure till saturation was reached. In each pressure step, the
loading of sample was determined by the initial intensity of the NMR free induction decay (FID)
whereas the average diffusivity was determined by PFG NMR spectroscopy.

It was observed that with the chosen waiting times between each pressure step, the
experimental data in the desorption branch significantly differed from the adsorption branch,
representing a hysteresis between both loading and diffusion data. In the case of adsorption,
waiting times of up to 20 h at pressures close to saturation were necessary for a significant change
in the loading of the sample. Resembling purely mesoporous systems, loading and diffusivity
appeared to be directly correlated with the “history” of the sample: they were found to be larger
upon decreasing pressures (desorption) than on increasing pressure (adsorption). The maximum in
the diffusivities observed in the adsorption branch was predicted by simple models which consider

the contributions of micropores, mesopores and gas-diffusivity.

Additional results on MA2 activated carbon

The influence of temperature and loading of cyclohexane and toluene in MA2 activated
carbon on the distribution of observed diffusivities was investigated by systematically fitting all the
experimental data obtained to a log-normal distribution of diffusivities, in closed samples. From the

fit results, the average diffusivities were plotted in an Arrhenius fashion, allowing to conclude on the
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different mechanisms of molecular transport at different loadings and corresponding temperatures.
These results are related to the system presented in Publication 2.

In addition to the results presented in Publication 4, the dependence of diffusivity on
decreasing loading and pressure (desorption branch) was fitted by combining the determined
micropore diffusivity with literature models used to describe the diffusivity in purely mesoporous
materials, in which the contributions arising from both bulk liquid and the molecular transport in the
Knudsen regime, are taken into account. Consideration of the estimated pore size distribution and

the respective diffusivities, led to a good agreement with the experimentally obtained data.

Publication 5

Motivated by the limitations of the PFG NMR methodology concerning short relaxation times
as previously described, the present work aimed to develop an alternative NMR method to
investigate the molecular dynamics, providing a chance for application to environmentally relevant
porous media and probe molecules. The enhancement of the relaxation rate due to the proximity to
paramagnetic centers is known as Paramagnetic Relaxation Enhancement (PRE) and allowed the
detection of 2,2,6,6-Tetramethylpiperidinyloxy (TEMPO) in water at concentrations as low as
70 ppm. The changes in NMR transverse relaxation times of water protons due to migration of
TEMPO were measured via the CPMG pulse sequence, in homogeneous solution and in a water-
saturated sand column. The transport diffusivity was estimated by applying adequate models to the
two systems investigated. The method yielded results in accordance with the literature values.
Thus, it opens a new approach to investigate molecular dynamics of probe molecules in low
concentrations, as a method to provide information on the interactions with matrices of

environmental relevance.
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Publication 1: Characterization of carbon materials with the help of NMR
methods
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Abstract

Combined NMR cryoporometry, relaxometry and diffusometry were applied to characterize
porous carbon materials. Pore space characterization in NMR cryoporometry is based on the
measurement of melting-point depression of the confined liquids, whereas NMR relaxometry and
diffusometry explore the random motion of the molecules under confinement by the pore space. We
demonstrate compatibility between the evidence of classical sorption experiments and NMR
cryoporometry on pore size distribution. There is a distribution in both the nuclear magnetic
relaxation rates and diffusion coefficients. These distributions have to be referred to heterogeneities
in the pore space. Since they can only be observed if their influence is not averaged_ 6ut on the
diffusion paths covered by the molecules during the respective measurements, the spatial
extension of the regions with structural differences (as evidenced by the differences in diffusion and
nuclear magnetic relaxation of the probe molecules) may be estimated to be at least of the order of
20 um.

Keywords: activated carbons, porous structure, NMR, diffusion, liquids
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1. Introduction

Nanoporous carbon materials are used in a wide range of industrial applications, including
heterogeneous catalysis, separation, storage of gases and fluid purification. These materials are
characterized by a complex porous network constituted of micropores with pore widths of less than
2 nm, mesopores with pore widths between 2 and 50 nm and macropores with pore width greater
than 50 nm. Such a three-dimensional pore structure results in a material that exhibits a high
surface area together with a high pore volume. Additionally, carbon materials can accommodate
heteroatoms (mainly oxygen surface groups) on structural defects (e.g. boundaries of the graphene
layer) which affect the surface chemistry of the material. A main advantage of porous carbons in
respect to other porous solids is that, both the porous structure and the surface chemistry can be
tailored by pre- and post-synthesis treatments. This helps to achieve the properties required for a
particular application [1].

The proportion of micropores and mesopores on carbon materials strongly depends on the
synthesis procedure used. Microporous carbons can be prepared from a wide variety of
lignocellulosic precursors (olive stones, coconut shell, etc.) using either physical (CO,, H,0, etc.) or
chemical (H3PQ,, ZnCl,, etc.) activation [2-4]. Although the presence of microporosity is required to
achieve a high surface area, i.e. a high adsorption capacity, the presence of some mesoporosity is
quite often desirable. Mesopores are very useful, not only for processes involving larger molecules,
but also because they constitute channels for speeding up the access to the inner microporosity.
Carbon materials with a highly developed mesoporosity can be prepared using different
approaches, such as combination of chemical and physical activation, use of nanocasting (hard and
soft template strategy) technology, etc. [5,6,7].

Textural characterization of nanoporous carbon materials is commonly performed using
adsorption of probe molecules (He, Ar, N, CO;, etc.). Among them, N, adsorption at 77 K and CO,

adsorption at 273 K are the most widely used to assess both the total microporosity (< 2 nm) and
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the narrow microporosity (< 0.7 nm), respectively [8]. Additionally, application of several
mathematical models to the adsorption isotherms can provide information about the “apparent”
surface area, pore size distribution, etc. (e.g. Brunauer-Emmett-Teller equation to the N, adsorption
isotherm). Although the correct characterization of the textural properties is of paramount
importance to understand the behavior of carbon materials in a certain application, their
effectiveness in adsorption processes will also be highly depending on the transport (diffusion) of
adsorptives to the inner pore system.

NMR methods have proven to be an efficient tool to study micro- and mesoporous materials
and surface interactions of confined liquids [9]. A combination of several NMR techniques is
especially useful as it allows for elucidation of a multitude of important system characteristics. As an
example, the properties of sorbate molecules in contact with the liquid/solid interfaces at pore walls
were studied with the help of NMR cryoporometry and relaxometry [10,11]. NMR cryoporometry
provides information on the distribution of the pore size. NMR relaxometry is especially sensitive to
surface interactions. The aim of this work is the characterization of mesoporous carbons by
combination of the three NMR techniques: cryoporometry, relaxometry and diffusometry. Various
adsorptive molecules were used for this study. One of the accents was put on monitoring molecular
transport of the confined liquids in the porous space of the investigated materials. Direct
measurements of molecular self-diffusion were performed with the help of Pulsed Field Gradient
(PFG) NMR permitting one to obtain an in-depth information on both transport properties of the

confined liquids and the structure characteristics of the host material.

2. Experimental

2.1. Materials
Two carbon molecular sieves (Takeda 4A and Takeda 5A, Takeda Chemical Industries Ltd.)

and three different activated carbons (PK13, RGC30 and MAC-LMA12) have been used in this
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study. The selection of these samples is based on their different textural properties. While carbon
molecular sieves and the activated carbon PK13 (Norit) are mainly microporous, the samples

RGC30 (Nuchar) and MAC-LMA12 exhibit both micro- and mesoporosity.

Carbon molecular sieves Takeda 4A and Takeda 5A and activated carbons PK13 and RGC30
are commercially available carbon materials. Sample MAC-LMA‘IQ (MAC: mesoporous activated
carbon; LMA: Laboratorio de Materiales Avanzados; x=12: production number) was prepared from
olive stones as a raw material. Firstly, the olive stones were crashed, sieved to 3 mm and washed
with diluted H,SO, (10%) to remove the majority of inorganic impurities. The clean sample was
impregnated with an aqueous solution of CaCl, (7 wt.%) for 7 h in a thermostatic water bath at 358
K. After 7 h, the temperature was increased up to 373 K and held at this temperature until the level
of water became similar to that of olive stone, the remaining water being removed by filtration. The
impregnated sample was dried for 24 h at 353 K in an air recirculation oven and then it was
submitted to an activation treatment in a horizontal furnace using CO; (100 ml/min) at 1043 K for 6
h. After the activation, the sample was outgassed in a vacuum oven for 4h at 323 K, in order to
remove the remaining CO, adsorbed, and subsequently washed with hot HCI (5%) in order to
remove the remaining calcium; a final washing with distilled water until pH=7 was performed.

In order to avoid interferences in the diffusion process from inorganic species remaining on
the carbon structure, all carbon materials have been washed with HCI (10%) at 353 K for 3h. After
the acid treatment, carbon samples have been washed with distiled water unti pH=7 and
subsequently dried overnight at 353 K. After the washing treatment, the total ash content is mainly
nil for RGC30, MAC-LMA12, Takeda 4A and Takeda 5A samples, while it is around 2 wt % for

sample PK13.
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2.2. Sample characterization

N, and CO, adsorption isotherms were determined in a Coulter Omnisorb-610 equipment at
77 K and 273 K, respectively. Prior to the adsorption measurement, samples were outgassed under
vacuum (10 Pa) at 523 K for 4h. Dubinin-Radushkevich (DR) equation was applied to the N; and
CO; adsorption isotherms in order to obtain both the total micropore volume (V;) and the volume of
narrow microporosity (V,), respectively [12]. Total pore volume (V) was obtained from the amount
adsorbed at P/P; ~ 0.99 on the N, isotherm, while the mesopore volume (Vies0) Was calculated from
the difference between (V, ) and (V). The “apparent” surface area (Sger) was determined applying

the Brunauer-Emmett-Teller (BET) equation to the N, adsorption isotherms.

2.3. NMR analysis

All NMR measurements were performed with the help of the home-built PFG NMR
spectrometer FEGRIS NT, operating at a 'H resonance frequency of 125 MHz [13]. High-intensity
magnetic field gradients (up to 35 Tm™") were applied.

The construction of the melting curves in the experiments on NMR cryoporometry was based
on the temperature dependences of the NMR signal intensity. The latter was evaluated as the
maximal spin echo amplitude produced by the standard Hahn echo radio frequency pulse sequence
(90° - © - 180%). The value of t was set to 2 ms. All measured echo amplitudes were normalized by
the value of the (echo) amplitude at the highest temperature (above the bulk melting point). The
range of investigated temperatures was between 165 K and 298 K. The experiments were started
at the lowest temperature and then the temperature was increased in steps of 5 K. The relaxation
rates of the adsorbate molecules in the investigated samples were determined using the Carr-
Purcell-Mejboom-Gill (CPMG) pulse sequence. The measurement of diffusion coefficients in PFG
NMR was performed with the help of the standard three 90° pulse sequence (also known as the

“stimulated echo” pulse sequence).
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The preparation of the samples for the NMR experiments was performed as follows. The host
material was introduced into the sample tubes with an outer diameter of 7.5 mm. After that, the
tubes with the material were heated at 383 K during 24 h in an oven under atmospheric conditions.
Then the samples were connected to the vacuum system and dehydrated under high vacuum (less
than 102 Pa) at 523 K for around 4 h. While evacuating, a certain amount of liquid was injected into
the tubes. For relaxation and diffusion experiments, the amount of the sorbate was adjusted to
achieve full loading of the pores (100% of the total pore volume). For the NMR cryoporometry
experiments, the amount of sorbate (nitrobenzene in our work) was supplied in excess, thus

allowing an oversaturation of the host material. Finally, the sample tubes were sealed.
3. Results and discussion

3.1. Textural characterization

Figure 1 shows the N, adsorption isotherms for the different samples studied. As it can be
observed, all carbon materials exhibit a high nitrogen uptake at low relative pressures (PIPy<0.01),
which mainly corresponds to the adsorption on micropores. After the sharp knee in the N3
isotherms, samples PK13 and MAC-LMA12 exhibit a near-plateau with a small slope but, above
PIPy ~0.8, the sample MAC-LMA12 exhibits an important increase in the amount adsorbed and a
hysteresis loop suggesting the additional presence of some mesoporosity. The situation becomes
different .for sample Nuchar RGC30. This activated carbon exhibits a continuous increase in the
amount adsorbed over the whole relative pressure range (up to P/Py=0.97), which corresponds to
the combined presence of microporosity together with a well-developed mesoporosity. These
findings are clearly reflected on Table 1. The micropore volume, obtained from the N, (Vy) and CO,
(Vi) adsorption isotherms for sample Norit PK13 is quite similar, thus reflecting the presence of a
narrow pore size distribution on this sample [14]. This difference between V, and V, becomes

slightly more evident for the synthesized activated carbon, denoted MAC-LMA12, in which the total
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pore volume is constituted by about 70% mesopores and 30% micropores. Last but not least,
sample RGC30 exhibits very different values for V, and V,, which confirms the presence of a broad
micropore size distribution with combination of both micropores and mesopores (the proportion of

narrow micropores being less important than for the other carbons).
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Fig.1 N, adsorption isotherms at 77 K for samples Nuchar RGC30, Norit PK13 and MAC-LMA12.

As it has been mentioned before, carbon molecular sieves Takeda 4A and Takeda 5A have
been also considered for this study due to the pure microporous nature of these samples (more
than 90% of the pore volume is in the range of microporosity), with the mesopore volume in these
materials being almost nil [15]. The micropore volumes V, obtained from N, adsorption isotherms at
77 K are 0.22 cm®g” and 0.33 cm®g”, for samples Takeda 4A and Takeda 5A, respectively. The
two carbon molecular sieves Takeda 4A and Takeda 5A differentiate from each other by the size of

the mouth in the microporous space: 0.4 and 0.5 nm, respectively [1].
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Seer /m?g ™" | Vo (No) em®g " | Vieso/cm’g ™" | Vi/ecm®g™ | V, (CO,)/ cm’g”
MAC-
569 0.23 0.48 0.71 0.21
LMA12
Norit
738 0.29 0.24 0.53 0.26
PK13
Nuchar
1521 0.52 0.64 1.16 0.34
RGC30

Table 1 “Apparent” surface area (Sger), micropore volume V,, mesopore volume V.., and total
pore volume V, in the samples studied, as obtained from the N, adsorption measurements at 77

K and the pore volume determined by CO, adsorption experiment Voo, @t 273 K.

3.2. NMR cryoporometry

NMR cryoporometry exploits the melting point depression of liquids confined in mesopores
[16]. The melting temperature T, of a liquid frozen in pores is lower than that of a bulk liquid as a
consequence of the smaller crystal sizes and the enhanced surface-to-volume ratio. This effect is
larger for smaller pores. According to the Gibbs-Thomson equation [17] the difference between the
normal (bulk) and the depressed melting points (in pores) is inversely proportional to the pore

diameter d:
AT, (d)=T,~T,(d)=k/, (1)
where k is a constant related to the thermodynamic properties of the confined liquid. In

materials with a distribution of pore diameters, the melting temperature of the confined liquid will

vary with the pore size. In NMR cryoporometry, one only observes the NMR signal due to the
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molecules in the liquid state. Therefore, at each temperature below the bulk melting point, the
measured signal intensity is proportional to the volume of the non-frozen liquid confined in the
pores. Analyzing the NMR response as a function of the temperature permits to determine the
distribution of the pore sizes using the

Av kAv

Ad AT, (d)d’ )

A
where v is the total volume of pores with diameters <d. Hence, A—: is nothing else than the pore

size distribution, which, owing to Eq. (2), becomes directly experimentally accessible. The
parameter k should be known (or calibrated) in advance. This method is limited to pore sizes
exceeding 1 nm and is efficient in characterizing the pores on the mesoscopic length scale.

The transverse nuclear magnetic relaxation of guest molecules within the micropores was
typically small (< 2ms) so that the contribution of these molecules to the observed NMR signal could
be neglected. It is, therefore, exclusively the size distribution of the mesopores which is traced in
our present cryoporometry studies.

In this work, the so-called melting curves, i.e. the temperature dependences of the NMR
signal intensity, were measured for nitrobenzene confined in MAC-LMA12, Nuchar RGC30 and
Norit PK13. Figure 2 shows the melting curves of all three samples in the range of temperatures
between 165 K and 298 K. The bulk melting point of nitrobenzene at 279 K is indicated as the
vertical line. A step-like decrease in the vicinity of this temperature observed for all three samples is
attributed to the bulk liquid component (outside the pores). Obviously, in sample MAC-LMA12 this
decay merges with the decay in large mesopores and macropores which introduces a large
uncertainty in pore size distribution resulting from this part of the melting curve. For two samples,
MAC-LMA12 and RGC30, a change of the signal intensity was also observed at lower
temperatures, i.e. below the bulk step. This change refers to melting of nitrobenzene confined in the

mesoporous space of these materials. In Norit PK13, melting in the mesopores was not observed.
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This indicates that the mesoporous volume in PK13 is small in comparison to the other two

samples, in agreement with the adsorption results (see Table 1).
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Fig.2 Temperature dependence of the NMR spin-echo signal intensity (‘melting curves” of
nitrobenzene in Nuchar RGC30, Norit PK13 and MAC-LMA12 carbon materials. The signal intensity
is proportional to the total amount of liquid within the sample at the given temperature. The vertical

line indicates the bulk meilting point of nitrobenzene.

The pore size distributions of RGC30 and MAC-LMA12 calculated from the melting curves are
shown in Figure 3. The mean pore diameters could roughly be estimated from the peaks of the
distribution functions as ~ 2 nm and ~ 7 nm for MAC-LMA12 and RGC30 samples, respectively.
Figure 3 shows that the distribution around these values is broader for RGC30 than for MAC-
LMA12. In the latter sample, there is an additional broad peak centered at around 15 nm. It
corresponds to the first steep decay in the melting curves, close to the bulk melting point. Due to
the limited resolution in this range of our melting curve, this peak does only indicate the presence of

some larger mesopores and macropores and is not suitable for quantitative analysis.
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Fig.3 Pore size distribution in Nuchar RGC30 and MAC-LMA12 samples calculated from the

melting curves shown in Fig. 2.

3.3. NMR relaxometry

In addition to NMR cryoporometry which is sensitive to pore space geometry, NMR
relaxometry can provide valuable information on molecular dynamics of the confined liquid and on
surface interactions. The adsorbate molecules probe the pore structure and surfaces via
translational diffusion between the surface sites and the internal volume of the pore. In the vicinity
of the solid surface, the transverse relaxation time T, of a liquid tends to decrease in comparison to
the bulk state. The decrease is the larger the stronger is the surface interaction and is usually more
pronounced for polar liquids. In pores with characteristic sizes of a few or a few tens of nanometers

the exchange between the surface sites and the pore interior is fast on the time scale of the NMR

experiment. The measured transverse relaxation rate T, of a liquid in the mesopores, therefore,

will represent an average of the bulk-like liquid relaxation rate Tz_‘;u,k and the enhanced surface
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relaxation rate, weighted according to the surface-to-volume ratio of the pore. Brownstein and Tarr

calculated Tz_' of a liquid confined in a simple spherical pore with a volume V and a surface S:

=—+p= 3)

where S/V is the surface-to-volume ratio and p is the surface relaxivity [18]. Equation (3) contains
quantities related both to geometrical characteristics (surface-to-volume ratio) and to surface
interactions (surface relaxivity). The amplitude of the transverse magnetization in a system with
equally sized pores and uniform surface interactions will be a simple exponential function of time:
q’(t)=1(t]/[(0)—exp[ﬁL] (4)
L
where [(t) is the intensity of the transverse magnetization at time t. In our experiments, it was
evaluated from a series of spin echoes produced by the CPMG pulse sequence [19]. If there is a
distribution of the pore sizes, the relaxation function will result as the integral of the contributions of

the individual pores [20]:
V(0= [/ exp(-1)d(T;) (5)

where f(7,') denotes the distribution function of the relaxivities. The mean relaxation rate can be

determined from the initial slope of the relaxation curve according to

(1) =—tim 2 (¥(0) = [15" 77 a7y ©)

Typically, the transverse relaxation time of a bulk liquid (seconds) is much larger than that of a

liquid near the pore wall (milliseconds or below). Therefore, the measured relaxation rate in Eq. (3)

is determined solely by the second term. Provided the distribution of relaxivities f(T") is due to
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distribution of the pore sizes only, the latter can be deduced from the measured relaxation function,
Eq. (5). This was demonstrated, for example, for a series of silica gels in Ref. [11].

Figure 4 shows the attenuations of transverse magnetization of ethanol, nitrobenzene and
toluene in MAC-LMA12 as a function of time. Deviations from the exponential behavior were

observed. A closer inspection shows that the curves can be decomposed into two components

B t F
P =¥ O+ [£(T ) exp(-d(T) W)
2
where W (1) refers to the “fast” attenuation component visible at short times, see incept in Figure

4. This component is relevant for a quite small fraction of molecules (10-20%) and, therefore,
cannot be analyzed in more detail as it is masked by the dominating “slower” component. The latter
refers to 80-90% of molecules and exhibits a moderate deviation from the exponential behavior.
The existence of two components in the relaxation curves indicates the presence of two species of
molecules with different dynamic properties. The species with the faster relaxation and smaller
population should probably be attributed to the liquid confined in the microporous space. The larger
fraction with slower relaxation should then be attributed to the liquid in the mesopores. It is worth
noting that the exchange between the two species is hindered. This is in spite of the large diffusion
path lengths of more than 100 nm, notably exceeding the pore sizes. In turn, this should mean that
as soon as the molecules enter the microporous space (or some specific areas of this space) they

tend to stay in this space and not easily exchange with the molecules in the mesopores.
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Fig.4 Attenuation of the transverse magnetization of toluene (1), ethanol (2), and nitrobenzene (3)
at 298 K confined in MAC-LMA12. The initial parts of these plots are presented in the inset. The

attenuation curves were measured by the CPMG pulse sequence.

The mean relaxation rates were determined from the initial slopes of the slow components of
the relaxation curves according to Eq. (4). The corresponding inverse values, l/<TZ">, for toluene,

ethanol and nitrobenzene were 10 ms, 7 ms and 6 ms, respectively. The fact that the relaxation
times of ethanol and nitrobenzene were shorter than in toluene correlates with the much stronger
polarity of these liquids in comparison with toluene. This is due to the stronger surface interactions
of polar molecules giving rise to enhanced relaxivity at the surface and, hence, to shorter overall
transverse relaxation times [11].

PFG NMR diffusion studies reveal molecular displacements of order of micrometers during
the experimental observation times (see Section 3.4). Therefore, a non-exponential relaxation
behavior can only be observed if the sample consists of sub-regions of different pore characteristics

(e.g. mean pore sizes) with extensions over at least tens of micrometers.
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The analysis of the molecular dynamics in the microporous space of the MAC-LMA12 material
was approached by separate studies of the microporous carbon materials Takeda 4A and Takeda
5A. The relaxation curves of ethanol and toluene in these materials are shown in Figure 5. Only

slight deviations from the exponential behavior are observed. The relaxation times (obtained as the

inverse values of the mean relaxation rates, II(TZ"I) ) were 1.2 ms and 2 ms for ethanol, and 0.5 ms

and 0.8 ms for toluene in Takeda 4A and Takeda 5A, respectively. Again the trends in the
relaxation rates exhibit the expected behavior. The relaxation times become the smaller, the more
rigid are the formed guest-host complexes: both an increase in the guest size (from ethanol to
toluene) and a decrease in the host “cage” size (from Takeda 5A to Takeda 4A; in parallel with an

enhancement of the surface-to-volume ratio) lead to slower relaxation times.

® Takeda 4A [ ethanol
O  Takeda 5A / ethanol
B Takeda 4A [ toluene
O Takeda 5A / toluene

Loaa sl

W |

0.000 0.005 0.010 0.015

Fig.5 Attenuation of the transverse magnetization of ethanol and toluene at 298 K confined in

Takeda 4A and Takeda 5A. The attenuation curves were measured by the CPMG pulse sequence.
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3.4. NMR diffusometry

The PFG NMR technique provides information about the pore structure via the transport
properties of the adsorbed molecules. The attenuation of the NMR signal is related to the
“propagator” P(x,t) (the probability distribution of molecular displacements along the axis of

gradient direction x during the time ¢) according to
W(g,1) = [P(x,0)cos(gx)dx, (8)

where g =g, and y is the nuclear gyromagnetic ration, with ¢ and & denoting the amplitude

and the duration of the magnetic field gradients, respectively. In isotropic homogeneous systems,
the propagator is typically represented by a Gaussian function

2

_ X
P(x,t) = (4mDt)™""* exp(—m), (9)
where D is the diffusion coefficient. The latter correlates the mean square displacement and time
according to the Einstein equation [21] for “normal” diffusion
(x*())=2Dr. (10)

By inserting Eq. (9) into Eq. (8), the PFG NMR signal attenuation for normal diffusion is found

to be:
¥(g,0) = exp(~¢°tD). (11)
For a distribution of diffusivities, a multi-exponential attenuation curve will result:
¥(g,0) = [ /(D) exp(~g*tD)dD, (12)

where f(D) denotes the distribution function of diffusivities, i.e. the probability that the diffusion path
of an arbitrary selected molecules during the observation time may be characterized by a diffusivity
D. Depending on the size of the regions within the samples, to which these different diffusivities

may be attributed, this distribution may be a function of the observation time, tending to become
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smaller with increasing observation time. The mean diffusivity (D> can be evaluated from the initial

slopes of the attenuation curves:

d(In¥(q,
()=~ im, 2= [0 "

In this work, we investigated the diffusion of several liquids confined in MAC-LMA12. The
sorbate molecules were ethanol, toluene, nitrobenzene, acetone and n-decane. As an example,
Fig. 6 shows the diffusion attenuation curve for ethanol at 298 K. The observed behavior is typical
of all liquids considered. It exhibits a clear deviation from the exponential function and can

tentatively be analyzed in terms of two components:
¥(q.1)= [f(D)exp(~¢’tD)dD + f,,, exp(=q°1D,,.) (14)

and D

slow

where f, denote the relative fraction and the diffusivity of molecules contributing

low

to the slowly attenuating component of the curve, f(D) is the distribution of diffusivities related to
the dominating (faster) component. (The relative fractions of the fast and slow component are

and D as evaluated from the fits of the

slow ?

normalized as J.f(D)dD+ Jiow =1). The values of f

slow

exponential function to the slow component of the curve in Figure 6, were 0.062 and 4x10™ m%™.
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Fig.6 Diffusion attenuation curve of ethanol in MAC-LMA12 at 298 K measured with an observation

time of 10 ms (squares). Dy, is the minimal value of the diffusion coefficient allowed by the NMR

H

equipment. D_, . :(D> is the mean diffusion coefficient evaluated from the initial slope of the

aftenuation which was obtained after subtraction of the slow component from the total attenuation

curve (circles in the inset).

The two constituents of the diffusion attenuation indicate that, over the observation time, the
molecules exist in essentially two different dynamical states, as observed already above in context
of nuclear magnetic relaxation. Again, we attribute the smaller fraction with the smaller diffusivities
to molecules confined in the micropores and the dominating fraction with the larger diffusivities to
the liquid in the mesopore space.

The faster attenuating component, obtained after subtraction of the slow component from the
total attenuation is shown in the inset, Figure 6. It exhibits a clear deviation from the exponential

dependence, thus indicating a distribution of diffusivities as incorporated by the first term in Eq.
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(14). The mean diffusion coefficient (D) referring to the fast component was determined from the

initial slope. It equals approximately 1.7x10° m?s™ and thus is four orders of magnitude larger

thanD . .

The slow diffusion component is to be compared with the diffusion behavior of the same liguid
in the microporous Takeda samples. Figure 7 shows the diffusion attenuation curves of ethanol in
Takeda 4A and Takeda 5A at 298 K. In Takeda 5A, the attenuation curves were exponential over
the covered range of more than one order of magnitude. In Takeda 4A, the signal intensity was so
small (as a consequence of the fast transverse relaxation) so that the data points could be
measured only in a limited range, not below 50% of the initial amplitude. In this range, the observed
attenuations were exponential as well. The diffusion coefficient of ethanol in Takeda 5A, evaluated
from the exponential fits to the data points, was 8x10™"? m?s”. In Takeda 4A, the evaluated
diffusivity was 9x10"® m?s™, nearly one order of the magnitude smaller than in Takeda 5A. This
finding complies with the shorter relaxation time observed in Takeda 4A and quantifies the effect of

the more severe restriction to diffusion due to the smaller pores in this material, as compared with

Takeda 5A.
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Fig.7 Diffusion attenuation curves of ethanol in Takeda 4A and Takeda 5A at 298 K. The

observation time was equal to 10 ms.

Figure 8 shows the diffusion attenuation curves of toluene in MAC-LMA12 for various
observation times in the range between 10 ms and 300 ms. No time dependence of the
attenuations was observed for both the slow and fast (see inset) components. The molecular
displacements monitored in our experiments were between 60 nm for the slower component and 23
um for the faster component. On the one hand, the absence of the time dependence-indicates that
there is practically no exchange between the two different species as it was suggested on the basis
of the relaxation studies. On the other hand, it provides evidence that the mesopores in
MAC-LMA12 represent a well interconnected space, rather than a system of closed separated
pores. In the latter case one would have to expect a decrease of the curve slopes with increasing

observation times.
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Fig.8 Diffusion attenuation curves of toluene in MAC-LMA12 at 298 K with different observation
times (10, 100, 200, 300 ms). The inset shows the fast component obtained after subtracting the

slow component from the total attenuation curve. The observation time was 10 ms.

The diffusion behavior of several liquids (acetone, ethanol, toluene, n-decane and
nitrobenzene) confined in MAC-LMA12 was compared. Table 2 provides the comparison of the
resulting mean diffusivities Deybae With the bulk diffusivities of these liquids Djqis. Depending on the
particular guest, the diffusivities within the pore system are found to be both larger and smaller than
the bulk diffusivities. This finding may be related to the fact that due to the presence of the host
lattice, guest diffusion may occur both in a liquid (phase 1) attached to the pore system and through
the free space (phase 2). With the respective relative amounts of molecules p; and diffusivities D,

the mean diffusivity as accessible by PFG NMR will result to be [22]

D

sorbate

=pD +p,D, (15)
The diffusivity D, in the free space, following gas-phase or Knudsen diffusion [9, 22], is

notably larger and the diffusivity D, in the liquid phase, due to the tortuosity of the pore space, is
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smaller than the diffusivity Dyq.q in the bulk phase. Thus, depending on the relative contributions p;
and Pz, Dymwaie may in fact assume larger or smaller values than Dyquig- The magnitude of p,
increases in proportion with the vapor phase pressure and, hence, also the contribution of the first
term in Eq. (15). Hence, it is in complete agreement with our understanding that, as shown in Table
2, a decrease in the boiling point (which corresponds to a decrease in the vapor pressure at a given
temperature) is accompanied with a decrease in Dy,wate. The latter, according to Eq. (15), reflects a

decrease in p,, i.e. in the contribution of the fast (gas-phase) mode of molecular propagation.

Dsorsete X107 [ Diquig, X10° m?s” | Dsooae/Diqua | Boiling point
m?s” ! °C
acetone 5 46 1.1 56.5
ethanol 1.7 1.1 1.5 78.4
toluene 0.6 2.3 0.26 111
n-decane 0.24 1.4 0.17 174
nitrobenzene 0.09 0.8 0.11 211

Table 2 Diffusion coefficients of the liquids when confined in carbon MAC-LMA12

(Dsorsate) and in the bulk (Digus) and their ratio, in comparison with their boiling

temperature. The diffusion coefficient of the liquid in pores D —(D> is the mean

sorbate
value of the diffusivity in the pores and was calculated from the initial slope of the

attenuation curve.
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4. Conclusions

Carbon materials containing different proportions of micro- and mesoporosity were studied.
The combination of different NMR methods was used to explore the pore structure and the
interaction of the adsorbate with the pore walls. Pore size distribution in samples RGC30 and MAC-
LMA12 was determined by NMR cryoporometry. In MAC-LMA12, a narrow pore size distribution
was observed, with a mean pore size of about 2 nm; RGC30 sample has a broad pore size
distribution, centered around a mean pore size of about 7 nm. These two values reflect the
differences observed in the N, (77 K) and CO, adsorption isotherms.

In microporous Takeda 4A, the sorbate relaxation rates were larger and the diffusivities
smaller than in Takeda 5A. This evidences that sorbate molecules in Takeda 4A experience
stronger restrictions in both their re-orientational and translational motions than in Takeda 5A, as a
consequence of the smaller pore size of Takeda 4A. In MAC-LMA12, two molecular species with
different r;elaxation and diffusion properties were observed. The dominating part of molecules
confined in MAC-LMA12 exhibited much smaller relaxation rates and larger diffusivities than in
Takeda samples. This is atiributed to the presence of mesopores which tend to confine the
dominating part of the liquid. Besides, diffusion experiments showed the existence of the quite
broad distribution of the diffusivities. This is attributed to heterogeneities of the material on length

scales notably exceeding the characteristic molecular displacements (in the range of micrometers).
5. Acknowledgements
The authors thank Dr. R. Valiullin and A. Khohlov for useful discussions. The work was

supported by the European Network of Excellence (NoE) Inside Pores (NMP3-CT2004-500895).

Financial support from project (MAT2007-61734) is acknowledged.

43



6. References

[1] H. Marsh and F. Rodriguez-Reinoso, Activated Carbon, Elsevier, London (2006).

[2] F. Rodriguez-Reinoso, J.M. Martin-Martinez, M. Molina-Sabio, R. Torregrosa and J.
Garrido-Segovia, J. Cofloid Interface Sci. 106 (1985) 315.

[3] J.C. Gonzalez, M.T. Gonzalez, M. Molina-Sabio, F. Rodriguez-Reinoso and A. Sepiilveda-
Escribano, Carbon 33 (1995) 1175.

[4] M. Molina-Sabio and F. Rodriguez-Reinoso, Colloids and Surfaces A: Physicochem. Eng.
Aspects 241 (2004) 15.

[5] R. Ryoo, S. Hoon Joo and S. Jun, J. Phys. Chem. B 103 (1999) 7743.

[6] C. Liang and S. Dai, J. Am. Chem. Soc. 128 (2006) 5316.

[7] J.M. Juarez-Galan, A. Silvestre-Albero, J. Silvestre-Albero and F. Rodriguez-Reinoso,
MicroMesoMater. 117 (2009) 519.

[8] F. Rodriguez-Reinoso and M. Molina-Sabio, Adv. Colloid Interface Sci. 76~77 (1998) 271.
[9] J. Kérger and D.M. Ruthven, Diffusion in Zeolites, Wiley & Sons, New York (1992).

[10]  J. Mitchell, S.C. Stark and J.H. Strange, J. Phys. D: Appl. Phys. 38 (2005) 1950.

[11]  R.M.E. Vaickenborg, L. Pel and K. Kopinga, J. Phys. D: Appl. Phys. 35 (2002) 249.

[12]  J. Garrido, A. Linares-Solano, J.M. Martin-Martinez, M. Molina-Sabio, F. Rodriguez-Reinoso
and R. Torregrosa, Langmuir 3 (1987) 76.

[13] P. Galvosas, F. Stallmach, G. Seiffert, J. Kérger, U. Kaess and G. Majer, J. Magn. Reson.
151 (2001) 260.

[14] F. Rodriguez-Reinoso, J. Garrido, J.M. Martin-Martinez, M. Molina-Sabio and R.
Torregrosa, Carbon 27 (1989) 23.

[15] R\V.RA. Rios, J. Silvestre-Albero, A. Sepllveda-Escribano, M. Molina-Sabio and F.
Rodriguez-Reinoso, J. Phys. Chem. C 111 (2007) 3803.

[16] J.H. Strange, M. Rahman and E.G. Smith, Phys. Rev. Lett. 71 (1993) 3589.

[17] C.L. Jackson and G.B. McKenna, J. Chem. Phys. 93 (1990) 9002.

[18] K. Brownstein and C. Tarr, Phys. Rev. A 19 (1979) 2446.

[19] H. Carr and E. Purcell, Phys. Rev. 94 (1954) 630.

[20] M. Cohen and K. Mendelson, J. Appl. Phys. 53 (1982) 1127.

[21]  A. Einstein, Ann. Phys. 17 (1905) 549.

[22] J. Karger, H. Pfeifer and W. Heink, Adv. Magn. Reson. 12 (1988) 2.

44



Publication 2: The evidence of NMR diffusometry on pore space
heterogeneity in activated carbon

Microporous and Mesoporous Materials, 2011, 141, 184
F. Furtado®®, P. Galvosas®®, M. Gom;alvesd, F.-D. Kopinke?, S. Naumov®, F. Rodriguez~Reinoso“,

U. Roland?, R. Valiullin®, J. Karger®

"Depi t of Envir | Engii ing, UFZ — Helmholtz-Centre for Environmental Research, Permoserstr, 15, 04318 Leipzig, Germany

YDepartment of Interface Physics, University of Leipzig, Linnéstr. 5, D-04103 Leipzig, Germany
© School of Chemical and Physical Sciences, Victoria University of Wellington, P.O. Box 600, Wellington 5140, New Zealand

° Departamento de Quimica Inorgénica, Universidad de Alicante, Apartado 99, 03080 Alicante, Spain

Abstract

With the advent of nanoporous materials with hierarchical pore structure, pore space
exploration becomes an increasingly complex task which depends on the successful inclusion of
novel techniques of sample characterization, in addition to the established ones. We present the
results of an in-depth pulsed field gradient (PFG) NMR study of guest diffusion in an activated
carbon with a two-modal pore structure (MA2). The pronounced distribution of the local diffusivities
is taken as an indication of notable sample heterogeneities. The options of their further
characterization by intentionally varying the parameters and conditions of the diffusion

measurements are discussed.

Keywords: PFG NMR, Diffusion, Activated carbon, Pore heterogeneity
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1. Introduction

Diffusion, i.e. the irregular movement of atoms and molecules, is among the fundamental and
omnipresent phenomena in nature and technology and occurs in all states of matter. A particular
fascination is provided with systems where the sizes of the diffusing molecules are comparable with
the characteristic length scale of the host systems by which they are accommodated. This is in
particular true for mass transfer in nanoporous materials [1]. Their technological bénefit is based on
the compatibility of their pore diameters with the size of the guest molecules, by which either
catalytic conversion or adsorptive separation is exploited for the generation of value-added products
[2,3]. Equally important, the similarity of molecular and pore diameters gives rise to numerous
phenomena of fundamental relevance for soft-matter interaction with solid surfaces [4,5], in
particular for a better understanding of the conditions for molecular reorientation and redistribution
under confinement [68].

Being determined by the pore architecture, the rate of molecular propagation may — in turn —
be considered as a source of information about pore architecture. In the present study, we have
explored these potentials by the applicafion of the pulsed field gradient technique of nuclear
magnetic resonance (PFG NMR) to studying molecular diffusion of cyclohexane in an activated
carbon with a two-modal pore structure (MA2). The potentials of PFG NMR for this type of studies
are based on two unique properties of this technique. Being able to directly record the probability of
molecular displacements during well-defined time intervals (of typically milliseconds till seconds),
PFG NMR provides direct information about the rate of molecular propagation (the diffusivity) over
distances from about 100 nm to 100 um [9,10]. In-addition, PFG NMR may as well distinguish
whether this rate is uniform or whether, over the whole of the sample, there is a distribution of the
local propagation patterns giving rise to a sample-related distribution of local diffusivities [11,12].We

are going to exploit this distribution of local diffusivities as a measure of sample heterogeneity.
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2. Experimental

2.1 The sample under study

The carbon MA2 (see Fig. 1) has been prepared by carbonisation and subsequent CO--
activation (43% activation burn-off) of a spherical porous resin obtained by cross-linking of phenol-
formaldehyde Novolac precursor with hexamethylenetetramine and with ethylene glycol as solvent -
pore former [13]. Figure 2 shows the N, adsorption, at 77 K. The high N, uptake at P/P, values
below 0.1 and over 0.8, reveal high micro- and mesoporosity, each one occupying approximately

50% of total pore volume.

Fig. 1 (Left) SEM picture of the carbon particles. (Right) TEM picture where both micropore

and mesopore structures can be seen.
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Fig. 2 N, adsorption isotherm at 77 K for the carbon sample under study, with closed and
open symbols corresponding to the adsorption and desorption branch, respectively. P,
corresponds to the N, saturated vapor pressure at 77 K. The inserts show the micropore and
mesopores pore size distribution (upper left side and lower right side, respectively) as

obtained by DFT (micropore distribution) and BJH (mesopores distribution).

2.2 PFG NMR diffusion studies

The PFG NMR diffusion studies have been performed with the 13-interval pulse sequence
[14] at a proton resonance frequency of 125 MHz by means of the home-built PFG NMR diffusion
spectrometer FEGRIS NT [15,16]. Assuming isotropic, normal diffusion and separation times t
(between the two gradient pulse pairs, determining the “observation” time) notably exceeding those

between one gradient pulse pair, the attenuation of the NMR signal (the "spin echo”) obeys eq. (1)

[9,14-16]

¥(1,80) =exp(-y*(28)* g D) (1)
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with g and & denoting the amplitude and the duration of one magnetic field gradient pulse and with y
denoting the gyromagnetic ratio (2.675%10° T"'s™ for hydrogen). The self-diffusivity D is related by

the Einstein equation [6,17]
<x*(t)>=2Dt (2)

to the mean squared molecular displacement <x*(f)> in gradient direction during the observation
time t. Eq. (1) implies homogeneity of the sample under study with respect to a length scale of the
order of the molecular displacements under study [18]. This means that, on the average, the probe
molecules “experience” the identical pore space on their trajectories during the PFG NMR

experiments. If the system deviates from this requirement, instead of eq. (1) one has to consider
¥(1,g5) = [p(D)exp(~y*(26)’g*D1)dD 3)
0

where p(D)dD denotes the probability that the diffusivity of the guest molecules within an arbitrarily
selected space element (of the order of the considered displacements) is within the interval D...D +
dD. More correctly, one has even to take into account that, due to differences in the nuclear
magnetic relaxation times [9,15,16], not only the diffusivities but also the contribution of the
molecules to the observed PFG NMR signal from different sample regions may be different. Hence,
the function p(D) must be considered to be weighted by differences in the relaxation properties of
the different sample regions.

If the PFG NMR signal attenuation follows eq. (1) a semi-logarithmic plot of the signal

intensity versus ¥*(28)’g’t yields a straight line with the diffusivity as its negative slope. In
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isotropic systems — as in the case considered, deviations from linearity may indicate deviations from
sample homogeneity. This becomes especially true when this deviation will not depend on the

observation time . In this case, the mean diffusivity can be derived from the initial slope of the semi-
logarithmic plot of the signal intensity, i.e. for sufficiently small values of »%(25)?g% . We shall
extensively make use of this option.

The experimental data as acquired with the PFG NMR technique may be described by a log-

normal distribution of diffusion coefficients [19,20]

3
(InD-nD,) } ”

1
D)=———cexp| - <
P(D) Do+2n pli 20°

Here, D, denotes the median of the diffusivity and o gives the multiplicative standard deviation,
which can empirically be correlated to the degree of heterogeneity of the system under study. It has
to be noted that we do not have any particular arguments in favor of Eq.4, except that it reasonably
reproduces the experimental data and has a relatively simple meaning. The obtained parameters D,
and ¢ are used to characterize the properties of the diffusion process under study regardless of its
actual nature.

For the PFG NMR diffusion studies, a given amount of the host material was filled into sample
tubes of 7.5 mm outer diameter and heated in an oven to 383 K in contact with the atmosphere over
24 h. Subsequently, the samples were connected to a vacuum system and dehydrated under high
vacuum (of less than 10 Pa) at 523 K for around 4 h. After cooling down, the sample was
connected to a vessel of known volume, with a given vapor pressure of the diffusant, corresponding
to the desired loading amount. After loading was complete, the sample was then cooled to the

temperature of liquid nitrogen thus allowing the sealing of the sample.
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3. Results and Discussion

Irrespective of their great technological relevance, molecular diffusion in activated carbons
has never been investigated with the same effort compared to the study of diffusion in zeolites [21].
This is mainly related to the fact that, in contrast to zeolites, activated carbon is not available in the
form of well-shaped crystallites. In conventional uptake and release studies this complicates or
even excludes the transformation of the directly observable rate constants into well-defined
diffusivities. Though, as a technique sensitive to the rate of molecular transportation in the particle
interior, PFG NMR is not affected by this complication, its application is severely handicapped by
the generally very short transverse nuclear magnetic relaxation times of these materials. Hence,
owing to recent improvement of the PFG NMR methodology and the increasing amount of novel
structure types also in the field of activated carbons [22], only very recently [23] PFG NMR diffusion
studies have been performed with NMR signal attenuations over more than one order of magnitude.
There, for the first time, together with the present work indications for a deviation of the attenuation
function from the simple exponential dependence as predicted by eq. (1) for diffusion in a

homogeneous system could be observed, opposing previous ones in related systems [24,25].

3.1 Distribution of guest diffusivities in activated carbon of type MA2

Fig. 3 displays the PFG NMR attenuation curve of cyclohexane in MA2 at room temperature
for 100% pore filling and an observation time of t = 10 ms. The curve is shown to be nicely
approximated by eq. (3) with a distribution function of the local diffusivities as given by eq. (4).
During the fitting procedure, variation of the signal-to-noise ratios (S/N) from 125 to 500 produced
the respective variation of resulting Dy and o of less than 1% and 9%, respectively. The results
presented do refer to S/N inferred from the experimental data which is about 475. Best fit is attained

with Dg = (2.80 + 0.03) x 107"° m?s™ and a distribution width o = 0.60 £ 0.02. With these parameters
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it is possible to calculate the average diffusion coefficient D, = D,e” %, yielding Dy, = 3.36 x 107"

m?s™, which would as well follow via eq. (1) from the slope of the initial decay of the attenuation

curve.
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Fig. 3 Spin-echo attenuation of cyclohexane in a fully loaded MA2 sample, at 298 K (t = 10
ms) and best fit by eq. (3), assuming a log-normal distribution of diffusion coefficients (eq. 4).

The insert shows the distribution of the diffusion coefficients (eq. 4).

With eq. (4), this result is easily seen to be equivalent with the statement that 68.3% of the
measured diffusion coefficients fall into the interval [Dy', Di/o] i.e. [2.0 x 107°, 5.6 x 10 m?s™].
Inserting this result into eq. (2) yields an interval of the square root of mean square displacement
considering the range of observation times used from 2.0 ym till 3.3 uym.

It is noteworthy to emphasize that the diffusion path lengths and, hence, the extensions of
these regions are much larger than the diameters of both the micro- and mesopores. The

trajectories of all molecules considered will, therefore, consist of displacements within both the
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micropores and macropores. The diffusivities of molecules confined to pore spaces are known 1o
depend on numerous influences, including the nature of the pore surface, the pore diameters and
the tortuosity of the pore space. In the subsequent sections we are going to describe different
series of experiments while changing selected influences as a parameter. It is our aim to specify the
possible origin of the particular distribution in the diffusivities by exploring the influence of these

variations on the resulting diffusivities.

3.2 Variation of the observation time

If one varies the observation time for a diffusion experiment the range of molecular
dilsplacement will change until the diffusion path is obstructed. Without obstruction, the mean
square displacement will increase according to eq. (2) and the distribution of diffusion becomes
time independent. Fig. 4a represents the spin-echo decays for an observation time range of & ms to
250 ms. The shape of the echo attenuation, which holds the information on the diffusion coefficient
distribution is identical for all observation times within the accuracy of the acquired NMR data. We
therefore conclude that the sample morphology is homogeneous for subregions of 2 to 13 um, since
no observation time dependence for the corresponding mean square displacements from 3 to 170
pm? were observed (see Fig. 4b for the linear increase of <x*> with increasing observation time, as

given by eq. (2)).
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Fig. 4 (a) Left) Spin-echo attenuation of cyclohexane in a fully loaded MA2 sample, at 298 K
for different observation times (t) and (b) right) mean squared displacement for the respective

observation times.

As a result, even with the largest diffusion path lengths attainable in the present diffusion
studies no change in the distribution function of the resulting local diffusivities could be observed.
This means that the correlation lengths of sample homogeneity, i.e. the distance after which a
notable change in the host structure will have occurred, have to be much larger than these

distances.

3.3 Variation of particle sizes

After the estimate of a lower limit of the correlation length, one may also consider the opposite
limiting case, i.e. whether the individual particles (with diameters between 0.15 to 0.50 mm, see fig.
1) are essentially homogeneous (i.e. with homogeneity correlation lengths notably exceeding their
diameters) and that the distribution in the observed diffusivity is caused by a distribution in the
structural properties (and, hence, in the diffusion properties) from particle to particle. Their small
size prohibits PFG NMR diffusion measurements with each individual host particle.

This problem may be circumvented, however, if the structural peculiarities are correlated with

the particle sizes. For the exploration of this option, we have compared the diffusivities in samples
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containing different particle size fractions. The resulting attenuation plots are shown in fig. 5. Again,
in all samples the attenuation plots and, hence, the distribution functions for the local diffusivities
are found to be essentially identical. Hence, any correlation between the size of the host particles

and their structural properties may be excluded.
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Fig. 5 Effect of particle size on the spin-echo attenuation of cyclohexane in fully loaded

samples, at 298 K (t = 10 ms).

3.4 Variation of the impact of nuclear magnetic relaxation

The distribution in the diffusivities has to be referred to locally varying properties of the host
structure. For the exploration of their nature, it would be interesting to find out whether these
variations in the host structure give also rise to a distribution of further key parameters of the host-
guest system, in addition to the guest diffusivities. In this context, the nuclear magnetic relaxation
times are of particular interest since they are known to depend very sensitively on the pore sizes

and the pore wall chemistry, generally decreasing with increasing surface-to-volume ratios [5,26]. If
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the variation in the diffusivities is caused by corresponding variations in the pore geometry and pore
wall chemistry, one should, therefore, expect correlations between the diffusivities and nuclear
magnetic relaxation- times.

Fig. 6 displays PFG NMR attenuation curves where the signal intensity has been modified by
dramatically changing the contributions of the two nuclear magnetic relaxation mechanisms.
Keeping the observation time (and, hence, the time interval relevant for longitudinal nuclear
magnetic relaxation) approximately constant, the PFG NMR pulse sequence was modified in such a
way that the time interval relevant for transverse nuclear magnetic relaxation was increased by a
factor of 4 (which, in effect, has led to a decrease of the NMR signal (the spin echo) by about 1
order of magnitude). Note, that we have negligible influence of T, on the signal intensity for the
parameter variations in these experiments. Fig. 6 shows that this significant variation in the
contributions of the two relaxation mechanisms did not yield any perceptible effect on the shape of
the attenuation curve. This means that the contributions of the regions with different diffusivities
have in no way been affected by the variation in the weights of the relaxation mechanisms. It is
therefore unlikely that the differences in the diffusivities are correlated with a corresponding

variation in the pore geometry and pore wall chemistry.
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Fig. 6 Spin-echo attenuation of cyclohexane in a fully loaded sample, with different T,
relaxation windows (variation of the interval between the pair of gradients with opposite sign
in the 13-interval pulse sequence [14]). The insert shows the same data, normalized to the

echo intensity for the lowest gradient used, for each data set.

3.5 Variation of substrate loading and temperature

The host material under study is known to contain interpenetrating networks of micro- and
mesopores as illustrated in section 2.1. Molecular propagation over distances of micrometers as
relevant for the PFG NMR measurements, includes therefore displacements in both pore spaces.
The contribution of molecular migration in either of these spaces to the overall mass transfer
through the host particles as recorded by PFG NMR depends on both the loading and the
temperature of measurement. It is, therefore, worthwhile to explore up to which extent the
distribution in the diffusivities is affected by a variation of loading and temperature, in particular the
effect of these on the liquid-solid phase transition of geometrically confined cyclohexane.

As an example, fig. 7 shows the PFG NMR attenuation curves for cyclohexane at four

different temperatures and for pore loadings varying from 20 % to complete saturation. For better
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comparability, the attenuation curves have been plotted versus g°tD,, so that differences in the
attenuation curves caused by differences in the absolute values of the diffusivities are
compensated. For both the measurements at 0°C and 40°C, the shape of the attenuation curve is
found to remain essentially unaffected by increasing the loading from the lowest value of 20 %
(where the mesopores are essentially empty) up to complete saturation. The distribution in the
diffusivities is thus found to remain unchanged, irrespective of the dramatic difference in the nature

of the pore spaces involved.

0.1+

, B : &5
0014 ¥ o) . 4 \'_m\ir‘;é%\ - E LR
%s%@%%% ] i E

20°C -40°C
T T T v T r
3 3 14 -
—o— ilJ'H.
e,
g
% T“f‘y
S £
ol %%‘%::kﬂ -
g
B\ngﬁg é-ié\_ oid
i S S
o
T T v T T T T T
o “ F L3 o L] | i 4 5 [
; (2t D,
(28t D, 2801 D,

Fig. 7 Influence of temperature on cyclohexane spin-echo attenuation, for different loadings.

This finding is complementary to the message of the diffusion studies with varying impact of

nuclear magnetic relaxation in section 3.4. Irrespective of a significant variation of the contribution
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of the two pore spaces to overall mass transfer, the shape of the PFG NMR attenuation curves, and
hence the distribution of the diffusivities, is found to remain essentially unchanged. One has to
exclude, therefore, the possibility that the variation in the diffusivities over the sample may be
attributed to a variation of the ratio of the local meso- and microporosity over the sample. In this
case, the transition from dominating micro- to dominating mesopore transport should lead to much
more distinct changes in the diffusivity distributions.

It is interesting to note that the compatibility in the attenuation curves for different loadings is
not preserved with further temperature decrease. At -20°C, after coinciding in their initial slopes (as
the consequence of the unifying representation vs. g°tD,,), the attenuation curve of the fully
saturated sample is found to notably deviate from those with lower loadings, vyielding a
progressively decreasing slope. With egs.(1) and (3), this finding has to be attributed to molecules
with notably reduced diffusivities. Fig. 8 compares the relative intensity of the first spin echo, at

different temperatures and corresponding loadings.
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Fig. 8 - Temperature dependency of the relative intensity of the first echo of the 13-interval
pulse sequence, for different loadings. The intensities are normalized to the value obtained

for the fully loaded sample at 313.15 K.

Samples with lower loadings where mesopores remain partially empty (20 % and 50 %), are
less affected by temperature decrease whereas more saturated samples reveal a drastic
dependency on temperature. For rationalizing such a behavior we have to recognize that the
suppression of the freezing point 7; in pores of diameter d from the bulk value Ty (6.6°C for

cyclohexane) is related by following the Gibbs-Thompson equation [27,28]

Ti=Tp—Kid, (5)

where K is a calibration constant, characteristic of the system under study. Consequently, the
phase change will occur at larger pores, which severely reduces the transverse relaxation time,
thus suppressing the contribution of the frozen phase to the overall signal intensity. This can clearly

be observed on the steep decrease in signal intensity from 0°C to —20°C. Indeed, in the fully
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saturated sample, a large fraction of the liquid in the mesopores is already frozen (signal intensity
loss > 80%). At these low temperatures, it is important to note that the spin-echo signal intensity on
fig. 8, represents almost exclusively the liquid in the micropores, due to sufficiently short transverse
relaxation times in mesopores, at these high loadings. This effect is more pronounced with
decreasing temperatures, with the additional solid phase leading to an additional confinement of the
remaining fluid phase, reflected by a decrease not only in the transverse relaxation time but also in
the diffusivities in these regions and thus in the decaying slope of the PFG NMR signal attenuation
curve. In complete agreement with this reasoning, at —40°C this effect is found to be even more
pronounced since now the freezing process is extended to smaller mesopores, leading to an even

larger effect of confinement for the remaining fluid phase.

4. Conclusions

With cyclohexane as probe molecules, molecular diffusion in activated carbon MAZ2 revealed
a broad distribution of the local diffusivities as recorded by PFG NMR measurements sensitive to
root mean square displacements of up to 13 um. This distribution was found to remain essentially
unaffected by significant variations in the measuring conditions, including observation time,
substrate loading, the conditions of nuclear magnetic relaxation and temperature. Deviations below
the bulk freezing temperature may be easily referred to an extra-confinement due to the additionally
formed frozen phase. We tentatively attribute the observed distribution of diffusivities to internal
transport barriers as observed in zeolites. It is — just due to the observed invariance of the
attenuation curves with the experimental conditions — even rather unlikely that this variance is
correlated with some local properties of the pore system (such as the mean pore diameters, the
pore wall chemistry or the relative density of the micro- and macropores) with correlation lengths of

at least the considered displacements of about 10 pym. With its well established application to
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biological systems [29-31] Fourier transformed g-space plots may be regarded as an alternative
methodology for providing further information on the present system, as it also provides information
on the micrometer range.

One can rationalize that in addition to the influence of the “regular’ pore space, the rate of
molecular migration may be affected by further influences, including transport resistances in the
form of planes of reduced permeability traversing the host bulk phase. In zeolites, the existence of
such “internal transport barriers” has been suggested long time ago to explain the discrepancy
between the results of micro- and macroscopic diffusion measurements [32]. Very recently [33], the
occurrence of such resistances could be directly evidenced in comparative studies by transmission
electron microscopy and PFG NMR diffusion measurements. While it is premature to attribute the
observed behavior in the present case of activated carbon to these additional resistances, as found
in zeolites, it may provide an explanation to the experimental evidence and, therefore, be

acceptable as a working hypothesis.
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Abstract

Pore space homogeneity of zeolite NaX was probed by pulsed field gradient (PFG) NMR
diffusion studies with n-butane as a guest molecule. At a loading of 0.75 molecules per supercage,
a wide spectrum of diffusivites was observed. Guest molecules in the (well-shaped) zeolite
crystallites were thus found to experience pore spaces of quite different properties. After loading
enhancement to 3 molecules per supercage, however, molecular propagation ideally followed the
laws of normal diffusion in homogeneous media. At sufficiently high guest concentrations, sample

heterogeneity was thus found to be of no perceptible influence on the guest mobilities anymore.
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Introduction

The introduction of novel synthesis concepts’ and the refinement of established ones®* to
attain transport-optimized nanoporous materials lead to unprecedented options of their
technological application in mass separation and heterogeneous catalysis®. As one of the rate-
limiting processes during application, molecular diffusion in such systems has become one of the
favorite subjects of investigation®. Thus it was observed that the bulk phase of zeolite crystallites
may notably deviate from the ideal textbook structure. By varying the “observation” time of the
measurements, the intracrystalline space was found to be traversed by transport resistances which
lead to decreasing “effective” diffusivities, the larger the displacements are which are followed in the
experiments’®. Deviating from the “conventional view that, if at all, additional transport barriers may
only oceur as “surface barriers"'® " diffusion studies provided severe evidence of the possibility that
such transport resistances, acting in addition to the “drag” exerted by the genuine pore space, may
also occur in the crystal interior. Recent high-resolution transmission electron microscopy
investigations™ revealed stacking faults of mirror-twin type on (111)-type planes of the cubic
framework of FAU-type zeolites. By the detection of these faults, for the first time direct evidence of
deviations in the structural homogeneity of zeolites ‘was provided which, so far, could only be
suggested as a possible hypothesis for explaining the discrepancy between “macroscopic” and
“microscopic” diffusivities™.

Recently, the pulsed field gradient (PFG) technique of NMR'™ has been applied to diffusion
studies in mesoporous host-guest systems. The guest diffusivities could be exploited as a most
sensitive probe of the molecular configurations in pore space, exhibiting quite different features in
dependence on loading, temperature and sample “history”. In the present investigation, we have
benefited from these special features of PFG NMR by evaluating the deviations from sample
homogeneity in detailed diffusion studies with n-butane as a probe molecule in large crystals of

zeolite NaX.
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Materials and Methods

Sample synthesis and characterization

The giant X-type zeolite crystals were synthesized following a modified Charnell procedure’®.
The gel composition 1.7 Na,O : AlLO; : 1.3 SiO, : 300 H;O : 10 triethanolamine gave after 5 weeks
crystallization at 85 °C 70 — 80 um large crystals (Fig. 1a). To adjust the reactivity of the silicate and
aluminate species, metallic aluminium and colloidal silica (LUDOX) have been used. All solutions
were filtered using Millipore filters (0.22 pm), the starting hydrogels were prepared at 0 °C, and
quickly heated to crystallization temperature. Powder X-ray diffraction (Fig. 1b) proves the high
crystallinity of the X-type crystals prepared (for comparison see ref 16). This high crystallinity does

as well appear in the well-shaped form of the crystals (Fig. 1a).
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o

Ll

0 5 10 15 20 25 30 35 40 45
a 26 /degrees b

Figure 1. Scanning electron micro-image (Jeol JSM 6700F) (a) and X-ray diffraction pattern (b) of

the NaX-type sample under study.

PFG NMR diffusion studies
The diffusion measurements were performed by means of the homebuilt PFG NMR
spectrometer FEGRIS 400" with the 13-interval pulse sequence'. In this technique, the two

gradient pulses of conventional PFG NMR are replaced by pairs of alternating gradient pulses
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separated by high-frequency m pulses. In this way, the disturbing influence of the permanent
internal field gradients due to indispensable sample heterogeneities is reduced. The observation
time was varied between 5 ms and 1 sec and the mean molecular displacements covered in the
studies ranged from about 200 nm up to 20 ym. For diffusion in homogeneous, isotropic media, the
signal intensity in PFG NMR experiments is known to obey the relation®'* 1718

¥(8g,t) = exp(— yZSZgZDz): exp(— vi8%gr <r’(t) > /6) (1)

with g, 6 and t (>>& ) denoting the amplitude, duration and separation of the gradient pulses
(where, in the 13-interval pulse sequence, & stands for the sum of the durations of the two gradients

of a pair, to ensure conformity with the notation of the simple stimulated echo'). The second
equation results from Einstein’s relation®

<r*(t) >=6Dt (2)

implying proportionality between the mean square displacement and the observation time.
The self-diffusion coefficient D appearing in this relation coincides with the tracer diffusivity defined
by Fick’s 1% law.

For the PFG NMR diffusion studies, the zeolite material is contained in closed sample tubes.
It is loaded with a well-defined amount of n-butane molecules which were introduced into the
activated samples by chilling from a calibrated gas volume by means of liquid nitrogen. The
samples were activated by heating (10 K/hour) under evacuation and by leaving the sample, under

continued evacuation, at the final temperature of 400 °C for additional 10 hours.
Results and Discussion
Figure 2 provides typical examples of the primary data observed in our diffusion experiments.

As their most striking feature, the attenuation plots for loadings with 3 molecules per supercage

(Fig. 2c) are found to follow, essentially, the dependence of eq. (1), while there are significant
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deviations for the smaller loading with 0.75 molecules per supercage (Fig. 2a, b). From eq. (1) the
slope of the attenuation plots is easily seen to be proportional to the diffusivity and, hence, via eq.
(2), to the mean square displacements. Correspondingly, at an average loading of 3 molecules per
cavity (which corresponds to a relative pore filling of about one half), anywhere within the sample
the guest molecules propagate at identical diffusion rates, while, at the lower loadings, notable
differences become perceptible. This means that, within the pore space of the sample
accommodated by the guest molecules, there have to be substantial differences which, at low
loadings, give rise to the differences observed in the diffusivities. The coincidence in the attenuation
curves for different observation times appearing from Figs. 2a and b indicates that, during the
covered diffusion times, there is essentially no guest exchange between the regions of different

mobilities.
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Figure 2. PFG NMR spin-echo attenuation curves for n-butane in the NaX sample under study for
different observation times as indicated by the different symbols at 298 K and for guest loadings of
0.75 (a, b) and 3 (c) molecules per cavity. The broken line in Figs. a and b represents the best fit of
the attenuation curves for a log-normal distribution of the diffusivities (egs. (3) and (4)) to the data

points.

The effect of heterogeneity may be quantified by introducing a probability function p(D) with

p(D) dD indicating the probability that the diffusivity of a guest molecule, arbitrarily selected within
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the samble, is in the interval D...D+dD. In this case, eq. (1) may be transferred into the more

general form

¥(8g,1) = [p(D)exp(~1*8’g* Di)dD. 3)
0

Often, the so-called log-normal distribution'?'

_(lnD—lan)'jl i)

1
D)= ex -
P DoN2n IJJ: 2c°

is found to serve as a reasonable first-order approach for systems where molecular diffusion has to
be described by a distribution of diffusivities rather than by a single one. Here D,, stands for the
mean and ¢ for the width of the distribution. In the limiting case of infinitely narrow distributions, i.e.
with p(D) equal to Dirac’s delta function, eq. (3) coincides with eq. (1). This approach is also in the
present case found to yield a good fit to the data points as shown in Figs. 2a and b by the broken
line which corresponds to values of Dy, = 2.54x10™" m?s™ and o = 2.6. For rationalizing this result
we may recollect” that the interval D,/o... D.xo comprises 68.3 % of the distribution. In the
present contents, this means that the sample heterogeneity appears in a variation of the local
diffusivities over a factor of about 7 in two thirds of the total pore space, and that the deviation of the
diffusivities in the remaining parts is even more significant!

In Fig. 2c, the slope of the signal attenuation and hence, via eq. (1), the effective diffusivity is
seen to decrease with increasing observation time. Exactly this behavior has to be required as a
consequence of the fact that intracrystalline diffusion proceeds within the finite volume of the
individual crystallites of zeolite NaX rather than in an infinitely extended medium. The confinement
leads to mean square displacements <.r2(t)> lagging progressively behind the displacements in an
infinitely extended corresponding medium with increasing observation time t leading, with eq. (2), to
the observed decrease in the diffusivities. For a quantitative proof of this interrelation one may

consider these diffusivities as a function of the square root of the observation time as displayed in
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Fig. 3. . For diffusion in spheres of radius R in second-order approximation this dependency obeys

the following analytical expression,*

D, 4 (D" Dyt
e e (5)
i 3R\ =

2R*

with Dy denoting the genuine diffusivity, unaffected by boundary effects. Figure 3 shows the
best fit of eq. (3) to the initial four data points, yielding Dy = 7.6x10"" m?s™ and a value of R = 6.4
um for the mean crystal radius, which is of the order of magnitude expected from crystal micro-
images shown in Fig. 1a. The approach provided by eq. (5) implies that the molecular diffusion path
lengths during observation time are still notably exceeded by the crystal radii, i.e. (Dot)"? << R.
Effective diffusivities with further increasing observation times are, therefore, beyond the limits of

the applicability of eq. (5).
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Figure 3. Effective diffusivities in the NaX specimen at 298 K (as resulling, via eq. (1), from the
slopes of the representation of Fig. 2b) and comparison with the best fit of the second-order

approach of their time dependence under confinement by spheres (eq. (5)).

As another feature of Fig. 2c, the signal attenuation curves are found to start with an abrupt
drop which is increasing with increasing observation time. This first steep decay has to be attributed
to that part of the molecules which, during the observation, was able to escape into the

intercrystalline space and which, correspondingly, were able to cover particularly long
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displacements. The contributions to the signal decay are proportional to the fractions of molecules
which, respectively, remain inside the crystals or are able to leave. In the so-called NMR tracer
desorption technique®® this additional information of PFG NMR experiments with beds of
nanoporous materials is used to ekplore the existence of surface barriers. Assuming an exponential
approach

p(t) = exp(-t/7) (6)

for the relative number of molecules which have remained within one and the same crystallite
during the whole observation time t, one may introduce a mean molecular life time 7. This quantity
can be compared with the mean life time resulting under the assumption that molecular exchange is

exclusively determined by intracrystalline diffusion,®>?*

Py

R?

T 15D, 0

T bifr

The values resulting in the present study are 1 = 1.5 s and 7px = 36 ms. Intercrystalline
exchange is thus found to be controlled by the permeation of a surface resistance on the individual
zeolite crystals rather than by diffusion through the crystal bulk phase. With this finding, belatedly,
we also justify the application of eq. (5), which does only hold in the limiting case of ideally reflecting
boundaries. In the other extreme, namely for diffusion-limited exchange, the right-hand side would
maintain its structure, however, with slightly modified pre-factors.?>%

To facilitate the discussion of the differences observed with the two loadings, Fig. 4 compares
the present data with the results of previous diffusion measurements with a sample of NaX
stemming from the celebrated laboratory of Professor Zhdanov, Leningrad/St. Petersburg®.
Diffusion measurements with this material revealed, after as long as 30 years, a remarkable
reproducibility yielding, with one and the same zeolite specimen, essentially identical diffusivity
data®. Moreover, the diffusion data in these materials were found to be in good agreement with
28,29

theoretical predictions based on the pore space geometry of the ideal NaX structure. It is in

particular the decrease in the mobilities with increasing loading which was widely accepted as a
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quite general feature of n-alkane diffusion in zeolite NaX,* caused by the diminishing “free volume”.
In addition to the much smaller values of the diffusivities, at room temperature, now also this

loading tendency is found to be reversed.
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Figure 4. Comparison of the diffusivities of n-butane in zeolite NaX (full symbols: specimens
synthesized by S.P. Zhdanov;?®? open symbols: this study, sample shown in Fig. 1a) at loadings of
0.75 (circles) and 3 (triangles) molecules per large cavity. The size of the symbols corresponds to

the uncertainty in the diffusivities.

Assuming that the diffusivities in the Zhdanov samples are exclusively determined by the
friction exerted by the genuine NaX pore network, the lower diffusivities in the zeolites considered in
this study (and, most likely, also in numerous other products of zeolite synthesis considered in the
past) must additionally be influenced by transport resistances in the interior of the crystals, possibly
similarly to the stacking faults revealed in the TEM studies of ref 12. With locally varying separation
| between these resistances and, possibly, permeabilities o through theses resistances (defined as
the ratio between the particle flux through the resistance and the difference in the concentrations on
either side®"*?), they would give rise to the observed distribution in the diffusivities as soon as the
studied displacements exceed these separations but are still short enough to avoid an averaging
over the whole spectrum of permeabilities and separations. In such cases, the effective diffusivity

simply results by reciprocal addition of the two impeding mechanisms®’
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Hence, increasing permeabilities would reduce the contribution of the second term on the
right hand side of eq. (8) to the overall diffusivity. Since, in general, the activation energies for
permeation through the intracrystalline transport resistances exceed those for diffusion through the

genuine pore space,'*%

the contribution of the second term on the right hand side of eq. (8) is
expected to decrease with increasing temperature. The observation that the effective diffusivities in
the present samples increase more strongly with increasing temperature than the diffusivities in the
genuine NaX samples considered in ref 28 is in complete agreement with this consideration.

In a similar way one may also rationalize that at the higher loadings the influence of sample
heterogeneity is not visible anymore. It is well known that in narrow pores the diffusivities generally
increase with increasing loading (type-v pattern of concentration dependence®®®). Since the
formation of internal transport resistances is associated with constrictions in the pore space the
permeability through these barriers is expected to increase with increasing guest concentrations.
Hence, with increasing concentration, the weight of barrier permeation (second term in eq. (8)) on
the effective diffusivity is decreasing, while the first term, as a consequence of the well-known
decrease of n-alkane diffusivities in the genuine pore space of NaX®®, becomes more and more
dominating so that, eventually, the influence of the additional transport resistances and, hence, of

sample heterogeneities due to structure defects becomes negligibly small — as experimentally

observed.

Conclusion

Exploiting n-butane as a probe molecule, well-shaped crystals of zeolite NaX are found to

exhibit a remarkable heterogeneity. This heterogeneity appears in a broad distribution of the butane
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diffusivities at low loadings, covering an order of magnitude. These diffusion data are by one to two
orders of magnitude below the diffusivities observed in NaX specimens which are generally
assumed to be close to perfect crystallinity’®. One has to conclude, therefore, that in the NaX
specimens considered in the present study, guest diffusion is also controlled by internal transport
resistances (“barriers’) which act in addition to the permanent “drag” exerted on the diffusing
molecules by the genuine pore space. Thus, a variation in both the spacing and the intensity of
these resistances over the sample may easily explain the observed distribution in the observed
diffusivities. It is interesting to note that these differences disappear with increasing loading.
However, such a behavior is not unexpected since in narrow-pore media the diffusivities (and,
hence, also the permeabilities) are known to generally increase with increasing loading. As a
consequence, the influence of these barriers will decrease with increasing loadings so that,
eventually for sufficiently large concentrations, sample heterogeneity will disappear in the diffusion
patterns.

In addition to previous studies revealing sample heterogeneities by recording time-dependent
intracrystalline diffusivities®** or by combining the PFG NMR diffusion data with the results of quasi-
elastic neutron scattering and high-resolution microscopy'?, we have observed that, for one and the
same guest molecule, the effect of sample heterogeneity on the observed.diﬁusion patterns may
dramatically depend on the loading. The decrease of this influence with increasing loading is shown
to be in agreement with quite general features of mass transfer in pore spaces.30

Crystals which, judging from both their external habit and their x-ray diffraction patterns,
appear to be ideal are thus found to occur with vast differences in their real structure, ranging from
perfect crystallinity as observed, e.g., with the diffusion measurements in ref 28 and their repetition
in ref 27, to pronounced heterogeneities as substantiated with the present studies following
previous comparative diffusion measurements by QENS and PFG NMR and investigations by high-
resolution transmission electron microscopy'® It is noteworthy that in these studies, both ideal

crystallinity and deviations from crystallinity have been observed irrespective of the size of the given
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crystals. The correlation between the deviations from ideal crystallinity and the resulting diffusion
patterns is thus expected to be quite complex and should be kept in mind quite generally in diffusion

studies with such materials.
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Abstract

Pulsed field gradient NMR is applied for monitoring the diffusion properties of guest molecules
in hierarchical pore systems after pressure variation in the external atmosphere. Following previous
studies with purely mesoporous solids, also in the material containing both micro- and mesopores
(activated carbon MAZ2), the diffusivity of the guest molecules (cyclohexane) is found to be most
decisively determined by the sample “history”: at a given external pressure diffusivities are always
found to be larger if they are measured after pressure decrease (i.e. on the "desorption” branch)
rather than after pressure increase (adsorption branch). Simple model consideration reproduces the
order of magnitude of the measured diffusivities as well as the tendencies in their relation to each

other and their concentration dependence.

Keywords: Activated carbon, diffusion, pulsed field gradient NMR, hierarchical pore systems
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Introduction

The need for transport-optimized materials for molecular separation and for molecular
conversion by heterogeneous catalysis has initiated the development of novel strategies for the
production of such materials'. Combining the benefit of micropores for molecular separation and
conversion and of mesopores for transport acceleration, materials of hierarchical pore architecture
have attained particular interest’. The interpenetration of micro- and mesopore spaces leads to very
special patterns of mass transfer which, in such complex systems, are by far more complicated to
be assessed than in purely microporous or mesoporous materials. This includes, in particular, the
exploration of the interrelation between sorption hysteresis and mass transfer. In the literature, time-
dependent hysteresis is referred to both structural changes (such as deformations and swelling) in
the host material® and diffusion resistances in the pore space®. To the best of our knowledge,
never before mass transfer and sorption hysteresis in hierarchical pore systems has been directly
correlated by experimental measurement.

The present study is dedicated to this issue, exploiting the pulsed field gradient technique of
NMR (PFG NMR)*® as a sophisticated tool for the in-situ observation of molecular displacements
over microscopic dimensions. The covered diffusion path lengths are thus large enough to ensure
tracing the combined effect of mass transfer in the micro- and mesopores. They are small enough,
however, to remain unaffected by the influence of unwanted boundary effects by the external

surface of the host particles and the interparticle space.

Materials and Methods

The host system under study was an activated carbon (MA2), prepared by carbonisation and

subsequent CO, activation (43% activation burn-off) of spherical porous resin obtained by cross-
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linking of phenol-formaldehyde Novolac precursor with hexamethylenetetramine and with ethylene
glycol as solvent - pore former®'. It consists of spherical particles (Figure 1.a) with diameters of

0.15-0.50 mm (mean 0.32 mm).

Figure 1. Images of the host system under study (activated carbon of type MA2*'°) as obtained by

(a), left) scanning electron microscopy and (b), right) by transmission electron microscopy,

revealing both micro- and mesopores.

In both nitrogen adsorption at 77 K (Figure 2) and transmission electron microscopy (Figure
1.b), micro- and mesoporosity appear in an almost perfect mixture (1:1), with respective volumes
Vinicro=0.64 cm®g™ and Vines0=0.59 cm’g™", which correspond to two pore diameter ranges centered
around 1 nm and 20 nm, in the obtained pore size distributions (inserts to Figure 2). Furthermore,
the micropore volume was also accessed by CO, adsorption at 273 K giving rise to an expected
slightly lower value of Vi,=0.57 cm3g'1. This value remains in good agreement with the estimation
from the N adsorption data, since the adsorption of CO, at 273 K is limited to the narrow (< 1 nm)
micropores'"'% the distinction of narrow and wide microporosity is clear in the DFT'® pore size

distribution inset of Figure 2.
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Figure 2. N, adsorption isotherm at 77 K for the carbon sample under study, with closed and open
symbols corresponding to the adsorption and desorption branch, respectively. The insets show the
micropore and mesopores pore size distributions (upper left side and lower right side, respectively)
as obtained by DFT™ (micropore distribution) and BJH™ (mesopores distribution). Note that the

area under both peaks, in the upper-left inset, is approximately the same.

The diffusion measurements have been performed by means of the pulsed field gradient
(PFG) NMR technique®®, using cyclohexane (with a saturation pressure of P;=130 mbar, at 298 K)
as a probe molecule. By considering large ensembles of molecular entities, experiments of this type
are complementary to single-molecule observation' and yield the complete statistical information
relevant for the selected space and time scales. The primary quantity recorded by PFG NMR is the
intensity of the NMR signal (the spin echo). This quantity, plotted as a function of the intensity of the
field gradient pulses, is the Fourier transform of the propagator’, i.e. the probability distribution of
molecular displacements as a function of the observation time. Typical space and time scales as

accessible by PFG NMR are micrometers and milliseconds. The mean square displacement <r~(t)>
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results as the mean squared width of this distribution and follows directly from the signal attenuation
in the limit of sufficiently small gradient intensities (initial decay of the NMR signal intensity in a
semi-logarithmic representation versus the squared magnetic field gradient intensity®’).

PFG NMR diffusion data in complex systems are commonly represented by so-called

effective diffusivities defined by the relation
D= (ri(0)/ 6t (1)

as the ratio between the mean square displacement </(f)> of the molecules under study and the
observation time f. In homogeneous systems, Eq. (1) represents Einstein’s diffusion equation'®"’
and D.y coincides with the genuine coefficient of self-diffusion (also referred to as the self-
diffusivity). In heterogeneous systems, Dy is the mean value of the diffusivities of all probe
molecules under study. The diffusion measurements have been performed with the 13-interval
pulse sequence'® at a proton resonance frequency of 125 MHz by means of the home-built PFG
NMR diffusion spectrometer FEGRIS NT'®%°. Prior to the measurements, the host material under
study was kept in an oven at 383 K in contact with atmosphere over 24 h and, subsequently, under
high vacuum (< 102 Pa) at 523 K for 4 h. The diffusion measurements were generally performed by
connecting the sample with a reservoir containing the guest molecule under well-defined pressure.
By varying the pressure, a continuous variation of the sample loading was possible. By approaching
a certain pressure either from smaller or larger values (i.e. by adsorption or desorption) different
sample “histories” could be considered. Since the intensity of the NMR signal following the first
(11/2) pulse of the PFG NMR pulse sequence (the “free induction decay”) is directly proportional to
the number of guest molecules, the NMR technique may as well be exploited to determine the
guest loading. This occurs under exactly those conditions under which the diffusion experiments are
performed and allows the immediate correlation of diffusion and adsorption under a well-defined

external atmosphere?".
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Complementary to these studies, selected diffusion measurements have been performed in
closed PFG NMR samples as well. After subjecting the host material to exactly the same activation
procedure as described above, these samples have been prepared by introducing a well-defined
amount of guest molecules into the host material by freezing with liquid nitrogen and subsequent

sealing of the sample tubes.

Results

Figure 3 provides a survey of the diffusivities (D) of cyclohexane in activated carbon MA2
measured under variation of the external gas phase pressure, jointly with the corresponding
loadings (@). The loadings are represented as the ratio between the amount actually adsorbed and
its maximum value attained by guest pressures close to saturation. Inevitable long-term instabilities
cause the uncertainty indicated for the loadings. The uncertainty in the measured diffusivities
relative to each other is smaller than the size of the symbols.

Usually, the measurements were performed 10 minutes after the pressure step. The
development of the loading during this time interval is represented by the development of the free
induction decay (FID) shown in Figure 4. Pressure steps during adsorption (Figure 4.a) are found to
lead to an only slight change in loading, which must be expected to continue after the considered
time interval of 10 minutes. In general pressure steps during desorption are followed by a much
more pronounced change in loading (Fiéure 4.b). The normalized representation in Figure 4.c

shows that this effect is particularly pronounced for pressure steps around P/P,= 0.7.
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Figure 3. a) Diffusivities of cyclohexane at 298 K in MA2 as a function of the relative external
pressure during adsorption and desorption and the diffusivities resulting via Equation 3 (dashed
line). b) Evolution of the diffusivities with time after the last pressure step (to P/P, = 1) on the
adsorption branch. ¢) Cyclohexane loading isotherm at 298 K in MA2 as a function of the external
pressure during adsorption and desorption, measured 10 min after each pressure variation. d)

Loading evolution with time after the pressure step to P/P,= 1 on the adsorption branch.
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Figure 4. Changes in loading of the host material following pressure steps during adsorption (a)

and desorption (b, c). The blue data points are used as loading in Figure 3.c).

Limitation in the measuring time allowed an extension of the equilibration time only for
selected cases. One example is provided by Figures 3.b and d, where the final adsorption step to
saturation is found to require equilibration times of days, accompanied by distinct changes in the
diffusivities. A second experiment of this type has been performed during desorption following the
pressure step from P/P;= 0.74 to 0.67. Here, following the initial change as displayed by Figure 4.c,
during the considered time interval of 20 hours no further change in loading and diffusivity became
visible within the accuracy of these measurements (+ 5%).

Complementary to the diffusion measurements at well-defined external pressures, Figure 5
provides a survey of the diffusivity data obtained for the closed samples. Also included in this

representation are the diffusivity data of Figure 3a. The error bars in the loading (resulting by
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turning the vertical error bars of Figure 3c into horizontal direction) are omitted. Note that diffusion
measurements with loadings notably below saturation of the micropores could not be performed by
the experimental set-up designed for pressure variation (data of Figure 3a). The spatial constraint
given by the PFG NMR spectrometer did not allow a satisfactorily accurate adjustment and

maintenance of the small guest pressures necessary for attaining these low loadings.
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Figure 5. Measured diffusivities as a function of sample loading, obtained by continually varying the

external pressure and on closed samples, prepared with a defined amount of cyclohexane.

Discussion

Following investigations with purely mesoporous host systems (Vycor porous glass)® and
system containing both meso- and macro-porosity®, with the data shown in Figure 3a for the first
time hysteresis effects are also observed for diffusion in hierarchical pore networks involving both
micro- and mesoporous spaces. It turns out that, for a given external pressure, the measured
diffusivities notably depend on the “history” of the system: if the pressure is attained by pressure

decrease from larger values (i.e. on the “desorption branch”), the diffusivities are found to be
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notably larger than after approaching the same pressure from lower values, i.e. on the adsorption
branch.

For rationalizing the observed diffusion behavior, we have to correlate the experimentally
accessible quantity, the mean square displacement, with its constituents, i.e. the displacements in
the micro- and mesopores. The distances over which, in PFG NMR measurements, the guest
molecules are followed are typically of the order of micrometers so that the diffusion paths consist,

in general, of displacements in both the micro- and mesoporous spaces. We, correspondingly, note

(PO} = ((riere (1) + oo ()7 = (P i (1)) + (s (1)) @)

where rpeo(t) and rmeso(f) represent the (vector) sum over all individual constituents of overall
displacement in the micro- and mesoporous spaces, respectively, during time {. The second relation
holds rigorously if subsequent displacements in the micro- and mesopores are uncorrelated. This
requirement is fulfilled for mutually interpenetrating pore networks and corresponds to the model of
parallel diffusion resistances. Dividing Eq.(2) by the observation time and comparison with Eq.(1)

finally yields

£ e
Dcfl' =<l F) + n;m Dmcsc = pmiumDmicw + pmesoDmcsn (3)

micro
!

where the quantities ficomeso) Dricrofmesa) @Nd  Pmicroimesoy deNote, respectively, the total life time
(during 1), the self-diffusivity and the relative amount of molecules in the micro- (meso-) mesopores.
The second equation results in consequence of the detailed-balance requirement Pmico/tmico =
Presof fmeso-

With Eq. (3), the general tendency in the variation of the diffusivities with varying loading, as

revealed by Figure 5, may be easily rationalized. For loadings sufficiently below total filling of the
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microporous space (i.e. up to @ = 0.5), the pressure and, hence, the relative amount ppes, Of
molecules in the mesopores is so small that the second term in Eq. (3) may be neglected. Mass
transfer in the pore system is essentially controlled, therefore, by micropore diffusion. The increase
with increasing loading observed in this loading range corresponds to the well-known pattern Il of
the concentration dependence of pore space diffusion as discussed by Kéarger and Ruthven® and
may be referred to the (transport-impeding) influence of strong adsorption sites which decreases
with increasing loading.

In Figure 5, this range of micropore-controlled diffusion is followed by a region (0.5 < @ < 0.6)
of steep increase of the diffusivity with increasing loading: loading enhancement by 20 % increases
the diffusivity by a factor of 5. This enhancement may immediately be attributed to the onset and a
dramatic increase of the contribution of mesopore diffusion to mass transfer, i.e. to the second term
on the right-hand side of Eq. (3). We have to note that the relative amount of molecules in the
mesopores is still much smaller than in the micropores (Pmeso << Prmicro)- This, however, is now
becoming to be overcompensated by the fact that molecular propagation in the (still empty)
mesopores is much larger than in the micropores and that, therefore, Dmeso™>>Dmicro.

The steep increase in the diffusivity for 0.5 < © < 0.6 is followed by a moderate decrease in
the diffusivities, which attain their minimum for © = 1. This behavior appears even more pronounced
in the presentations of Figure 3 and is immediately correlated with the onset of capillary
condensation. Again the behavior may be rationalized by Eq. (3): capillary condensation leads to a
break down in the mesopore diffusivity from Knudsen to bulk diffusion. As a conseqguence, the
decrease in Dyeso may effect that, irrespective of an increase of pyes, towards (for the given system)
Pmesc = Pmico = 0.5, the second term on the right hand side of Eq.(3) decreases with further
increasing loading.

As already discussed, Figure 3 shows that cyclohexane diffusivity plotted versus external
pressure does remarkably depend on the sample preparation history. It should be noted that Figure

5 rather indicates that the measured diffusivities on the desorption and adsorption branches, as well
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as on closed samples in this particular system do not significantly differ from each other (within the
experimental precision), for a given loading. Therefore, provided that the system has been given
enough time to equilibrate, on the basis of the results obtained, one may anticipate that sample
preparation history should not affect the diffusivity of the guest molecule. This, however, is a matter
of ongoing discussions in the literature with a particular emphasis that, in random mesoporous
structures no thermal equilibration can be obtained on the laboratory time scale®,

The scenario of molecular dynamics as deduced from the experimental data may be
supported by an order-of-magnitude estimates which can be shown to cover the two limiting cases
in which the guest molecules are assumed to accommodate the mesopores exclusively in either the
gaseous or liquid state. Disregarding any mass transfer along the inner surface of the mesopores,
in the first case the relative amount of molecules in the mesopores may be noted as a function of
the volumes Vineso and Ve Of the meso- and micropores and the pressure P in the mesopores by
the relation®'

MP

= Vrnus'o << 4
Pisa Vicro t Vineso RTPyq )

with R denoting the gas constant, T the absolute temperature, M the molecular weight and Piq the
density of liquid cyclohexane. Mesopore diffusion may be approached by the classical Knudsen
relation

D 4 |8RT (5)

meso = Hknudsen £ T = 3\ v

where, in addition, a tortuosity factor v has been introduced to take account of an additional
enhancement of the diffusion path lengths due to pore tortuosity®.
Figure 3.a shows the effective diffusivities resulting from Eq.(3), in combination with Egs. (4)

and (5), by the dashed straight line. The starting point in the low-pressure region is chosen to
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coincide with the effective diffusivity which may be attributed to micropore diffusion at micropore
saturation. By assuming that the mesopores are exclusively filled by gas phase, pmeso remains much
less than Pmicro (i-€., Pmeso<< Pmicro = 1, With the latter relation following due to Pmico + Pmess = 1). With
Egs. (3) to (5), Dethus results as a function linearly increasing with the pressure. Its slope is given
by the ratio d/r. With a pore diameter of d = 20 nm (see Figure 2), the effective diffusivity is found to
reach the experimental value at saturation pressure by assuming a tortuosity factor of r =1.3. Since
our estimates had to neglect possible contributions of surface diffusion to mass transfer in the
mesopores, including correlation effects which may affect the applicability of Eq. (5)%%, the
resulting tortuosity factor is only an estimate of the lower limit and thus in satisfactory agreement
with the values (about 2 to 4) commonly found ir. the literature®.

With the onset of capillary condensation, after a waiting time of 20 h (Figure 3.b), the effective
diffusivity decreases to a value of Doy = 3.6x107"° m?s™. In the limiting case of micro- and mesopore

saturation, Eq. (3) becomes

Dpe——smp po—u= (6)

micro mEso

where, for simplicity, the guest densities in the two pore spaces are assumed to coincide.
With the relevant values of Do = 7.9x10™" m?s™, Viniero = 0.64 cm®g™" and Vineso = 0.59 cm’g”, Eq.
(6) is found to yield the experimentally determined value of Dy = 3.6x10"° m?s™ by implying a value
of Dyeso = 6.6x107° m?s™ for the liquid diffusivity in the mesopores. This value is by a factor of 2
below the diffusivity in the bulk liquid (Deycohexane = 1.4x10°% m?s™)*? which, again, may be easily
referred to the effect of tortuosity. The order of magnitude of the measured diffusivities is thus found
to be nicely reflected by our simplifying model based on Eq.(3) and by considering the two extreme

cases that mass transfer in the mesopores is controlled by either Knudsen diffusion (mesopores
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exclusively containing gas phase) or by bulk diffusion (mesopores exclusively containing liquid
phase).

As the most remarkable feature of Figure 3.a, the measured diffusivities are found to deviate
in a well-defined way from the straight line which, via Egs. (3) to (5), represents the diffusivities
predicted by assuming that the gas pressure within the mesopores coincides with the pressure
externally applied. The experimental results deviate to smaller values on the adsorption branch, i.e.
in a sequence of steps with increasing pressure, while they are above this line on the desorption
branch. Such history dependence in the measured diffusivities (“diffusion hysteresis”) has, for the
first time, been observed in purely mesoporous systems?.

With the present study, this phenomenon is now as well demonstrated to occur in hierarchical
pore networks. In contrast to the purely mesoporous materials, in the hierarchical materials under
study the mesoporous space is imbedded in a microporous matrix. The micropores provide the
system with additional diffusion pathways, the efficiency of which may be quantified by the
micropore diffusivities also measured in this study (diffusivities in Figure 5 for @ < 0.5). The
additional diffusion pathways provided by the micropores may be expected to promote equilibration.
It turns out, however, that this effect is not strong enough and does not prevent the formation of
hysteresis effects. This finding confirms the conclusion of the previous studies with purely
mesoporous materials®: system equilibration during hysteresis is not correlated with the guest
diffusivities. It is the rate of collective rearrangement of molecular ensembles rather than of
individual molecules which promotes the systems into states of lower free energy. It is well
established that the propagation rate of the latter process is dramatically decreasing with increasing

2230-32 axcluding equilibrium establishment over feasible observation times.

time
Deviating from the observations with the pure mesoporous material (Vycor porous glass, see
Figure 1b of ref. (22)), the diffusivities on the desorption branch are now (Figure 3a) found to be

notably larger (rather than smaller) than those on the adsorption branch. This difference, however,

may be nicely referred to a quite general pattern of diffusion hysteresis which may be deduced from
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I” and the present investigations with

both the previous studies with the purely mesoporous materia
hierarchical pore spaces: since, upon pressure variation, the system tends to remain in the old state
the diffusivities likewise tend to be shifted towards the previously measured values. The relation
between the diffusivities on the adsorption and desorption branches may therefore easily be
correlated with the overall trends in the concentration dependence. In Vycor porous glass®, the
diffusivity at saturation is found to be notably smaller than over most of the covered pressure range
while, just vice versa, in the material considered in this study, the diffusivity at complete saturation
is notably larger than over most of the pressure range considered.

The deviation of the experimental data from the theoretical estimate (broken line in Figure 3a)
towards larger values on the desorption branch and towards smaller values on the adsorption
branch is in complete agreement with the understanding that, upon pressure decrease, the actual
pressure within the mesopores is above the external pressure, while it is below the external
pressure upon pressure increase: system “memory” tends to maintain the previous state. The time
interval between pressure variation and measurement (in general 10 min) has thus turned out to be
too small to ensure complete equilibration.

Figures 3b and 3d and Figure 4 display the experimental data which have been obtained in
selected series of measurement with observation times extended to 20 hours. As a most intriguing
difference in system evolution, pressure steps are found to lead to a pronounced short-term
response during desorption (Figures 4.b and 4.c) while, during adsorption (Figures 3.b and 3.d,
Figure 4.a), loading and diffusivities vary extremely slowly with increasing observation time. A
reliable explanation of this difference requires long-term measurements with correspondingly long
observation times which are under consideration for future studies. Possible explanations may
include variations in the host structure upon sorption® and/or kinetic restrictions in the micropore

space as suggested in ref. (33).
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For the time constant (“first statistical moment™*) of the decay following the desorption step at
PIP, = 0.67 in Figures 4.b and 4.c one obtains a value of 7w = 100 s. For diffusion-limited

desorption by spherical particles of radius R, this time constant is given by the relation®

5

i =2
15D

des

(7)

with Dyes denoting the diffusivity relevant for the desorption process considered. With a mean radius
of 0.16 mm as relevant for our host particles and the above value of 74 = 100 s, Eq. (7) yields a
diffusivity Dues = 1.7%10™" m?s™. It is interesting to note that this value is still — though slightly
smaller — of the order of the micropore diffusivities (Dycro = 7.9x10"" m?s™). The given differences
might, moreover, be referred to the different nature of the two diffusivities: the self-diffusivity
resulting by PFG NMR is an equilibrium quantity while Dg., results from the rate of desorption and
is, therefore, generally referred to as a transport (or Fickian) diffusivity?®*®. On the basis of the
experimeﬁtal data so far available, however, the indicated correlation with the short-time behavior in
the relaxation curves shown in Figure 4.b and 4.c cannot be anything more than a tentative
approach. Similarly, there is no sound basis to exclude that the observed fast relaxation is followed
by another, very slow one, with time constants far too large to be accessible in our measurements.

The possibility of diverging time constants is well established in the literature?23,

Conclusions

In the course of the last decades, diffusion measurements in apparently simple materials such

3738 and, eventually, led to the

as purely microporous solids revealed a multitude of diverging results
insight that the real structure of such materials may notably deviate from the patterns resulting from

conventional structure analysis and generally found in text books®*“C. It is worthwhile mentioning
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that, in general, these complications do not concern diffusion measurements by Quasi-Elastic
Neutron Scattering (QENS*') where the covered diffusion paths are of the order of nanometers.
Structural deviations such as stacking faults®® which may become rate controlling in PFG NMR
diffusion measurements (and even more pronounced in the more “macroscopic” techniques) would
thus affect an only negligibly fraction of the recorded trajectories and would not appear in the QENS
diffusion data. This virtue of QENS is impressively demonstrated by the excellent agreement
between QENS measurement of guest diffusion in zeolites and Molecular Dynamics simulations
which are based on the ideal pore structure®.

Mesoporous and in particular hierarchical host materials may additionally complicate the
conditions for reliable diffusion measurements. Since the range of diffusion measurement by QENS
is, at the best, limited to distances comparable with the mesopore diameters, this technique is
unable to provide direct information about the rate of long-rage diffusion within the individual host
particles.

Covering diffusion path lengths from fractions to hundreds of micrometers, PFG NMR is the
method of choice for the measurement of molecular transport in such systems. Following previous
studies with purely mesoporous materials®****, PFG NMR has now been employed to investigate
the mobility of guest molecules in a material with an interpenetrating network of micro- and
mesopores as a function of the sample history. Over essentially the whole pressure range covered
in the experiments, for one and the same externally applied pressure the molecular diffusivities
measured on the desorption branch, i.e. following a decrease in the external pressure, notably
exceeded the diffusivities on the adsorption branch. We were able to rationalize both the trends in
the concentration dependence and the relation between the diffusivities on the basis of simple
microkinetic models.

The waiting times of generally 10 minutes, as allowed by the conditions under which the
experiments had to be performed, not unexpectedly turned out to be much too short for

equilibration. Even with waiting times of up to 20 hours, allowed for in selected cases, there was no
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clear evidence of final equilibration. We have confined ourselves to weak conjectures about the
mechanisms behind the ongoing equilibration process, including the option of sorption-induced
structural changes in the host material, and hope that the presented experimental data help to

intensify investigations on a challenging field of current research.
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Additional results on MA2 activated carbon

The results presented in this section were accomplished after the submission and acceptance
of the publications concerning the MA2 activated carbon. They provide additional information
complementary to the published results and are, for this reason, presented and discussed in this

supplementary section.

Effect of temperature and loading on diffusion

This section deals with the influence of temperature and loading (©) on the diffusivity of both
cyclohexane and toluene in activated carbon MA2. The distribution of diffusion coefficients was

obtained by fitting the spin-echo attenuation to a log-normal distribution.

Fitting results

All spin echo-attenuation decays collected at different temperatures were fitted by combining
Eq. 3 and 4, as referred to presented in Publications 2 and 3. The noise floor and the experimental
uncertainty were considered for each decay curve independently. All considered loadings have an
uncertainty of around 5%. The collected data and the respective fitting are shown in Annex 1. The
spin-echo attenuation curves are nicely fitted by assuming of a log-normal distribution of the
diffusivities, till around 10% of its value. However for attenuations higher than (0% < %< 10%) this
was not always the case. This deviation from the log-normal distribution is likely to be associated
with a reflective nature of the activated carbon particle surfaces and a consequent reduced surface
permeability. In this case, molecules would encounter an additional restriction to diffusion, which

would be reflected by a slow component the spin-echo attenuation curve. Higher loadings and
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temperatures have been observed to increase the diffusivity in this system, causing molecules to
travel greater distances and correspondingly increasing the probability to encounter the particle
surface. This is in agreement with the experimental observations since, as shown in Annex 1, the
deviations from the fit with the log-normal model occur particularly in measurements where the

sample loading and the temperature were higher.

Variation of o with loading and temperature

The standard deviation (o) of the log-normal distribution did not significantly vary throughout
the probed temperatures and loadings with values mostly in the range of 0.5 and 0.7, as shown in
Figure 1 for both cyclohexane and toluene. Concerning the results obtained with cyclohexane, it
should however be noted, that there is a greater dispersity than in the values observed with toluene,
in particularly for low temperatures (-40°C, -20°C), where the value of & tends to increase with
increasing loadings. This tendency can be understood by considering that for loadings greater than
50% significant cyclohexane freezing is observed for temperatures lower than 0°C (see Figure 8, in
Publication 2). The fitting results yield a higher value of & at -20°C then the one obtained at -40°C,
but this remains a rather uncertain result, due to the low signal-to-noise ratio (large error bars, on
Figure 7, in Publication 2) on the spin-echo attenuation measured at -40°C. Within the experimental
uncertainty, the data on the fully loaded sample at these low temperatures are very similar, and a
similar value of sigma should also be expected. As previously discussed, the freezing in mesopores
led to an additional confinement in micropores, which render shorter relaxation times and worsens
the conditions of the measurement. This is not observed for toluene, since the probed temperatures

are well above the freezing temperature of toluene (see Annex 2).
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Variation of D, with loading and temperature

Figure 2 shows the influence of temperature and loading on the average diffusivity (D,,),
calculated by inserting the obtained parameters (D, o) in the relation D, = Due”]’2 . In the case of

cyclohexane, it can be observed that the diffusivity increases with temperature and loading,
reaching a maximum value between 50% and 75% loadings. Therefore, by considering the values
obtained on the sample with a loading of 58% it can be concluded that this increase, compared to a
loading of 20%, ranges from factors of 6 to 8, for measurements at -40°C and 50°C, respectively.
For loadings greater than 58%, the diffusivity at temperatures greater than 0°C tends to decrease,
with increasing loading. Below this value, no significant change with temperature on the average
diffusivity is observed. Thus, the decrease with increasing loading occurs with factors of 1.3 to 1.7,
at the corresponding temperatures of 25°C and 50°C. The results obtained with toluene show a
similar trend as cyclohexane, but no maximum value in the diffusivities from 50% to 75% is
observed. In this range, a large increase in the diffusivities of approximately a factor of 4 is
observed at all probed temperatures, followed by a slight increase, from 75% to 100%. Over the
whole loading range, the minimal and maximum toluene diffusivities differ by factors of 8 and 6,

respectively, at the lowest (-50°C) and highest (50°C) temperatures probed.
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Arrhenius Relation

If the activation enthalpy for the diffusion (ApH) is independent of the temperature, then its value

may be estimated with the Arrhenius Relation (Equation 1):

A H
D =D" exp| -—2— 1
XP[ For J (1)

where D° denotes the pre-exponential factor, ApH the activation enthalpy of diffusion, R the gas
constant and T is the absolute temperature. Figures 3 and 4 show the best fit for cyclohexane and
toluene using Equation 1, respectively. In these figures, the diffusivity D is plotted in a
semi-logarithmic scale against the 1/T, implying that a greater slope corresponds to a higher

activation enthalpy (ApH).
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Figure 3 — Arrhenius plot for different cyclohexane loadings. The dashed line represents
a rough estimate of the freezing point of liquid cyclohexane (at 6.6°C). The best fit for

each data is shown represented by the full lines.
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Two temperature intervals were considered, corresponding to the temperature ranges above
and below the freezing temperature of liquid cyclohexane (Figure 3). Toluene phase change is not
expected at the probed temperatures and, accordingly, data shows an Arrhenius-like behavior over
the whole measured temperature range (see Figure 4). The results for both cyclohexane and
toluene are summarized in Figure 5, where the obtained activation enthalpies are related to the

corresponding sample loadings.
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Figure 5 — Activation enthalpies of diffusion (4pH) for cyclohexane (for temperatures

above and below 6.6°C) and toluene.

The activation enthalpies estimated for toluene remain essentially constant with increasing
loadings while cyclohexane reveals a rather different tendency: for both temperature domains
considered, a maximum in the activation energy is observed around 50% loading, more pronounced
in the case of the measurements taken at T7>6.6°C. At around 50% loading, mesopores are

essentially filled with gaseous cyclohexane, and the measured diffusivities are given by the relation:

D, = PrD s + Priera D vicr (2)

Therefore, the temperature dependency of measured Dy, will be influenced by both processes, but
in particular by gas diffusion, since micropore diffusion is known to be much slower than gas
diffusivity, in the present system (as discussed Publication 4). Additionally, it is known from the

literature [1] that the pressure dependency on temperature is given by:

e _AHL 1 (3)
Pyas = Poar ©XP R \T T,
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where p.,; denotes the saturated vapor pressure, AyH the vaporization enthalpy and Ty the boiling
point. The maximum, observed at loadings of 39% and 50% (see Figure 5) corresponds to
ApH =30.5kJ mol”, which is in good agreement with the literature value of the vaporization
enthalpy of cyclohexane (AyH = 33 kJ mol™). Also, Equation 3 shows that In(pgss) increases linearly
with the temperature (T), thus revealing that the influence of gas-phase transport should be higher
at higher temperatures, implying a more pronounced dominance of the factor pgs in Equation 2.
This corresponds to the results in Figure 5, where higher activation energies are observed in the
data measured at higher temperatures (7>6.6°C).

With increasing loadings, the growing liquid phase will cause gas diffusivity to decrease its
overall weight in the measured activation energies, and Figure 5 shows that the data sets collected
at T<6.6°C and T>6.6°C tend to the same value of ApH, with increasing loading.

A slight decrease with sample loading is also observed in the toluene data, but in this case
saturated vapor pressure is smaller by a factor 4 than that of cyclohexane, resulting in a much
smaller effect. It should additionally be noted that at full sample saturation the values obtained for
cyclohexane remain close to the result obtained for toluene, which reflects the similarity in the
activation energy values for the pure liquids (see Table A, in Annexe 2).

In light of these resuits, it is interesting to notice, that the ratio between minimum and
maximum values of D, diffusivities is between 6 and 8 for cyclohexane, while for toluene only a
factor of 4 is observed. This agrees, once again, with the validity of Eq. 2 in this system, reflecting
the role of gas phase transport. A more accurate modeling of these results would in principle be
possible, if the pressure inside de sample would be known. However, all measurements on this
section were performed on sealed samples, and therefore a merely qualitative analysis based on

the influence of the gas phase on mass transport (Equations 2 and 3) is discussed.
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Summary

The contribution of mass transport occurring in gaseous phase is demonstrated in these
experiments by comparing the dependency of cyclohexane and toluene diffusivity, with loading and
temperature. A maximum value in the diffusivities and activation energies of cyclohexane was

observed, at intermediate loadings, while this effect was not significant in the case of toluene.

Modeling the Measured Diffusivities on the Desorption Branch

In the experiments presented on this section, both cyclohexane loading (©) and the diffusivity
(Derr) were measured at different values of applied cyclohexane pressure (P/P,). In a tentative
approach, Equations 4 and 5 in Publication 4 considered the influence of external pressure on the
diffusivity, showing that a linear dependency is expected, in absence of further molecular uptake, as
observed in the adsorption branch (see Figure 3, a) and c), in Publication 4). However, in the
referred Publication, we did not set out to model the diffusivities on the desorption branch. In this
case, the sample loading changes significantly within the same time scale (10 minutes waiting time,
between pressure changes) and a more elaborate model should be used, in which the transition
between full saturation and onset of Knudsen diffusivity due to cyclohexane evaporation are taken
into account.

The diffusivities on the desorption branch will be dominated by the effects of /) the decreasing
liquid phase and ii) the decreasing external applied pressure on the gas diffusivity. A favorable
combination of these effects qualitatively explains the appearance of a maximum in the measured
diffusivities, observed at P/P,=0.74. To account for these effects, it needs to be considered that the
effective; pore size for molecules in the Knudsen regime will increase until the mesopore space is
depleted from liquid (© < 0.48; Oneso= 0), after which, the effective pore diameter will equal the

actual pore diameter (i.e., the diameter d, in Equation 5, Publication 4). Following the same
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approach as in references [2,3], Dneso Can be adapted to accommodate the influence for both liquid

and gas phases in the mesopore space, thus being defined by

Dy = Pgu.\'D_QEJ 3 Pn‘.;Dn.,- (4)
where

p 1O, MP .

“ emmu RT/J liq ( )

and

ng‘ = DKuudsun /T

_d\{1-8,,, [8RT (6)

37 M

with the parameter 4,/1-0,,. representing the effective diameter of a cylindrical pore. The density

of the liquid phase in micro- and mesopores is assumed to be the same and therefore G.s, can be

estimated from the FID by considering that GnesocFIDmeso (S€€ Figure 3.c), in Publication 4).
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Figure 6 — Contribution of the gas phase (pgs) as a function of mesopore loading, as

calculated by Equation 5.

Furthermore, Equations 4 and 5 can be combined using the equality pi=1-pgas, giving
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Dy = Dy + B el =D
e lig ) RTan ( (e u,) (7)

mose

The distribution of the pore diameters as provided by the inset on the lower right side of
Figure 2 (BHJ plot) should also be taken into account since, as shown by Equation 6, Dy.s o d. For
this purpose the probability of a given pore size in the sample can be estimated by fitting the BHJ

result with a log-normal function of the form

_(nd=Ind, )

1
*”(‘”‘dame"'{ T} ®)

where d,, is the median of the pore diameters and othe multiplicative standard deviation. The figure

below shows the results of the best obtained fit with Equation 8: d,,, = (24.3+0.9) nm, o= 0.44+0.03.
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Figure 7 — Pore size distribution obtained by BJH and fit using Equation 8 (gray, dashed
line).
Thus, Equation 6 may be replaced by:
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with i ranging from the pore sizes obtained by the BJH distribution (from 4.5 till 200 nm). From

Equation 9 is possible to plot the Dy, as a function of the mesopore loading:
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Figure 8 — Diffusivities in the gas phase, as a function of mesopore loading, as calculated

from Equation 9.

Combining Equations 7 and 9 gives the diffusivity in the mesopores:

1-8,., MP diy1-0,., [8RT
Dmu.m = D.’iq e Zp(d,)i — _D.'-‘q (10)
@muw R Tphq i 3 r_q;u M

Considering the micro- and mesopore contributions (Equation 6, Publication 4) and a tortuosity

factor of r;s=1.5, yielded the simulation of the diffusivities measured in the desorption branch

(Figure 9).
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Figure 9 — Comparison between effective diffusivities: experimentally determined (black
squares) and calculated from Equation 4 to 6 (Reference [2]) and considering Dy as defined

by Equation 10 (gray dots, dashed line).

Summary

By using literature models applied to purely mesoporous materials and considering the
respective proportions of micro- and mesoporosity in activated carbon MA2, allowed a successful fit
of the experimental diffusivity data in the desorption branch, presented on Publication 4. Moreover,
this result yielded a value of tortuosity experienced by molecules on the gas phase (rg.s=1.5) which

is in good agreement with the value obtained for the fully saturated system (7=1.3).
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Abstract

The transport diffusivity of the paramagnetic molecule 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) was measured by monitoring its influence on the NMR transverse relaxation time (7,) on
surrounding water protons - also known as Paramagnetic Relaxation Enhancement (PRE). Due to
the nature of the PRE effect, few paramagnetic molecules are able to simultaneously reduce the T,
of many NMR active nuclei, which represents a significant gain in sensitivity. In an aqueous
solution, the minimal detectable TEMPO concentration was around 70 ppm. The value of the
diffusivity was estimated by fitting the relaxation data, collected as a function of time, with the
appropriate solutions of the second Fick’s law in respect to the corresponding sample geometry and
dimensions. Considering the experimentally determined TEMPO relaxivity in water (“TEMPO-water
relaxivity”; Rremeo = (1.05 £0.12) x 10° ppm™ ™), the obtained diffusion coefficients (D) of TEMPO
in homogeneous solution and in a water saturated sand column (Dyyx = (6.7 £ 0.4) x 10" m?s™ and
Dpore = (1.4 £ 0.5) x 107°m® ™', respectively) are in good agreement with the expected values
(Literature values.: Dy = 6.6 x 10"°m?s™ and (1.3 < Dpore < 2.3) x 10" m?s™). This new approach

enables one to determine the diffusivity of paramagnetic molecules in aqueous solution and in
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heterogeneous porous media with basic NMR equipment, at low concentrations and in a non-

invasive manner.

Keywords: NMR-Relaxometry, Paramagnetic Relaxation Enhancement (PRE), TEMPO, T

Relaxation, Relaxivity, Diffusivity, Porous Media

Introduction

Mass transfer processes in porous media are of fundamental importance in describing and
understanding phenomena such as pollutant bioavailability and biodegradation in soils. Likewise,
they are decisive for an efficient removal of organic compounds in the context of soil remediation.
Molecular diffusion (thermal Brownian movement and transport diffusion), plays a major role in
these processes, but is a challenging quantity to access experimentally. In this context, nuclear
magnetic resonance (NMR) spectroscopy and in particular pulsed field gradient (PFG) NMR
spectroscopy are appropriate, non-invasive and nuclei selective methods which allow the
assessment of the diffusivity of a particular substance in a heterogeneous sample (7-5). PFG NMR
has been extensively used for investigating the self-diffusivity in a variety of systems such as
polymers (6,7), zeolites (8-70) and soils (71,72). Despite the value of the information provided,
there are a number of experimental difficulties in using this approach. PFG NMR has been
improved to overcome difficulties in measuring slowly diffusing species (73) and the implications
arising from internal magnetic field gradients (5,74-16). However, this is achieved at the cost of

signal intensity loss due to enhanced relaxation time weighting. Indeed, short transverse relaxation
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times (T2) of the molecules of interest may completely hinder PFG NMR experiments. Short T, may
result from strong adsorption or entrapment of the target compounds in the matrix (77,78) and the
presence of paramagnetic species in the sample (79). Magic angle spinning (MAS) PFG NMR
(20,21) has been applied for reducing the dipolar interaction between the matrix and the probe
molecule thus opening the option to study samples which were difficult to measure using the
conventional PFG NMR.

For studying environmental samples and transport processes especially in the context of soil
pollution and remediation, the typical concentration range (often only some mg kg™) of hazardous
compounds is an additional challenge when applying NMR spectroscopy. The corresponding spin
densities are far below the values occurring in the NMR applications described before. However,
both longitudinal (T;) and transverse (T>) relaxation times are strongly influenced by the presence of
paramagnetic molecules, even in such low concentrations. This effect is known as Paramagnetic
Relaxation Enhancement (PRE) (22,23) and has been used in different studies by deliberately
introducing (24-26) or generating (27) paramagnetic species in the sample and exploiting their
influence on the relaxation of the NMR-active nuclei. Contrary to conventional PFG NMR, PRE
does not require a complex and expensive apparatus for data acquisition.

As an alternative to PFG NMR experiments, a new methodology based on established NMR
methods is proposed in the present study which enables monitoring the transport of organic
compounds in homogenous and heterogeneous media. It is applicable for low concentrations which
untii now were hardly accessible to NMR methods and for systems leading to relatively short
relaxation times thus excluding conventional PFG NMR methods. Collecting T, relaxation data as a
function of time and making use of PRE in combination with a suitable model for data analysis, the
migration of probe molecules can be detected.

Exemplarily, the procedure is demonstrated for diffusion of TEMPO in agqueous solution.
TEMPO and related compounds have been widely studied and used (28,29) in PRE studies due to

their relatively high stability at room temperature (30) and their chemical versatility. In principle, a

115



range of physical properties of the tracer compound can be covered by appropriate derivatives of
TEMPO, such that the behavior of environmentally relevant pollutants is represented. The NMR
samples are prepared with a concentration gradient of the paramagnetic species. Afterwards
equilibration is followed by monitoring the relaxation properties of the system, namely the relaxation
of the water molecules being influenced by TEMPO in their vicinity. By considering adequate
models of molecular transport the diffusivity of small amounts of TEMPO becomes experimentally

accessible.

Experimental Section

Influence of porosity on relaxation

Due to the fast molecular motion in the liquid state (37,32), pure isotropic liquids usually show
only one characteristic transverse relaxation time 7, which we will denote as T3iq. However, liquids
confined in porous media have relaxation times shorter than its corresponding bulk phase, mainly
due to the influence of the surface relaxation in the pore system (33-35). The measured T, is given

by:

where p is the surface relaxivity (m s) and S/V is the surface-to-volume ratio (m™)
characteristic for the pore system filled with the liquid.

Different pore sizes and geometries will have different S/V ratios and therefore, assuming the
same surface relaxivity, lead to different relaxation times. Consequently, a pore size distribution will

be accompanied by a relaxation time distribution (36,37). Considering that T, relaxation is an
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exponential process with respect to the time (see Supporting Information, Sl-1) it follows that for a
given pore size distribution the decay of the initial magnetization (M;) will have a multi-exponential

character:

M(t) ot
'3 _Zp,cxp[ T} (2)

2.i

where p; denotes the fraction of spins which interacts with a given pore / having a characteristic
surface-to-volume ratio. Equation 2 is equivalent to a discrete approximation of a Laplace integral,
and the relaxation time distribution can, therefore, be obtained by inverse Laplace transformation

(ILT) of the relaxation data (38).

NMR relaxation paramagnetic enhancement

As known from the literature (23,39-42), the presence of paramagnetic species strongly
reduces both relaxation time constants T; and T, through dipole-dipole interactions. This is because
the magnetic moment of an electron spin is almost three orders of magnitude larger than that of a
nuclear spin. Hence, in isotropic liquids, the concentration of the paramagnetic species (e.g.

TEMPO molecules) is related to 7, of the surrounding molecules described by a constant R

referred to as relaxivity in literature (23), as shown by Equation 3:

+ Crempo-Reeuro (3)

« 2

where Ts. o) is the transverse relaxation time at a given concentration (at zero concentration).

Therefore, it is possible to indirectly estimate the concentration of a given paramagnetic species by
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measuring T, of the surrounding nuclei provided that the relaxivity is known and all other
parameters are kept constant. The relaxation data can then be described by replacing T, in

Equation 1 by T, in Equation 3 leading to:

= +—+ Creppo - Reguro (4)

Experimental Setup and Data Acquisition

Materials. TEMPO from Sigma-Aldrich was used as a paramagnetic probe molecule.
Deionized water was ultrafiltered through a 0.22 ym Millipore membrane prior to use. Quartz sand
(Fluka, mesh 40/150; BET surface area below 0.1 m? g as determined by N, adsorption using a
Belsorp-mini device from BEL, Japan) was used after washing with deionized water. The porosity ¢
was estimated by the ratio of the water volume needed to saturate the interparticle volume of the

sand and its total volume. A value of about 0.45 was obtained.

Samples for determining the TEMPO-water relaxivity, experiment a): A saturated stock
solution (43) was prepared by dissolving 9.7 mg of TEMPO in 1 mL of deionized water in a 2 mL
vial. 0.2 mL of this solution were transferred to an NMR sample tube for relaxation measurements.
Dilutions of the stock solution were prepared with concentrations ranging from saturation till 0.02
ppm by diluting each individual sample, adding 0.5 mL of water to 0.5 mL of the previously prepared

solution.

Sample for determining diffusion in homogenous media, experiment b): 0.1 mg of TEMPO

was placed carefully on the bottom of a 1 mm inner diameter quariz tube avoiding contact with the

118



tube walls, then covered with 12 pL of water and subsequently sealed. A sample tube of such
reduced inner diameter was chosen to prevent the onset of convection, which would interfere with
the outcome of the experiments (see references 44, 45 and explanation in Supporting Information,
SI-2). A scheme of the prepared sample is shown in the Supporting Information, Figure SI-1. A
sample without TEMPO (B1) was prepared by analogously filling 12 uL of deionized water into an

identical quartz tube.

Sample for determining diffusion in heterogeneous media, experiment c). Sand was filled in
an NMR tube with an inner diameter of 5.6 mm up to a filling height of 1 cm corresponding to a
sand mass of 507.5 mg. Water was then added and the sample was subsequently centrifuged
(2000 RPM) for 3 min, ensuring complete water saturation of the pore space. After removing the
free water phase above the sand bed, 20 L of the TEMPO-saturated stock solution was carefully
added on the top of the sand layer (see Figure SI-2 in Supporting Information). Subsequently, the
sample was sealed and placed in the NMR spectrometer. A sample without TEMPO (B2) was

prepared in an analogous way, namely by adding 20 uL pure water instead of a TEMPO solution.

NMR data acquisition. All measurements were performed at 298 K on the home-built
400 MHz proton frequency FT spectrometer FEGRIS (73). PRE can be observed in both T; and T
relaxation processes, as described in the Supporting Information (SI-1). However, the commonly
used inversion-recovery pulse sequence for studying T, relaxation relies on multiple excitations
(and corresponding waiting times between pulses) for data acquisition, which would necessarily
correspond to long time intervals compared to the multi-echo CPMG pulse sequence (46) (one
excitation), used for T, relaxation. For this reason, the latter relaxation mechanism (7-) was in the
focus of this study.

The data in experiment a) were collected using an echo spacing (z) varying from 0.15 ms to

1.2 ms in order to achieve comparable attenuation of the magnetization for each sample. The data
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of both time-dependent experiments, b) and c), were measured with 7 = 0.24 ms. In these

experiments, data were collected every 12 min after sealing the samples.

Analysis of the relaxation data

Time-independent relaxation data. The data collected from Experiment a) for homogeneous
solutions were fitted to a mono-exponential function. The samples B1 and B2 without TEMPO in
experiments b) and c) respectively, were analyzed by a bi-exponential function and by performing

ILT using the commercially available software Prospa® v.2.1 from Magritek Limited.

Time-dependent relaxation data. During experiments b) and c), a series of CPMG
measurements was taken at different times. The TEMPO concentration at a given distance from the
source will be a function of diffusion time and of TEMPO diffusivity. The acquired relaxation data of
the water molecules reflect the TEMPO concentration along the sample height. Therefore, for a
known TEMPO relaxivity, it is possible to model these concentration profiles as function of the
diffusion coefficient. In order to be able to use known solutions of the diffusion equation for this
process it is assumed that during the experimental time (i) the relaxivity of TEMPO does not change
and (i) TEMPO molecular displacement does not cover the full length of the sample for both
systems under study.

Furthermore, concerning experiment b) and regarding the TEMPO crystal at the bottom of the
NMR sample tube to act as a constant and infinite TEMPO source, Equation 5 represents the

solution of Fick's law (47), for the corresponding initial conditions:
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r
e = c_\_erfc(sz (5)

¢s denotes the concentration at the source, c; is the concentration at a distance r from the source, t
is the time of diffusion and D is the TEMPO diffusion coefficient. The relaxation data can, therefore,
be described by a sum of exponential decays with varying relaxation times depending on the local
TEMPO concentration. The summation has to take into account the contributions of the differently
relaxing water species present in the full length of the sample. The relaxation rate for a given
TEMPO concentration at the source ¢, at a given distance to the source r, is obtained replacing
Crempo iN Equation 3, with ¢, in Equation 5, giving:

1

1 r
a = ?{U +c,erfc 2—\/5 Reevro (8)

Integration over the whole length (r) of the sample yields for the magnetization decay due to

T, relaxation:
M (tcpric) F 1 r
*A;:W_ = J: exp{— e [K + cserfc[ﬁ}femwo Hdr (7)

In this study, Equation 7 was the starting equation used to fit the measured relaxation data,
having D as a fitted parameter.
For the experiment c), where a droplet of saturated TEMPO solution was added on top of a

water-saturated sand sample, the solution of Fick's law is (47)

e(h,r) = %[erj'( Zh jb_:] n erf[;ijﬁrtﬂ ()
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where, in addition to the already defined parameters, f is the thickness of the TEMPO-saturated
water layer (see Figure Sl-2 in Supporting Information). It is important to note that Equation 8 takes
into account the decrease in concentration at the source because the limited amount of TEMPO
initially present in the range of length h is distributed over the sample. In contrast, in experiment b)
the mass of the TEMPO crystal is rather irrelevant, as long as it is not dissolved completely, which
is the case during the considered experimental time.

Similarly to the Equation 6, the relaxation rate in the sand sample for a given initial TEMPO
concentration ¢, at a given distance r to the source, is obtained by replacing crempo in Equation 3,

with Equation 8

1 1 ¢ h+r h—r

—=——+—"|erf| —= |terf| —= || R 9
L. T, 2[ [szj [ND:H e ©

where / indicates the corresponding phase, contained in the region 0 to h (homogeneous bulk
phase, i = bulk) or in the region h to r (heterogeneous sand phase, i = sand). As already mentioned,
the values of 77 ~are different, and need to be determined experimentally (see Results and
Discussion section).

Combining this result with the general relaxation equation (see Supporting Information SI-1)

and integrating over the respective lengths r and h lead to:
Mt oppie h t t
Mere) _ [ exp| - Lene 1 [ oxp) ~ ez |y, (10)

2.c 2.¢

Replacing 7;* and 7,2 from Equation 9 gives the result:
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which is the general equation used to fit the experimental data from experiment c).

Results and Discussion

Influence of the TEMPO concentration on relaxation of bulk water, experiment a)

These data sets invariably reveal a mono-exponential behavior (see Supporting Information,

Figure SI-3). This leads to the conclusion that on the time scale of these measurements and

independently of the concentration, the TEMPO molecules are homogeneously distributed in the

sample, leading to a uniform T, reduction of all water molecules. In Figure 1, the transverse

relaxation time T, obtained by a mono-exponential fit is plotted as a function of TEMPO

concentration. It can be seen that the minimal detectable concentration is approximately 70 ppm,

corresponding to an average distance between TEMPO molecules of about 15 nm.
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Figure 1 — Transverse relaxation time (T;) of water in dependence on the TEMPO
concentration. The detection limit for the relaxation effect of TEMPO is indicated by the

gray dashed line.

CtEMPO (PPM)

Figure 2 — Transverse relaxation rate (1/T,) of water in dependence on the TEMPO

concentration.
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The inverse of the measured T, as a function of concentration (Figure 2) yields a linear
dependence in which the slope corresponds to the TEMPO relaxivity and the ordinate to the
relaxation rate (1/T;) of the bulk liquid, as described by Equation 3. The obtained values are

Rrempo = (1.06 £0.12) x 10°ppm™ 5™ and Top0= (2.1 £ 0.01) s.

Determination of TEMPO bulk diffusivity, experiment b)

First, the accurate value of 7,  in this system was determined by measuring the blank
sample (B1). The data deviate slightly from a mono-exponential decay, which reflects a significant
S/V ratio of the 1 mm tube (see Supporting Information SI-4). The calculated parameters from a

bi-exponential fit are p, = 0838%10°, p, = 0162£10° T =(1.562+2x107)s,

T;CO =(0.219 + 10®) s. Therefore, the previously presented solution of the diffusion equation in this

system (Equation 5) has to be combined with a distribution of T; at cremeo = 0 (Equation 2) and
integrated over the whole sample length which gives

M(tepps) 1 r
# = _[ Z, 2 exp{— lepm [T'_ + coeifc[ﬁ}lfm,,m}}r (12)

2,¢y

with 7/ representing, in this case, the indexes a and b, from the bi-exponential fit. The semi-

logarithmic plots of the time dependent relaxation data (Experiment b) and the result of the fit using

Equation 12 using the T values from the blank sample are shown in Figure 3.
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Figure 3 — Measured CPMG data of experiment b) as a function of diffusion time (e )

and fitted data according to Eq. 12 (semi-transparent surface .~ ).

It is observed that for longer periods after starting the diffusion experiments the CPMG data
deviate from a mono-exponential (linear) character towards a multi-exponential (non-linear) one.
This fact is attributed to the continuous dissolution of the TEMPO crystal, which increases the
dissolved concentration close to the source (r = 0), and spreading over the whole cross section of
the tube. Using the length coordinate along the tube axis, the estimated parameters from the blank

sample (pa, Po, Tz“'%,Tz’fr"), the TEMPO concentration at saturation of the water phase and the

previously estimated value for TEMPO-water relaxivity allows to fit the experimental data by the
equations above, having the diffusion coefficient D as a fitted parameter. The result of the fit is
represented by the semi-transparent surface from which a value for the diffusion coefficient of
D=(6.7+04)x 10" m®s” is obtained. It is in good agreement with the value D=6.6 x 10" m?s™
obtained by Ciszkowska et al. (48).

Using the determined diffusion coefficient and the diffusion equations, the concentration
profiles being established throughout the sample in the course of the experiment can be calculated.
The concentrations as a function of distance from the source (as shown in Supporting Information,

Figure SI-6) reveal that the concentration at the largest distance from the source (at the end of the
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tube) is still negligible for the longest observation times of the experiment, i.e. after 7 h. This result

is a confirmation of assumption (ii) and thus validates the used model (Equation 5).
Determination of TEMPO diffusivity through a sand bed, experiment c)

Determination of the influence of the sand on water relaxation. The accurate distribution of
T{_q, values was again determined by measuring the corresponding sample without TEMPO (B2).

Figure 4 shows the T, distribution obtained from fitting the CPMG data (see Supporting Information

SI-5) by ILT.

T (
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0.01 0.1 ]
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Figure 4 — Transverse relaxation time (T;) distribution of water in a sand bed (sample

B2) obtained by ILT of the relaxation data.

In Figure 4, the peak centered at T; = 1.8 s can be attributed to the bulk water layer (i = bulk)
over the sand column, whereas the broad peak at T, < 0.6 s corresponds to the water phase
between the sand grains (i = pore). Equation 10 was derived considering that the phases i have

only one discrete value of T, (pore or bulk). However, Figure 4 indicates that we have to take into
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account a relaxation time distribution for each given concentration of TEMPO instead. Thus, we

have to generalize Equation 10 and account for T, distributions (based on the discrete values

obtained from ILT leading to the sum terms):

(13)

CPMG

”JM("! r2p}exp|: C;’:.icjjl h+fzpkcxp[ porck:!d

where j and k represent the T, distribution in the bulk and in the pore water phase

respectively. Replacing 7;“*/ and T2+ from Equation 13 we obtain:

(CPMG) Cy h+r h-r
_FZPJ expl: Lerma {Tb,,,u, 7 +|: { f( 2\/—] f(Z\/E]ﬂ‘meo }}h+
(14)

M 0 2.6y

_[Zp* exp[ ersaa {TWL; {C" [ f ( ;FJ !{2;2«/%JHRWGJP

2,69

from which the diffusivity D can be extracted. The obtained value of the TEMPO diffusion coefficient

in the pore space is D = (1.4 £ 0.5) x 10" m? s™. The semi-logarithmic plots of the experimental

data and the fit are shown in Figure 5.

MMy

time (h)

CPMG time (s)

Figure 5 — Measured CPMG data of experiment ¢) ( e ) and fitted data according to

Eq. 14 (semi-transparent surface .~ ).
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From the diffusion coefficient and Equation 8, again the concentration profiles in the sample
can be estimated. As it can be seen in Figure 6, at time zero (grey dashed line) all TEMPO
molecules are contained at the top of the sand layer, in the region between 0 and h (integration
range /). At longer diffusion times, molecules migrate from the bulk phase into the pore space of the
sand bed, lowering the concentration in the bulk phase and increasing it in the pore water. The fact
that the concentration remains approximately 0 close to the maximum depth of the sand layer at all

experimental times confirms assumption (/) and thus validates the used model (Equation 8).
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Figure 6 — Calculated TEMPO concentrations from NMR measurements at different
distances from the source for diffusion times between 0.1 and 15 hours after sample

preparation.

The resulting value for the diffusion coefficient can be related to the porosity of the system (s)
(48) through the empirical Archie relation with the empirical constant m following the relation

D

TEMPO, pore
PO _ o (15)
DTEMP(),hu[k

This calculation yields m = 1.9, which is in the range of literature data for unconsolidated

sand, from 1.3 to 2.0, as reviewed by Grathwohl et al. (49, 50).
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Our study presents self-contained sets of data, which can be fitted and interpreted by the
introduced models. The low specific surface area of the quartz sand used justifies neglecting the
adsorption of TEMPO on the sand surface on data fitting and in the relaxivity determination. In other
cases, where the porous matrices under study have a high specific surface area or a higher affinity
for the used probe molecule, different models may need to be used, taking into account the
adsorption in the pores (49,50). Adsorption may not only cause an additional barrier for transport,
hence reducing the observed effective diffusion coefficient, and a deviation from the idealized
system where only one diffusion process occurs, but can as well have an effect on the relaxivity of
the water molecules (29,57). It is known that the immobilization of paramagnetic molecules on the
surface of the solid matrix may change the surface relaxivity of the matrix itself (52).

The presented methodology allows the estimation of the diffusion of a given probe molecule in
a heterogeneous porous medium. Relying on the strong effect of the diffusive species present in
low concentrations on the bulk phase spin relaxation, in this case that of water protons, and using a
relatively simple CPMG pulse sequence for relaxation measurement, opens a new opportunity to
study transport processes under environmentally relevant conditions. The proposed method is non-
invasive. Data analysis and fitting is achieved using the appropriate solutions for the diffusion
equations to estimate concentration profiles and the resulting influence on the relaxation rate of the
surrounding water molecules.

The method was demonstrated to be successfully applicable for TEMPO as paramagnetic
relaxation enhancer in two model systems (point source in a homogeneous water phase and sand
column with TEMPQO-containing phase at the boundary). This method can be applied to a variety of
paramagnetic compounds with varying properties such as polarity, size, chemical nature, sorption
affinity, water solubility etc. and being present in low concentrations. Thus, specific information on
transport of a variety of chemicals in complex matrices can be obtained, which is of great relevance

in the prognosis of the fate of chemical compounds in the environment.
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Supporting Information

SI-1: NMR relaxation

Generally speaking, relaxation is the return from an excited state to a thermodynamically
more favorable equilibrium state. In NMR, after spin ensembles are magnetized by radio-frequency
pulses, they can subsequently lose their magnetization by two distinct processes: by exchanging
energy with the lattice (an enthalpy-related process) and by losing the phase they attained from the
received pulse (a rather entropic process). Both these processes are of exponential nature with
respect to the time following the excitation (see Equations 1 and 2). They are referred to as
longitudinal or spin-lattice relaxation, characterized by a T; time constant and transverse or spin-

spin relaxation, characterized by a T, time constant;

Aﬁ;:) = l——2exp[gj (1)
s @

The existence of a spin phase is dependent on whether the system is in an excited state thus
implying that T, will always be equal or shorter than T;. In liquids, the experimental values for these
constants are frequently the same, because there are no internal magnetic gradients in the
homogenous sample. In porous media, this might not be the case. Due to the differences in

magnetic susceptibility between liquid and the solid material, internal gradients may be present in
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the sample. Consequently, if the echo time in the CPMG pulse sequence is not sufficiently short to
cancel out the influence of molecular diffusion between these two phases, additional spin de-
phasing may occur (7), making the measurable T, significantly shorter than T;. Such effect is
proportional to the external magnetic field (7). Since the diffusivity only affects spin coherence and
therefore T, it will deviate more from T, also at higher fields.

The presence of paramagnetic species strongly reduces both relaxation time constants T; and
T; through dipole-dipole interactions. The effectiveness of this mechanism depends on the
interaction between the nuclear and the electronic spins, py and y,, namely the angle y and the

distance d between them according to (2):

En’{p - 7& /uhul (3
iz d’

cos® ¥ — 1) (3)

In the present system, the interactions between electronic and the nuclear spins, (i.e. between
TEMPO and the water protons) depend on the random encounters of these in the sample space,
which is known to be a diffusion-controlled process (3). In this case, the transverse relaxation rate is

said to be dominated by the so called “Outer-Sphere” relaxivity mechanism (2, 3,4):

1 16 #N, [ K 2}’.'183#§S(S"‘1)x
= o 4J(0) + 13 (w.) + 3 (@ 4
T CTE‘"’”’”4051000(4;; d_(D, +D,) (0 +13/ (@) + 3/ (@)} “)

min

where the spectral density functions are given by

5z &
1 ?4-?
J(w) = T 3 4.4 2 2 (5)
l+z+—+—+—+—+
6 81 81 648
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with

z=(2mro)”2 (6)

In these results N, is the Avogadro Number, dn. is the so-called “distance of closest
approach”, Drewpo and Dy are the diffusion coefficients for TEMPO and water, respectively, g is
the permeability of the free space, y, is the proton gyromagnetic ratio, g is the electron g factor, yg
is the electron Bohr magneton, S is the electron spin quantum number, w, and ws are the angular
frequency of the proton and electron, respectively, and 1, is the diffusional correlation time, which is

defined as:

d_.
. = min (_{,)
D
DTEMP() + Dwuler

where Dreppo @and Dy stand for the TEMPO and water diffusivities, respectively. It should be
noted, that Equation 4 shows a direct dependency on the enhancement of the relaxation rate with

increasing concentration, also reflected in Equation 3, in the article text.

SI-2: Experimental Considerations

Sample preparation

The transport diffusion neutralizing an initially present concentration gradient in a liquid is
described by first Fick's law (5). However, in many such systems convection may also take place, if
the phases have different densities due to the differences in concentration or if temperature
gradients exist in the sample. For experimental estimation of diffusion, it becomes, therefore, crucial

to minimize the factors which influence the onset of convection. For a pure liquid in a cylindrical
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container in which its length is much larger then its radius, convection is predicted to occur when

the Rayleigh number Ra..., as given by Equation 8, exceeds a critical value Ra, (6,7)

Ra,, =52, yr (8)

tube fube
KV

The parameters «, v, and « are the coefficients of thermal expansion, kinematic viscosity, and
thermal diffusivity of the fluid, respectively and are characteristic properties of the liquid, implying
that the geometry of the sample (radius of the tube r,;.) and the temperature gradient VT have to

be adequately adjusted in order to minimize convection. Since Rape o« r

-, holds, reducing the
inner diameter of the tube is of great importance. For this reason, a quartz tube with 1 mm inner
diameter was used in experiment b) which involves the dissolution of a crystal into a liquid phase.
Additionally, the sample was placed inside a second 5.6 mm quartz tube, which acted not only as a

sample holder but also minimized the probability of temperature gradients due to the air stream

from the spectrometer applied for temperature stabilization during NMR experiments.
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SI-3: Additional Figures
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Figure SI-1— Scheme of the sample used in experiment b)
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Figure SI-2 — Scheme of the sample used in experiment c)
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Figure SI-3 — CPMG data: relative magnetization in dependency on the TEMPO concentration in

aqueous solution
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Figure SI-4 — Measured transverse relaxation decay (blue) and the bi-exponential fit (red) for

water in a sample without TEMPO (B1) from experiment b).
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Figure SI-5 - Experimental (blue) and simulated (red) CPMG decays. The simulated data were

calculated from the obtained T, distribution obtained by ILT as shown in Figure 4.
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Figure SI-6 — Calculated TEMPO concentration at different distances fo the source, at

experimental times between 3 min (corresponding changes also in the inset) and 7 hours.
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3. Conclusions

Throughout this work, different types of materials were investigated using NMR methods.
NMR diffusometry was used to measure the diffusivity of different guest molecules in activated
carbons of both lignocellulosic (MAC-LMA12) and polymeric (MA2) origin. These studies focused
on the investigation of the heterogeneity of the pore space as well as the influence of sample
loading history on the hysteresis phenomena in hierarchical porous carbons. The heterogeneity of
the porous matrix was also investigated in zeolite NaX. Hysteresis phenomena were investigated in
the MA2 activated carbon, where both strong kinetic restrictions in molecular uptake and gas-phase
mass transfer played a significant role in the measured diffusivities in this hierarchical pore system.
Furthermore, and bearing the study of environmental systems in mind, the phenomenon of PRE
was used to develop a new NMR-based approach to investigate molecular transport in

water-saturated porous media, without recurring to the use of PFG.

Sample morphology

The broad distribution of both toluene and cyclohexane diffusivities reflects the heterogeneity
of the pore space in hierarchical activated carbons MAC-LMA12 and MA2. Concerning the latter
sample, the assumption of a log-normal distribution of diffusion coefficients served as a reliable
model to evaluate the diffusion data of these experiments. The same behavior was observed in
NaX zeolite at measurements made with reduced loading of n-butane, in contrast to the
observations made on other microporous materials, namely the Takeda activated carbons samples.
While the spin-echo attenuation of both toluene and cyclohexane in MA2 showed a particularly
strong curvature implying a more pronounced distribution of diffusivities with increasing loading, it is
interesting to note that concentration studies of n-butane in zeolite NaX revealed the opposite trend.
A distribution in diffusivities was observed at lower loadings (0.75 molecules per supercage), with

no influence of observation time. This situation changed at higher loadings (3 molecules per
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supercage): the spin-echo attenuation was dependent on observation time and was associated with
interparticle diffusion. It could be described by a bi-exponential model. Clearly, in both systems, the
diffusivity increasés with increasing loading, but while in NaX zeolite, the increase in loading
effectively averaged the influence of internal transport resistances. This was not the case on
activated carbon. It is interesting to note that, despite the structural differences concerning carbon
and zeolite materials, a log-normal distribution of diffusivities successfully described the
experimental data. This suggests that in both systems transport barriers have a multiplicative effect
on the self-diffusivity of guest molecules, rather than an additive effect which would give rise to a
different distribution. While zeolites were long considered as nearly perfect crystallites this is known
not to be the case in activated carbon samples and, therefore, the existence of internal transport
barriers is not surprising. In the present work, the existence of such barriers is experimentally

demonstrated, via diffusion measurements.

Hysteresis and gas-phase molecular transport

The diffusivity and cyclohexane loading in activated carbon MA2 were measured as a function
of external pressure by PFG NMR and the signal intensity of the FID, respectively. The measured
diffusivitiés and loadings measured on the desorption branch remarkably differed from those on the
adsorption branch, where waiting times as long as 20 h were necessary to observe significant
equilibration. In both cases (adsorption and desorption) and in agreement with measurements in
purely mesoporous materials, the average diffusivity is observed to be related to the “history” of the
system: loadings and diffusivities on the desorption branch are greater than those measured upon
pressure increase.

The maximum value of cyclohexane diffusivity in these experiments was predicted by
considering the influence of transport in the Knudsen-regime for the given pore system. While only
a rough estimate was possible for the adsorption branch, a more detailed analysis was carried out

in the case of the desorption branch, since the chosen waiting time between each pressure step
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seemed to be sufficient for a significant equilibration of the system. On the basis of considering the
pore‘size distribution of the sample as obtained by BJH analysis of the N, adsorption, an
established model for purely mesoporous materials was extended to the present system under
study, where diffusion also occurs in the microporous space.

The diffusivities on the whole desorption branch were successfully predicted, yielding a
tortuosity value (t4es=1.5) which is in good agreement with that found to explain the maximum on
diffusivity observed in the adsorption branch (t.4s=1.3). Upon complete system saturation, the
diffusivities from micro- and mesopores were estimated based on their known relative volumes,
from the N, adsorption isotherm. Mesopore diffusivity was found to be reduced by a factor of 2,
which shows a good agreement to values of tortuosity found for both adsorption and desorption in
the gas phase.

The estimations provided concerning both adsorption and desorption strongly relate to the
interdependency of the empty space inside sample pores and Knudsen-regime diffusivity. This
supports the observations made in studies on closed samples: in both MAC-LMA12 and in MA2 the
role of gas-phase transport was demonstrated by relating of the obtained results with the physico-
chemical properties of the guest molecules.

The notorious resistance to external pressure changes, in the case of adsorption, is
tentatively proposed to relate to changes in the internal porous network, but further experiments
would be needed to confirm this. More than merely rising fundamentally scientific questions, the
presented observations have direct implications on the applicability of the material in processes
involving cyclohexane adsorption which was demonstrated to be kinetically hindered under the

chosen experimental conditions.
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PRE as to tool to measure diffusion

A method based on the PRE of the water protons by TEMPO was demonstrated to
successfully measure the diffusivities in homogenous and heterogeneous systems, solely by
collection of relaxation data. The homogeneous system consisted of a water column, whereas the
heterogeneous one of a water-saturated quartz sand, thereby serving as a model for soil systems.
The obtained values for each respective system were well within the expected ranges.

This approach may be particularly useful in studying the interactions of different molecules
with pore surfaces, for instance, by performing similar experiments with different TEMPO
derivatives and for exploring the effect of a particular functional group, on the overall molecular
transport in the case of specific interactions with the matrix. The proposed method is, in principle,
applicable in more complex porous matrices. Due to its selective and non-invasive nature, it may be

performed with mixtures of compounds, at different pH and temperature.

Final Remarks

The present work shows different aspects of the applicability of NMR methods in studying
molecular dynamics, with emphasis on, but not limited to, NMR diffusometry. The difficulties in
using the latter technique under experimentally challenging conditions due to the intrinsic properties
of the activated carbons were successfully overcome and a significant contribution to understand
mass transfer phenomena in systems with bi-modal pore size distributions has been given. While
further theoretical and experimental investigations would be needed to fully clarify the hysteretic
behavior observed in the investigated system, the present work adds an important experimental
contribution on this topic. The newly developed methodology represents a feasible alternative to the
use of PFG and brings NMR methods closer to environmentally relevant applications, opening new

possibilities to investigate such complex systems, at low concentrations.
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5. Annexes

Annex 1 - Fit Results of Cyclohexane and Toluene in MA2

1,000
0.500 |

0,100}
0050
=
0,010 - i
0.005 - £
0.001 i fit g P . i B
0 1101 2x 1010 3x10/0 4x1010 0 11010 2x1010 310t 4x101
(28871 on2s) (28er )
=75%
1,000 Fgas . 1,00 g
0500 070+
0501
030}
0,100
- 0.20
= s
0050 = o1s)
010
0010
0,005 -
0 1x10M 25100 3x10t0 4x10!0 0 11010 2x10'0 3x1nl! 431010
(Y2087t (m~25) (28eP 1 n2s)

Figure A - Fitting assuming a log-normal distribution of toluene diffusivities, at different
loadings. For each corresponding loading, a steeper slope represents a lower
temperature (ranging from -50°C to 50°C).
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Figure B - Fitting assuming a log-normal distribution of cyclohexane diffusivities, at

different loadings. For each corresponding loading, a steeper slope represents a lower

temperature (ranging from -40°C to 120°C).



Annex 2 — Physical Constants for Cyclohexane and Toluene

Toluene Cyclohexane
Molecular Mass (g mol™) 92.14 84.16
Liquid Self-Diffusivity
(25°C) 2.66 14
(x10°m?s™)
Activation Enthalpy for 10.9 19.1
Liquid Diffusion (kJ mol™) (from ref. [1]) (from ref. [2])
Freezing Point (°C) -95 6.6
Vapor Pressure (20°C)
(mbar) 29 104
Vaporization Enthalpy
(kJ mol™) %8 2
Boiling Point (°C) 111 81
[1] Pickup, S., Blum, F. D., Self-diffusion of toluene in polystyrene solutions,
Macromolecules, 1989, 22, 3961
[2] McCall, D. W., Douglass, D. C., Anderson, E. W., Diffusion in liquids, J. Chem.

Phys., 1959, 31, 1555
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Combined NMR cryoporometry, relaxometry and diffusometry were applied to characterize porous car-
bon materials. Pore space characterization in NMR cryoporometry is based on the measurement of melt-
ing point depression of the confined liquids, whereas NMR relaxometry and diffusometry explore the
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1. Introduction

Nanoporous carbon materials are used in a wide range of indus-
trial applications, including heterogeneous catalysis, separation,
storage of gases and fluid purification. These materials are charac-
terized by a complex porous network constituted of micropores
with pore width of less than 2 nm, mesopores with pore widths be-
tween 2 and 50 nm and macropores with pore width of greater
than 50 nm. Such a three-dimensional pore structure results in a
material that exhibits a high surface area together with a high pore
volume. Additionally, carbon materials can accommodate hetero-
atoms (mainly oxygen surface groups) on structural defects (e.g.
boundaries of the graphene layer) which affect the surface chemis-
try of the material. A main advantage of porous carbons in respect
to other porous solids is that, both the porous structure and the
surface chemistry can be tailored by pre- and post-synthesis treat-
ments. This helps to achieve the properties required for a particular
application [1].

The proportion of micropores and mesopores on carbon materi-
als strongly depends on the synthesis procedure used. Microporous
carbons can be prepared from a wide variety of lignocellulosic pre-
cursors (olive stones, coconut shell, etc.) using either physical (CO5,
H,0, etc.) or chemical (HsPOs ZnCly, etc.) activation [2-4].
Although the presence of microporosity is required to achieve a

* Corresponding author. Tel.: +49 (0) 341 97 32504; fax: +49 (0) 341 97 32549.
E-mail address: grinberg@physik.uni-leipzig.de (F. Grinberg).

1387-1811/3$ - see front matter Published by Elsevier Inc.
doi:10.1016/j.micromeso0.2008.12.016

high surface area, i.e. a high adsorption capacity, the presence of
some meseporosity is quite often desirable. Mesopores are very
useful, not only for processes involving larger molecules, but also
because they constitute channels for speeding up the access to
the inner microporosity. Carbon materials with a highly developed
mesoporosity can be prepared using different approaches, such as
combination of chemical and physical activation, use of nanocast-
ing (hard and soft template strategy) technology, etc. [5-7].

Textural characterization of nanoporous carbon materials is
commonly performed using adsorption of probe molecules (He,
Ar, N;, CO,, etc.). Among them, N, adsorption at 77 K and CO,
adsorption at 273 K are the most widely used to assess both the to-
tal microperosity (<2 nm) and the narrow microporosity (<0.7 nm),
respectively [8]. Additionally, application of several mathematical
models to the adsorption isotherms can provide information about
the “apparent” surface area, pore size distribution, etc. (e.g. Bru-
nauer-Emmett-Teller equation to the N, adsorption isotherm).
Although the correct characterization of the textural properties is
of paramount importance to understand the behaviour of carbon
materials in a certain application, their effectiveness in adsorption
processes will also be highly depending on the transport (diffusion)
of adsorptives to the inner pore system.

NMR methods have proven to be an efficient tool to study mi-
cro- and mesoporous materials and surface interactions of con-
fined liquids [9]. A combination of several NMR techniques is
especially useful as it allows for elucidation of a multitude of
important system characteristics. As an example, the properties
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of sorbate molecules in contact with the liquid/solid interfaces at
pore walls were studied with the help of NMR cryoporometry
and relaxometry [10,11]. NMR cryoporometry provides informa-
tien on the distribution of the pore size. NMR relaxometry is espe-
cially sensitive to surface interactions. The aim of this work is the
characterization of mesoporous carbons by combination of the
three NMR techniques: cryoporometry, relaxometry and diffusom-
etry. Various adsorptive molecules were used for this study. One of
the accents was put on monitoring molecular transport of the con-
fined liquids in the porous space of the investigated materials. Di-
rect measurements of molecular self-diffusion were performed
with the help of Pulsed Field Gradient (PFG) NMR permitting one
to obtain an in-depth information on both transport properties of
the confined liquids and the structure characteristics of the host
material.

2. Experimental
2.1. Materials

Two carbon molecular sieves (Takeda 4A and Takeda 5A, Takeda
Chemical Industries Ltd.) and three different activated carbons
(PK13, RGC30 and MAC-LMA12) have been used in this study.
The selection of these samples is based on their different textural
properties. While carbon molecular sieves and the activated carbon
PK13 (Norit) are mainly microporous, the samples RGC30 (Nuchar)
and MAC-LMA12 exhibit both micro- and mesoporosity.

Carbon molecular sieves Takeda 4A and Takeda 5A and acti-
vated carbons PK13 and RGC30 are commercially available carbon
materials. Sample MAC-LMA12 (MAC: mesoporous activated car-
bon; LMA: Laboratorio de Materiales Avanzados; x = 12: produc-
tion number) was prepared from olive stones as a raw material.
Firstly, the olive stones were crashed, sieved to 3 mm and washed
with diluted H,S0, (10%) to remove the majority of inorganic
impurities. The clean sample was impregnated with an aqueous
solution of CaCl, (7 wt.%) for 7 h in a thermostatic water bath at
358 K. After 7 h, the temperature was increased up to 373 K and
held at this temperature until the level of water became similar
to that of olive stone, the remaining water being removed by filtra-
tion. The impregnated sample was dried for 24 h at 353 K in an air
recirculation oven and then it was submitted to an activation treat-
ment in a horizontal furnace using CO, (100 ml min~—') at 1043 K
for 6 h. After the activation, the sample was outgassed in a vacuum
oven for 4 h at 323K, in order to remove the remaining CO; ad-
sorbed, and subsequently washed with hot HCl (5%) in order to re-
move the remaining calcium; a final washing with distilled water
until pH 7 was performed.

In order to avoid interferences in the diffusion process from
inorganic species remaining on the carbon structure, all carbon
materials have been washed with HCI (10%) at 353 K for 3 h. After
the acid treatment, carbon samples have been washed with dis-
tilled water until pH7 and subsequently dried overnight at
353 K. After the washing treatment, the total ash content is mainly
nil for RGC30, MAC-LMA12, Takeda 4A and Takeda 5A samples,
while it is around 2 wt.% for sample PK13.

2.2. Sample characterization

N3 and CO; adsorption isotherms were determined in a Coulter
Omnisorb-610 equipment at 77 K and 273 K, respectively. Prior to
the adsorption measurement, samples were outgassed under vac-
uum (107 Pa) at 523 K for 4 h. Dubinin-Radushkevich (DR) equa-
tion was applied to the N; and CO, adsorption isotherms in order
to obtain both the total micropore volume (V) and the volume
of narrow microporosity (V,), respectively [12]. Total pore volume

(V;) was obtained from the amount adsorbed at P/Py ~ 0.99 on the
N, isotherm, while the mesopore volume (Vyess) was calculated
from the difference between V; and V. The “apparent” surface area
(Sper) was determined applying the Brunauer-Emmett-Teller
(BET) equation to the N adsorption isotherms.

2.3. NMR analysis

All NMR measurements were performed with the help of the
home-built PFG NMR spectrometer FEGRIS NT, operating at a 'H
resonance frequency of 125 MHz [13]. High-intensity magnetic
field gradients (up to 35 Tm™') were applied.

The construction of the melting curves in the experiments on
NMR cryoporometry was based on the temperature dependences
of the NMR signal intensity. The latter was evaluated as the maxi-
mal spin-echo amplitude produced by the standard Hahn echo
radio frequency pulse sequence (90°-1-180°). The value of T was
set to 2 ms. All measured echo amplitudes were normalized by
the value of the (echo) amplitude at the highest temperature
(above the bulk melting point). The range of investigated temper-
atures was between 165K and 298 K. The experiments were
started at the lowest temperature and then the temperature was
increased in steps of 5 K. The relaxation rates of the adsorbate mol-
ecules in the investigated samples were determined using the
Carr-Purcell-Mejboom~Gill (CPMG) pulse sequence. The measure-
ment of diffusion coefficients in PFG NMR was performed with the
help of the standard three 90°- pulse sequence (also known as the
“stimulated echo” pulse sequence).

The preparation of the samples for the NMR experiments was
performed as follows. The host material was introduced into the
sample tubes with an outer diameter of 7.5 mm. After that, the
tubes with the material were heated at 383 K during 24 h in an
oven under atmospheric conditions. Then the samples were con-
nected to the vacuum system and dehydrated under high vacuum
(<1072 Pa) at 523 K for around 4 h. While evacuating, a certain
amount of liquid was injected into the tubes. For relaxation and
diffusion experiments, the amount of the sorbate was adjusted to
achieve full loading of the pores (100% of the total pore volume).
For the NMR cryoporometry experiments, the amount of sorbate
(nitrobenzene in our work) was supplied in excess, thus allowing
an oversaturation of the host material. Finally, the sample tubes
were sealed.

3. Results and discussion
3.1. Textural characterization

Fig. 1 shows the N; adsorption isotherms for the different sam-
ples studied. As it can be observed, all carbon materials exhibit a
high nitrogen uptake at low relative pressures (P/P; <0.01), which
mainly corresponds to the adsorption on micropores. After the
sharp knee in the N, isotherms, samples PK13 and MAC-LMA12 ex-
hibit a near-plateau with a small slope but, above P[Py ~ 0.6, the
sample MAC-LMA12 exhibits an important increase in the amount
adsorbed and a hysteresis loop suggesting the additional presence
of some mesoporosity. The situation becomes different for sample
Nuchar RGC30. This activated carbon exhibits a continuous in-
crease in the amount adsorbed over the whole relative pressure
range (up to P[Py = 0.97), which corresponds to the combined pres-
ence of microporosity together with a well-developed mesoporos-
ity. These findings are clearly reflected on Table 1. The micropore
volume obtained from the N; (Vy) and CO; (Vi) adsorption iso-
therms for sample Norit PK13 is quite similar, thus reflecting the
presence of a narrow micropore size distribution on this sample
[14]. This difference between Vp and V;, becomes slightly more evi-
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dent for the synthesized activated carbon, denoted MAC-LMA12, in
which the total pore volume is constituted by about 70% mesop-
ores and 30% micropores. Last but not least, sample RGC30 exhibits
very different values for Vg and V,,, which confirms the presence of
a broad micropore size distribution with combination of both
micropores and mesopores (the proportion of narrow micropores
being less important than for the other carbons).

As it has been mentioned before, carbon molecular sieves Tak-
eda 4A and Takeda 5A have been also considered for this study
due to the pure microporous nature of these samples (more than
90% of the pore volume is in the range of microporosity), with
the mesopore volume in these materials being almost nil [15].
The micropore volume (Vy) obtained from N; adsorption isotherms
at 77K is 0.22cm*g~' and 0.33 cm® g~!, for samples Takeda 4A
and Takeda 5A, respectively. The two carbon molecular sieves Tak-
eda 4A and Takeda 5A differentiate from each other by the size of
the mouth in the microporous space: 0.4 and 0.5 nm, respectively

[1].
3.2. NMR cryoporometry

NMR cryoporometry exploits the melting point depression of
liquids confined in mesopores [16]. The melting temperature T,
of a liquid frozen in pores is lower than that of a bulk liquid as a
consequence of the smaller crystal sizes and the enhanced sur-
face-to-volume ratio. This effect is larger for smaller pores. Accord-
ing to the Gibbs-Thomson equation [17] the difference between
the normal (bulk) and the depressed melting points (in pores) is in-
versely proportional to the pore diameter d

ATm(d) = T — T(d) = k/d, (1)

where k is a constant related to the thermodynamic properties of
the confined liquid. In materials with a distribution of pore diame-
ters, the melting temperature of the confined liquid will vary with
the pore size. In NMR cryoporometry, one only observes the NMR
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Fig. 1. N; adsorption isotherms at 77 K for samples Nuchar RGC30, Norit PK13 and
MAC-LMA12.

Table 1

signal due to the molecules in the liquid state. Therefore, at each
temperature below the bulk melting point, the measured signal
intensity is proportional to the volume of the non-frozen liquid con-
fined in the pores. Analyzing the NMR response as a function of the
temperature permits to determine the distribution of the pore sizes
using the
Av kAv
A4 AT @ © W
m
where v is the total volume of pores with diameters < d. Hence, & is
nothing else than the pore size distribution, which, owing to Eq. (2),
becomes directly experimentally accessible. The parameter k should
be known (or calibrated) in advance. This method is limited to pore
sizes exceeding 1 nm and is efficient in characterizing the pores on
the mesoscopic length scale. ,

The transverse nuclear magnetic relaxation of guest molecules
within the micropores was typically small (<2 ms) so that the con-
tribution of these molecules to the observed NMR signal could be
neglected. It is, therefore, exclusively the size distribution of the
mesopores which is traced in our present cryoporometry studies.

In this work, the so-called melting curves, i.e. the temperature
dependences of the NMR signal intensity, were measured for nitro-
benzene confined in MAC-LMA12, Nuchar RGC30 and Norit PK13.
Fig. 2 shows the melting curves of all three samples in the range
of temperatures between 165 K and 298 K. The bulk melting point
of nitrobenzene at 279 K is indicated as the vertical line. A step-like
decrease in the vicinity of this temperature observed for all three
samples is attributed to the bulk liquid compenent (outside the
pores). Obviously, in sample MAC-LMA12 this decay merges with
the decay in large mesopores and macropores which introduces a
large uncertainty in pore size distribution resulting from this part
of the melting curve. For two samples, MAC-LMA12 and RGC30, a
change of the signal intensity was also observed at lower temper-
atures, i.e. below the bulk step. This change refers to melting of
nitrobenzene confined in the mesoporous space of these materials.
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Fig. 2. Temperature dependence of the NMR spin-echo signal intensity {“melting
curves") of nitrobenzene in Nuchar RGC30, Norit PK13 and MAC-LMA12 carbon
materials. The signal intensity is proportional to the total amount of liquid within
the sample at the given temperature. The vertical line indicates the bulk melting
point of nitrobenzene.

“Apparent” surface area (Sger), micropore volume (Vy), mesopore volume {Vineso) and total pore volume (V;) in the samples studied, as obtained from the N, adsorption
measurements at 77 K and the narrow micropore volume (V,,) determined by CO, adsorption experiments at 273 K.

Sper/m’g ! Vo (Na)fem? g Vinesofcm® g Vijem®g! V, (COg)fem* g7!
MAC-LMA12 569 0.23 0.48 0.71 0.21
Norit PK13 738 0.29 024 053 026
Nuchar RGC30 1521 0.52 0.64 1.16 034
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In Norit PK13, melting in the mesopores was not observed. This
indicates that the mesoporous volume in PK13 is small in compar-
ison to the other two samples; in agreement with the adsorption
results (see Table 1).

The pore size distributions of RGC30 and MAC-LMA12 calcu-
lated from the melting curves are shown in Fig. 3. The mean pore
diameters could roughly be estimated from the peaks of the distri-
bution functions as ~2 nm and ~7 nm for MAC-LMA12 and RGC30
samples, respectively. Fig. 3 shows that the distribution arcund
these values is broader for RGC30 than for MAC-LMA12. In the lat-
ter sample, there is an additional broad peak centered at around
15 nm. It corresponds to the first steep decay in the melting curves,
close to the bulk melting point. Due to the limited resolution in this
range of our melting curve, this peak does only indicate the pres-
ence of some larger mesopores and macropores and is not suitable
for quantitative analysis.

3.3. NMR relaxometry

In addition to NMR cryoporometry which is sensitive to pore
space geometry, NMR relaxometry can provide valuable informa-
tion on molecular dynamics of the confined liquid and on surface
interactions. The adsorbate molecules probe the pore structure
and surfaces via translational diffusion between the surface sites
and the internal volume of the pore. In the vicinity of the solid sur-
face, the transverse relaxation time T; of a liquid tends to decrease
in comparison to the bulk state. The decrease is the larger the
stronger is the surface interaction and is usually more pronounced
for polar liquids. In pores with characteristic sizes of a few or a few
tens of nanometers the exchange between the surface sites and the
pore interior is fast on the time scale of the NMR experiment. The
measured transverse relaxation rate T;' of a liquid in the mesop-
ores, therefore, will represent an average of the bulk-like liquid
relaxation rate T}, and the enhanced surface relaxation rate,
weighted according to the surface-to-volume ratio of the pore.
Brownstein and Tarr calculated T," of a liquid confined in a simple
spherical pore with a volume V and a surface S

1 1 S
N R 3
Tz Tapui Py @)

where 5/V is the surface-to-volume ratio and p is the surface relax-
ivity [18]. Eq. (3) contains quantities related both to geometrical
characteristics (surface-to-volume ratio) and to surface interactions
(surface relaxivity). The amplitude of the transverse magnetization
in a system with equally sized pores and uniform surface interac-
tions will be a simple exponential function of time
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Fig. 3. Pore size distribution in Nuchar RGC30 and MAC-LMA12 samples calculated
from the melting curves shown in Fig. 2.

W(e) = 1(0)/1(0) = exp(—%) (4)

where I(t) is the intensity of the transverse magnetization at time t.
In our experiments, it was evaluated from a series of spin echoes
produced by the CPMG pulse sequence [19]. If there is a distribution
of the pore sizes, the relaxation function will result as the integral of
the contributions of the individual pores [20]

o= [ f(T-f)exp(—%) d(r;") (5)

where f(T;') denotes the distribution function of the relaxivities.
The mean relaxation rate can be determined from the initial slope
of the relaxation curve according to

(1Y) = ~lim S0¥©) = [ T3y der) ©)
Typically, the transverse relaxation time of a bulk liquid (seconds) is
much larger than that of a liquid near the pore wall (milliseconds or
below). Therefore, the measured relaxation rate in Eq. (3) is deter-
mined solely by the second term. Provided the distribution of relax-
ivities f(T;") is due to distribution of the pore sizes only, the latter
can be deduced from the measured relaxation function, Eq. (5). This
was demonstrated, for example, for a series of silica gels in Ref. [11].

Fig. 4 shows the attenuations of transverse magnetization of
ethanol, nitrobenzene and toluene in MAC-LMA12 as a function
of time. Deviations from the exponential behaviour were observed.
A closer inspection shows that the curves can be decomposed into
two components

V() = Pualt) + [ F(T;")exp (f%)dm‘) %)

where Wy, (f) refers to the “fast” attenuation component visible at
short times, see incept in Fig. 4. This component is relevant for a
quite small fraction of molecules (10-20%) and, therefore, cannot
be analysed in more detail as it is masked by the dominating
“slower" component. The latter refers to 80-90% of molecules and
exhibits a moderate deviation from the exponential behaviour.
The existence of two components in the relaxation curves indicates
the presence of two species of molecules with different dynamic
properties. The species with the faster relaxation and smaller pop-
ulation should probably be attributed to the liquid confined in the
microporous space. The larger fraction with slower relaxation
should then be attributed to the liquid in the mesopores. It is worth
noting that the exchange between the two species is hindered. This
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Fig. 4. Attenuation of the transverse magnetization of toluene (1), ethanol {2), and
nitrobenzene (3) at 298 K confined in MAC-LMA12. The initial parts of these plots
are presented in the inset. The attenuation curves were measured by the CPMG
pulse sequence.
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is in spite of the large diffusion path lengths of more than 100 nm,
notably exceeding the pore sizes. In turn, this should mean that as
soon as the molecules enter the microporous space (or some spe-
cific areas of this space) they tend to stay in this space and not eas-
ily exchange with the molecules in the mesopores.

The mean relaxation rates were determined from the initial
slopes of the slow components of the relaxation curves according
to Eq. (4). The corresponding inverse values, 1/(T2‘). for toluene,
ethanol and nitrobenzene were 10 ms, 7 ms and 6 ms, respectively.
The fact that the relaxation times of ethanol and nitrobenzene
were shorter than in toluene correlates with the much stronger
polarity of these liquids in comparison with toluene. This is due
to the stronger surface interactions of polar molecules giving rise
to enhanced relaxivity at the surface and, hence, to shorter overall
transverse relaxation times [11].

PFG NMR diffusion studies reveal molecular displacements of
order of micrometers during the experimental observation times
(see Section 3.4). Therefore, a non-exponential relaxation behav-
iour can only be observed if the sample consists of sub-regions of
different pore characteristics (e.g. mean pore sizes) with exten-
sions over at least tens of micrometers.

The analysis of the molecular dynamics in the microporous
space of the MAC-LMA12 material was approached by separate
studies of the microporous carbon materials Takeda 4A and Takeda
5A. The relaxation curves of ethanol and toluene in these materials
are shown in Fig. 5. Only slight deviations from the exponential
behaviour are observed. The relaxation times (obtained as the in-
verse values of the mean relaxation rates, 1/(T;')) were 1.2 ms
and 2 ms for ethanol, and 0.5 ms and 0.8 ms for toluene in Takeda
4A and Takeda 5A, respectively. Again the trends in the relaxation
rates exhibit the expected behaviour. The relaxation times become
the smaller, the more rigid are the formed guest-host complexes:
both an increase in the guest size (from ethanol to toluene) and
a decrease in the host “cage” size (from Takeda 5A to Takeda 4A;
in parallel with an enhancement of the surface-to-volume ratio)
lead to slower relaxation times.

3.4. NMR diffusometry

The PFG NMR technique provides information about the pore
structure via the transport properties of the adsorbed molecules.
The attenuation of the NMR signal is related to the “propagator”
P(x,t) (the probability distribution of molecular displacements
along the axis of gradient direction x during the time t) according to

Wig,0) = f Pix.t) cos(qx)dx, @)

1 OD T
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Fig. 5. Attenuation of the transverse magnetization of ethanol and toluene at 298 K
confined in Takeda 4A and Takeda 5A. The attenuation curves were measured by
the CPMG pulse sequence.

where g = g, and 7 is the nuclear gyromagnetic ration, with g and 6
denoting the amplitude and the duration of the magnetic field gra-
dients, respectively. In isotropic homogeneous systems, the propa-
gator is typically represented by a Gaussian function

Xj
P(x,t) = (47Dt) ' exp (7 7) (9)

4Dt )’
where D is the diffusion coefficient. The latter correlates the mean
square displacement and time according to the Einstein equation
[21] for *normal” diffusion

(x*(t)) = 2Dt. (10)

By inserting Eq. (9) into Eq. (8), the PFG NMR signal attenuation for
normal diffusion is found to be:

P(g.t) = exp(—g*tD). (11)

For a distribution of diffusivities, a multi-exponential attenuation
curve will result:

¥(q,0) = [ F(D) exp(~g?tD)dD, (12)

where f{D) denotes the distribution function of diffusivities, i.e. the
probability that the diffusion path of an arbitrary selected mole-
cules during the observation time may be characterized by a diffu-
sivity D. Depending on the size of the regions within the samples, to
which these different diffusivities may be attributed, this distribu-
tion may be a function of the observation time, tending to become
smaller with increasing observation time. The mean diffusivity (D}
can be evaluated from the initial slopes of the attenuation curves:

d(In¥(q,t

T ) _
(0) = - lim 22k __[fgo)DdD. (13)

(0?10
In this work, we investigated the diffusion of several liquids con-
fined in MAC-LMAT12. The sorbate melecules were ethanol, toluene,
nitrobenzene, acetone and n-decane. As an example, Fig. 6 shows
the diffusion attenuation curve for ethanol at 298 K. The observed
behaviour is typical of all liquids considered. It exhibits a clear devi-
ation from the exponential function and can tentatively be analysed
in terms of two components:

W(@.0) = [ F(D) exp(~GHD)AD + o XD~ Do) (14)
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Fig. 6. Diffusion attenuation curve of ethanol in MAC-LMA12 at 298 K measured
with an observation time of 10 ms (squares). Dy, is the minimal value of the
diffusion coefficient allowed by the NMR equipment. Digrhare = (D) is the mean
diffusien coefficient evaluated from the initial slope of the attenuation which was
obtained after subtraction of the slow component from the total attenuation curve
(circles in the inset).
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where fow and Dy, denote the relative fraction and the diffusivity
of molecules contributing to the slowly attenuating component of
the curve, f{D) is the distribution of diffusivities related to the dom-
inating (faster) component. (The relative fractions of the fast and
slow component are normalized as [ f(D)dD + fuow = 1). The values
of faiow and Dgiow, as evaluated from the fits of the exponential func-
tion to the slow component of the curve in Fig. 6, were 0.062 and
4%107 % m2sl,

The two constituents of the diffusion attenuation indicate that,
over the observation time, the molecules exist in essentially two
different dynamical states, as observed already above in context
of nuclear magnetic relaxation. Again, we attribute the smaller
fraction with the smaller diffusivities to molecules confined in
the micropores and the dominating fraction with the larger diffu-
sivities to the liquid in the mesopore space.

The faster attenuating component, obtained after subtraction of
the slow component from the total attenuation is shown in the in-
set, Fig. 6. It exhibits a clear deviation from the exponential depen-
dence, thus indicating a distribution of diffusivities as incorporated
by the first term in Eq. (14). The mean diffusion coefficient (D)
referring to the fast component was determined from the initial
slope. It equals approximately 1.7 x 10°°m?s ' and thus is four
orders of magnitude larger than Djgw.

The slow diffusion component is to be compared with the diffu-
sion behaviour of the same liquid in the microporous Takeda sam-
ples. Fig. 7 shows the diffusion attenuation curves of ethanol in
Takeda 4A and Takeda 5A at 298 K. In Takeda 5A, the attenuation
curves were exponential over the covered range of more than
one order of magnitude. In Takeda 4A, the signal intensity was so
small (as a consequence of the fast transverse relaxation) so that
the data points could be measured only in a limited range, not be-
low 50% of the initial amplitude. In this range, the observed atten-
uations were exponential as well. The diffusion coefficient of
ethanol in Takeda 5A, evaluated from the exponential fits to the
data points, was 8 x 1072 m?s~'. In Takeda 4A, the evaluated dif-
fusivity was 9 x 107" m?s™', nearly one order of the magnitude
smaller than in Takeda 5A. This finding complies with the shorter
relaxation time observed in Takeda 4A and quantifies the effect
of the more severe restriction to diffusion due to the smaller pores
in this material, as compared with Takeda 5A.

Fig. 8 shows the diffusion attenuation curves of toluene in MAC-
LMA12 for various observation times in the range between 10 ms
and 300 ms. No time dependence of the attenuations was observed
for both the slow and fast (see inset) components. The molecular
displacements monitored in our experiments were between
60 nm for the slower component and 23 pum for the faster compo-
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Fig. 7. Diffusion attenuation curves of ethanol in Takeda 4A and Takeda 5A at
298 K. The observation time was equal to 10 ms.
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Fig. 8. Diffusion attenuation curves of toluene in MAC-LMA12 at 298 K with
different observation times (10, 100, 200, 300 ms). The inset shows the fast
component obtained after subtracting the slow component from the total atten-
uation curve. The observation time was 10 ms.

nent. On the one hand, the absence of the time dependence indi-
cates that there is practically no exchange between the two
different species as it was suggested on the basis of the relaxation
studies. On the other hand, it provides evidence that the mesop-
ores in MAC-LMA12 represent a well interconnected space, rather
than a system of closed separated pores, In the latter case one
would have to expect a decrease of the curve slopes with increas-
ing observation times.

The diffusion behaviour of several liquids (acetone, ethanol, tol-
uene, n-decane and nitrobenzene) confined in MAC-LMA12 was
compared. Table 2 provides the comparison of the resulting mean
diffusivities Dsorpare With the bulk diffusivities of these liquids
Djiquia- Depending on the particular guest, the diffusivities within
the pore system are found to be both larger and smaller than the
bulk diffusivities. This finding may be related to the fact that due
to the presence of the host lattice, guest diffusion may occur both
in a liquid (phase 1) attached to the pore system and through the
free space (phase 2). With the respective relative amounts of mol-
ecules p; and diffusivities D;, the mean diffusivity as accessible by
PFG NMR will result to be [22]

Dygroate = p1 D1 + P20 (15)

The diffusivity D; in the free space, following gas-phase or Knudsen
diffusion [9,22], is notably larger and the diffusivity D, in the liquid
phase, due to the tortuosity of the pore space, is smaller than the
diffusivity Dyjq,g in the bulk phase. Thus, depending on the relative
contributions py and p2, Dsorbate May in fact assume larger or smaller
values than Djig,iq. The magnitude of p, increases in proportion with
the vapor phase pressure and, hence, also the contribution of the
first term in Eq. (15). Hence, it is in complete agreement with our

Table 2

Diffusion coefficients of the liquids when confined in carbon MAC-LMA12 (Dsorhate)
and in the bulk (Djiqui¢) and their ratio at 298 K, in comparison with their boiling
temperature, The diffusion coefficient of the liquid in pores Dygpae = (D) is the mean
value of the diffusivity in the pores and was calculated from the initial slope of the
attenuation curve.

Dsarbate % 1079 % Diiquia x 1079 ¥ Dyacbare/ Boiling point
ms! m’s™! Dhiquia (*C)
Acetone 5 46 1.1 56.5
Ethanol 17 1.1 15 784
Toluene 0.6 23 0.26 111
n-Decane 0.24 14 017 174
Nitrobenzene 0.09 08 0.11 211




M. Krutyeva et al./ Microporous and Mesoporous Materials 120 (2009) 91-97 97

understanding that, as shown in Table 2, a decrease in the boiling
point (which corresponds to a decrease in the vapor pressure at a
given temperature) is accompanied with a decrease in Deopate
The latter, according to Eq. (15), reflects a decrease in py, i.e. in
the contribution of the fast (gas-phase) mode of molecular
propagation.

4. Conclusions

Carbon materials containing different proportions of micro- and
mesoporosity were studied. The combination of different NMR
methods was used to explore the pore structure and the interac-
tion of the adsorbate with the pore walls. Pore size distribution
in samples RGC30 and MAC-LMA12 was determined by NMR cry-
oporometry. In MAC-LMA12, a narrow pore size distribution was
observed, with a mean pore size of about 2 nm; RGC30 sample
has a broad pore size distribution, centered around a mean pore
size of about 7 nm. These two values reflect the differences ob-
served in the N, (77 K) and CO, (273 K) adsorption isotherms.

In microporous Takeda 4A, the sorbate relaxation rates were
larger and the diffusivities smaller than in Takeda 5A. This evi-
dences that sorbate molecule in Takeda 4A experience stronger
restrictions in both their re-orientational and translational motions
than in Takeda 5A, as a consequence of the smaller pore size of
Takeda 4A. In MAC-LMA12, two molecular species with different
relaxation and diffusion properties were observed. The dominating
part of molecules confined in MAC-LMA12 exhibited much smaller
relaxation rates and larger diffusivities than in Takeda samples.
This is attributed to the presence of mesopores which tend to con-
fine the dominating part of the liquid. Besides, diffusion experi-
ments showed the existence of the quite broad distribution of
the diffusivities. This is attributed to heterogeneities of the mate-
rial on length scales notably exceeding the characteristic molecular
displacements (in the range of micrometers).
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1. Introduction

Diffusion, i.e., the irregular movement of atoms and molecules,
is among the fundamental and omnipresent phenomena in nature
and technology and occurs in all states of matter. A particular fas-
cination is provided with systems where the sizes of the diffusing
molecules are comparable with the characteristic length scale of
the host systems by which they are accommodated. This is in par-
ticular true for mass transfer in nanoporous materials [1]. Their
technological benefit is based on the compatibility of their pore
diameters with the size of the guest molecules, by which either
catalytic conversion or adsorptive separation is exploited for the
generation of value-added products [2,3]. Equally important, the
similarity of molecular and pore diameters gives rise to numerous
phenomena of fundamental relevance for soft-matter interaction
with solid surfaces [4,5], in particular for a better understanding
of the conditions for molecular reorientation and redistribution
under confinement [6-8].

Being determined by the pore architecture, the rate of molecu-
lar propagation may - in turn - be considered as a source of infor-
mation about pore architecture. In the present study, we have
explored these potentials by the application of the pulsed field gra-
dient technique of nuclear magnetic resonance (PFG NMR) to

* Corresponding author.
E-mail address: valiullin@uni-leipzig.de (R. Valiullin).

1387-1811/% - see front matter @ 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.micromeso.2010.11.015

studying molecular diffusion of cyclohexane in an activated carbon
with a two-modal pore structure (MA2). The potentials of PFG
NMR for this type of studies are based on two unique properties
of this technique. Being able to directly record the probability of
molecular displacements during well-defined time intervals (of
typically milliseconds till seconds), PFG NMR provides direct infor-
mation about the rate of molecular propagation (the diffusivity)
over distances from about 100 nm to 100 um [9,10]. In addition,
PFG NMR may as well distinguish whether this rate is uniform or
whether, over the whole of the sample, there is a distribution of
the local propagation patterns giving rise to a sample-related dis-
tribution of local diffusivities [11,12]. We are going to exploit this
distribution of local diffusivities as a measure of sample
heterogeneity.

2. Experimental
2.1. The sample under study

The carbon MA2 (see Fig. 1) has been prepared by carbonisation
and subsequent CO,-activation (43% activation burn-off) of a
spherical porous resin obtained by cross-linking of phenol-formal-
dehyde Novolac precursor with hexamethylenetetramine and with
ethylene glycol as solvent - pore former [13]. Fig. 2 shows the Ny
adsorption, at 77 K. The high N5 uptake at P/P, values below 0.1
and over 0.8, reveal high micro- and mesoporosity, each one occu-
pying approximately 50% of total pore volume.
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Fig. 1. (a) SEM picture of the carbon particles. (b) TEM picture where both micropore and mesopore structures can be seen,
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Fig. 2. N; adsorption isotherm at 77 K for the carbon sample under study, with closed and open symbols corresponding to the adsorption and desorption branch, respectively.
Py corresponds to the Ny saturated vapour pressure at 77 K. The inserts show the micropore and mesopores pore size distribution (upper left side and lower right side,
respectively) as obtained by DFT (micropare distribution) and BJH (mesopores distribution).

2.2. PFG NMR diffusion studies

The PFG NMR diffusion studies have been performed with the
13-interval pulse sequence [14] at a proton resonance frequency
of 125 MHz by means of the home-built PFG NMR diffusion spec-
trometer FEGRIS NT [15,16]. Assuming isotropic, normal diffusion
and separation times t (between the two gradient pulse pairs,
determining the “observation” time) notably exceeding those be-
tween one gradient pulse pair, the attenuation of the NMR signal
(the “spin echo™) obeys Eq. (1) [9,14-16]

¥(t.gd) = exp(~*(26)°g*Dt), (1)

with g and § denoting the amplitude and the duration of one mag-
netic field gradient pulse and with y denoting the gyromagnetic ra-

tio (2.675 x 10® T"'s™! for hydrogen). The self-diffusivity D is
related by the Einstein equation [6,17]

<x}t)> =2Dt (2)

to the mean squared molecular displacement <x*(t)> in gradient
direction during the observation time t. Eq. (1) implies homogeneity
of the sample under study with respect to a length scale of the order
of the molecular displacements under study [18]. This means that,
on the average, the probe molecules “experience” the identical pore
space on their trajectories during the PFG NMR experiments. If the
system deviates from this requirement, instead of Eq. (1) one has to
consider

W(t.g9) = [ p(D)exp(~(26'g DD, @)
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where p(D)dD denotes the probability that the diffusivity of the
guest molecules within an arbitrarily selected space element (of
the order of the considered displacements) is within the interval
D...D+ dD. More correctly, one has even to take into account that,
due to differences in the nuclear magnetic relaxation times
[9,15,16], not only the diffusivities but also the contribution of the
molecules to the observed PFG NMR signal from different sample
regions may be different. Hence, the function p(D) must be consid-
ered to be weighted by differences in the relaxation properties of
the different sample regions.

If the PFG NMR signal attenuation follows Eq. (1) a semi-loga-
rithmic plot of the signal intensity versus 72(28)%g?t yields a
straight line with the diffusivity as its negative slope. In isotropic
systems - as in the case considered, deviations from linearity
may indicate deviations from sample homogeneity. This becomes
especially true when this deviation will not depend on the obser-
vation time t. In this case, the mean diffusivity can be derived from
the initial slope of the semi-logarithmic plot of the signal intensity,
i.e., for sufficiently small values of y2(25)*g?t. We shall extensively
make use of this option.

The experimental data as acquired with the PFG NMR technique
may be described by a log-normal distribution of diffusion coeffi-

cients [19,20]
(D) = ! ex

£ Dov2n P '
Here, Dy denotes the median of the diffusivity and & gives the mul-
tiplicative standard deviation, which can empirically be correlated
to the degree of heterogeneity of the system under study. It has
to be noted that we do not have any particular arguments in favour
of Eq. (4), except that it reasonably reproduces the experimental
data and has a relatively simple meaning. The obtained parameters
Do and @ are used to characterize the properties of the diffusion pro-
cess under study regardless of its actual nature.

For the PFG NMR diffusion studies, a given amount of the host
material was filled into sample tubes of 7.5 mm outer diameter
and heated in an oven to 383 K in contact with the atmosphere

over 24 h. Subsequently, the samples were connected to a vacuum
system and dehydrated under high vacuum (of less than 1072 Pa)

(InD — InDy)?
202

(4)
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at 523 K for around 4 h. After cooling down, the sample was con-
nected to a vessel of known volume, with a given vapour pressure
of the diffusant, corresponding to the desired loading amount.
After loading was complete, the sample was then cooled to the
temperature of liquid nitrogen thus allowing the sealing of the
sample.

3. Results and discussion

Irrespective of their great technological relevance, molecular
diffusion in activated carbons has never been investigated with
the same effort compared to the study of diffusion in zeolites
[21]. This is mainly related to the fact that, in contrast to zeolites,
activated carbon is not available in the form of well-shaped crys-
tallites. In conventional uptake and release studies this compli-
cates or even excludes the transformation of the directly
observable rate constants into well-defined diffusivities. Though,
as a technique sensitive to the rate of molecular transportation
in the particle interior, PFG NMR is not affected by this complica-
tion, its application is severely handicapped by the generally very
short transverse nuclear magnetic relaxation times of these mate-
rials. Hence, owing to recent improvement of the PFG NMR meth-
odology and the increasing amount of novel structure types also in
the field of activated carbons [22], only very recently [23] PFG NMR
diffusion studies have been performed with NMR signal attenua-
tions over more than one order of magnitude. There, for the first
time, together with the present work indications for a deviation
of the attenuation function from the simple exponential depen-
dence as predicted by Eq. (1) for diffusion in a homogeneous sys-
tem could be observed, opposing previous ones in related
systems [24,25].

3.1. Distribution of guest diffusivities in activated carbon of type MA2

Fig. 3 displays the PFG NMR attenuation curve of cyclohexane in
MAZ2 at room temperature for 100% pore filling and an observation
time of t = 10 ms. The curve is shown to be nicely approximated by
Eq. (3) with a distribution function of the local diffusivities as
given by Eq. (4). During the fitting procedure, variation of the
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Fig. 3. Spin-echo attenuation of cyclohexane in a fully loaded MA2 sample, at 298 K (t=10ms) and best fit by Eq. (3), assuming a log-normal distribution of diffusion
coefficients (Eq. (4)). The insert shows the distribution of the diffusion coefficients (Eq. (4)).
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signal-to-noise ratios (S/N) from 125 to 500 produced the respective
variation of resulting Dg and & of less than 1% and 9%, respectively.
The results presented do refer to S/N inferred from the experimental
data which is about 475. Best fit is attained with Dy=(2.80+
0.03) x 107" m”s " and a distribution width & = 0.60 + 0.02. With
these parameters it is possible to calculate the average diffusion
coefficient Dy, = Dge™ 72, yielding Dy, =3.36 x 107" m?s~!, which
would as well follow via Eq. (1) from the slope of the initial decay
of the attenuation curve.

With Eq. (4), this result is easily seen to be equivalent with the
statement that 68.3% of the measured diffusion coefficients fall
into the interval [Dyo, D] ie., [2.0 x 107'°, 56 x 1077 m?s 7).
Inserting this result into Eq. (2) yields an interval of the square root
of mean square displacement considering the range of observation
times used from 2.0 to 3.3 um.

It is noteworthy to emphasize that the diffusion path lengths
and, hence, the extensions of these regions are much larger than
the diameters of both the micro- and mesopores. The trajectories
of all molecules considered will, therefore, consist of displace-
ments within both the micropores and macropores. The diffusivi-
ties of molecules confined to pore spaces are known to depend
on numerous influences, including the nature of the pore surface,
the pore diameters and the tortuosity of the pore space. In the sub-
sequent sections we are going to describe different series of exper-
iments while changing selected influences as a parameter. It is our
aim to specify the possible origin of the particular distribution in
the diffusivities by exploring the influence of these variations on
the resulting diffusivities.

3.2. Variation of the observation time

If one varies the observation time for a diffusion experiment the
range of molecular displacement will change until the diffusion
path is obstructed. Without obstruction, the mean square displace-
ment will increase according to Eq. (2) and the distribution of dif-
fusion becomes time independent. Fig. 4a represents the spin-echo
decays for an observation time range of 5-250 ms. The shape of the
echo attenuation, which holds the information on the diffusion
coefficient distribution is identical for all observation times within
the accuracy of the acquired NMR data. We therefore conclude that
the sample morphology is homogeneous for subregions of 2-
13 pm, since no observation time dependence for the correspond-
ing mean square displacements from 3 to 170 um? were observed
(see Fig. 4b for the linear increase of <x*> with increasing observa-
tion time, as given by Eq. (2)).
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As a result, even with the largest diffusion path lengths attain-
able in the present diffusion studies no change in the distribution
function of the resulting local diffusivities could be observed. This
means that the correlation lengths of sample homogeneity, i.e., the
distance after which a notable change in the host structure will
have occurred, have to be much larger than these distances.

3.3. Variation of particle sizes

After the estimate of a lower limit of the correlation length, one
may also consider the opposite limiting case, i.e., whether the indi-
vidual particles (with diameters between 0.15 and 0.50 mm, see
Fig. 1) are essentially homogeneous (i.e., with homogeneity corre-
lation lengths notably exceeding their diameters) and that the dis-
tribution in the observed diffusivity is caused by a distribution in
the structural properties (and, hence, in the diffusion properties)
from particle to particle. Their small size prohibits PFG NMR diffu-
sion measurements with each individual host particle.

This problem may be circumvented, however, if the structural
peculiarities are correlated with the particle sizes. For the explora-
tion of this option, we have compared the diffusivities in samples
containing different particle size fractions. The resulting attenua-
tion plots are shown in Fig. 5. Again, in all samples the attenuation
plots and, hence, the distribution functions for the local diffusivi-
ties are found to be essentially identical. Hence, any correlation be-
tween the size of the host particles and their structural properties
may be excluded.

3.4. Variation of the impact of nuclear magnetic relaxation

The distribution in the diffusivities has to be referred to locally
varying properties of the host structure. For the exploration of their
nature, it would be interesting to find out whether these variations
in the host structure give also rise to a distribution of further key
parameters of the host-guest system, in addition to the guest dif-
fusivities. In this context, the nuclear magnetic relaxation times are
of particular interest since they are known to depend very sensi-
tively on the pore sizes and the pore wall chemistry, generally
decreasing with increasing surface-to-volume ratios [5,26]. If the
variation in the diffusivities is caused by corresponding variations
in the pore geometry and pore wall chemistry, one should, there-
fore, expect correlations between the diffusivities and nuclear
magnetic relaxation times.

Fig. 6 displays PFG NMR attenuation curves where the signal
intensity has been modified by dramatically changing the
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Fig. 4. (a) Spin-echo attenuation of cyclohexane in a fully loaded MA2 sample, at 298 K for different observation times (t and (b)) mean squared displacement for the

respective observation times.
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Fig. 5. Effect of particle size on the spin-echo attenuation of cyclohexane in fully loaded samples, at 298 K (t =10 ms).
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Fig. 6. Spin-echo attenuation of cyclohexane in a fully loaded sample, with different T, relaxation windows (variation of the interval between the pair of gradients with
opposite sign in the 13-interval pulse sequence [14]). The insert shows the same data, normalized to the echo intensity for the lowest gradient used, for each data set.

contributions of the two nuclear magnetic relaxation mechanisms.
Keeping the observation time (and, hence, the time interval rele-
vant for lengitudinal nuclear magnetic relaxation) approximately
constant, the PFG NMR pulse sequence was modified in such a
way that the time interval relevant for transverse nuclear magnetic
relaxation was increased by a factor of four (which, in effect, has
led to a decrease of the NMR signal (the spin echo) by about one
order of magnitude). Note, that we have negligible influence of T,
on the signal intensity for the parameter variations in these exper-
iments. Fig. 6 shows that this significant variation in the contribu-
tions of the two relaxation mechanisms did not yield any

perceptible effect on the shape of the attenuation curve. This
means that the contributions of the regions with different diffusiv-
ities have in no way been affected by the variation in the weights of
the relaxation mechanisms. It is therefore unlikely that the differ-
ences in the diffusivities are correlated with a corresponding vari-
ation in the pore geometry and pore wall chemistry.

3.5. Variation of substrate loading and temperature

The host material under study is known to contain interpene-
trating networks of micro- and mesopores as illustrated in section
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2.1. Molecular propagation over distances of micrometers as rele-
vant for the PFG NMR measurements, includes therefore displace-
ments in both pore spaces. The contribution of molecular
migration in either of these spaces to the overall mass transfer
through the host particles as recorded by PFG NMR depends on
both the loading and the temperature of measurement. It is, there-
fore, worthwhile to explore up to which extent the distribution in
the diffusivities is affected by a variation of loading and tempera-
ture, in particular the effect of these on the liquid-solid phase tran-
sition of geometrically confined cyclohexane.

As an example, fig. 7 shows the PFG NMR attenuation curves for
cyclohexane at four different temperatures and for pore loadings
varying from 20% to complete saturation. For better comparability,
the attenuation curves have been plotted versus g2tD,, so that dif-
ferences in the attenuation curves caused by differences in the
absolute values of the diffusivities are compensated. For both the
measurements at 0-40 °C, the shape of the attenuation curve is
found to remain essentially unaffected by increasing the loading
from the lowest value of 20% (where the mesopores are essentially
empty) up to complete saturation. The distribution in the diffusiv-
ities is thus found to remain unchanged, irrespective of the dra-
matic difference in the nature of the pore spaces involved.

This finding is complementary to the message of the diffusion
studies with varying impact of nuclear magnetic relaxation in sec-
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tion 3.4, Irrespective of a significant variation of the contribution of
the two pore spaces to overall mass transfer, the shape of the PFG
NMR attenuation curves, and hence the distribution of the diffusiv-
ities, is found to remain essentially unchanged. One has to exclude,
therefore, the possibility that the variation in the diffusivities over
the sample may be attributed to a variation of the ratio of the local
meso- and microporosity over the sample. In this case, the transi-
tion from dominating micro- to dominating mesopore transport
should lead to much more distinct changes in the diffusivity
distributions.

It is interesting to note that the compatibility in the attenuation
curves for different loadings is not preserved with further temper-
ature decrease. At -20 °C, after coinciding in their initial slopes (as
the consequence of the unifying representation vs. g*tD,,), the
attenuation curve of the fully saturated sample is found to notably
deviate from those with lower loadings, yielding a progressively
decreasing slope. With Egs.(1) and (3), this finding has to be attrib-
uted to molecules with notably reduced diffusivities. Fig. 8 com-
pares the relative intensity of the first spin echo, at different
temperatures and corresponding loadings. Samples with lower
loadings where mesopores remain partially empty (20% and
50%), are less affected by temperature decrease whereas more sat-
urated samples reveal a drastic dependency on temperature. For
rationalizing such a behaviour we have to recognize that the
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Fig. 7. Influence of temperature on cyclohexane spin-echo attenuation. for different loadings.
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Fig. 8. Temperature dependency of the relative intensity of the first echo of the 13-interval pulse sequence, for different loadings. The intensities are normalized to the value

obtained for the fully loaded sample at 313.15 K.

suppression of the freezing point Ty in pores of diameter d from the
bulk value Ty, (6.6 °C for cyclohexane) is related by following the
Gibbs-Thompson equation [27,28].
Ti =T — K/d, (5)
where K is a calibration constant, characteristic of the system under
study. Consequently, the phase change will occur at larger pores,
which severely reduces the transverse relaxation time, thus sup-
pressing the contribution of the frozen phase to the overall signal
intensity. This can clearly be observed on the steep decrease in sig-
nal intensity from 0 to -20 °C. Indeed, in the fully saturated sample,
a large fraction of the liquid in the mesopores is already frozen (sig-
nal intensity loss of about 80%). At these low temperatures, it is
important to note that the spin-echo signal intensity on Fig. 8, rep-
resents almost exclusively the liquid in the micropores, due to suf-
ficiently short transverse relaxation times in mesopores, at these
high loadings. This effect is more pronounced with decreasing tem-
peratures, with the additional solid phase leading to an additional
confinement of the remaining fluid phase, reflected by a decrease
not only in the transverse relaxation time but also in the diffusivi-
ties in these regions and thus in the decaying slope of the PFG
NMR signal attenuation curve. In complete agreement with this rea-
soning, at -40 °C this effect is found to be even more pronounced
since now the freezing process is extended to smaller mesopores,
leading to an even larger effect of confinement for the remaining
fluid phase.

4. Conclusions

With cyclohexane as probe molecules, molecular diffusion in
activated carbon MA2 revealed a broad distribution of the local dif-
fusivities as recorded by PFG NMR measurements sensitive to root
mean square displacements of up to 13 pm. This distribution was
found to remain essentially unaffected by significant variations in
the measuring conditions, including observation time, substrate
loading, the conditions of nuclear magnetic relaxation and temper-
ature. Deviations below the bulk freezing temperature may be eas-
ily referred to an extra-confinement due to the additionally formed

frozen phase. We tentatively attribute the observed distribution of
diffusivities to internal transport barriers as observed in zeolites. It
is — just due to the observed invariance of the attenuation curves
with the experimental conditions - even rather unlikely that this
variance is correlated with some local preperties of the pore sys-
tem (such as the mean pore diameters, the pore wall chemistry
or the relative density of the micro- and macropores) with correla-
tion lengths of at least the considered displacements of about
10 um. With its well established application to biological systems
[29-31] Fourier transformed g-space plots may be regarded as an
alternative methodology for providing further information on the
present system, as it also provides information on the micrometer
range.

One can rationalize that in addition to the influence of the “reg-
ular” pore space, the rate of molecular migration may be affected
by further influences, including transport resistances in the form
of planes of reduced permeability traversing the host bulk phase.
In zeolites, the existence of such “internal transport barriers” has
been suggested long time ago to explain the discrepancy between
the results of micro- and macroscopic diffusion measurements
[32]. Very recently [33], the occurrence of such resistances could
be directly evidenced in comparative studies by transmission
electron microscopy and PFG NMR diffusion measurements.
While it is premature to attribute the observed behaviour in the
present case of activated carbon to these additional resistances,
as found in zeolites, it may provide an explanation to the
experimental evidence and, therefore, be acceptable as a working
hypothesis.
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Pore-space homogeneity of zeolite NaX was probed by pulsed field gradient (PFG) NMR diffusion studies with
n-butane as a guest molecule. Ataloading of 0.75 molecules per supercage, a wide spectrum of diffusivities was observed.
Guest molecules in the (well-shaped) zeolite crystallites were thus found to experience pore spaces of quite different
properties. After loading enhancement to 3 molecules per supercage, however, molecular propagation ideally followed
the laws of normal diffusion in homogeneous media. At sufficiently high guest concentrations, sample heterogeneity was

thus found to be of no perceptible influence on the guest mobilities anymore.

Introduction

The introduction of nove] synthesis concepts' and the refine-
ment of established ones®* to attain transport-optimized nano-
porous materials led to unprecedented options of their technological
application in mass separalion and heterogeneous catalysis.” As one
of the rate-limiting processes during application, molecular diffu-
sion in such qy%tems has become one of the favorite subjects of
investigation.” Thus, it was observed that the bulk phase of zeolite
crystallites may notably deviate from the ideal textbook structure.
By varying the “observation” time of the measurements, the intra-
crystalline space was found to be traversed by transporl resis-
tances which led to decreasing “effective”™ diffusivities; the larger
displacements are followed in the experiments.” ™ Deviating from
the “conventional™ view that, if at all, additional transport bar-
riers may only occur as “surface barriers”,'*!" diffusion studies
provided severe evidence of the possibility that such transport
resistances, acting in addition to the “drag™ exerted by the genuine
pore space, may also occur in the crystal interior. Recent high-
resolution transmission electron microscopy investigations'> re-
vealed stacking faults of mirror-twin type on (111)-type planes of
the cubic framework of FAU-type zeolites. By the detection of
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these faults, for the first time direct evidence of deviations in the
structural homogeneity of zeolites was provided which, so far,
could only be suggested as a possible hypothesis for explaining
the discrepancy between “macroscopic”™ and “microscopic”™
diffusivities."?

Recently, the pulsed field gradient (PFG) technique of NMR '
has been applied to diffusion studies in mesoporous host—guest
systems. The guest diffusivities could be exploited as a most
sensitive probe of the molecular configurations in pore space,
exhibiting quite different features in dependence on loading,
temperature, and sample “history™. In the present investigation,
we have benelited from these special features of PFG NMR by
evaluating the deviations from sample homogeneity in detailed
diffusion studies with n-butane as a probe molecule in large
crystals of zeolite NaX.

Materials and Methods

Sample Synthesis and Characterization. The giant X-type
zeolite crysl;lls were synthesized following a modified Chamell
procedure.' The gel composition 1.7 Na:0:ALO::1.3 Si0,:300
H50:10 triethanolamine gave after 5 weeks crystallization at §5°C
70—80 g large crystals (Figure 1a). To adjust the reactivity of the
silicate and aluminate species, metallic aluminum and colloidal
silica (LUDOX) have been used. All solutions were filtered using
Millipore filters (0.22 um); the starting hydrogels were prepared at
0 °C and quickly heated to crystallization temperature. Powder
X-ray diffraction (Figure 1b) proves the high crystallinity of the
X-type crystals prepared (for comparison see ref 16). This high
crystallinity does as well appear in the well-shaped form of the
crystals (Figure 1a).

PFG NMR Diffusion Studies. The diffusion measurements
were performed by means of the home-built PFG NMR spectrom-
eter FEGRIS 400'7 with the 13-interval pulse sequence.'® In this
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technique, the two gradient pulses of conventional PFG NMR are
replaced by pairs of alternating gradient pulses separated by high-
frequency m pulses. In this way, the disturbing influence of the
permanent internal field gradients due to indispensible sample
heterogeneities is reduced. The observation time was varied
between 5 ms and | s, and the mean molecular displacements
covered in the studies ranged from about 200 nm up to 20 um. For
diffusion in homogeneous, isotropic media, the signal intensity in
PFG NMR experiments is known to obey the relation®'* '™

W(og,1) = exp(— 0’ D) = exp(— O (1)/6) (1)
with g, 0, and ¢ (>0) denoting the amplitude, duration, and
separation of the gradient pulses (where, in the 13-interval pulse
sequence, d stands for the sum of the durations of the two
gradients of a pair, to ensure conformity with the notation of
the simple stimulated echo'”). The second equation results from
Einstein’s relation®

(1)) = 6D1 (2)
implying proportionality between the mean-square displacement
and the observation time. The self-diffusion coefficient D appear-
ing in this relation coincides with the tracer diffusivity defined by
Fick’s first law.

For the PFG NMR diffusion studies, the zeolite material is
contained in closed sample tubes. It is loaded with a well-defined
amount of »#-butane molecules which were introduced into the
activated samples by chilling from a calibrated gas volume by
means of liquid nitrogen. The samples were activated by heating
(10 K/h) under evacuation and by leaving the sample, under
continued evacuation, at the final temperature of 400 °C for an
additional 10 h.

Results and Discussion

Figure 2 provides typical examples of the primary data ob-
served in our diffusion experiments. As their most striking feature,

D0 & 10 16 20 26 30 35 40 46
29/kiagress

Figure 1. Scanningelectron microimage (Jeol JSM 6700F) (a) and
X-ray diffraction pattern (b) of the NaX-type sample under study.
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the attenuation plots for loadings with 3 molecules per supercage
(Figure 2¢) are found to follow, essentially, the dependence of
eq 1, while there are significant deviations for the smaller loading
with 0.75 molecules per supercage (Figure 2a,b). From eq 1 the
slope of the attenuation plots is easily seen Lo be proportional to
the diffusivity and, hence, via eq 2, to the mean-square displace-
ments. Correspondingly, at an average loading of 3 molecules per
cavity (which corresponds to a relative pore filling of about one-
half), anywhere within the sample the guest molecules propagate
at identical diffusion rates, while, at the lower loadings, notable
differences become perceptible. This means that, within the pore
space of the sample accommodated by the guest molecules,
there have to be substantial differences which, at low loadings, give
rise to the differences observed in the diffusivities. The coincidence
in the attenuation curves for different observation times appear-
ing from Figure 2a,b indicates that, during the covered diffusion
times, there is essentially no guest exchange between the regions of
different mobilities.

The effect of heterogeneity may be quantified by introducing a
probability function p(D) with p(D) dD indicating the probability
that the diffusivity of a guest molecule, arbitrarily selected within
the sample, is in the interval D...D + dD. In this case, eq | may be
transferred into the more general form

o) = [ pDlew-rP¢D0dD ()
0
Often, the so-called log-normal distribution'* ™'
o _(nD-InDy)’
) = v e"‘{ | W

is found to serve as a reasonable [irst-order approach for systems
where molecular diffusion has to be described by a distribution of
diffusivities rather than by a single one. Here Dy, stands for the
mean and ¢ for the width of the distribution. In the limiting case of
infinitely narrow distributions, i.e., with p(D) equal to Dirac’s
delta function, eq 3 coincides with eq 1. This approach is also in
the present case found Lo yield a good fit to the data points as
shown in Figure 2a.b by the broken line which corresponds to
values of D= 2.54 x 107" m*s™' and o= 2.6. For rationalizing
this result we may recollect® that the interval Dy/o... Dyo
comprises 68.3% of the distribution. In the present contents, this
means that the sample heterogeneity appears in a variation of the
local diffusivities over a factor of about 7 in two-thirds of the total
pore space and that the deviation of the diffusivities in the
remaining parts is even more significant!
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Figure 2. PFG NMR spin—echo attenuation curves for n-butane in the NaX sample under study for different observation times as indicated
by the different symbols at 298 K and for guest loadings of 0.75 (a, b) and 3 (¢) molecules per cavity. The broken lines in (2) and (b) represent
the best fit of the attenuation curves for a log-normal distribution of the diffusivities (eqs 3 and 4) to the data points.
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Figure 3. Effective diffusivities in the NaX specimen at 298 K
(as resulting, via eq 1, from the slopes of the representation of
Figure 2b) and comparison with the best fit of the second-order
approach of their time dependence under confinement by spheres
(eq 5).

In Figure 2c, the slope of the signal attenuation and hence, via
eq 1, the effective diffusivity are seen to decrease with increasing
observation time. Exactly this behavior has to be required as a
consequence of the fact that intracrystalline diffusion proceeds
within the finite volume of the individual crystallites of zeolite
NaX rather than in an infinitely extended medium. The confine-
ment leads to mean-square displacements (1)) lagging progres-
sively behind the displacements in an infinitely extended cor-
responding medium with increasing observation time 1 leading,
with eq 2, to the observed decrease in the diffusivities. For a
quantitative proof of this interrelation one may consider these
diffusivities as a function of the square root of the observation
time as displayed in Figure 3. For diffusion in spheres of radius
R in second-order approximation this dependency obeys the
following analytical expression®

Dy oy s 4 /Dyt ]/2_ Dyt 5
Dy SR(:I) 2R? ©)
with Dy denoting the genuine diffusivity, unaffected by boundary
effects. Figure 3 shows the best fit of eq 3 to the initial four data
points, yielding Dy= 7.6 x 10~ m*s ™' and a value of R= 6.4 um
for the mean crystal radius, which is of the order of magnitude
expected from crystal microimages shown in Figure la. The
approach provided by eq 5 implies that the molecular diffusion
path lengths during observation time are still notably exceeded by
the crystal radii, i.e., (Dgf)'"* < R. Effective diffusivities with
further increasing observation times are, therefore, beyond the
limits of the applicability of eq 5.

As another feature of Figure 2¢, the signal attenuation curves
are found to start with an abrupt drop which is increasing with
increasing observation time. This first steep decay has to be
attributed to that part of the molecules which, during the
observation, was able to escape into the intercrystalline space
and which, correspondingly, were able to cover particularly long
displacements. The contributions to the signal decay are propor-
tional to the fractions of molecules that remain inside the crystals
or are able to leave. In the so-calleld NMR tracer desorption
technique®® this additional information on PFG NMR experi-
ments with beds of nanoporous materials is used to explore the

(18) Cotts, R. M.; Hoch, M. J. R.; Sun, T.; Markert, 1. T. J. Magn. Reson. 1989,
83, 252-266.
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(21) Limpert, E.; Stahel, W. A.; Abbt, M. BioScience 2001, 51, 341-352.

(22) Mitra, P. P.; Sen, P. N.; Schwartz, L. M. Phys. Rev, B 1993, 47, 8565-8574.

(23) Krutyeva, M.: Kirger, 1. Langmuir 2008, 24, 10474-10479.
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existence of surface barriers. Assuming an exponential approach

p(t) = exp(—t/t) (6)

for the relative number of molecules which have remained within
one and the same crystallite during the whole observation time ¢,
one may introduce a mean molecular lifetime 7. This quantity can
be compared with the mean lifetime resulting under the assump-
tion that molecular exchange is exclusively determined by intra-

crystalline diffusion® '

R2
pifr = m

o

The values resulting in the present study are 7= 1.5 s and 1=
36 ms. Intercrystalline exchange is thus found to be controlled by
the permeation of a surface resistance on the individual zeolite
crystals rather than by diffusion through the crystal bulk phase.
With this finding, belatedly, we also justify the application of eq 5,
which does only hold in the limiting case of ideally reflecting
boundaries. In the other extreme, namely for diffusion-limited
exchange, the right-hand side would maintain its structure,
however, with slightly modified prefactors.”>*

To facilitate the discussion of the differences observed with the
two loadings, Figure 4 compares the present data with the results
of previous diffusion measurements with a sample of NaX
stemming from the celebrated laboratory of Professor Zhdanov,
Leningrad/St. Petersburg.”® Diffusion measurements with this
material revealed, after as long as 30 years, a remarkable
reproducibility yielding, with one and the same zeolite specimen,
essentially identical diffusivity data.’” Moreover, the diffusion
data in these materials were found to be in good agreement with
theoretical predictions based on the pore space geometry of the
ideal NaX structure.®* It is in particular the decrease in the
mobilities with increasing loading which was widely accepted as a
quite general feature of n-alkane diffusion in zeolite NaX,'
caused by the diminishing “free volume™. In addition to the much
smaller values of the diffusivities, at room temperature, now also
this loading tendency is found to be reversed.

Assuming that the diffusivities in the Zhdanov samples are
exclusively determined by the friction exerted by the genuine NaX
pore network, the lower diffusivities in the zeolites considered in
this study (and, most likely, also in numerous other products of
zeolite synthesis considered in the past) must additionally be
influenced by transport resistances in the interior of the crystals,
possibly similarly to the stacking faults revealed in the TEM
studies of ref 12. With locally varying separation / between these
resistances and, possibly, permeabilities @ through these resis-
tances (defined as the ratio between the particle flux through the
resistance and the difference in the concentrations on either
side?™®), they would give rise to the observed distribution in
the diffusivities as soon as the studied displacements exceed these
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Figure 4. Comparison of the diffusivities of a-butane in zeolite
NaX (full symbols: specimens synthesized by S. P. Zhdanov;***
open symbols: this study, sample shown in Figure la at loadings of
0.75 (circles) and 3 (triangles) molecules per large cavity. The size of
the symbols corresponds to the uncertainty in the diffusivities.

separations but are still short enough to avoid an averaging over
the whole spectrum of permeabilities and separations. In such
cases, Lhe effective diffusivity simply results by reciprocal addition
of the two impeding mechanisms’

Degy Do

(8)

Hence, increasing permeabilities would reduce the contribution
of the second term on the right-hand side of eq 8 to the overall
diffusivity. Since, in general, the activation energies for permea-
tion through the intracrystalline transport resistances exceed
those for diffusion through the genuine pore space,'lﬂ the
contribution of the second term on the right-hand side of eq §
is expected to decrease with increasing temperature. The observa-
tion that the effective diffusivities in the present samples increase
more strongly with increasing temperature than the diffusivities in
the genuine NaX samples considered in ref 28 is in complete
agreement with this consideration.

In a similar way one may also rationalize that at the higher
loadings the influence of sample heterogeneity is not visible any-
more. It is well-known that in narrow pores the diffusivities
generally increase with increasing loading (type-v pattern of
concentration dependence™®™). Since the formation of internal
transport resistances is associated with constrictions in the pore
space, the permeability through these barriers is expected to
increase with increasing guest concentrations. Hence, with in-
creasing concentration, the weight of barrier permeation (second
term in eq &) on the effective diffusivity is decreasing, while
the first term, as a consequence of the well-known decrease of
n-alkane diffusivities in the genuine pore space of NaX. > becomes
more and more dominating so that, eventually, the influence of
the additional transport resistances and, hence, of sample hetero-
geneities due to structure defects becomes negligibly small—as
experimenlally observed.
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Conclusion

Exploiting n-butane as a probe molecule, well-shaped crystals
of zeolite NaX are found to exhibit a remarkable heterogeneity.
This heterogeneity appears in a broad distribution of the butane
diffusivities at low loadings, covering an order of magnitude.
These diffusion data are by 1—2 orders of magnitude below the
diffusivities observed in NaX specimens which are generally
assumed to be close to perfect crystallinity.?® One has to conclude,
therefore, that in the NaX specimens considered in the present
study guest diffusion is also controlled by internal transport
resistances (“barriers”) which act in addition to the permanent
“drag” exerted on the diffusing molecules by the genuine pore
space. Thus, a variation in both the spacing and the intensity of
these resistances over the sample may easily explain the observed
distribution in the observed diffusivities. It is interesting to note
that these differences disappear with increasing loading. How-
ever, such a behavior is not unexpected since in narrow-pore
media the diffusivities (and, hence, also the permeabilities) are
known to generally increase with increasing loading. As a con-
sequence, the influence of these barners will decrease with
increasing loadings so that, eventually for sufficiently large
concentrations, sample heterogeneity will disappear in the diffu-
sion patterns.

In addition to previous studies revealing sample heterogeneities
by recording time-dependent intracrystalline diffusivities™* or by
combining the PFG NMR diffusion data with the results of quasi-
clastic neutron scattering and high-resolution microscopy,'” we
have observed that, for one and the same guest molecule, the
effect of sample heterogeneity on the observed diffusion patterns
may dramatically depend on the loading. The decrease of this
influence with increasing loading is shown to be in agreement with
quite general features of mass transfer in pore spaces.

Crystals which, judging from both their external habit and their
X-ray diffraction patterns, appear to be ideal are thus found to
occur with vast differences in their real structure, ranging from
perfect crystallinity as observed, e.g., with the diffusion measure-
ments in ref 28 and their repetition in ref 27 to pronounced
heterogeneities as substantiated with the present studies following
previous comparative diffusion measurements by QENS and
PFG NMR and investigations by high-resolution transmission
electron microscopy.'? It is noteworthy that in these studies both
ideal crystallinity and deviations from crystallinity have been
observed irrespective of the size of the given crystals. The
correlation between the deviations from ideal crystallinity and
the resulting diffusion patterns is thus expected to be quite
complex and should be kept in mind quite generally in diffusion
studies with such materials.
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ABSTRACT: Pulsed field gradient NMR is applied for monitoring
the diffusion properties of guest molecules in hierarchical pore
systems after pressure variation in the external atmosphere.
Following previous studies with purely mesoporous solids, also
in the material containing both micro- and mesopores (activated
carbon MA2), the diffusivity of the guest molecules (cyclo-
hexane) is found to be most decisively determined by the sample
“history™ at a given external pressure, diffusivities are always
found to be larger if they are measured after pressure decrease
(ie, on the “desorption” branch) rather than after pressure
increase (adsorption branch). Simple model consideration re-
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produces the order of magnitude of the measured diffusivities as well as the tendencies in their relation to each other and their

concentration dependence.

B INTRODUCTION

The need for transport-optimized materials for molecular
separation and for molecular conversion by heterogeneous
catalysis has initiated the development of novel strategies for
the production of such materials.' Combining the benefit of
micropores for molecular separation and conversion and of
mesopores for transport acceleration, materials of hierarchical
pore architecture have attained particular interest.” The inter-
penetration of micro- and mesopore spaces leads to very special
patterns of mass transfer which, in such complex systems, are by
far more complicated to be assessed than in purely microporous
or mesoporous materials. This includes, in particular, the ex-
ploration of the interrelation between sorption hysteresis and
mass transfer. In the literature, time-dependent hysteresis is
referred to both as structural changes (such as deformations
and swelling) i m the host material®* and as diffusion resistances in
the pore space.” To the best of our knowledge, never before have
mass transfer and sorption hysteresis in hierarchical pore systems
been directly correlated by experimental measurement.

The present work is dedicated to this issue, explo1t1n§ the
pulsed field gradient technique of NMR (PFG NMR)® ¥ as a
sophisticated tool for the in situ observation of molecular dis-
placements over microscopic dimensions. The covered diffusion
path lengths are thus large enough to ensure tracing of the
combined effect of mass transfer in the micro- and mesopores.
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They are small enough, however, to remain unaffected by the
influence of unwanted boundary effects by the external surface of
the host particles and the interparticle space.

B MATERIALS AND METHODS

The host system under study was an activated carbon (MA2),
prepared by carbonization and subsequent CO, activation (43% activa-
tion burnoff) of spherical porous resin obtained by cross-linking of
phenol-formaldehyde Novolac precursor with hexamethylenetetramlne
and with ethylene glycol as solvent—pore former.™” It consists of
spherical particles (Figure 1, left) with diameters of 0.15—0.50 mm
(mean 0.32 mm).

In both nitrogen adsorption at 77 K (Figure 2) and transmission
electron microscopy (Figure 1, right), micro- and mesoporosity appear
in an almost perfect mixture (1:1), with respective volumes V..., = 0.64
em® g ! and Vo = 0.59 cm® g~', which correspond to two pore
diameter ranges centered around 1 and 20 nm, in the obtained pore size
distributions (inserts to Figure 2). Furthermore, the micropore volume
was also accessed by CO, adsorption at 273 K giving rise to an expected
slightly lower value of Vi, = 0.57 em® g . This value remains in good
agreement with the estimation from the N, adsorption data, since the
adsorption of CO, at 273 K is limited to the narrow (<l nm)
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Figure 1. Images of the host system under study (activated carbon of type MA2*'”) as obtained by (left) scanning electron microscopy and (right) by

transmission electron microscopy, revealing both micro- and mesopores.
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Figure 2. N, adsorption isotherm at 77 K for the carbon sample
under study, with closed and open symbols corresponding to the
adsorption and desorption branch, respectively. The insets show the
micropore and mesopores pore size distributions (upper left side
and lower right side, respectively) as obtained by DET'? (micropore
distribution) and BJH" (mesopores distribution). Note that the
area under both peaks, in the upper-left inset, is approximately the
same.
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micropores; the distinction of narrow and wide microporosity is

clear in the DFT'? pore size distribution inset of Figure 2.

The diffusion measurements have been performed by means of PFG
NMR tec]'mir;iu\‘:,‘FR using cyclohexane (with a saturation pressure of
Py = 130 mbar, at 298 K) as a probe molecule. By considering large
ensembles of molecular entities, experiments of this type are comple-
mentary to single-molecule observation'® and yield the complete
statistical information relevant for the selected space and time scales.
The primary quantity recorded by PFG NMR is the intensity of
the NMR signal (the spin echo). This quantity, plotted as a function
of the intensity of the field gradient pulses, is the Fourier transform
of the propagator,7 ie, the probability distribution of molecular
displacements as a function of the observation time. Typical space and
time scales as accessible by PFG NMR are micrometers and milli-
seconds. The mean square displacement {**(£)) results as the mean
squared width of this distribution and follows directly from the signal
attenuation in the limit of sufficiently small gradient intensities (initial
decay of the NMR signal intensity in a semilogarithmic representation
versus the squared magnetic field gradient i.ntensity}.é'?

PEG NMR diffusion data in complex systems are commonly repre-
sented by so-called effective diffusivities defined by the relation

Dyt = (P(1))/ 6t (1)

as the ratio between the mean square displacement {’(t)} of the
molecules under study and the observation time t. In homogeneous
systems, eq 1 represents Einstein's diffusion equation'®'” and D coin-
cides with the genuine coefficient of self-diffusion (also referred to as the
self-diffusivity). In heterogeneous systems, D, is the mean value of the
diffusivities of all probe molecules under study. The diffusion measure-
ments have been performed with the 13-interval pulse sequence'® at a
proton resonance frequency of 125 MHz by means of the home-built
PFG NMR diffusion spectrometer FEGRIS NT."**" Prior to the mea-
surements, the host material under study was kept in an oven at 383 Kin
contact with atmosphere over 24 h and, subsequently, under high
vacuum (<1077 Pa) at 523 K for 4 h. The diffusion measurements were
generally performed by connecting the sample with a reservoir contain-
ing the guest molecule under well-defined pressure. By varying the pre-
ssure, a continuous variation of the sample loading was possible. By
approaching a certain pressure either from smaller or larger values
(i.e., by adsorption or desorption) different sample “histories” could be
considered. Since the intensity of the NMR signal following the first
(7/2) pulse of the PFG NMR pulse sequence (the “free induction
decay”) is directly proportional to the number of guest molecules, the
NMR technique may as well be exploited to determine the guest loading,
This occurs under exactly those conditions under which the diffusion
experiments are performed and allows the immediate correlation of
diffusion and adsorption under a well-defined external atmosphere.”'
Complementary to these studies, selected diffusion measurements
have been performed in closed PEG NMR samples as well. After
subjecting the host material to exactly the same activation procedure
as described above, these samples have been prepared by introducing a
well-defined amount of guest molecules into the host material by
freezing with liquid nitrogen and subsequent sealing of the sample tubes.

B RESULTS

Figure 3 provides a survey of the diffusivities (D) of cyclo-
hexane in activated carbon MA2 measured under variation of
the external gas phase pressure, jointly with the corresponding
loadings (@). The loadings are represented as the ratio between
the amount actually adsorbed and its maximum value attained
by guest pressures close to saturation. Inevitable long-term

2438 dx.dolorg/10.1021/ja109235¢ [ Am. Chem, Soc. 2011, 133, 2437-2443



Journal of the American Chemical Society

B desorption a
& 4]| o sdsrption et Wo.,
Tc . f— :‘qurl’:;t-d from Eq 3 L " ’_.:‘.[;1 @ 2 au
X3 " _.o"- 3
—‘;., - ..‘_,-- o
‘?_‘:_ é u® __--"--‘ o z
a1 2 g @ @ E 1 b
0 0.0 0.2 0.4 0.6 0.8 1.0 00 5101520
1.0 ; '::':'W p ; + 1.0 %&.ﬁ
g 0.8 i 0.8 + +
=
= L 1
06 P 3%+(§*+ 3o :}?0.5+
dis 4
04} ¢ 04 d
00 02 04 06 08 10 05101520
PPy Time (h)

Figure 3. (a) Diffusivities of cyclohexane at 298 K in MAZ2 as a function
of the relative external pressure during adsorption and desorption and
the diffusivities resulting via eq 3 (dashed line). (b) Evolution of the
diffusivities with time after the last pressure step (to P/P, = 1) on the
adsorption branch. (c) Cyclohexane loading isotherm at 298 K in MA2
as a function of the external pressure during adsorption and desorption,
measured 10 min after each pressure variation. (d) Loading evolution
with time after the pressure step to P/P, = 1 on the adsorption branch.

instabilities cause the uncertainty indicated for the loadings. The
uncertainty in the measured diffusivities relative to each other is
smaller than the size of the symbols.

Usually, the measurements were performed 10 min after the
pressure step. The development of the loading during this time
interval is represented by the development of the free induction
decay (FID) shown in Figure 4. Pressure steps during adsorption
(Figure 4a) are found to lead to an only slight change in loading,
which must be expected to continue after the considered time
interval of 10 min, In general, pressure steps during desorption
are followed by a much more pronounced changes in loading
(Figure 4b). The normalized representation in Figure 4c shows
that this effect is particularly pronounced for pressure steps
around P/P, = 0.7.

Limitation in the measuring time allowed an extension of the
equilibration time only for selected cases. One example is pro-
vided by Figures 3b and d, where the final adsorption step
to saturation is found to require equilibration times of days,
accompanied by distinct changes in the diffusivities. A second
experiment of this type has been performed during desorption
following the pressure step from P/P, = 0.74 to 0.67. Here,
following the initial change as displayed by Figure 4c, during the
considered time interval of 20 h no further change in loading and
diffusivity became visible within the accuracy of these measure-
ments (£5%).

Complementary to the diffusion measurements at well-de-
fined external pressures, Figure 5 provides a survey of the diffu-
sivity data obtained for the closed samples. Also included in this
representation are the diffusivity data of Figure 3a. The error bars
in the loading (resulting by turning the vertical error bars of
Figure 3cinto horizontal direction ) are omitted. Note that diffusion
measurements with loadings notably below saturation of the
micropores could not be performed by the experimental setup
designed for pressure variation (data of Figure 3a). The spatial

constraint given by the PEG NMR spectrometer did not allow a
satisfactorily accurate adjustment and maintenance of the small
guest pressures necessary for attaining these low loadings.

B DISCUSSION

Following investigations with purely mesoporous host sys-
tems (Vycor porous glass)* and system containing both meso-
and macro-porosity,” with the data shown in Figure 3a for the
first time hysteresis effects are also observed for diffusion in
hierarchical pore networks involving both micro- and mesopor-
ous spaces. It turns out that, for a given external pressure, the
measured diffusivities notably depend on the “history” of the
system: if the pressure is attained by pressure decrease from
larger values (i.e., on the “desorption branch”), then the diffusiv-
ities are found to be notably larger than after approaching the
same pressure from lower values, i.e,, on the adsorption branch.

For rationalizing the observed diffusion behavior, we have to
correlate the experimentally accessible quantity, the mean square
displacement, with its constituents, i.e., the displacements in the
micro- and mesopores. The distances over which, in PFG NMR
measurements, the guest molecules are followed are typically of
the order of micrometers so that the diffusion paths consist, in
general, of displacements in both the micro- and mesoporous
spaces. We, correspondingly, note:

(P = {(rmicro(t) + Tmeso (£))%
= (rzmicm(t)) + (rzmem(t)) (ZJ

where riyico(t) and r,..(t) represent the (vector) sum over all
individual constituents of overall displacement in the micro- and
mesoporous spaces, respectively, during time t. The second rela-
tion holds rigorously if subsequent displacements in the micro-
and mesopores are uncorrelated. This requirement is fulfilled for
mutually interpenetrating pore networks and corresponds to the
model of parallel diffusion resistances. Dividing eq 2 by the
observation time and comparison with eq 1 finally yields:

Eoni Emes
D = ﬂDmicm = e‘anesn
t t
= pmicrquicm o PmesoDmEsD (3)

where the quantities Enicro(meso)s Dmicro(mt.‘sc)l and Pmicro(meso)
denote, respectively, the total lifetime (during t), the self-
diffusivity and the relative amount of molecules in the micro-
(meso-) mesopores. The second equation results in consequence
of the detailed-balance requirement picro/ tmicro = Prmeso/ Emesor

With eq 3, the general tendency in the variation of the
diffusivities with varying loading, as revealed by Figure 5, may
be easily rationalized. For loadings sufficiently below total filling
of the microporous space (i.e., up to © & 0.5), the pressure and,
hence, the relative amount p,,,..., of molecules in the mesopores is
so small that the second term in eq 3 may be neglected. Mass
transfer in the pore system is essentially controlled, therefore, by
micropore diffusion. The increase with increasing loading ob-
served in this loading range corresponds to the well-known
pattern III of the concentration dependence of pore space
diffusion as discussed by Kirger and Ruthven® and may be
referred to the (transport-impeding) influence of strong adsorp-
tion sites which decreases with increasing loading.

In Figure 5, this range of micropore-controlled diffusion is
followed by a region (0.5 < ® < 0.6) of steep increase of the
diftusivity with increasing loading: loading enhancement by 20%
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increases the diffusivity by a factor of 5. This enhancement may
immediately be attributed to the onset and a dramatic increase of
the contribution of mesopore diffusion to mass transfer, i.e., to
the second term on the right-hand side of eq 3. We have to note
that the relative amount of molecules in the mesopores is still
much smaller than in the micropores (Prmeso << Prmicro). This,
however, is now becoming to be overcompensated by the
fact that molecular propagation in the (still empty) mesopores
is much larger than in the micropores and that, therefore,
Dmeso>>Dmicno-

The steep increase in the diffusivity for 0.5 < © < 0.6 is
followed by a moderate decrease in the diffusivities, which
attain their minimum for @ = 1. This behavior appears even

more pronounced in the presentations of Figure 3 and is
immediately correlated with the onset of capillary condensa-
tion. Again, the behavior may be rationalized by eq 3: capillary
condensation leads to a break down in the mesopore diffusivity
from Knudsen to bulk diffusion. As a consequence, the de-
crease in Dy, may affect that, irrespective of an increase of
Pmeso toward (For the EiVE“ S)'Stﬂm) Pmeso ™ Pmicro 0.5, the
second term on the right-hand side of eq 3 decreases with
further increasing loading.

As already discussed, Figure 3 shows that cyclohexane diffu-
sivity plotted versus external pressure does remarkably depend
on the sample preparation history. It should be noted that
Figure S rather indicates that the measured diffusivities on the
desorption and adsorption branches, as well as on closed samples
in this particular system do not significantly differ from each
other (within the experimental precision), for a given loading.
Therefore, provided that the system has been given enough time
to equilibrate, on the basis of the results obtained, one may
anticipate that sample preparation history should not affect the
diffusivity of the guest molecule. This, however, is a matter of
ongoing discussions in the literature with a particular emphasis
that, in random mesoporous structures, no thermal equilibration
can be obtained on the laboratory time scale.”*?°

The scenario of molecular dynamics as deduced from the
experimental data may be supported by order-of-magnitude esti-
mates which can be shown to cover the two limiting cases in
which the guest molecules are assumed to accommodate the
mesopores exclusively in either the gaseous or liquid state.
Disregarding any mass transfer along the inner surface of the
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mesopores, in the first case, the relative amount of molecules in
the mesopores may be noted as a function of the volumes V..,
and V., of the meso- and micropores and the pressure P in the
mesopores by the relation:*'

Vmesu MP
Vmicm = Vmeso RTpiiq

<<1 (4)

Pmeso =

with R denoting the gas constant, T the absolute temperature, M
the molecular weight, and py, the density of liquid cyclohexane.
Mesopore diffusion may be approached by the classical Knudsen

relation:

d (8RT
Drneso Dinudsen / T 3V oM (5)

where, in addition, a tortuosity factor 7 has been introduced to
take account of an additional enhancement of the diffusion path
lengths due to pore tortuosity.™

Figure 3a shows the effective diffusivities resulting from eq 3,
in combination with eqs 4 and 5, by the dashed straight line. The
starting point in the low-pressure region is chosen to coincide
with the effective diffusivity which may be attributed to micro-
pore diffusion at micropore saturation. By assuming that the
mesopores are exclusively filled by gas phase, p ..., remains much
less than pricro (i€, Proeso = Prmicro = 1, with the latter relation
following due t0 Pricro + Pmeso = 1). With eqs 3 to 5, Deg thus
results as a function linearly increasing with the pressure. Its slope
is given by the ratio d/7. With a pore diameter of d = 20 nm (see
Figure 2), the effective diffusivity is found to reach the experi-
mental value at saturation pressure by assuming a tortuosity
factor of T = 1.3. Since our estimates had to neglect possible
contributions of surface diffusion to mass transfer in the meso-
pores, includ.ing' correlation effects which may affect the applic-
ability of eq 5, ** the resulting tortuosity factor is only an
estimate of the lower limit and thus in satisfactory agreement with
the values (about 2 to 4) commonly found in the literature.®

With the onset of capillary condensation, after a waiting time
of 20 h (Figure 3b), the effective diffusivity decreases to a value of
Dur = 36107 " m? s, In the limiting case of micro- and
mesopore saturation, eq 3 becomes:

Vrnicm - Vmesu

Dig = ————— Diiee + ——=2
¢ Vmicro + Vmeso e Vmi(rn + Vmeso

-Dmeso (6)
where, for simplicity, the guest densities in the two pore spaces
are assumed to coincide. With the relevant values of D ;e =
79% 107 M m* s Ve =064 cm’ g ' and Vi =059 cm’g
eq 6 is found to Xield the experimentally determined value of
Dug=3.6x 10 m?s! by implying a value of D,,,.., = 6.6 X
107" m® 57! for the liquid diffusivity in the mesopores. This
value is by a factor of 2 below the diffusivity in the bulk liquid
(Deyetohexane = 1.4 x 107 m* s ™) which, again, may be easily
referred to the effect of tortuosity. The order of magnitude of the
measured diffusivities is thus found to be nicely reflected by our
simplifying model based on eq 3 and by considering the two
extreme cases that mass transfer in the mesopores is controlled
by either Knudsen diffusion (mesopores exclusively containing
gas phase) or by bulk diffusion (mesopores exclusively contain-
ing liquid phase).

As the most remarkable feature of Figure 3a, the measured
diffusivities are found to deviate in a well-defined way from the
straight line which, via eqs 3—S$, represents the diffusivities

predicted by assuming that the gas pressure within the meso-
pores coincides with the pressure externally applied. The experi-
mental results deviate to smaller values on the adsorption branch,
ie, in a sequence of steps with increasing pressure, while they
are above this line on the desorption branch. Such history
dependence in the measured diffusivities (“diffusion hysteresis”)
has, for the first time, been observed in purely mesoporous
systems.u

With the present work, this phenomenon is now also demon-
strated to occur in hierarchical pore networks. In contrast to the
purely mesoporous materials, in the hierarchical materials under
study, the mesoporous space is imbedded in a microporous mat-
rix. The micropores provide the system with additional diffusion
pathways, the efficiency of which may be quantified by the mi-
cropore diffusivities also measured in this study (diffusivities in
Figure 5 for ©<0.5). The additional diffusion pathways pro-
vided by the micropores may be expected to promote equilibra-
tion. It turns out, however, that this effect is not strong enough
and does not prevent the formation of hysteresis effects. This
finding confirms the conclusion of the previous studies with
purely mesoporous materials:* system equilibration during hys-
teresis is not correlated with the guest diffusivities. It is the rate of
collective rearrangement of molecular ensembles rather than of
individual molecules which promotes the systems into states of
lower free energy. It is well established that the propagation rate
of the latter process is dramatically decreasing with increasing
time™"* excluding equilibrium establishment over feasible
observation times.

Deviating from the observations with the pure mesoporous
material (Vycor porous glass, see Figure lb of ref 22), the
diffusivities on the desorption branch are now (Figure 3a) found
to be notably larger (rather than smaller) than those on the
adsorption branch. This difference, however, may be nicely
referred to a quite general pattern of diffusion hysteresis which
may be deduced from both the previous studies with the purely
mesoporous material”® and the present investigations with hier-
archical pore spaces: since, upon pressure variation, the system
tends to remain in the old state, the diffusivities likewise tend to
be shifted toward the previously measured values. The relation
between the diffusivities on the adsorption and desorption branc-
hes may therefore easily be correlated with the overall trends in
the concentration dependence. In Vycor porous glass,* the dif-
fusivity at complete saturation is found to be notably smaller than
over most of the covered pressure range while, just vice versa, in
the material considered in this work, the diffusivity at complete
saturation is notably larger than over most of the pressure range
considered.

The deviation of the experimental data from the theoretical
estimate (broken line in Figure 3a) toward larger values on the
desorption branch and toward smaller values on the adsorption
branch is in complete agreement with the understanding that,
upon pressure decrease, the actual pressure within the mesopores
is above the external pressure, while it is below the external
pressure upon pressure increase: system “memory” tends to
maintain the previous state. The time interval between pressure
variation and measurement (in general 10 min) has thus turned
out to be too small to ensure complete equilibration.

Figures 3b,d and 4 display the experimental data that have
been obtained in selected series of measurement with observa-
tion times extended to 20 h. As a most intriguing difference in
system evolution, pressure steps are found to lead to a pronoun-
ced'short-term response during desorption (Figure 4b, ¢) while,
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during adsorption (Figures 3b, d and 4a), loading and diffusivities
vary extremely slowly with increasing observation time. A reliable
explanation of this difference requires long-term measurements
with correspondingly long observation times which are under
consideration for future studies. Possible explanations may in-
clude variations in the host structure upon sorption® and/or
kinetic restrictions in the micropore space as suggested in ref 33.

For the time constant (“first statistical moment”**) of the
decay following the desorption step at P/P, = 0.67 in Figure 4b, ¢,
one obtains a value of 74, & 100 5. For diffusion-limited desorption
by spherical;:articles of radius R, this time constant is given by
the relation:>*

deﬁ' — R*
o 1 SDdes

(7)

with Dge; denoting the diffusivity relevant for the desorption
process considered. With a mean radius of 0.16 mm as relevant
for our host particles and the above value of 7,4, 7 100 s, eq 7
yields a diffusivity Dy, = 1.7 % 10" m*s . It is interesting
to note that this value is still—although slightly smaller—of
the order of the micropore diffusivities (Dpiqo=7.9 X 10 ' m®s ™ ").
The given differences might, moreover, be referred to the diffe-
rent nature of the two diffusivities: the self-diffusivity resulting
by PFG NMR is an equilibrium quantity, while Dy, results from
the rate of desorption and is, therefore, generally referred to as a
transport (or Fickian) diﬂllsivity.zs'as On the basis of the experi-
mental data so far available, however, the indicated correlation
with the short-time behavior in the relaxation curves shown in
Figure 4b, ¢ cannot be anything more than a tentative approach.
Similarly, there is no sound basis to exclude that the observed fast
relaxation is followed by another, very slow one, with time cons-
tants far too large to be accessible in our measurements. The
possibility of diverging time constants is well established in the
literature ***

B CONCLUSIONS

In the course of recent decades, diffusion measurements in
apparently simple materials such as purelz microporous solids
revealed a multitude of diverging results*”* and, eventually, led
to the insight that the real structure of such materials may notably
deviate from the patterns resulting from conventional structure
analysis and generally found in textbooks.*>*" It is worth mention-
ing that, in general, these complications do not concern diffusion
measurements by Quasi-Elastic Neutron Scattering (QENS)*!
where the covered diffusion paths are of the order of nanometers.
Structural deviations such as stacking faults*® which may become
rate controlling in PFG NMR diffusion measurements (and even
more pronounced in the more “macroscopic” techniques) would
thus affect an only negligibly fraction of the recorded trajectories
and would not appear in the QENS diffusion data. This virtue of
QENS is impressively demonstrated by the excellent agreement
between QENS measurement of guest diffusion in zeolites and
Molecular Dynamics simulations which are based on the ideal
pore structure.**

Mesoporous and, in particular, hierarchical host materials may
additionally complicate the conditions for reliable diffusion mea-
surements. Since the range of diffusion measurement by QENS
is, at best, limited to distances comparable with the mesopore
diameters, this technique is unable to provide direct information
about the rate of long-rage diffusion within the individual host
particles.

Covering diffusion path lengths from fractions to hundreds of
micrometers, PFG NMR is the method of choice for the
measurement of molecular transport in such systems. Following
previous studies with purely mesoporous materials,’>**** PFG
NMR has now been employed to investigate the mobility of guest
molecules in a material with an interpenetrating network of
micro- and mesopores as a function of the sample history. Over
essentially the whole pressure range covered in the experiments,
for one and the same externally applied pressure, the molecular
diffusivities measured on the desorption branch, i.e., following a
decrease in the external pressure, notably exceeded the diffusivities
on the adsorption branch. We were able to rationalize both the
trends in the concentration dependence and the relation between
the diffusivities on the basis of simple microkinetic models.

The waiting times of generally 10 min, as allowed by the
conditions under which the experiments had to be performed,
not unexpectedly turned out to be much too short for equilibra-
tion. Even with waiting times of up to 20 h, allowed for in selected
cases, there was no clear evidence of final equilibration. We have
confined ourselves to weak conjectures about the mechanisms
behind the ongoing equilibration process, including the option of
sorption-induced structural changes in the host material, and
hope that the presented experimental data help to intensify
investigations on a challenging field of current research.

B AUTHOR INFORMATION

Corresponding Author
valiullin@uni-leipzig.de

B ACKNOWLEDGMENT

Financial support from Marie Curie Early Stage Training
Program “Risk Assessment and Environmental Safety Affected
by Compound Bioavailability in Multiphase Environments” (RA-
ISEBIO), by the Deutsche Forschungsgemeinschaft, and by the
Fonds der Chemischen Industrie is gratefully acknowledged.

B REFERENCES

(1) Schiith, F; Sing, K. §. W.; Weitkamp, J. Handbook of Porous
Solids; Wiley-VCH: Weinheim, Germany, 2002.

(2) Wang, G.; Johannessen, E.; Kleijn, C.; Deleeuw, S.; Coppens, M.
Chem. Eng, Sci. 2007, 62 (18—20), 5110-5116.

(3) Gregg, S. Adsorption, Surface Area, And Porosity; Academic Press:
London, New York, 1982.

(4) Tvardovski, A. J. Colloid Interface Sci. 2001, 241 (2), 297-301.

(5) Ravikovitch, P.1; Neimark, A. V. Adsorption 2005, 11 (S1), 265-
270.

(6) Dvoyashkin, M.; Valiullin, R.; Karger, ].; Einicke, W. D.; Glaser,
R. J. Am. Chem. Soc. 2007, 129 (34), 10344-10345.

(7) Kirger, ].; Pfeifer, H.; Heink, W. Adv. Magn. Reson. 1988, 12, 2-89.

(8) Stejskal, E. O.; Tanner, . E. J. Chem. Phys. 1965, 42 (1), 288.

(9) Rodriguez-Reinoso, F.; Marsh, H. Activated Carbon; Elsevier:
Amsterdam, Boston, 2006.

(10) Tennison, §. R;; Kozynchenko, O. P.; Strelko, V. V.; Blackburn,
A. J. Porous carbons. U.S. Patent 2004/0024074 Al.

(11) Garrido, J.; Linares-Solano, A.; Martin-Martinez, ]. M.;
Molina-Sabio, M.; Rodriguez-Reinoso, F.; Torregrosa, R. Langmuir
1987, 3 (1), 76-81. : .

(12) Rodriguez-Reinoso, F.; Garrido, J; Martinmartinez, J.;
Molinasabio, M.; Torregrosa, R. Carbon 1989, 27 (1), 23-32.

(13) Lastoskie, C.; Gubbins, K. E.; Quirke, N. J. Phys. Chem. 1993, 97
(18), 4786-4796.

2442 dx.doi.org/10.1021/ja109235¢ . Am. Chem. Soc. 2011, 133, 2437-2443



Journal of the American Chemical Society

(14) Barrett, E. P; Joyner, L. G.; Halenda, P. P. J. Am. Chem. Soc.
1951, 73 (1), 373-380.

(15) Jung, C,; Kirstein, J.; Platschek, B.; Bein, T.; Budde, M.; Frank,
L; Millen, K.; Michaelis, ].; Brauchle, C. J. Am. Chem. Soc. 2008, 130 (5),
1638-1648.

(16) Einstein, A. Ann. Phys. (Berlin) 1903, 322 (8), 549-560.

(17) Kirger, J. Leipzig, Einstein, Diffusion; Leipziger University-
Verlag: Leipzig, 2007.

(18) Cotts, R; Hoch, M.; Sun, T.; Markert, J. J. Magn. Reson. 1989,
83 (2), 252-266.

(19) Galvosas, P; Stallmach, F.; Seiffert, G.; Kirger, J.; Kaess, U;
Majer, G. J. Magn. Reson. 2001, 151 (2), 260-268.

(20) Stallmach, F.; Galvosas, P. Annu. Rep. NMR Spectrosc. 2007, 61.

(21) Valiullin, R; Kortunov, P.; Kirger, ].; Timoshenko, V. J. Chern.
Phys. 2004, 120 (24), 11804-11814.

(22) Valiullin, R; Naumov, §.; Galvosas, P.; Karger, J.; Woo, H.J;
Porcheron, F.; Monson, P. A. Nature 2006, 443 (7114), 965-968.

(23) Valiullin, R.; Dvoyashkin, M.; Kortunov, P.; Krause, C.; Kirger,
J. J. Chem. Phys. 2007, 126 (5), 054705.

(24) Kirger, J.; Ruthven, D. M. Diffusion in Zeolites and Other
Microparous Solids; Wiley: New York, 1992.

(25) Satterfield, C. Mass Transfer in Heterogeneous Catalysis; R.E.
Krieger Pub. Co.: Huntington, N.Y., 1981.

(26) Ruthven, D. M.; DeSisto, W. J.; Higgins, S. Cher. Eng. Sci. 2009,
64 (13), 3201-3203.

(27) Bhatia, S. IC; Nicholson, D. AICKE J. 2006, 52 (1), 29-38.

(28) Krishna, R. ]. Phys. Chem. C 2009, 113 (46), 19756-19781.

(29) Holz, M,; Heil, S. R; Sacco, A. Phys. Chem. Chem. Phys. 2000, 2
(20), 47404742,

(30) Naumov, $.; Valiullin, R;; Monson, P. A.; Karger, . Langmuir
2008, 24 (13), 6429-6432.

(31) Woo, H. J.; Monson, P. Phys. Rev. E 2003, 67 (4), 041207.

(32) Neimark, A. V.; Ravikovitch, P. L; Vishnyakov, A. Phys. Rev. E
2002, 65 (3 Pt 1), 031505,

(33) Nguyen, T. X; Bhatia, 8. K. Langmuir 2008, 24 (1), 146-154.

(34) Barrer, R. Zeolites and Clay Minerals As Sorbents and Molecular
Sieves; Academic Press: London, New York, 1978.

(35) Chmelik, C.; Bux, H.; Caro, J.; Heinke, L.; Hibbe, F.; Titze, T.;
Kirger, J. Phys. Rev. Lett. 2010, 104, 8.

(36) Dvoyashkin, M.; Khokhlov, A.; Valiullin, R; Kirger, J. J. Chem.
Phys. 2008, 129 (15), 154702.

(37) Kirger, J. Adsorption 2003, 9, 29-35.

(38) Ruthven, D. M. Molecular Sieves—Science and Technology:
Adsorption and Diffusion; Springer-Verlag: Berlin, Heidelberg; 2008;
Vol.7.

(39) Agger, ]. R.; Hanif, N.; Cundy, C. S.,; Wade, A. P.; Dennison, S.;
Rawlinson, P. A.; Anderson, M. W. . Am. Chem. Soc. 2003, 125 (3), 830
839.

(40) Feldhoff, A.; Caro, J; Jobic, H; Ollivier, J.; Krause, C. B,
Galvosas, P.; Karger, J. ChemPhysChem 2009, 10 (14), 2429-2433.

(41) Jobic, H. Molecular Sieves—Science and Technology: Adsorption
and Diffusion; Springer-Verlag: Berlin, Heidelberg; 2008; Vol. 7.

(42) Jobic, H; Theodorou, D. N. Microporous Mesoporous Mater.
2007, 102 (1—3), 21-50.

(43) Valiullin, R ; Karger, J.; Gléser, R. Phys. Chem. Chem. Phys. 2009,
11 (16), 2833.

(44) Dvoyashkin, M.; Khokhlov, A; Naumov, $; Valiullin, R.
Microporous Mesoporous Mater. 2009, 125 (1—2), 58-62.

2443

dx.deiorg/10.1021/ja109235¢ | Am. Chem. Soc. 2011, 133, 2437-2443






Zusammenfassung der wissenschaftlichen Ergebnisse
zur Dissertation

Nuclear Magnetic Resonance Studies of Molecular Transport in Activated Carbon and
Other Porous Media

Der Fakultét fiir Chemie und Mineralogie der Universitiit Leipzig
vorgelegt von
Dipl.-Chem. Filipe Ricardo Correia Duarte Furtado
im April, 2011

Angefertigt am Department fiir Technische Umweltchemie, Helmholtz-Zentrum fiir
Umweltforschung UFZ

Abstract

Mass transfer in porous media has a significant impact in phenomena such as pollutant
bicavailability in soils and heterogeneous chemical catalysis. In these cases, the mechanisms for
molecular transport are frequently of a complex nature and remain poorly understood. Thus,
growing environmental awareness and the rising demand for more efficient catalytic processes
have triggered investigations in this and related fields. Recently, efforts in the synthesis of
activated carbons mainly for applications in chemical catalysis successfully yielded materials of
a hierarchical pore structure, from natural [1] and synthetic [2] origin. Accompanying the advent
of such materials, the present thesis focuses mainly on the investigation of diffusive transport in
activated carbons with a bi-modal pore size distribution from lignocellulosic (MAC-LMA12)
and polymeric (MA2) precursors. This was achieved by using the ability of Pulsed Field
Gradient Nuclear Magnetic Resonance (PFG NMR) technique to trace molecular displacements
in a microscopic, non-invasive way. In addition to this method, and bearing the study of
environmental systems in mind, the phenomenon of Paramagnetic Relaxation Enhancement
(PRE) was used to develop a new NMR-based approach to investigate molecular transport in
water-saturated porous media, without recurring to the use of PFG. The experimental

accomplishments and findings are summarized below.



Results

The spin-echo attenuation curves of cyclohexane in the MA2 sample and of toluene in
MAC-LMA12 sample revealed a pronounced deviation from a mono-exponential decay, which
implies a broad distribution of diffusion coefficients. Resembling other systems in the literature
[3], the assumption of a log-normal distribution of diffusion coefficients yielded a good
approximation to the experimental data in the case of the MA2 sample (Figure 1.a). This
distribution remained unchanged upon variation of several parameters such as the observation
time, the influence of the nuclear magnetic transverse relaxation time and the particle size. In
particular, the observation time independency indicates that the sample morphology is
homogeneous for sub-regions of 2 to 13 um and that the distance after which significant

transport barriers occur should be larger than the referred upper limit.
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Figure 1 — a) Spin-echo attenuation of cyclohexane in a fully loaded MA2 sample, at 298 K (1 = 10
ms) and best fit by assumption of a log-normal distribution of diffusion coefficients. The insert shows

the distribution of the diffusion coefficients. b) Spin-echo attenuation of cyclohexane in a fully loaded
MA2 sample, at 298 K for different observation times (1).

A similar behavior of a guest molecule (n-butane) was observed in a purely microporous
zeolite (NaX) for lower loadings. This confirms the existence of internal transport barriers (as
indicated in Ref. [4]), revealing considerable deviations from the idealized structure of these
materials. Similarly to the activated carbon system, the primary NMR data obtained from
n-butane in zeolite NaX was successfully fitted by a log-normal distribution function (Figure 2.a,

2.b). At higher loadings, »-butane diffusivity showed a bimodal character, rather than being



log-normally distributed, accompanied by an observation time dependency. These results are

interpreted in light of known models [5] for interparticle or long-range diffusion.
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Figure 2. PFG NMR spin-echo attenuation curves for n-butane in the NaX sample under study for
different observation times as indicated by the different symbols at 298 K and for guest loadings of
0.75 molecules per cavity. The broken line represents the best fit of the attenuation curves for a
log-normal distribution of the diffusivities to the data points. The inset (b) shows a detail of the

region from 0 till 1 o't (sm™) of the effective gradient strength in a).

Containing an almost perfectly defined mixture of micro- and mesopores, the MA2
activated carbon is an exciting system for the investigation of hysteresis phenomena, which are
known to occur in purely mesoporous materials. An experimental correlation between the system
uptake and the mass transfer occurring inside the pore structure was established. This was
achieved by a procedure resembling the isothermal gas adsorption in which, upon system
saturation, the external pressure of cyclohexane is varied subsequently to lower values until
loading reached about 50% (corresponding to empty mesopores) followed by a stepwise increase
of the pressure, till saturation is reached. In each pressure step the loading of sample was
determined by the initial intensity of the NMR free induction decay (FID) whereas the average
diffusivity was determined by NMR diffusometry. The results are shown in Figure 3 and indicate
that the chosen waiting times (10 minutes) between each pressure step on the desorption branch
were sufficient to show significant effect on the loading of the system, while this was not the
case in the adsorption branch. This resulted in the observation of hysteresis in the loading and

diffusivity data. In the case of adsorption, only waiting times of up to 20h at pressures close to



saturation, had a significant effect on the experimentally determined loadings. Resembling
purely mesoporous systems [5], loading and diffusivity appear to be directly correlated with the
“history” of the sample: they are found to be larger upon decreasing pressure (desorption) than
for increasing pressure (adsorption). The maximum in the diffusivities observed in the adsorption
branch was predicted by simple model considerations which take into account the contributions

of micropore- and gas-diffusivity in the mesopores (see Figure 3.a, dashed line).
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Figure 3. a) Diffusivities of cyclohexane at 298 K in MA2 as a function of the relative
external pressure during adsorption and desorption and the calculated diffusivities by
considering micropore- and gas-diffusivity in the mesopores, as a function of the external
cyclohexane pressure. b) Evolution of the diffusivities with time afier the last pressure
step (to P/Py= 1) on the adsorption branch. ¢) Cyclohexane loading isotherm at 298 K in
MA2 as a function of the external pressure during adsorption and desorption, measured
10 min after each pressure variation. d) Loading evolution with time after the pressure

step to P/Py= 1 on the adsorption branch.



In addition to these results, the dependence of diffusivity on decreasing loading and
pressure (desorption branch) was fitted by combining the determined micropore diffusivity with
literature models used to describe the diffusivity in purely mesoporous materials [7,8], in which
the contributions arising from both the bulk liquid and the gas phase in the pores, are taken into
account. Consideration of the estimated pore size distribution and the respective diffusivities, led
to a good agreement with the experimentally obtained data (Figure 4) and yielded a tortuosity
value (zges=1.5) which is in good agreement with the value found to explain the maximum in the
diffusivity observed in the adsorption branch (74s=1.3). Upon complete system saturation, the
diffusivities from micro- and mesopores were estimated based on their relative volume, known
from the N, adsorption isotherm. Mesopore diffusivity was found to be reduced by a factor of 2,

which shows a good agreement to values of tortuosity found for both adsorption and desorption

in the gas phase.
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Figure 4 — Comparison between effective diffusivities: experimental data determined
(squares) and model estimates (dots, dashed line), by considering the contribution of

molecular transport by Knudsen diffusion in the pore gas phase.

In addition to the results obtained by PFG NMR, an alternative method to the latter was
developed in order to measure the diffusivities of chemical compounds in lower concentrations.
The transport diffusivity of the paramagnetic molecule 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) was measured by monitoring its influence on the NMR transverse relaxation time (73)
on surrounding water protons due to the PRE. Due to the nature of the PRE effect, a few

paramagnetic molecules are already able to simultaneously reduce the 7> of many NMR-active



nuclei, allowing, e.g., the detection of TEMPO in water in concentrations as low as 70 ppm. The
changes in the NMR transverse relaxation times of water protons due to migration of TEMPO
were measured via the CPMG pulse sequence, in both a homogenous phase and in a
water-saturated sand column. The transport diffusivity was estimated by fitting the experimental
data (Figure 5) in by considering models in accordance with the systems investigated. The
method yielded results in agreement to the literature values, and thus opens a new approach to
investigate molecular dynamics of probe molecules in low concentrations, as a method to

provide information on the interactions with matrices of environmental relevance.
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Figure 5 — Measured CPMG data of a water in a saturated sand column as a function of

diffusion time (®) and respective fit (semi-transparent surface ).

Summary

The present work explores different aspects of the applicability of NMR in studying of
molecular dynamics, with emphasis on, but not limited to, NMR Diffusometry. The difficulties
in using the latter technique under experimentally challenging conditions due to the intrinsic
properties of the activated carbons were successfully overcome and a significant contribution to
understand mass transfer phenomena in systems with bi-modal pore size distributions has been
given. While further theoretical and experimental investigations would be needed to fully clarify
the hysteretic behavior observed in the investigated system, the present work adds an important

experimental contribution on this topic. The newly developed methodology represents a feasible



alternative to the use of PFG and brings NMR methods closer to environmentally relevant
applications, opening new possibilities to investigate such complex systems at low

concentrations.
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Errata

- on Chapter 1, page 9, on the legend of Figure 3

“SEM image of faujasite” should read “TEM image of faujasite”

- on Chapter 2, Publication 5, page 137, Equation (7) should read

2
o dmin
=D D
TEMPO *

waler

(7)
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