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Abstract

his thesis is dedicated to the study of the structure-transport relationship in disordered

porous materials such as heterogeneous catalyst systems. Integrated mercury porosimetry
and gas adsorption experiments, including the gas overcondensation method, have been applied to
probe the relative importance of particular sub-sets of pores to mass transport rates within various
disordered catalyst pellets. This was achieved by examining the relative rates of low-pressure gas
uptake into a network before and after a known set of pores was filled with frozen, entrapped mer-
cury. The multi-scale data from porosimetry was combined with multi-modal imaging, including
low and high-resolution CXT and FIB-SEM, to spatially locate the specific pore sizes that entrapped
mercury and study their impact on the mass transport in the pellets.

The first part of this thesis investigates fresh, reduced, and spent methanol synthesis catalyst
pellets made using spray-dried (SD) or roll compacted (RC) feed materials. It examined how the
different pellet fabrication processes affected the pore structure of the fresh catalyst by studying
both the starting feed particles and the finished tablets. The impact on mass transfer of the con-
trolled modifications to the void space, achieved through mercury porosimetry, was modelled with
a random pore-bond network using characteristic parameters obtained from percolation analysis
of the overcondensation data. This revealed the differential importance to mass transfer of partic-
ular sets of pores associated with certain pellet structural features and the impact on tortuosity
of pellet fabrication parameters such as particle feed size. The effectiveness of the reduced and
spent methanol synthesis pellets, and the impacts of cracks on the random pore-bond model, were
also investigated. It was found that a random pore-bond percolation model accurately captures
the macroscopic structure of the reduced and spent SD pellets but not the reduced and spent RC
pellets.

In the second part of this thesis, i) the entrapment of non-wetting fluids in high-temperature
shift catalyst pellets made via precipitation was investigated using the combined indirect character-
isation and X-ray imaging methods. This technique was used to identify the specific pore sizes that
entrapped mercury and their impact on the mass transport rates, ii) A novel thermoporometry by
DSC method was introduced that uses three separate probe liquids (nitrogen, water and mercury)
to validate pore space characterisations obtained through indirect methods. This hybrid experi-
ment permits the comparison of data from multiple techniques for the same sample, allowing
parameter calibration and phase transition mode selection to be performed. It was found that the
dual-probe experiment overcomes the critical drawbacks and assumptions made when applying
the indirect pore characterisation methods to disordered porous materials.
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1.1 Introduction

eterogeneous catalysis is a fascinating but complex multidisciplinary science that is crucial
H to the energy, chemical, automotive, and pharmaceutical industries, as more than 90% of the
chemical manufacturing processes involve catalysts at one stage or another! Although advances in
understanding of the working principles and dynamics of catalytic materials have been made, their
origin and mechanistic functioning under realistic reaction settings remain significant research
challenges for both academic and industrial scientists. The potential of intelligently designing
pellets with specific active sites to selectively catalyse a chemical reaction with a high yield is quite
appealing. First and foremost, it represents the most cost-effective and environmentally friendly
method of producing the transportation fuels, materials, and chemicals we use every day. However,
it is also critical to understand the interfacial chemistry between the gas or liquid phase and the
catalytic surface at elevated temperatures and pressures2>
Modern heterogeneous catalysts are usually supported on microporous or mesoporous ma-
terials such as alumina or silica. These new support materials are selected or designed to have
specific surface areas and pore sizes to control the delivery of reactant molecules to the active site
and regulate local reactant concentrations? For a chemical reaction to occur, the reactants and
products must be transferred between the catalyst surface and the catalytically active sites inside
the pellet. This diffusion process of the reactants and products can influence both the apparent
activity of the catalyst and its deactivation behaviour. For many of the chemical reactions involv-

1G. Q. Lu and X. S. Zhao. Nanoporous materials: science and engineering. World Scientific, 2004.
2J. N. Armor. Appl. Catal., A, 222: 407-426, 2001.

3J.M. Thomas and W.J. Thomas. Appl. Catal., A, 686, 1997.

41. Chorkendorff and J. Niemantsverdriet. Concepts of modern catalysis and kinetics. Wiley, 2003.
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ing heterogeneous catalysts, the effectiveness factor of the pellet is typically only ~50 to 60%
due to diffusion limitations? This poor effectiveness factor is caused by high diffusional resistance,
reducing the mass transfer rates. Many industrial processes operate under conditions such that
the pore diffusion occurs in the Knudsen regime, and one way to lower the diffusional resistance
in such cases is to introduce large pores into the pellet structure to provide better access to the
centre of the pellet where smaller pores are located. However, an increased number of pervasive
networks of large pores within the pellet might negatively impact pellet strength. Furthermore, the
presence of large pores will lead to a decline in the catalyst specific activity as larger pores have
a lower surface-to-volume ratio than smaller pores. Hence, there is often an optimum level and
distribution of macroporosity, but this is a challenge that is currently facing the catalyst designer®

Deep structural insight into the principles of heterogeneous catalysis and understanding of
their performances can only be obtained by employing modern characterisation methods and ap-
propriate in-situ reaction cells and measurement techniques’~'° Hence, pore structural character-
isation is an important stage in designing new, more efficient catalysts. A careful understanding
of the pore size distribution is critical for understanding the structure-transport relationship for
highly complex porous catalysts. Determining an optimum combination of large and small pores
for a particular reaction has led many workers to use computer simulations and various imag-
ing modalities to understand catalyst performance!!~'3 However, no single imaging modality or
simulation can visualise pores across all size scales, from nanopores to micron-sized macropores,
in pellets exhibiting hierarchical or multi-scale porosity/-'4 Additionally, the current computer
powers are a long way from the levels necessary to employ full 3D reconstructions of a typical
mesoporous catalyst pellet or run simulations of diffusion and reaction processes within the pellet,
as a typical catalyst pellet has more than 10!° pores (or image volumes), each of which may have
varied intrinsic characteristics and some type and degree of spatial correlation’ Therefore, there
is a problem in establishing the specific influence that a particular aspect of the pore structure has
on the overall mass transport within the pellet. The vast range of options means that purely em-
pirical methods of process design are likely to be time-intensive and expensive for finding optimal
conditions and parameters, and thus a more efficient, systematic approach is required.

The approach taken in this thesis is to develop an experimental method to directly ‘filter out’
certain pore sizes within the catalyst pellets and then study how important those pores were to the
rate of mass transport before and after their removal. This technique uses mercury porosimetry
scanning curves to progressively eliminate particular, chosen pore sizes from the transport network
by filling them with mercury and then studying their importance to mass transport with nitrogen

SM. V. Twigg. Catalyst handbook. CRC Press, 2018.

6A. Nepryahin et al. Chem. Eng. Sci., 152: 663-673, 2016.

7S. P. Rigby. Structural characterisation of natural and industrial porous materials: A manual. Springer Nature, 2020.
88S. J. Gregg and K. S. Sing. Adsorption, surface area and porosity. 2nd. Academic Press, London, 1982,

9F. Rouquerol et al. Adsorption by powders and porous solids. Academic Press, London, 1999.

108, Lowell et al. Characterization of porous solids and powders: surface area, pore size, and density. Springer, 2005.
115, Prachayawarakorn and R. Mann. Catal. Today, 128: 88-99, 2007.

12C. Rieckmann and F. Keil. Chem. Eng. Sci., 54: 3485-3493, 1999.

13S. Gheorghiu and M. Coppens. AIChE J., 50: 812-820, 2004.

14B. Bukowski et al. Adsorption (Boston), 27: 683-760, 2021.
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gas sorption. The mercury porosimetry and nitrogen gas sorption experiment is combined with
multi-modal imaging, employing both high and low-resolution CXT, together with FIB-SEM to
visualise the spatial distribution of the blocked-out void space under study because the entrapped
mercury is clearly visible in the images. The multi-modal imaging techniques could be used to
improve interpretation of each other, as well as of the indirect pore characterisation methods, in
addition to providing spatially-resolved information. This combined characterisation technique is
called ‘integrated mercury porosimetry & nitrogen gas sorption’, and is an experimental method,
in contrast to modelling efforts that use computer simulations on model structures to determine
the importance of specific aspects of the pore structure to mass transport® Using this technique,
the key features of the void-space that control gas-phase uptake into the porous pellets can be
determined, and their relationship to, for example, the fabrication process and raw materials, can
be identified. Hence, this method could be used to inform the design and optimisation of the pellet
manufacturing process.

The ‘sifting’ strategy used in this thesis was previously® applied to tabletted methanol synthesis
catalyst pellets, made using roll compacted (RC) feed, and compacted to two different densities. It
was found that cracks across the pellet and voids generated by the splintering of feed particle edges
during compaction dominated mass transport. However, the pore structural characterisation was
limited due to the use of solely conventional gas sorption procedures to investigate the void space
left accessible following mercury entrapment and the limitations of the CXT imaging used. In this
thesis, however, the gas overcondensation technique will be employed to expand the range of pore
sizes that can be evaluated up to very large macropores. The gas overcondensation method used
in this thesis thus overcomes previous failings® with missing the largest macropores within the
methanol catalyst pellets using both conventional nitrogen gas adsorption and mercury porosime-
try. As a result of gas overcondensation, the whole boundary desorption isotherm has become
available for use in percolation modelling, which would not have been feasible with conventional
adsorption isotherms. Additionally, the gas overcondensation allows us to model the macroscopic
structure of the catalyst pellets studied by using three-dimensional, random pore bond networks.
This is achieved by determining two characteristic parameters for the structure: connectivity, Z and
lattice sizes, L. The parameters Z and L can be obtained from percolation analysis of gas sorption
data using a method based on that developed by Seaton!®

The complexity that can arise from the application of indirect pore characterisation methods
to disordered materials, such as pore-to-pore co-operative effects and the assumptions made to
probe a pore size, has led, in recent years, to the study of other characterisation methods, such as
thermoporometry by differential scanning calorimetry (DSC). The thermoporometry characterisa-
tion method is significantly less developed than gas sorption and mercury porosimetry. However,
it is possible to conduct a novel thermoporometry experiment with multiple, immiscible probe
liquids within the same sample simultaneously, e.g., mercury and water. This hybrid experiment
enables the confrontation of data from multiple techniques for the same sample, allowing parame-
ter calibration and phase transition mode selection to be performed. Thermoporometry also offers
a range of advantages over gas sorption and mercury porosimetry that are currently not being

15N. A. Seaton. Chem. Eng. Sci., 46: 1895-1909, 1991.
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Figure 1.1: World 2016 consumption of methanol by end use (IHS, 2016).

exploited. When compared to porosimetry or gas sorption, thermoporometry requires less time for
sample preparation, which might possibly improve high-throughput pore characterisation’

This thesis will examine a range of catalyst pellets and catalyst-support materials, includ-
ing methanol synthesis catalysts, high-temperature shift pellets, and silica catalyst support (C10)
made by the sol-gel method. It will focus on improving the fundamental understanding of the
structure-transport relationship of the catalyst pellets and validating the pore space characterisa-
tion from the different indirect methods.

1.2 Methanol Synthesis Catalyst: A General Overview

Catalyst processes based on hydrogen or synthesis gas (Hy and CO) are among the most basic
and vital processes in providing food, fuel, and chemical resources for the people of this planet.
Methanol and ammonia synthesis were among the first and arguably most important large-scale
catalytic processes created in the early twentieth century. These were among the first high-volume,
high-pressure catalytic processes® Methanol, in particular, is one of the top ten most important
bulk synthetic organic chemicals manufactured worldwidel® It is a colourless, flammable, and
volatile polar liquid at ambient conditions (298.15 K, 101.325 kPa), with a freezing point of -
97.6°C and boiling point of 64.6°C. The largest fraction (~25 to 35%) is used in the manufacture

167. Zhong, U. Etim, and Y. Song. Front. Energy Res., 239, 2020.
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of formaldehyde. Other established applications are shown in Figure 1.1 and include the synthesis
of chloromethanes, methanol-to-olefins (MTO), tert-Butylmethylether (MTBE) as a fuel additive
to enhance antiknock properties of gasoline, dimethyl ether (DME), acetic acid, as well as use
as a solvent!®!” Furthermore, the use of methanol as a fuel, either pure or in combination with
gasoline, is becoming increasingly widespread. Methanol can be utilised in direct methanol fuel
cells (DMFC) or steam-reformed, and the released hydrogen functions as the fuel in reformed
methanol fuel cells (RMFC)18-20

Until the early 1900s, methanol was produced by the destructive distillation of wood. However,
in 1923 BASF(Germany) produced the first synthetic methanol on a large scale?! Their catalytic
process, a high-pressure synthesis on a Zn/Cr,03 catalyst at 300-400°C and about 300 atm, was
only the second large-scale application of catalyst and high-pressure technology. The Zn/Cr,03
catalyst and the high-pressure process were the most effective available technology for the next
40 years until the 1966 development by Imperial Chemical Industries (ICI) of the substantially
more active Cu/ZnO alumina catalyst, which enabled methanol to be synthesized at much lower
temperatures and pressure, (i.e. 220-300°C and 50-100 atm)?? The new low-pressure process
featured the following advantages: (1) reduced compression power, (2) longer catalyst life, (3)
larger capacity, single-train converter designs, and (4) an improvement in the productivity from
770 to 1120 tons of methanol per million cubic meters of natural gas?® Currently, most of the
methanol plants in the world use the more active low-temperature Cu catalyst while operating at
an optimum pressure of 80-100 atm.!” In 2020, over 90 methanol plants were operating worldwide
with a combined production capacity of about approximately 110 million metric tons per year
(almost 138 billion litres)?* According to IHS, global methanol demand reached 75 million metric
tons in 2015 (91 billion litres), driven mainly by emerging energy applications for methanol which
now account for 40% of methanol consumption.

Methanol synthesis reaction is a combination of two exothermic equilibrium reactions: conver-

sion of CO to CO,, via the water-gas-shift process, followed by hydrogenation of CO, to CH;OH?>27:

CO + HQO — Ho + COQ, AHggg K= —41.2 kJ/mol

1.1
CO2 + 3Hy — CH3OH + H2O; AHygs xk = —49.5 kJ/mol 1.1

When these reactions are added, one obtains a net stoichiometric equation for reaction of CO to

17M. Bertau et al. Methanol: the basic chemical and energy feedstock of the future. vol. 1 Springer, 2014.
18A, Sonthalia et al. Clean Technol. Environ. Policy, 1-25, 2021.

19T. Veziroglu and S. Sahi. Energy Convers. Manage., 49: 1820-1831, 2008.
208, Verhelst et al. Prog. Energy Combust. Sci., 70: 43-88, 2019.

21A. Mittasch, M. Pier, and K. Winkler. Germany Patent DE415686, 24: , 1923.
22D, Sheldon. Johnson Matthey Technol. Rev., 61: 172-182, 2017.

231 Wade et al. Kirk-Othmer Encycl. Chem. Technol., 16, 1981.

24M. Alvarado. IHS Chem. Bull., 3: 10-11, 2016.

25K. Klier. Adv. Catal., 31: 243-313, 1982.

26]J, Yoshihara et al. Catal. Lett., 31: 313-324, 1995.

27G.C. Chinchen et al. Appl. Catal., 30: 333-338, 1987.



Chapter 1. Introduction and Thesis Outline 6

CH30H:
CO + 2Hy — CH30H; AHs9s k = —90.6 kJ/mol (1.2)

It is observed that under typical commercial conditions, methanol synthesis reactions occur at near
equilibrium and that conversion in methanol synthesis increases with decreasing temperature and
increasing pressure. The reverse water-gas shift process is a reaction that is closely related to
the synthesis of methanol from carbon dioxide and hydrogen. This reaction is an integral part
of the methanol synthesis reaction, but it is also promising in carbon dioxide recycling via syngas
creation, allowing the manufacture of valuable chemicals whilst reducing our dependence on fossil
resources?8

The first-generation methanol synthesis catalyst, Zn/Cr,03, was developed by BASF?! in 1923,
and because of its relatively low activity, it required commercial operation at 300 atm and about
300-400°C. Blasiak?? invented a significantly more active Cu/ZnO alumina catalyst in 1947, which
was successfully used in high-pressure methanol synthesis plants in Poland throughout the 1950s
and 1960s. In the 1960s, ICI research led to the development of a low-pressure, low-temperature
synthesis based on a similar Cu/ZnO alumina catalyst??2° which allowed operation at 230-260°C
and 50-100 atm, thereby favouring higher CO/CO5 conversions. This catalyst has an optimal yield
at a composition of around 75% Cu (relative to Cu + Zn)3°; hence a typical commercial catalyst
may comprise 60-70 wt% CuO, 20-30 wt% ZnO, and 5-10 wt% alumina. The typical commercial
catalyst is a complex multiphase material, and its properties are affected by preparation method,
pre-treatment, and operating conditions. ZnO is a textural and chemical promoter in the form of
small crystallites. It facilitates the formation of small Cu crystallites at its surface and thermally
stabilises Cu against sintering. In addition, ZnO scavenges sulphur and chlorides, thereby limiting
the poisoning of Cu. ZnO may also neutralise acidic sites in the alumina phase, reducing dimethyl
ether formation. The alumina stabilises ZnO and Cu crystallites against sintering. The Cu/ZnO
alumina catalyst has a very high selectivity for methanol (> 99.5%)3° Cu-containing catalysts on
other supports may have substantially lower selectivity; for example, the yield for Cu/Cr,05 is
around 96-97%, 2% CHy4, 0.5% higher alcohols, and 0.5-1% dimethyl ether3!

The Cu/ZnO/ alumina catalyst is commonly produced by controlled-pH precipitation from
an aqueous solution comprising Cu, Zn, and Al salts, and the preparation of an active, selective
methanol catalyst requires careful choice of materials and precise control of precipitation, calci-
nation and activation conditions®! Commercial catalysts are charged to the reactor as cylindrical
pellets with diameters ranging from 5-8 mm. Cu/Zn alumina catalysts typically have bulk densities
of 2.0-2.4 g/cm?®.

28], Yao et al. Front. Chem., 442, 2018.

29P, Davies et al. UK Patent, , 1965.

30G. Ertl, H. Knézinger, and J. Weitkamp. Handbook of heterogeneous catalysis. Wiley-VCH, 2008.

31C. H. Bartholomew and R. J. Farrauto. Fundamentals of industrial catalytic processes. John Wiley & Sons, 2011.
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1.3 High-Temperature Water-Gas-Shift Catalyst

Hydrogen can be produced using electrolysis, but on a large industrial scale, it is more cost-
effective to liberate it from water using a chemical reducing agent or to generate it through partial
oxidation of hydrocarbons in the presence of steam and oxygen. The most common method is
steam reforming, in which a hydrocarbon fuel is used as a reducing agent for the steam?3! In mod-
ern plants, natural gas composed mainly of methane (CH,4) is most commonly used. Alternatively,
petroleum naphtha could also be used depending on feedstock availability. Steam reforming of hy-
drocarbons involves six different catalytic process steps, including desulphurisation, primary steam
reforming, secondary steam reforming, high-temperature water-gas-shift, low-temperature water-
gas-shift and methanation? In this section, however, we will mainly focus on the high-temperature
water-gas-shift process and the associated catalyst.

CO + HsO — Hy 4+ COg; AHygg g = —41.2 kJ/mOl (1.3)

The high-temperature water-gas-shift (HI-WGS) reaction in Equation (1.3) is a reversible exother-
mic chemical process with significant technological implications for decreasing carbon monox-
ide concentration during natural gas or liquid hydrocarbon to hydrogen conversion3? The high-
temperature WGS reaction increases the hydrogen concentration while lowering the CO concen-
tration from 10-13% to 2-3% in the exiting gas from the secondary reformer? The reaction occurs
in an adiabatic fixed-bed water-gas-shift reactor operating at 350-500°C and 20-30 atm. The equi-
librium conversion of CO and H,0 to CO, and H; increases sharply with decreasing temperature
and therefore, the feed gas is cooled to 350-400°C before it is passed through the HTS catalyst
which is composed of Fe304 and Cr,033! BASF originally developed this catalyst in 1915 as part
of the ammonia synthesis process?!

The HTS catalyst is relatively inexpensive and resistant to sintering (Cr2Os3 acts as a stabiliser
to minimise the sintering of the active iron oxides)2® The catalyst also offers protection for the
low-temperature shift catalyst by adsorbing residual sulphur-or-chlorine-containing compounds
which have passed through the pre-purification step. A typical freshly prepared catalyst com-
prises 90% Fe,03 and 10% Cry0334 The Fe-Cr oxide catalyst can be prepared by precipitation
or co-precipitation of the mixed iron and chromium nitrates with ammonia hydroxides. Alterna-
tively, iron hydroxide gel is prepared and then impregnated with chromium nitrate solution using
the impregnation method33> Since the high temperature WGS reaction experiences high-pore-
diffusional resistance at temperatures 350°C and 30 atm, relatively small (8 x 4 mm, diameter x
length) catalyst tablets with a surface area of 60-80 m? g~! are used to maximise reaction rates>*
The active form of the catalyst is magnetite Fe3O4, produced by the reduction of hematite with
hydrogen and carbon monoxide from the process gas stream>! Although the HT-WGS catalytic
process based on iron-chromium oxides is widely known in the industry, some Cr3* is converted
to Cr®* during manufacturing. This hexavalent chromium is highly toxic and harmful to both hu-

32C. Rhodes, G. Hutchings, and A. Ward. Catal., 23: 43-58, 1995.

33R. Keiski and T. Salmi. Appl. Catal. A-Gen., 87: 185-203, 1992.

34F Domka, A Basinska, and R Fiedorow. Surf. Technol., 18: 275-282, 1983.
35A. Pereira et al. J Mol. Catal. A Chem., 281: 66—-72, 2008.
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mans and the environment. Therefore, Cr®* is classified as a Class I carcinogen, and its presence
is restricted under the UK and EU regulations.

1.4 Outline of thesis

This section aims to outline the thesis structure so that the readers know how to navigate through
the chapters. The central theme of the entire thesis is to help improve the understanding of the
structure-transport relationship of porous materials and porous material characterisation. The
work in the thesis was partly sponsored by Johnson Matthey (JM), a leading chemicals and cata-
lyst manufacturer. As a part of the detailed investigation of the methanol synthesis catalyst pellets,
an extensive array of experiments were performed both at the University of Nottingham and JM
laboratories in Billingham, Teesside. The work in this thesis will focus on the issues raised in the
introduction section and is divided into eight chapters:

* Chapter 1: Introduction

* Chapter 2: Porous material characterisation techniques
This chapter will explore the literature on the porous material characterisation methods used
in this thesis. The theoretical concepts underpinning each characterisation method and the
benefits and drawbacks of mercury porosimetry, gas sorption, thermoporometry, scanning
electron microscopy, and computerised X-ray tomography will be covered in the literature
review portion.

* Chapter 3: Integration of multi-scale porosimetry and multi-modal imaging

This chapter will look at fresh methanol synthesis pellets made from two different types of
feed material, spray-drying and roll-compaction. It will investigate how the various pelleting
fabrication methods affect the finished pellet properties. The starting feed particles, as well
as the finished tablets, will be examined. The gas overcondensation method will also be
employed in this work to expand the range of pore sizes that can be examined up to very
large macropores. Furthermore, multi-modal imaging using both high and low-resolution
CXT, as well as FIB-SEM, will be employed to improve interpretation of each other, as well
as of the indirect pore characterisation techniques.

* Chapter 4: Automated segmentation of X-ray and FIB-SEM images of methanol synthe-
sis catalyst using deep learning neural networks
This chapter discusses an image segmentation approach based on a deep learning neural
network that can automatically segment both CXT and FIB-SEM images of methanol syn-
thesis catalyst pellets. The automated segmentation approach used in this chapter is based
on a software called Dragonfly ORS, which employs the popular TensorFlow deep learning
engine in a user-friendly image processing environment.

* Chapter 5: Studies on the effectiveness of reduced and spent methanol catalyst pellets
This chapter will focus on freshly reduced and spent methanol synthesis pellets made from
two different types of feed material, spray-drying and roll-compaction. It will first investigate
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how the various pellet fabrication methods affect the finished pellet properties and then the
effects of the cracks on pellet performance, diffusion, and percolation. The gas overconden-
sation method will also be employed to expand the range of pore sizes that can be examined
up to very large macropores. Similarly, multi-modal imaging using low-resolution CXT, as
well as FIB-SEM, will be used to improve the interpretation of each other, as well as of the
indirect pore characterisation techniques.

* Chapter 6: Triangulation of pore structural characterisation of disordered mesoporous
silica using novel hybrid methods involving dual-probe porosimetries
This chapter will present a novel thermoporometry by DSC method that uses three separate
probe liquids (nitrogen, water and mercury) to validate pore space characterisations ob-
tained through various indirect methods. This hybrid experiment allows us to compare data
from multiple techniques for the same sample, allowing parameter calibration and phase
transition mode selection to be performed.

* Chapter 7: Study of the entrapment of non-wetting fluid in HTS catalyst pellets
This chapter uses the integrated nitrogen-mercury-nitrogen experiment to study the pores
that entrap mercury in high-temperature shift catalyst pellets. The mercury-containing sam-
ples will also be imaged using X-ray tomography to understand the spatial distribution of
mercury within the void spaces. The chapter will also present the sample preparation and
data analysis from each characterisation technique.

* Section 7.5: Conclusion
The final section will give a general conclusion to the thesis and will propose any future work
recommendations.
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2.1 Introduction

he structure-transport properties of porous materials are strongly affected by how the pores

of various sizes are distributed within the material. Hence, the use of characterisation meth-
ods to probe porous media is a critical step in obtaining information on pore sizes and pore struc-
tures. This has long been recognised in the catalysis field and will be the focus of the literature
review sections of this thesis. An essential aspect of the characterisation methods is to under-
stand how the geometry and interfacial confinement due to the pore structure affect a variety
of phenomena, including effective diffusivity, adsorption/desorption, capillary condensation and
tortuosity. When it comes to understanding porous materials, the key areas of interest include
porosity, pore sizes, pore-to-throat size ratio, pore connectivity, and pore volumes. Obtaining ac-
curate measurements for all these features requires more statistically representative and accurate
characterisation methods.

This chapter will review the literature on the characterisation methods for porous materials
used throughout this thesis. New characterisation approaches and new models of interpretations
of the findings are constantly being developed with new applications. However, this chapter will
mainly focus on the pore-structure characterisation techniques that have been established and
are widely utilised in catalysis science. It begins by looking at gas adsorption, one of the most
widely used methods for studying pore-structure in materials containing micro-and-mesopores.

10
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Gas adsorption provides a wide range of information, including surface area, pore-volume, pore
sizes and porosity. The gas adsorption section will look at the fundamentals of gas adsorption
phenomena, the different types of isotherms, and their classification. This section will also present
the causes of hysteresis between the adsorption and desorption branches and the different theories
proposed to explain the presence of hysteresis in gas sorption.

The second technique discussed is mercury porosimetry, which has been shown to be an ef-
fective method for characterising a wide range of porous materials with pore diameters spanning
over several orders of magnitude (i.e. 3 to 500 nm). In mercury porosimetry, the entrapment of
the non-wetting fluid is observed after the intrusion and extrusion cycles. The entrapped mercury
can be imaged using computerised X-ray tomography (CXT) to study the spatial distribution of
mercury within the void spaces of the material.

Each characterisation method has its own set of benefits and drawbacks, which may or may
not be complementary. A crucial part of this chapter is the section on integrated methods, which
outlines attempts to carefully integrate different techniques together, force a confrontation be-
tween their conclusions, and generate a comprehensive, self-consistent interpretation of all data
from each method. The integrated method discussed here will mainly focus on gas adsorption and
mercury porosimetry. However, other hybrid methods can also be found in other thesis chapters.

Other characterisation methods discussed in this chapter include scanning electron microscopy
(SEM) and thermoporometry, which can be performed either by differential scanning calorimetry
(DSC) or nuclear magnetic resonance (NMR). In each method, the basic principles, as well as their
applications and limitations, are mentioned.

2.2 Gas Adsorption

2.2.1 Adsorption Phenomena

Adsorption is a surface phenomenon brought about by the interaction between molecules from a
fluid phase (the adsorbate) and solid (the adsorbent). Hence, adsorption can be defined as the
enrichment of atoms, ions or molecules in the vicinity of an interface? The molecule enrichment is
due to the binding interaction between the adsorbate and adsorbent. The adsorption process is a
dynamic equilibrium process since the molecules are both arriving on the surface and escaping to
the gaseous phase at all times. The return of molecules to the gaseous phase due to the breakage of
the adsorption bond is known as desorption. There are two kinds of forces involved in an adsorp-
tion process, which give rise to either physical adsorption (physisorption) or chemical adsorption
(chemisorption)? Physisorption occurs by the formation of London-van der Waals® forces between
the adsorbate and adsorbent, whereas chemisorption is relatively irreversible process that leads to
the formation of chemical compounds. The distinction between chemisorption and physisorption,
however, is not always sharp. This thesis will largely focus on physical adsorption processes, and
therefore, any details of chemical adsorption are omitted.

9F. Rouquerol et al. Adsorption by powders and porous solids. Academic Press, London, 1999.
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Figure 2.1: Classification of IUPAC isotherms [8].

2.2.2 Adsorption Isotherms and their Classifications

When investigating the porous material’s pore structure and surface area using gas adsorption, the
first step is to determine what is known as the adsorption (or desorption) isotherm®®° Adsorption
isotherm is a measure of the molar quantity of gas taken up, or released, at a constant tempera-
ture by an initially clean solid surface as a function of gas pressure® The isotherm measurement
experiment for nitrogen is usually conducted at a cryogenic temperature, e.g. Liquid nitrogen at
77.35K and 1 atm. The quantity of gas adsorbed is conventionally expressed as its volume at stan-
dard temperature and pressure (0°C and 760 mmHg STP). In contrast, the pressure is expressed
as a relative pressure, which is the actual gas pressure over the saturated vapour pressure of the

8S. J. Gregg and K. S. Sing. Adsorption, surface area and porosity. 2nd. Academic Press, London, 1982.
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adsorbing gas at the experiment’s temperature. A graph of the quantity of gas adsorbed against the
corresponding relative pressure constitutes an adsorption (or desorption) isotherm, and the shape
of the plot reveals much about the structure of the material studied. The quantity of gas adsorbed
by solid mass is a function of equilibrium temperature, pressure, and the solid-gas interaction’s na-
ture. As gas molecules are adsorbed onto the solid, the surface of the solid becomes more densely
populated until a monomolecular layer (monolayer) of gas is formed. The monolayer extends the
solid surface and will attract additional gas molecules by van der Waal’s interactions. This process
of the gas molecules continually adsorbing, with increasing pressure, is known as the multimolec-
ular (multilayer) adsorption?

Experimentally observed adsorption isotherms can be classified into six different types (I-
VI) according to the International Union of Pure and Applied Chemistry (IUPAC) definitions. A
schematic representation of these types is shown in Figure 2.1. Some subclasses of these adsorp-
tion isotherms have been introduced recently, but they are not discussed in this thesis?

Types I isotherms are also referred to as Langmuir isotherms. These isotherms are characteristic
for microporous material showing micropore filling but no multilayer adsorption. At low pressures,
the quantity of gas adsorbed increases rapidly, corresponding to the micropores filling. However,
the isotherm displays a horizontal plateau at higher pressures, which means all the pores are filled
with adsorbed gas.

Type II isotherms are characterised by the formation of a monolayer coverage at low pressures
and multilayer coverage at high pressures, but no hysteresis. These isotherms are observed in
disperse, non-porous or only in macroporous solids, and the BET equation or its generalisations
usually describe them.

Type III isotherms are typically obtained when the interaction between adsorbent and adsor-
bate on a non-porous or macroporous adsorbent is weak, e.g. mercury adsorption on charcoal.
At low pressures, the adsorption is not favourable because of the charcoal surface’s non-polar
(hydrophobic) nature. At high pressures, the adsorption is due to capillary condensation in the
mesopores. A true Type III isotherms are not common?

Type IV isotherms display a similar shape to type II isotherms in the lower regions that corre-
spond to the formation of a monolayer and subsequent multilayer of adsorbate molecules. How-
ever, the quantity of gas adsorbed increases sharply at higher relative pressures. This sharp in-
crease corresponds to capillary condensation filling the mesopores. The isotherm then levels off
at high pressures indicating a complete pore filling. Type IV exhibits a hysteresis between the ad-
sorption and desorption branches when the pressure is reduced. More details on hysteresis are
discussed in the following sections.

Type V isotherms are similar to type III isotherms as they display weak interactions between
the adsorbent and adsorbate. These isotherms exhibit a sharp gas uptake with increasing relative
pressure associated with capillary condensation. As with type IV, the presence of capillary conden-
sation causes the formation of a hysteresis loop between the adsorption and desorption branches
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Figure 2.2: A typical example of conventional and overcondensation desorption isotherm for the fresh methanol synthesis
catalyst. The inset shows zoomed version of the same graph to highlight the pore volume filled by overcondensation.

when the pressure is reduced.

Type VI isotherms are typical of multilayer adsorption on a uniform non-porous surface. These
isotherms are commonly referred to as stepped isotherms because of the layered build-up of gas
where each layer is completed before the next one starts. Type VI isotherms produced with argon
or krypton on graphitised carbon blacks at liquid nitrogen temperatures (77 K) are among the best
examples3®

2.2.3 Gas Overcondensation

Conventional gas sorption machines are designed to stop the adsorption isotherms before the sam-
ple chamber completely floods with liquid nitrogen. Because of this limitation, the isotherm can
terminate before pore filling occurs for samples with large pores, making conventional gas sorp-
tion experiments unsuitable for the complete characterisation of samples with larger macropores.
To overcome this limitation and determine the true pore-volume of a sample using gas sorption
experiment, the overcondensation (OC) method can be used. This method was first introduced by

36M. Thommes et al. Pure Appl. Chem., 87: 1051-1069, 2015.
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Aukett and Jessop?’ and a similar method were later adopted by Murray>® The OC experiment in-
volves “flooding” the sample chamber and submerging the sample under liquid nitrogen to investi-
gate any porosity beyond the instrument upper limit for the conventional isotherm (P/P,>0.995).
Once the sample is fully submerged in liquid nitrogen and total pore filling is achieved, pressure
in the tube is lowered to just below the saturated vapour pressure of nitrogen such that the bulk
condensate vapourises completely while all the sample internal porosity is liquid-filled. Once this
step has been achieved, the first data point on the overcondensation desorption isotherm can be
measured. This point corresponds to the total pore volume of the sample. Figure 2.2 shows a
typical example of a conventional and overcondensation isotherms for a fresh methanol pellet.

2.2.4 BET Surface Area Measurement

Data from the gas adsorption experiment can be used to obtain the surface area of porous me-
dia using a model for monolayer or multi-layer. Two commonly used models are the Langmuir®’
and Brauneur—Emmett—Teller*® (BET) equations. For completeness, the BET surface area mea-
surements will be quoted for all samples tested in this research project; however, the work of this
thesis will not study surface areas in depth. The Langmuir isotherm equation is given by:

v BP

IR 2.1
Vim 1+ BP 2.1

and it assumes that adsorption only arises in a monolayer, where all molecules are in contact with
the adsorbent surface.Where V' is the amount adsorbed, V;,, is the monolayer capacity, P is the
pressure, and B is an empirical constant related to heat of adsorption. The monolayer capacity is
obtained by linearising the Langmuir isotherm equation in the form of:

111 1
1_ b (2.2)

v vy B P Um,

If a data obeys the Langmuir model, a plot of 1/v against 1/, should be a straight line. The mono-
layer capacity is then reciprocal of the y-intercept. The specific surface can be obtained by multi-
plying the monolayer capacity by the effective cross-sectional area of a single gas molecule, in this
case, nitrogen, which is 0.162nm?. A second method to characterise the surface area of porous
materials has been described by Brauner, Emmett and Teller (BET) and is commonly referred to as
the BET method® The BET model expands on the Langmuir®® model by allowing for multi-layer
adsorption, where the adsorbate can adsorb upon itself, as well as on the adsorbent surface. The
BET equation in its most general form is given by:

P/py, 1 +C—1£
V(1-P/P) V,C V,C Py

(2.3)

37P. N. Aukett and C. A. Jessop. Fundamentals Ads., 59-66, 1996.

38K. L. Murray, N. A. Seaton, and M. A. Day. Langmuir, 15: 6728-6737, 1999.
391. Langmuir. J. Am. Chemi. Soc., 40: 1361-1403, 1918.

405, Brunauer, P. Emmet, and E. Teller. J. Am. Chemi. Soc., 60: 309, 1938.
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where C is an empirical constant related to the heat of adsorption of the gas onto the solid. If the
gas sorption data obeys the BET model, a plot of P/P,/V (1 — P/Py) against P/ P, should be linear.
The BET monolayer is then obtained from the reciprocal of the slope and y-intercept of this plot.
To calculate the BET surface area, the monolayer capacity is then multiplied by the cross-sectional
area of one molecule, similar to Langmuir calculation. The typical range of relative pressure fittings
recommended for the BET equation is 0.05-0.3, which is the region that is typically linear. The
BET model, thus, does not apply to microporous solids because the surface potentials of the two
opposite walls of a micropore overlap, making it less easy to distinguish between the adsorbed
phase and the bulk gas’

2.2.5 Gas Adsorption and Capillary Condensation

The catalyst pellets studied in this thesis have mesopores and display type IV isotherms. For this
reason, the region of the isotherm most interest is the capillary condensation and evaporation
region. The capillary condensation and evaporation regions are associated with gas condensing
in the pores to become a liquid-like state or the liquid in the pores evaporating, respectively. The
pressure at which these processes happen can be related to a pore size by the Kelvin equation?
which is given by:

P 2vVp, cos 6
1 S ~ 2.
n(%) RT (r,) (2.4

where P is the equilibrium vapour pressure, F, is the saturation vapour pressure, r, is the pore ra-
dius, and V,,, is the molar volume of the adsorbate. The Kelvin equation predicts that for increasing
pore sizes, the pressure necessary for condensation increases!® The contact angle in Equation (2.4)
depends on the adsorbate-adsorbent interaction and can vary between 0° and 180°. If the adsor-
bate fully wets the surface, the contact angle is assumed to be 0°, which means the cosf term
becomes 1. When the Kelvin equation is used to calculate the pore sizes, the multilayer adsorption
thickness must be accounted for correctly, as this could contribute as much 18% of the pore diam-
eter for a cylindrical pore that fills at relative pressure 0.8. The thickness of the layer can be found
from the following Equation (2.5)°:

n
t=o0m— (2.5)
Nm
Where n is the amount adsorbed, n,, is the amount adsorbed for a monolayer, and o,, is the
thickness of a monolayer.

A change to the Kelvin equation may be made to account for the multilayer adsorption thick-
ness, t, and is given by:

P 29V, cos 6
In(—)|=—-——"— 2.6
n(R) RT (rp — 1) (2.6)

7S. P. Rigby. Structural characterisation of natural and industrial porous materials: A manual. Springer Nature, 2020.
108, Lowell et al. Characterization of porous solids and powders: surface area, pore size, and density. Springer, 2005.
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Figure 2.3: Formal classification of hysteresis loops by IUPAC [8].

In gas adsorption, nitrogen at 77 K is commonly used as an adsorbate for the characterisation
of porous materials, in which case universal t-layer thickness equations have been proposed by dif-
ferent workers, including that of Halsey;! Harkins-Jura;* and de Boer*® However, these equations
were obtained based on the adsorption on non-porous materials with a flat surface, and therefore
the thickness layer will not be the same in a mesoporous solid that have walls with severe curva-
ture. The impact of the surface curvature on the film thickness at a given pressure was addressed
in the analysis of Barrett, Joyner and Halenda** The algorithm proposed by Barrett, Joyner and
Halenda, commonly known as BJH, is used to calculate pore size distribution in gas adsorption.

2.2.6 Hysteresis

Experimental gas sorption data for Type IV isotherms are characterised by the presence of a hystere-
sis loop, as was mentioned earlier in Section 2.2.2. The desorption branch of a Type IV isotherm
does not necessarily follow the same path as the adsorption branch, and a gap forms between the
two branches. This gap is known as ‘hysteresis’, and it denotes the presence of a non-equilibrium
process’ The points on the isotherm plot where the adsorption and desorption curves first meet
at either edge of the hysteresis regions are referred to as the hysteresis closure points, and the
relative pressure at which the loop closes depends on the adsorbate type and temperature. When
nitrogen is used as the adsorbate, the lower hysteresis closure point is approximately P/P,=0.40,

41G. Halsey. J. Chem. Phys., 16: 931-937, 1948.

42W. Harkins and G. Jura. J. Am. Chem. Soc., 66: 1362-1366, 1944.

43]J. C. P. Broekhoff and J. H. de Boer. J. Catal., 10: 377-390, 1968.

44E. P. Barrett, L. G. Joyner, and P. P. Halenda. J. Am. Chem. Soc., 73: 373-380, 1951.
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and it is rare to have a hysteresis loop that has not closed at the lower end by P/P,=0.30%

For Type IV isotherms, there are several forms of hysteresis loops that may be divided into
different categories, including the de Boer*® and IUPAC3® classifications. De Boer presented five
fundamentally different types of hysteresis loops based on the steepness of the adsorption and
desorption branches. Types A, B, and E are the most common in practice, whereas Types C and
D are not frequently encountered. De Boer argued that the hysteresis process during physical
adsorption occurs almost exclusively in mesopores rather than macropores or micropores and that
experimental hysteresis loops may result from the combination of two or more types of pores.

The International Union of Pure and Applied Chemistry (IUPAC) has proposed a new classifi-
cation of hysteresis loops, which is seen in Figure 2.3. The IUPAC classification contains de Boer’s
suggested hysteresis Types A, B, and E, corresponding to the new hysteresis Types H1, H3, and H2,
respectively. H1 loops are frequently formed from materials with cylindrical pores, or spheroidal
particles, of relatively homogeneous pore sizes, such as MCM-41 and SBA-15. Materials with ink-
bottle-shaped pores tend to produce H2 loops; however, pore size and shape distribution are not
well defined. Types H3 and H4 loops are associated with adsorbent having slit-shaped pores®

The extensive research on adsorption hysteresis by Everett® and colleagues has indicated that
the phenomenon is temperature-dependent? As a result, most hysteresis loops shrink in size as the
temperature rises for adsorption experiments on mesoporous controlled-pore glass;’’ and MCM
silica*®4° The following section will discuss the literature work on the origins and causes of hys-
teresis that have been presented over the past century.

2.2.7 The Adsorption or Desorption Isotherm

When it comes to pore analysis calculations, the presence of the hysteresis loop in Type IV isotherms
adds a layer of complexity. This is because there are two relative pressures corresponding to a
given quantity of gas adsorbed within the hysteresis loop, with the lesser value always sitting
on the desorption isotherm. Therefore, the fundamental concern is whether to use the hysteresis
loop’s adsorption or desorption branch for pore size determination. It has been suggested that the
desorption branch should, with certain exceptions, be used for pore size calculations as the relative
pressures on the desorption isotherm correspond to the more stable adsorbate conditions. Many
researchers have used the desorption branches of nitrogen isotherms for pore structure analysis,
and the agreement between the cumulative surface area of the pore walls and the surface area
calculated using the BET method has been proposed as the primary basis for the correctness of
their analysis®!? Cranston and Inkley?® on the other hand, employed both the adsorption and
desorption branches in their analysis and discovered that for the majority of the adsorbents they

45K. K. Aligizaki. Pore structure of cement-based materials. Taylor & Francis, 2006.

46]J, H. de Boer, A. V. Heuvel, and B. G. Linsen. J. Catal., 3: 268-273, 1964.

47G. H. Findenegg. Adv Chromatogr, 383: , 1992.

48M. Thommes, R. Kohn, and M. Fréba. App. Surf. Sci., 196: 239-249, 2002.

49K. Morishige and Y. Nakamura. Langmuir, 20: 4503-4506, 2004.

50W. Cranston and A. Inkley. Determination of pore structures from nitrogen adsorption isotherms. 1957. 143-154
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examined, the adsorption branch produced surface areas that were more consistent with the BET
surface area than the desorption branch.

Several different theories have been proposed to explain the causes of hysteresis and the
differences between the state of the adsorbate during adsorption and desorption. Most of the
older, classic theories made use of the Kelvin equation®1%°! to explain the causes of hysteresis,
including that of Zsigmondy; who was the first to suggest that hysteresis was due to a difference in
the contact angles of the condensing and evaporating liquid. The ‘ink-bottle theory’ first proposed
by Kraemer®? and later modified by McBain®? was another early theory that gained a great deal of
attention. McBain’s®> model is based upon the concept of pore blocking, commonly known as the
ink bottle pore model. According to McBain’s model, the larger pore body is filled at high relative
pressures during adsorption, but it cannot empty during desorption until the narrow neck of the
pore empties at low relative pressures first. However, once the narrow pore neck has been filled
at low relative pressure, his model cannot explain how condensation might occur inside the wider
pore body.

The mechanism of meniscus formation has also been used to provide more general explana-
tions of hysteresis in both the adsorption and desorption processes6:47-54-60 Foster>* suggested
that hysteresis is caused by a delay in meniscus formation. According to this theory, pores do not
always contain dead ends from which condensation might begin, unlike the ink-bottle pore stud-
ied by McBain?® Instead, the pores might be through pores that are open on both ends. Because
there is no flat surface for a hemispherical meniscus to develop in such a pore, the condensation
process is ‘delayed’. However, as the pressure increases, the adsorbate forms a multilayer on the
pore wall that becomes bigger. The multilayer eventually bridges the pore gap, and a meniscus
with a hemispherical shape forms and spreads through the pore. On the other hand, the desorp-
tion is not delayed since a hemispherical meniscus has already developed at the pore’s end, and
as a result of this, Foster concluded that the desorption process was in equilibrium.

Foster’s idea was later expanded by Cohan>> who quantified the pressure at which adsorp-
tion would occur in an open-end cylindrical pore using Equation (2.7). Cohan proposed that a
difference in meniscus formation is involved in the condensation and evaporation processes in
an open-ended pore. According to this theory, condensation is governed by the initial formation
of a cylindrical meniscus, which is followed by the development of two hemispherical menisci
once the pore has been filled. As a result of the different meniscus geometries, the adsorption
and desorption processes occur at different relative pressures, causing hysteresis. This explanation

51T. William. Philos. Mag., 42: 448-452, 1871.

52E. O. Kraemer. Tran. on Phys. Chem., 42: 1661, 1931.

53J. W. McBain. J. Am. Chem. Soc., 57: 699-700, 1935.

54A. G. Foster. Trans. Faraday Soc., 28: 645, 1932.

55L. H. Cohan. J. Am. Chem. Soc., 60: 433-435, 1938.

56J. H. De Boer, Van D. H., and B. G. Linsen. J. Catal., 3: 268-273, 1964.
57D. H. Everett and W. 1. Whitton. Trans. Faraday Soc., 48: 749-757, 1952.
58D. H. Everett and F. W. Smith. Trans. Faraday Soc., 50: 187-197, 1954.
59D. H. Everett. Trans. Faraday Soc., 50: 1077-1096, 1954.

60D. H. Everett. Trans. Faraday Soc., 51: 1551-1557, 1955.
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of hysteresis, where the adsorption and desorption processes have a different meniscus geometry,
is referred to as single pore hysteresis. The Cohan theory was widely accepted until Everett and
Haynes®® demonstrated that the process is oversimplified since a long cylindrical film is less stable
than an analogous unduloid with uniform mean curvature and the same quantity of material.

P YV cos 0
1 N 2.
" <P0) RT (rp — t.) (2.7)

2.2.8 Mesoporous and Macroporous Pore Volume

Gas adsorption data can also be used to obtain the specific pore volume of porous media. The
adsorption isotherm can have a flat plateau at the top of the isotherm plot for certain materials. In
these cases, the ultimate amount adsorbed can then be converted to specific pore volume by using
the Gurvitsch rule:

Vp = 1.5477%V, (2.8)

where V), is the volume of liquid adsorbate in cm? and V, the volume of adsorbed gas in em?(STP).
61,62

The V,, value is typically known as the Gurvitsch volume.
However, for some materials, the isotherm plot does not create a plateau at the top of the
curve, and the adsorption isotherm branch is still rising vertically at the highest relative pressures
achieved by the conventional experiments. For these materials, the over-condensation experiment
can be used to determine the pore-filling volume of the condensed phase. Further details on the
over-condensation experiment are described in detail elsewhere in Chapter 3 in the thesis.

611, Sliwinska and H. Davis. Ambix, 34: 81-88, 1987.
62], C. Broekhoff. Stud. Surf. Sci. Catal., 3: 663-684, 1979.
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2.3 Mercury Porosimetry

2.3.1 Basic Theoretical Background

While conventional gas adsorption may be used to evaluate the pore network properties of mate-
rials with micro-and mesopores, a different characterisation method must be used for macropores
because of the limitations on the upper pore size that can be probed with conventional gas sorp-
tion machines’ The International Union of Pure and Applied Chemistry (TUPAC)%%-%4 provided an
overview of several techniques that may be used for macropore analysis, including liquid intru-
sion methods such as contact porosimetry, capillary flow porosimetry, and mercury porosimetry.
Among these techniques, mercury porosimetry®>~7 is still regarded as the state of the art method
for characterisation of macroporous materials and is frequently used for pore size analysis of vari-
ous materials, including catalysts. The main advantage of this technique is that it allows pore size
analysis to be performed in a quick and reproducible manner across an extensive range of meso-
pore and macropore sizes (from 3.6 nm to 500 um)®° Unlike gas sorption, where the adsorbate
wets the adsorbent, liquid metals such as mercury do not wet most porous materials. Hence, a
droplet of mercury on a solid flat surface will form a ball with a contact angle greater than 90°,
and hydraulic pressure is required to force it into pores. Washburn’! derived a simple relationship,
better known as the Washburn equation, that relates the pores sizes and the pressure required to
enter the pores.

Drake and Ritter’? built the first mercury intrusion porosimetry (MIP) instrument in 1945,
where they tested a variety of porous materials by penetration of mercury into pores. Their device
was initially capable of penetrating pores as small as 20 nm in radius, and then 2nm a few years
later. The availability of pressurised hydraulic instruments in 1960 has made the development
of the mercury porosimetry technique easier to the extent that it is now possible to determine a
wide variety of pore structure parameters such as pore size distribution, specific surface area, total
pore volume and density. Despite the variety of modifications, most of the current porosimetry
instruments still use a similar concept as the first one built by Drake and Ritter.

The pressure required to force mercury into pores is calculated from a special case of the
Young-Laplace® equation shown below:

AP =y (o4 ) 2.9)

T2
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Where r; and ro are the radii of the curvature of the mercury-gas meniscus and ~ is the surface
tension between the pore wall and mercury. Cylindrical pores are a common pore geometry as-
sumption in mercury porosimetry. When mercury is forced into a cylindrical pore, it creates a
spherical interface and, hence both radii, »; and r9, are equal and Equation (2.9) can now be
simplified to:

AP = Eal (2.10)

T

Introducing the contact angle, 6 between mercury and the pore walls (defined as >90° for non-
wetting fluids), the final equation becomes:

Ap— —2rcost (2.11)

Tp

Equation (2.11) is commonly referred to as the ‘Washburn equation’ after Edward W. Washburn,
who was the first to use this expression to measure pore sizes. The Washburn equation provides
a simple relationship to convert the mercury pressure into a pore size. The Washburn equation
assumes that mercury’s contact angle and surface tension are independent of the pressure applied
to intrude mercury into the pores. The value of surface tension of mercury depends on several fac-
tors, including temperature. Drake and Ritter’? initially used a surface tension value of 0.485 N /m,
which is the value commonly accepted by most researchers at 25 °C. Any larger variation of the
surface tension is usually due to mercury contamination, and therefore, it is recommended to use
fresh (triple distilled) mercury for all the measurements.

The contact angle value used in the Washburn equation directly influences the calculated pore
size; hence, the appropriate contact angle values for a given sample must be obtained’? The value
of the contact angle typically depends upon surface chemistry and roughness’# Drake and Ritter
measured the contact angle for a variety of materials and found it to be between 130° and 140°.
For this reason, values between 130° and 140° are commonly used. The contact angle could also
be measured directly for each sample by using either mercury contact anglo-meter or sessile drop
test experiment’ In a sessile drop test, the sample is first turned into powder and compacted into
a flat surface. A drop of mercury is then placed on top of the compacted powder, and the shape is
examined under a microscope. The image of the mercury drop on a flat surface is then digitised,
and the contact angle is measured as the tangent at the point of contact. Despite these direct
measurements, it is important to note that the contact angle varies greatly. For example, contact
angles of 122° to 148° have been found for ‘identical’ system of mercury on a glass sample®

2.3.2 Pore Size Calculations from MIP

Pore sizes and pore volumes are the two most prominent results from a mercury porosimetry
analysis. Pore sizes are directly obtained from the Washburn’! equation by using the appropriate
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values for the mercury’s contact angle and surface tension. However, pores sizes obtained from
basic mercury porosimetry should not be interpreted as the cavity sizes but rather as the biggest
entry or throat opening into the pores. As a result, the pore sizes obtained by mercury porosimetry
are always smaller than the comparable pore sizes reported by micrographs®>

2.3.3 Hysteresis in Mercury Data

The MIP instrument records data as the volume of mercury that penetrates the sample against the
corresponding pressure. This plot is commonly known as the cumulative intrusion volume curve.
Drake and Ritter’? observed that the volume-pressure relationship obtained during intrusion is
different from the volume-pressure relationship during extrusion. Additionally, a certain amount
of mercury remains trapped in the sample after the pressure is reduced to atmospheric pressure at
the end of the experiment. The retraction of mercury from the sample when the pressure is lowered
to atmospheric pressure reveals two phenomena: hysteresis between intrusion and extrusion and
entrapment of mercury inside the pores. Hysteresis is observed where the intrusion branch of the
plot does not follow the same route as the extrusion branch, and there is a gap between the two
branches’

The appearance of hysteresis between the cumulative intrusion-extrusion curves is a universal
feature observed in nearly all samples tested during the MIP experiment?-737582 There are at
least two known causes of hysteresis between mercury intrusion and extrusion branches. The first
one is contact angle hysteresis, which occurs when the values of the product « - cos differ for
advancing and retreating menisci. The second one is structural hysteresis, where different aspects
of the pore structure control the pressures at which intrusion and retraction processes occur’
Different theories have been proposed to explain the presence of hysteresis between the two MIP
branches; however, no single theory can provide a definite explanation of all the experimentally

observed effects.

Contact angle hysteresis arises due to the differences between the advancing and receding
contact angles of mercury8%-83 A substantial amount of work detailed in the literature has shown
that surface tension and contact angle values can change depending on pore size/® the nature
of the surface®® or whether the mercury is advancing or retreating®%7>79:80.83 Liabastre et al®*
were some of the earliest researchers to investigate the causes of contact angle hysteresis, where
they studied the intrusion of mercury into controlled pore glass (CPG). These researchers used
microscopy to get values for the diameters of the pores in the glasses and compared their results
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Table 2.1: Parameters for the advancing and retreating meniscus for Kloubek correlation in Equation (2.13).

A B Range of validity (nm)
Intrusion -302.533 -0.739 6-99.75
Extrusion -68.366 -235.561 4-68.5

to those obtained via the Washburn equation by assuming fixed values for the surface tension and
contact angle. In order to retrieve information about a porous medium from mercury intrusion and
extrusion curves, it is essential to deconvolve the two types of hysteresis. This may be accomplished
by analysing the raw mercury porosimetry data using semi-empirical alternatives to the Washburn
Equation, known as Kloubek correlation, which has been proposed by Kloubek’> Kloubek used the
data from the work by Liabastre and Orr84 to determine the relationships for the variation of the
contact angle and surface tension, as a function of pore radius, and obtained the expression below:

'ycos9:A+§ (2.12)
T

where A and B are constants whose values are determined by whether the mercury meniscus is
advancing or retreating. Table 2.1 lists the values of these constants obtained for the controlled
pore glasses, as well as their pore size ranges of application.

Rigby et a1 derived an empirical relationship between intrusion pressure (in MPa) and
the pore radius (nm) for mercury intrusion and retraction by inserting Equation (2.12) into the
Washburn equation (Equation (2.11)), and obtained the following relationship for intrusion and
extrusion, respectively.

302.533 + 1/91526.216 + 1.478p
T =

(2.13)
p
, 1673.91 + 471.122
. 68366 + A673.9T + 471122 (2.14)
p

The above expressions have the advantage of taking into account the changes in the contact angle
and surface tension as the mercury meniscus radius is reduced. However, these equations are em-
pirical in origin, and their use leads to experimental errors in the pore size estimation of around
~4-5%8° The Kloubek correlation has been used to analyse the raw mercury porosimetry data
for both a whole and a fragmented sample of several different batches of sol-gel silica spheres by
Rigby et al®>~° It was found that, for the whole pellet samples, the Kloubek method leads to a
partial superposition of the intrusion and extrusion curves at smaller pore sizes, but no superposi-
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tion was observed in the larger pore sizes, and both hysteresis and entrapment were still present
at larger pore sizes. Rigby et al®” interpreted the findings as to the complete deconvolution of the
contact angle, leaving the intrusion and extrusion curves entirely driven by structural hysteresis.
On the other hand, the Kloubek® correlations showed a complete superposition of the intrusion
and retraction curves when samples of the sol-gel spheres were broken into fragments with a parti-
cle size of ~30-40 pm. This indicated that the contact angle hysteresis had been entirely removed
using the Kloubek correlation. Additionally, it showed that no structural hysteresis or mercury
entrapment was now taking place either. A pore structure where it is possible to remove struc-
tural hysteresis by fragmentation of the sample is a macroscopically heterogeneous pore structure,
where long-range pore size correlations are present®’

Rigby et al®%?0 established that Kloubek correlation could be used without any modifications
for some sol-gel silica materials with the same surface fractal dimension as the CPG material used
by Liabastre®* and obtain superposition of the intrusion and extrusion curves. However, if no
superposition is achieved, the values of A and B can be adjusted until it is possible to obtain a
complete superposition of the intrusion and extrusion curves within the experimental errors. If a
complete superposition is achieved, the values of A and B employed to achieve the superposition
are assumed to be valid for that particular sample8”-°°

Lowell®! proposed a different theory to explain the causes of hysteresis. This theory treats
pores as wells of potential energy. Mercury atoms are larger than nitrogen and argon atoms, and
once inside a pore, they interact with the pore walls and is trapped in a potential well of energy.
The pore potential theory, which is also referred to as the energy barrier theory, explains mercury
entrapment and hysteresis independent of the pore shape. During the extrusion stage, the mercury
column is under tension because of pore potential and can snap off if the pore radius is very small
and the pore potential is very high. Smaller pores require less energy to break the mercury column
than larger ones, as they act as deep potential wells due to their smaller cross-sectional area and
proximity to the pore walls’?

918. Lowell and S. Joan. J. Colloid Interface Sci., 90: 203-211, 1982.
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Figure 2.4: A schematic diagram showing the results of mercury porosimetry experiment on glass micromodels by
Wardlaw and McKellar [67].

2.3.4 Mercury Entrapment

Many workers®7-79,80,88,90,92-95 haye conducted a wide range of experiments to explain the causes
of mercury entrapment, which can easily be recognised when the retraction curve does not give
a zero volume. Wardlaw and McKellar®” carried out detailed experimental work to determine the
source of mercury entrapment. These workers conducted mercury porosimetry experiments on
different micromodels consisting of a network of capillaries etched in a glass. In one micromodel,
the network was a non-random system composed of smaller pores that occurred within isolated
larger pores, as shown in Figure 2.4a. Wardlaw and McKellar observed that mercury preferen-
tially filled the larger pores first when mercury was introduced into the empty model, and as the
pressure was raised higher, mercury then entered the clusters of smaller pores next. Once the
pressure was reduced, it was observed that mercury extruded from the smaller pores first. The
mercury retreated from the rest of the network when the mercury pressure was reduced further.
In a second glass micromodel, which was made up of isolated clusters of larger pore elements
within a continuous network of smaller pores, no mercury entered the structure until the pres-
sure reached the level needed to penetrate the smaller pore elements. In this second micromodel,
shown in Figure 2.4b, the sample became saturated once mercury was introduced into the model.
When the mercury pressure was subsequently reduced, the mercury first withdrew from just the
smaller pore elements. However, by the time the pressure was decreased below the threshold for
emptying the clusters of bigger pore elements, the mercury had already been disconnected by the
snap-off effect, and significant residual mercury was retained in the bigger pores. These results
demonstrated that mercury entrapment levels in porous materials are controlled by non-random
structural heterogeneity.
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Intrusion

Extrusion

Figure 2.5: Mercury intrusion and extrusion according to ink-bottle theory[45].

Wardlaw and McKellar®” also built other glass micromodels with rows of large pore bodies
separated by narrow pore throats. In this micromodel, the quantity of mercury entrapment was
observed to rise when the ratio of pore-body to pore-throat size increased. As a result, it was
also demonstrated that ‘snap-off’, in which the mercury thread breaks as it tries to retreat from a
relatively large pore body through a narrow neck, leads to mercury entrapment. In this scenario,
Matthews et al?® found that the required ratio to cause a snap-off in a larger pore-body adjacent
smaller pore-neck size is ~6. In further glass micromodel, Wardlaw and McKellar discovered that,
for a large void space nestled in a continuous network of smaller pores, when mercury leaves the
surrounding smaller pores, it will get trapped in the larger pores.

Mercury entrapment has also been attributed to the presence of ink-bottle®?:°4-8 shaped pores

in the sample. The ink-bottle pore theory is where a bigger diameter pore-body is connected to
a smaller diameter neck, and therefore higher pressure is required for mercury to penetrate the
smaller neck and hence, the pore-body. Mercury will enter to fill the pore body at a pressure
determined by the size of the neck and not by the actual pore cavity size. However, upon de-
pressurisation, the pore-body cannot empty until a lower pressure is reached, leaving mercury
entrapped in the wide inner portion of the pore-body.

Tsakiroglou et al®” used a model porous media consisting of throats and chambers, which
accounted for the effects of network topology and pore aspect ratio to develop a mathematical
relationship for the critical pressure for the retraction and snap-off of mercury menisci. The re-

96G. P. Matthews, C. J. Ridgway, and M. C. Spearing. J. Colloid Interface Sci., 171: 827, 1995.
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searchers have compared results from their expression with actual experimental data and have
found a satisfactory agreement between the two. However, their studies have been limited to
porous materials with regular pore structures, whereas a typical heterogeneous catalyst has com-
plex and random pore structures.

Another notable study was conducted by Portsmouth et al?® where they have investigated the
effects of pore size distribution and pore connectivity on a three dimensional, spherical random
network. Their results have revealed that mercury entrapment is a function of both the pore net-
work connectivity and the width of the volume-weighted pore size probability density function.
A more recent study by Rigby et al?® have looked at mercury entrapment in a nanoporous silica
material using a combination of magnetic resonance imaging (MRI) and micro-computed X-ray
tomography (micro-CXT). Their investigation revealed that the level of mercury entrapment was
determined by the close interaction between the pellet macroscopic structure and the microscopic
mercury retraction mechanism. Additionally, it has been determined that mercury entrapment is
confined to only the larger pores in the materials. Further investigation on sol-gel silica by Rigby
et al?” has concluded that the mercury retraction curves of particular sol-gel silica material are
independent of equilibration time and thus probably results in the breaking of mercury ganglia at
the boundaries of the region of smallest pores within the material.

2.3.5 Limitations of Mercury Porosimetry

One of the drawbacks of mercury porosimetry is that it only measures the smallest entrance of
a pore and not the actual inner cavity size. This means that the data obtained from mercury
porosimetry is only one-dimensional and thus does not contain any information on the spatial
distribution of pores size. As a result, mercury is susceptible to the pore ‘shadowing’ or ‘shield-
ing’ effects. Because mercury enters pores in decreasing size as pressure increases, a bigger pore
externally accessible only via a smaller pore will be viewed as a volume of the smaller pores’

Another limitation of mercury porosimetry is the assumption of cylindrical pore geometry in
the Washburn”! equation, even though actual pores are rarely cylindrical. This makes mercury
porosimetry an indirect characterisation method; in which a model of interpretation representing
the porous medium is required to obtain a de-shielded pore size distribution. The most common
models implicitly assume that the void space may be represented as a collection of parallel, straight
cylinders;-82:85-90 and for many porous mediums, this assumption in models is likely to be highly
inaccurate. However, in recent times, more direct three-dimensional reconstructions of pore spaces
have been obtained by imaging techniques such as scanning electron microscopy (SEM), demon-
strating that many sol-gel silica and alumina samples seem to have cylindrical or packed spherical
pores shapes®?

97S. Rigby et al. Chem. Eng. Sci., 63: 5771-5788, 2008.
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Figure 2.6: Schematic diagram showing integrated mercury porosimetry and gas sorption. The experiment stages are: (a)
Empty sample, (b) First gas sorption experiment, (c) Empty sample, (d) Mercury porosimetry, () Mercury entrapment,
() Second gas sorption experiment.

2.4 Integrated Mercury Porosimetry and Gas Sorption

2.4.1 Introduction

Both mercury porosimetry and gas sorption are indirect characterisation techniques and require
a model to interpret the raw data. Commonly used models assume that the void spaces may be
modelled as a bundle of parallel, straight cylinders’!:828>-°0 However, as mentioned above, this
assumption is likely to be highly inaccurate for many porous media. Furthermore, the underlying
physical processes in mercury and gas sorption methods can be complicated with co-operative ef-
fects connected to the structural heterogeneity of typically disordered material?® In gas sorption,
these unique effects include advanced adsorption and delayed condensation, and in porosime-
try, mercury snap-off and entrapment?® In most cases, many of the shortcomings of individual
characterisation techniques can be solved by serially combining them to deliver a much better fun-
damental understanding of the porous material than the individual techniques alone could, even
when these methods are used in parallel. An example of the combined techniques is the integrated
mercury porosimetry and gas sorption, which consists of a series of sorption and porosimetry
experiments conducted in series on the same sample each time, as shown in Figure 2.6. In this
method, any entrapped mercury is frozen in situ after the porosimetry stage before a subsequent
gas sorption experiment is performed. The integrated technique allows one to block a particular
portion of the pore structure selectively and determine the transport properties before and after
their removal?® This section will describe integrated mercury porosimetry and gas sorption meth-
ods and examine previous studies utilising them.

988, Rigby et al. Colloids Surf., A, 517: 33-44, 2017.
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2.4.2 Previous Studies using Integrated Gas-Mercury Method

The integrated gas sorption and mercury porosimetry method has been utilised by Rigby and
co-workers in several publications8%199-111 The method has been used to test the presence of

pore to pore co-operative effects such as pore-blocking?®19% characterise the spatial distribution

of different pore sizes°! validate the semi-empirical alternative to Washburn equation!°? as well
as for determining the distribution of average pore length with pore diameter for mesoporous
solids!194 The integrated method was further used in combination with CXT imaging to reveal the
differences in entrapment mechanism and macroscopic spatial distribution of mercury in sample

pore network6’99’100’ 110,112

Early works employing integrated mercury porosimetry and gas sorption revealed the pres-
ence of pore-blocking effects during the desorption of nitrogen from a sol-gel silica sample with
a modal pore size of 10nm!%? The study compared the gas sorption isotherms of a sol-gel sil-
ica sample from the same batch before and after mercury porosimetry and found that the two
isotherms superimposed in the hysteresis regions below ~600 cc(STP)/g. Additionally, it was ob-
served that both isotherms plateaued, but the isotherm after mercury porosimetry plateaued at
a lower amount adsorbed. The difference in total quantity adsorbed before and after mercury
porosimetry equalled the amount of mercury entrapped in the sample pores. This discrepancy be-
tween the isotherms at higher relative pressures indicated that the mercury became entrapped in
the biggest pores. Furthermore, it was observed that capillary evaporation began at the same rel-
ative pressure before and after mercury porosimetry, which was 0.85. This indicated that the big
pores that entrap mercury could only be emptied after the surrounding smaller necks were emp-
tied at relative pressure 0.85. In order to further validate their findings, Rigby et al. fragmented
the sol-gel silica sample to separate the large pore bodies from the necks. The fragmented sample’s
ensuing desorption isotherm began at a higher relative pressure. This was because the large pore
bodies were no longer obstructed by narrow necks and could therefore be empty at the same rela-
tive pressure for a retreating meniscus in the pore neck. The results of this investigation revealed

that sol-gel silica samples display a pore-blocking mechanism %2

The integrated mercury porosimetry and gas sorption method was also used to detect the loca-
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tion of the pores that entrap mercury after the end of the mercury intrusion experiment3%:98,102,113

Nitrogen sorption isotherms have been conducted both before and after a mercury porosimetry ex-
periment on a sol-gel silica catalyst support pellets (of nominal diameter 3 mm). The results of
their experiment revealed that, for this particular type of sol-gel silica catalyst, the entrapped mer-
cury is confined to only the largest pores and that the presence of macroscopic heterogeneities in
the spatial distribution of pore size is the most likely source of mercury entrapment in this material.
These findings were further consistent with the results of the analysis of the raw porosimetry data
using the Kloubek correlation/> which is a semi-empirical alternative to the traditional Washburn
equation/!

The integrated method was used to study whether entrapped mercury moves around be-
tween the end of the MIP experiment and the beginning of the second gas sorption experiment
or thermoporometry!% To confirm this, gas sorption studies were carried out immediately after
porosimetry and a week later, and while some materials showed no significant changes in isotherm
shape during this period, others showed considerable changes. These studies have demonstrated
that mercury entrapped using shorter equilibration times in porosimetry experiments is more un-
stable and likely to migrate than mercury entrapped after longer equilibration times.

The presence of advanced adsorption has also been observed for a spherical sol-gel silica
sample using integrated gas sorption and mercury porosimetry!°7-1%8 It was found that the spatial
arrangement of large and small pores within the region of the sol-gel silica sample where mercury
is trapped is similar to a through ink bottle, and when mercury is trapped in the larger pores,
it creates dead-end pores in the smaller pores. It was also found that the relative pressure of
condensation in the region of interest in an empty sample was found to be the square root of
the reduced condensation that occurs in that region after mercury entrapment. These findings
were consistent with the presence of advanced condensation, similar to what is expected from the
Cohan-Kelvin equation for a through ink bottle pores>®

More recently, the advantage of the integrated method over the two individual techniques
applied separately was demonstrated by using scanning curves experiments conducted in series
before and after mercury porosimetry!'! This work revealed that crossing scanning curves are
obtained for some disordered porous material with through ink-bottle pores. Furthermore, the in-
tegrated experiments have enabled the relationship between pore structure and mass transport to
be studied directly without requiring intermediate pore network modelling techniques. Nepryahin
et al®!12 studied tabletted methanol synthesis pellets, made using roll compacted feed, and com-
pacted to two different densities. It was found that cracks dominated mass transport through the
pellet, and voids formed via splintering of the feed particles during compaction. However, the com-
prehensiveness of the pore characterisation was limited due to the use of only conventional gas
sorption experiments to probe the void space left accessible following mercury entrapment and
the limitations on the resolution of the CXT imaging employed.

113G, Rigby et al. Ind. Eng. Chem. Res., 56: 14822-14831, 2017.



Chapter 2. Porous Material Characterisation Techniques 32

X-ray source Sample Detector

q
q

q
—

Incident intensity, /p T :

Transmitted intensity, /
Turntable ans ed intensity,

Figure 2.7: Schematic depiction of the principles of computerised X-ray tomography [114].

2.5 Computerised X-ray Tomography (CXT)
2.5.1 Background Theory

X-rays were discovered in 1895 by Wilhelm Réntgen'!> while testing whether cathode rays could
pass through glass. Rontgen’s investigations focused on light phenomena produced by passing
a high voltage current through so-called ‘Crookes tube,” a glass bulb with positive and negative
electrodes that shine fluorescently when a high voltage current is run through them. Rontgen
noticed that when he shielded the tube with heavy black cardboard, the incandescent green light
caused a fluorescent screen to glow. Rontgen established that the fluorescence was generated by
invisible rays emitted by the Crookes tube he was using to examine cathode rays (later identified
as electrons), which pierced the thick black paper wrapping around the tube. Through further
experimentation, Wilhelm discovered that the new type of rays could pass through most things,
including the body’s soft tissues, but left bones and metals visible. Since this discovery, X-rays have
been used extensively in many research fields, including medical imaging!'® material analysis!!”
and dimensionless metrology.!®

A major drawback of older X-rays was the loss of depth information due to radiography project-
ing a 3D object onto a 2D plane. However, a new technique called computerised X-ray tomography
(CXT) was developed in the 1970s to overcome this drawback!16-11%120 The newly developed CXT
method is non-destructive and allows the reconstruction of a 3D volume of objects by acquiring
projection images from different directions. The new technique also enabled the visualisation of

115A, Hessenbruch. Endeavour, 26: 137-141, 2002.

116]J, Ambrose. Br. J. Radiol., 46: 1023-1047, 1973.

117D, Chioibasu et al. Metals, 10: , 2020.

18], Kruth et al. CIRP Annals, 60: 821-842, 2011.

119G, N. Hounsfield. Br. J. Radiol., 46: 1016-1022, 1973.

120G, N. Hounsfield. Can. Assoc. Radiol. J., 27: 135-142, 1976.
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materials’ internal features and digital information about their 3D geometry and properties from
the metres down to tens of nanometres length scales. Each CXT image is called a slice, and each
slice is composed of voxels (volume elements) and corresponds to what the object being scanned
would look like if it were sliced open along a plane. The X-ray source and the detector remain
stationary while the sample under investigation rotates during the scanning process. This set-up
achieves better mechanical stability required at high resolutions!?!

A key feature of X-ray radiation is its ability to penetrate different materials in varying degrees
to obtain a series of radiographs of the sample viewed from different directions. The change in
X-ray intensity as it passes through the material is described by Lambert-Beer’s law?2-124 which
describes intensity reduction as a function of X-ray energy, path length, and material linear atten-
uation coefficient:

[ = Ipe~ J n(s)ds (2.15)

The Lambert-Beer law describes the reduction in the intensity of monochromatic X-ray beam as a
function of initial X-ray energy, I, path length, s and material linear attenuation coefficient, u. The
intensity of X-ray beams attenuates as it penetrates matter as each material atom removes an X-ray
photon, decreasing its intensity. The amount of decrease in intensity of the X-ray beam depends on
two factors: (1) The thickness of the material and (2) a characteristic of the material called linear
attenuation coefficient, u. When X-rays pass through an object, some of the energy is transmitted,
some are scattered, and some are absorbed. A detector on the opposite side of the sample detects
the transmitted photons, yielding a single 2D attenuation map (shadow projection). The shadow
projection image is collected from a variety of angles since the sample is rotated in 360° on a
turn-table (see Figure 2.7). With the aid of image reconstruction algorithms, the complete 3D
structure of the samples can be reconstructed from the projections. After reconstruction, an image

post-processing step, including segmentation, is usually necessary to analyse the X-ray images!'4

The X-ray resolution, R depends on the geometric magnification M, which is determined by

distance between X-ray source and the sample!?°
d 1

Where d is the pixel size and s is the spot size (focus spot) at the X-ray source. The magnification
is given by:

M = ( total source — detector distance )/ (total source — object distance ). (2.17)
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1237, Thompson and R. Leach. Industrial X-Ray computed tomography. Springer International Publishing, 2018.
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114A, Miguelez-Moran et al. Eur: J. Pharm. Biopharm., 72: 173-182, 2009.

125y, Cnudde et al. Appl. Geochem., 21: 826—-832, 2006.



Chapter 2. Porous Material Characterisation Techniques 34

X-ray | Acquisition of | Reconstruction
generation projections of data
. Segmentation Pre-processing
Rendering of
& ¢——— & feature |[€&— & data i
volumes .
extraction enhancement

Figure 2.8: Generalised CXT scan workflow and image analysis procedure [123].

2.5.2 Synchrotron CT and Linear Accelerators

Although electron guns are the most frequent X-ray generators, there are alternative ways to accel-
erate electrons against a target to create X-rays. Linear accelerators and synchrotrons, in particular,
have distinct benefits over conventional electron guns. Linear accelerators (LINAC) accelerate elec-
trons or other charged particles by subjecting them to a sequence of fluctuating electric potentials
along a linear beamline!?® Due to their tremendous energy, linear accelerators can penetrate very
thick and high absorbing materials, for example, up to meters of concrete or metal. X-rays can also
be produced using synchrotrons, which are unique particle accelerators located in extensive facili-
ties. Synchrotrons are also of interest because they can produce highly collimated, monochromatic
X-ray beams that are also coherent, bright, and easily tuneable!2® On the other hand, Synchrotrons
have the problem of having an enormous footprint, typically requiring massive facilities of hun-

dreds of meters in diameter and high associated costs!2°

2.5.3 Workflow, Reconstruction and Image Processing

In a CXT scan, the collection of projection data is merely the first step towards producing a to-
mogram and deriving meaningful insights from it. However, the 2D projections must be recon-
structed into a 3D stack of slices to quantity or visualise specific sample regions. The reconstruction
method recovers the spatial distribution of the attenuation coefficient ;(x,y) slice by slice to form
a greyscale image of the object from the set of projections. The Radon'?” transform mathematically
describes the relationship between slices and projections, and it forms the basis for the two pri-
mary types of reconstruction algorithms, analytic and iterative methods. Filtered back projection
(FBP)'28 and the Feldkamp-Davis—Kress (FDK)'2? technique are the two most common analytical
methods used in modern times. These two methods rely on Fourier-space filtering of the projec-

tion data and object reconstruction using a discretised version of the Radon transformation.28129

126],, De Chiffre et al. CIRP Annals, 63: 655-677, 2014.
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After obtaining a reconstructed volume, the data must be handled properly in order to extract the
maximum amount of information from the images without adding operator bias or any additional
artefacts. This stage usually involves noise reduction filters and the segmentation of the phases
present in the volume. The purpose of the filtering procedure is to smooth homogenous areas while
maintaining edges!3® Examples are the median,'®! anisotropic,*? and non-local means filters!®3
On the other hand, segmentation can be accomplished on a global or a local scale, employing a
vast range of methodologies, such as histogram shape analysis, clustering analysis, or thresholding.
Following segmentation, it is sometimes required to apply additional image post-processing proce-
dures to account for any segmentation errors. In general, morphological procedures like erosion
and dilation and size-dependent operations like the removal of tiny spots are utilised here!3*

In recent times, machine learning (ML)!®> and deep learning'®® methods are rapidly devel-
oping an alternative to traditional image reconstruction of tomographic data sets, which are most
used in medical CT image analysis. For example, in situations where high temporal resolution
is required, which requires shortened detector integration times and a reduction in the number
of projections, machine learning methods can yield significantly better reconstructions than the
traditional analytic or iterative methods. More details on machine learning and artificial neural
networks (ANN) can be found in the image analysis chapter (Chapter 4).

2.5.4 CXT Applications

X-ray CT as a non-destructive testing technique has become essential for doctors, material scien-
tists, and geologists who work with materials where the delicate internal structure or changes are
critical to understanding the material’s behaviour. X-ray CT is now widely used in these areas and
sub-micron material characterisation facilities. This section will look at the various CXT applica-
tion fields to demonstrate how micro and nano-CT scans have been used as a non-destructive tool
for porous material characterisation, quality control, and manufacturing and optimisation.

Soon after CXTs were commercially available in 1975, researchers in petroleum engineering
and soil science began using the technology to study multi-phase flow problems in their respective
areas. Some of the early papers in the subject of soil science employed medical CT scanners to
quickly measure soil bulk density,>” map temporal changes in spatial soil moisture distribution,'*®

and follow percolating moisture front in a soil sample in 3D13%140 After these publications, Wang
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134R. M. Haralick, S. R. Sternberg, and X. Zhuang. IEEE Trans., PAMI-9: 532-550, 1987.
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137A, M. Petrovic, J. E. Siebert, and P. E. Rieke. Soil Sci. Soc. Am. J., 46: 445-450, 1982.
138]J, M. Hainsworth and L. A. Aylmore. Soil Res., 21: 435-443, 1983.

139W. J. Anton et al. Geoderma, 64: 183-196, 1995.

140G H. Anderson et al. Soil Sci. Soc. Am. J., 52: 35-40, 1988.



Chapter 2. Porous Material Characterisation Techniques 36

et al!*! presented the first study in the field of petroleum engineering to employ CT to map oil

saturation distribution in a Berea sandstone core. A number of similar studies by Wellington'#?
and Vinegar as well as Hunt et al!*® followed shortly after, with the first truly quantitative study
coming in 1987 when Vinegar and Wellington!#* used CT to study three-phase flow experiments
and implemented the use of multiple doped silicon to separate the different fluid saturations. This
was followed by the work of Withjack'#> in 1988, who utilised CXT to determine the saturation
necessary to produce relative permeability curves for Berea sandstone and dolomite cores.

The resolution of the studies mentioned above was restricted to hundreds of micrometres to
millimetres due to the usage of medical CT scanners. As a result, imaging individual grains, pores
or fluid-fluid interfaces proved impossible. However, by the early 1990s, lab-scale X-ray equipment
had advanced to the point that micro-tomographic imaging could be completed more quickly. Jasti
et al1*® produced the first genuinely pore-scale images of porous media (glass beads and Berea
sandstone samples) and fluid distributions of oil and water using a lab-scale system. Clausnitzer
and Hopmans'4” went a step further in 2000 by conducting a quantitative study of pore-scale
solute escape in sand packs. However, they concluded that X-ray synchrotron sources were re-
quired to obtain truly pore-scale measurements. Laboratory and industrial CXTs have advanced
rapidly since then and are currently on a level with synchrotron-based systems in terms of spatial
resolution and image quality, although scan times for lab-scale systems are still much longer.

With the introduction of synchrotron X-ray tomography;, it is now possible to characterise indi-
vidual pores and extract high-resolution three-dimensional information on the pore network mor-
phology and connectivity of natural porous media. The synchrotron imaging has enhanced under-
standing of the relationship between pore-scale properties and continuum-scale measurements, in-
cluding porosity 8149 pore-size distribution* surface area>! tortuosity,°? and permeability!>3

Synchrotron studies have been carried out on both unconsolidated (e.g., glass bead, soil)!1>4-160
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and consolidated media (e.g., sandstone and carbonate rock)161-163 Additionally, synchrotron-
generated pore-network data has been utilised to assist in the design and implementation of a
lattice-Boltzmann simulators'®+1%? and a pore network simulations, such as 3DMA software 70171
Furthermore, Synchrotron CXT has also been used to quantify the pore-network topology of porous
media, with algorithms extracting information on the 3D spatial distribution of pore-bodies and
pore-throats, as well as pore connectivity!>?

CT scans can also be used in hydrocarbon reservoir characterisation, where a 3D image of
reservoir rocks is obtained in a non-destructive way. The pores could then be segmented from the
solid materials by carrying out image analysis to understand better the reservoir system’s specific
petrophysical properties, such as permeability, tortuosity, and acoustics. The quantification of these
properties is essential in monitoring reservoir fluid flow, such as wormhole formation and carbon
dioxide sequestration. There is comprehensive literature on the application of X-ray tomography to

geosciences, particularly in reservoir geology,”? reservoir rock characterisation,!”® complex poros-

ity and pore geometry of carbonate reservoirs,’4 and the performance of sandstones!4*
Computerised X-ray Tomography has also been used to map the spatial distribution of contrast
agents in the porous network for heterogeneous catalyst®2%-99:112,113,175-177 Righy et al?® studied
the entrapment of non-wetting fluids within nanoporous sol-gel silica sphere, with a typical pel-
let diameters of ~3 mm, by using micro-CXT Skyscan 1072. The samples were first intruded with
mercury to act as a contrast agent and imaged to obtain 3D constructed volume. Using the exper-
imental data from the X-ray images and simulations, Rigby et al?® constructed a model for the
microscopic mercury retractions. The results of their investigation suggested that the level and
spatial distribution of mercury entrapment in the sol-gel silica material studied arises because of
an interaction between the macroscopic structure of the pellet and the microscopic mechanism
of mercury snap-off. In another study, Rigby et all”> have utilised CXT and mean-field density
functional theory (MF-DFT) to study the pore potential theory of hysteresis, entrapment and the
percolation properties of commercially available silica and alumina blank catalyst support. Rigby
et al. observed from the CXT scan that the pore potential effects can be seen directly as mercury
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entrapment preferentially arose within the regions of high pore potential due to the presence of
mercury-wetting materials. Furthermore, it has been shown that CXT can be used to detect percola-
tion pathways in macro-porous alumina directly and study the spatial configurations of entrapped
mercury ganglia within such an amorphous material. More recently, Nepryahin®'!? used CXT to
map the spatial distribution of entrapped mercury in a copper/zinc oxide alumina roll compacted
feed catalyst (high density and low-density cylindrical tablets). Their study has revealed that the
relative importance of the sub-sets of pores is related to their pervasiveness across the pellet and
whether they percolate to the centre of pellet.

Other notable areas where CT is used include, building material characterisation (e.g, bricks,
mortar and concrete) 78 fibre reinforced composites (e.g. foams)”? Metrology e.g., edge detection,!'®
biomaterials (e.g., Bone TE scaffolds) % dental implants (e.g., root canal morphology)®! and pa-
leoradiology (e.g., Egyptian mummies) 82

2.5.5 Representative Elementary Volume

Understanding macroscopic characteristics of a porous media requires knowledge at the micro-
scopic pore scale; thus, prior to performing upscaling exercises of physical properties, accurate
characterisation of the porous media at the pore scale is critical for quantifying the heterogeneity
of a large system!®3 In order to address the heterogeneity of a porous media from X-ray CT images,
the concept of a representative elementary volume (REV) is used. REV is an important parameter
and was first introduced in 1972 by Bear!8* REV describes the smallest value that can be taken
as a representation for the entire sample area/volume that does not respond to small changes in
volume or location!®* The size of a REV varies from a minimal bound, which represents the transi-
tion from the microscale to the macroscale level, to a maximum bound, which represents the shift
from a homogeneous to a heterogeneous condition.

There are two ways to determine the REV of a given sample to predict and study effective
macroscale parameters. The first technique, popular in soil science and hydrology literature, deter-
mines a REV based on porosity regardless of the macroscale parameter of concern (i.e., a sample
is considered a REV if its porosity is consistent across different sizes of the sample). Clausnitzer
and Hopmans'4’ utilised this method as a primary basis to estimate the REV of ideal systems (i.e.,
glass beads packs). Other researchers'%%185-187 ysed a similar approach by determining porosity
to calculate REVs of natural soil systems. The second method, which determines a REV based
on macroscale factors without first determining microscale sample properties (e.g., porosity), is
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widely utilised in engineering mechanics literature. In this second method, the size of REV is
commonly determined by macroscale characteristics, and when the macroscale under considera-
tion remains consistent throughout various volumes, the sample is considered a REV. Determining
the REV size is by no means a simple process because it depends on the nature of the material
under consideration and microscale characteristics that influence the effective macroscale parame-
ters. Furthermore, the complexity of microscale characterisation of natural porous media systems
makes determining REV from microscale factors considerably more difficult. The first method,
porosity vs cube size, was used to determine the REV for the scanning electron microscopy images
of the methanol synthesis catalyst pellets studied in this thesis.
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Figure 2.9: Electron-matter interactions - the different types of signals which are generated [188].

2.6 Scanning Electron Microscopy (SEM)
2.6.1 SEM Concept and Brief History

Electron microscope (EM), as the name indicates, uses a high-energy electron beam to generate
a variety of signals at the surface of samples and were developed due to the limitations of light
microscopes!®® EMs are capable of much higher magnifications and have a greater resolving power
than a light microscope, allowing them to see much smaller objects at a subcellular, molecular and
atomic level. The signals produced by the interactions between electron and sample provides infor-
mation about the sample’s external morphology, chemical composition, and crystalline structure.
In standard imaging mode, EMs probe only the sample’s surface and provide a 2D image that
shows spatial variations in these properties. Max Knoll and Ernst Ruska'® created the first elec-
tron microscope in 1931 with a resolution of 100 um, which was later improved to 0.05 pm by
adding electromagnetic lenses, and EMs has since evolved to be an incredibly versatile instrument.
The field of electron microscopy is divided into scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM), and while both instruments can measure many signals coming
from electron and matter interactions, the two imaging modes have generally been treated as in-
dependent fields due to differences in equipment designs, sample preparation, and information
acquired!®® SEMs are often more user-friendly and easier to operate than TEMs, making them

188A_ Bogner et al. J. Micron, 38: 390-401, 2007.
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Figure 2.10: Comparisons of closer look of (a) SEM, and (b) TEM.

more accessible to non-experts looking for a microstructure and analysis tool. Additionally, many
current SEMs enable low-voltage viewing of samples, allowing for the non—destructive study of
beam sensitive materials. In recent times, scanning transmission electron microscopy (STEM) has
revolutionised electron microscopy’s capabilities, with many transmission experiments now being
done in SEMs and scanning coils becoming more common in classic TEM designs!8®

In SEM, the electron source forms a beam of electrons and accelerates toward the sample
using a positive electrical potential. The beam travels through electromagnetic fields and lenses
in the vacuum column, focusing the beam down toward the sample. A mechanism of deflection
coils enables to guide the beam so that it scans the surface of the sample in a raster pattern.
When the primary electron beam interacts with the sample, the electrons lose energy by repeated
random scattering and absorption inside the interaction region, which is a ‘teardrop-shaped ’ sec-
tion of the sample that ranges from less than 100 nm to nearly 10 nm under the surface (see
Figure 2.9). The size of the interaction volume is determined by the electron’s landing energy
and the sample’s atomic number and density. The kinetic energy of the accelerated electron is
dispersed as various signals that are generated during electron-sample interactions. These sig-
nals include secondary electrons (SE), backscattered electrons (BSE), diffracted backscattered
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Figure 2.11: Schematic representation of dual beam FIB-SEM serial milling [190].

electrons, photons (characteristic X-rays used for elemental mapping and continuum X-rays) and
visible light (cathodoluminescence-CL), each of which can be detected by respective detectors”
Both secondary and backscattered electrons are often used for imaging the samples; however,
secondary electrons are best for demonstrating morphology and topography on samples, while
backscattered electrons are best for illustrating compositional differences in multiphase samples
(i.e., for rapid phase discrimination). Electronic amplifiers are employed to amplify the signals,
and electronic detectors convert the signals into digital pictures shown on computer screens. SEM
analysis is considered non-destructive, which means that the X-rays produced by electron interac-
tions do not cause volume loss in the sample, allowing it to be used to analyse the same materials
repeatedly!?°

2.6.2 FIB-SEM Lift-outs and Serial Sectioning

A focused ion beam (FIB) instrument is similar to a scanning electron microscope (SEM) and
typically consists of a vacuum system, ion column, detectors, gas injectors, and a sample stage!”!
The FIB instrument may be used as a standalone or incorporated into other systems, such as SEM,

TEM or secondary ion mass spectrometry (SIMS), the most common of which is a FIB-SEM dual-

1901, Utke, S. Moshkalev, and P. Russell. Nanofabrication using focused ion and electron beams: principles and applications.
Oxford University Press, 2012.
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Figure 2.12: Example of FIB-SEM lift out stages for a fresh spra-dried methanol catalyst pellet.

platform instrument!°° The ion column in the standalone system is typically mounted vertically;
however, the dual-platform instruments usually have the FIB mounted at some angle. The stage
in the FIB-SEM instrument is set up so that FIB and the SEM are looking at the same spot on the
sample, and the SEM continually monitors the FIB operations. The stage is typically inclined (52°)
to ensure that the sample’s surface is perpendicular to the FIB (see Figure 2.11).

FIB has become a standard instrument for preparing samples for subsequent analysis by sev-
eral other analytical tools. The versatility of the FIB makes it advantageous for numerous applica-
tions, including FIB-SEM ‘serial sectioning’ and ‘lift-out’ techniques, which are generally rapid. In
addition, because of the tiny probe size and a broad range of beam currents achievable by new FIB
instruments, FIB sample preparation techniques currently offer the best spatial resolution where
site-specificity is required. FIB lift-outs and grid mounting processes can be accomplished inside
the FIB instrument (i.e., in-situ) or outside (i.e., ex-situ)1°? The ex-situ grid mounting method is
very swift compared to in-situ; however, no further thinning or artefact removal is possible on the
prepared lamella. The in-situ method is newly developed and combines all of the advantages of
the ex-situ method but offers the possibility of further ion milling of the lamella, thinning it and
removing any artefacts! %2

The lift-out procedure was first reported by Overwijk et all°®> where they have used a FIB
to prepare a thin electron transparent membrane from a larger bulk sample. Many Workers have
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since utilised the method. Leslie et al!°# used a similar removal procedure as Overwijk et all*3 and
noted some practical problems and artefacts of the technique; however, little details were provided
on using the tungsten needle probes to remove the thinned sample. In 1997, Giannuzzi'*> and
co-workers documented a routine FIB lift-out technique to prepare site-specific TEM specimens.
This technique was first developed specifically for applications in the microelectronics industry;
however, the FIB LO technique has been routinely used by other authors with slight variations
for numerous material systems and geometrical configurations. On the other hand, the in-situ lift-
out procedure was first pioneered by Yaguchi et al!?¢-198 where they have performed the lift-out
within the FIB instrument. The in-situ method is similar to the ex-situ method but allows a larger
sample size extraction. When running an in-situ operation, the Omni-probe is positioned to touch
the milled piece of the sample, then welded to the sample using platinum metal, and the sample
is lifted out of the bulk material.

Most modern FIB-SEM instruments could also be used for ‘serial sectioning ’ to generate a reg-
ular stack of images, which can be transformed into a voxel-based data volume. Serial-sectioning
is an alternating process of sectioning and imaging, in which the ion beam is used to erode thin
layers (~10 nm) of the sample in the y-direction sequentially, and the electron beam is used to
scan them!?° The serial sectioning method could generate 3D volumes of up to ~50x50x50 pm,
with typical slice thicknesses of around 30 nm. The complete serial sectioning operation is divided
into three stages: (1) cube preparation and parameter optimisation, (2) serial sectioning, and (3)
data processing!®?

FIB-SEM is frequently used to characterise porous materials and granular microstructures.
The structure-transport properties of porous material are governed by topological aspects such as
connectivity, percolation, and pore neck diameters, and some of these features can be accurately
quantified using adequate 3D imaging of the corresponding sample. Hence, FIB-SEM serial sec-
tioning opens up new possibilities for analysing pore structures with sub-micron dimensions, as
demonstrated for hydrated cement2°°-292 porous rocks and clays2°3-294 crack growth in metals2®
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2.7 Thermoporometry by Differential Scanning Calorimetry

2.7.1 Background to Thermoporometry

Thermoporometry (or thermoporosimetry) is a calorimetric method for determining pore sizes us-
ing the melting or freezing point depression of a liquid confined in pores based on the observation
of the solid-liquid phase transition2°® There are several techniques for detecting the solid-liquid
phase transition in pores as a function of temperature, including differential scanning calorimetry
(DSC)?2% nuclear magnetic resonance (NMR)?21° and X-ray diffraction?!! This part of the literature
review will mainly focus on differential scanning calorimetry methods.

A differential scanning calorimeter (DSC) is well suited for detecting tiny temperature fluc-
tuations due to its sensitivity to exothermic freezing and endothermic melting transitions. The
physical explanation for the shift is that the equilibrium temperature for a solid-liquid phase tran-
sition is determined by the radius of curvature of the solid-liquid phase interface. Because a liquid
confined inside a porous material is finely divided, the radius of curvature is directly related to
the pore size??? The development of this technique is more recent and, hence not well recognised
compared to mercury porosimetry and gas sorption. DSC measures the change in the heat flow
rate to the sample pan and an empty reference pan, and can be used to characterise a wide variety
of porous materials such as controlled pore glass (CPG)2%? sol-gel silica?'? and ordered meso-
porous materials such as MCM-41213-215 The technique has the advantage of being simple, easy to
use, and measurements can be performed very quickly. Furthermore, no time-consuming sample
preparation is required, and sample volumes required are in the milligramme range.

Brun et al?'® pioneered the thermoporometry technique by developing the thermodynamic
foundation for calculating pore size distribution from freezing liquid inside the pores. The con-
finement of material into microscopic pores is known to produce a decrease in melting point, as
indicated by the Gibbs—Thomson?!” equation. Gibbs?'® demonstrated that the melting point of
small crystals confined to small pores depends on the surface area of the pores. This idea was fur-
ther developed by Thomson?!'? who proposed the crystal curvature theory and related it to liquid
droplets. When a crystal confined within a cylindrical pore is melting, the relevant form of the
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Frozen probe liquid Non-frozen layers

Figure 2.13: Schematic representation of frozen probe fluid and non-frozen liquid like layers inside a pore.

Gibbs-Thomson equation suggests that the melting point depression AT,,, will be given by:

46T

ps

cos(6) (2.18)
where T,,(z) is the melting point in a pore of diameter z, 7)°° is the bulk melting temperature,
AHy is the bulk enthalpy of fusion, d, is the solid-liquid surface tension, p, is the solid phase
density, and 6 is the contact angle between the frozen crystal and pore wall.

Equation (2.18) is referred to as the Gibbs-Thomson equation. The interaction between the
pore wall and the imbibed fluid is assumed to be weak, and therefore, the contact angle is typically
taken to be 180°22° This assumption implies that the frozen crystal and the pore wall are not in
contact with one another, but instead, there is a non-frozen liquid layer between the pore wall
and the solid crystal?'322° The existence of the non-frozen layer was confirmed experimentally
by Overloop and Vangerven??! Using NMR, these workers discovered that even after the imbibed
liquid became frozen in the pore system, there was still a noticeable magnetisation. This magneti-
sation reduced gradually when the temperature was lowered, and it was not linked with hysteresis
when the temperature was increased. From this, Overloop and Vangerven deduced that the shift
in magnetisation could not be due to the imbibed fluid freezing or melting but must be due to a
liquid layer that does not freeze. This non-frozen layer is comparable to the t-layer in gas sorption
analysis, which is described elsewhere in the gas sorption sections.

Many of the parameters in the above equation are constants for a particular system, hence
Strange et al??? suggested combining the parameters in the Gibbs-Thomson equation and deriving
them experimentally. Therefore, the Gibbs-Thomson equation can be simplified as:

ATm = KGT/X (2.19)

In the above expression, K is known as the Gibbs-Thomson constant. The Kgp-value is found
experimentally, and usually a liquid with a large value of Kgr is preferred as this will make it

220C, L. Jackson and G. B. McKenna. Chem. Mater., 8: 2128-2137, 1996.
221K, Overloop and L. Vangerven. J. Magn. Reson., 101: 179-187, 1993.
222], Strange, M. Rahman, and E. Smith. Phys. Rev. Lett., 71: 3589, 1993.
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easier to observe when a given pore has frozen or molten. A Gibbs-Thomson values of 52 nm K has
been suggested for mercury experiment on CPG silica?!®> However, Bafarawa et al!% found that
for a mercury meniscus, melting hemispherically, the Gibbs-Thomson value was 90 nm K.

Schreiber et al?!® proposed a simple adjustment to the Gibbs-Thomson equation that accounts
for the non-frozen layer of thickness ¢ between the ice crystal and the pore wall. Thus, Equa-
tion (2.19) can be modified as:

K
AT, = —ST (2.20)
r—2t
Equation (2.20) can be used to calculate a pore size distribution from the DSC thermograms since
the pore size depends on the phase transition temperature, and the pore volume is proportional
to the melting enthalpy of the phase transition.

2.7.2 Determining the Gibbs-Thomson constant

The Gibbs-Thomson constant is usually determined empirically using a sample with a known pore
size such as SBA-15 or CPG materials. A plot of the melting point depression and the inverse
median pore size should give a linear relationship according to Equation (2.19) for the portions
that correspond to the Gibbs-Thomson constant. However, non-linear relationships have also been
reported??® The validity of this method relies on the accuracy of calculating the known pore
size distribution of the SBA-15 or the CPG samples, which is commonly obtained from electron
microscopy and gas sorption analysis??4 As a result, any errors in the pore size distribution from
these methods will be reflected in the Gibbs-Thomson constant. The Gibbs-Thomson constant is
still calculated using the technique described above despite these issues. Thus, there is a need
for a more precise technique to determine the Gibbs-Thomson parameter, which would enable an
accurate pore size to be found from thermoporometry. An alternative method was proposed by
Perkins??° that compared the freezing curves of fragmented sol-gel silica with the corresponding
water intrusion curves, analysed with the Kloubek relation. Perkins found that the Gibbs-Thomson
parameter and the non-frozen layer thickness to be 48 nm K and 0.4 nm, respectively, which are
similar to the previously published values found by Petro and Furo?2° The technique proposed by
Perkins22®> which accounts for the possibility of pore-pore interaction from water porosimetry data,

is more accurate compared to the other methods as the other workers have ignored these effects.
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Figure 2.14: Example of DSC melting endotherm for a silica C10 pellet imbibed with dual-liquid, i.e. mercury and water.

The sample was first entrapped with mercury using mercury porosimetry. Following this, the mercury-containing sample

was then immersed in a bath of distilled water. The sample containing mercury and water was then frozen, and the
melting curves were obtained.

2.7.3 Selecting the Probe Liquid

Many of the thermoporometry studies in literature have utilised a wide range of probe liquid,
including cyclohexane??’-22? water?!3-230-234 heptane???234 benzene??®23> and mercury!® The
choice of the probing fluid is crucial, especially when the experiment aims to find the whole pore
size distribution for the sample’s entire void space. In this case, the chosen liquid should wet the
entire void space and remove all the air. If only certain pores are filled with liquid, the computed
pore size distribution will not accurately represent the entire void space. Another key considera-
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tion for choosing the correct probe liquids is the nature of the liquid-solid phase transition. It is
recommended that the phase transition for the liquid be as abrupt as possible so that different
pore sizes can be distinguished properly. This means that the probe liquid should transition from a
well-defined solid phase to a clearly liquid phase over a small temperature range. For this reason,
it is essential to consult with phase diagrams in order to pick a suitable probe fluid and check
the likely complexity of the phase transition’ Probe liquids can also be chosen to have a sizeable
Gibbs-Thomson constant as this will make it easier to observe when a given pore has frozen or
molten. Additionally, large K1 means that bigger pores can be probed using the thermoporome-
try method.

Two probe fluids can also be used simultaneously in the sample, for example, mercury and
water or mercury and other hydrocarbons, such as cyclohexane, in what will be called a dual-liquid
thermoporometry technique. In this technique, the sample is first entrapped with mercury using
mercury porosimetry, and then the mercury-containing sample is immersed in a bath of a second
probe fluid. The water could force the mercury out of the pore very quickly by capillary; however,
if the sample is frozen to —80 °C (which took 4 minutes on the DSC machine used), it is possible to
observe a DSC thermogram of the two probe fluids, as shown in Figure 2.14 for mercury and water
in a silica C10 sample/ Because mercury melts at a lower temperature than water, the mercury
melting curve can be measured while the water is still frozen. Once the mercury has melted, the
melting curve for water at a higher temperature may be measured.

However, in thermoporometry experiments, water is the most widely utilised probe fluid. This
is because it is non-hazardous, freely available, and has a high enthalpy of fusion, AH; = 334
J/g. The high melting enthalpy is perhaps the most crucial characteristic of water since it boosts
the experiment’s sensitivity or allows for slower heating/cooling ramping rates or smaller sample
masses to be used. Another advantage of using water is that the sample is not contaminated by
water, which is readily adsorbed on the pore walls of hydrophilic materials from ambient air2°®

2.7.4 Hysteresis in Thermoporometry

In thermoporometry, the melting and freezing curves of a mesoporous material are known to dis-
play hysteresis, which means that freezing occurs at lower temperatures than melting. Different
theories have been proposed to explain the causes of melting-freezing hysteresis, including pore-
blocking effects23® different shapes of solid-liquid interface?'® and free energy barrier in melting
and nucleation during freezing??” Denoyel et al?3%23? studied the freeze-melting hysteresis pro-
cess for a controlled pore glass (CPG) and MCM-41 samples and discovered similarities between
hysteresis found in gas adsorption-desorption mechanisms and freeze-melting mechanisms in ther-
moporometry. These researchers, however, did not provide a precise thermodynamic explanation
of hysteresis.

236K, Morishige, H. Yasunaga, and Y. Matsutani. J. Phys. Chem. C, 114: 4028-4035, 2010.
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238R. Pellenq et al. Langmuir, 25: 1393-1402, 2009.

2391, Beurroies et al. Thermochimi Acta, 421: 11-18, 2004.



Chapter 2. Porous Material Characterisation Techniques 50

Other theories proposed to account for thermoporometry hysteresis include that of Petrov and
Fur622® where they have suggested that freezing-melting hysteresis is caused by a free energy
barrier between metastable and stable states of pore-filling liquid. This theory suggests that the
freezing process proceeds axially from the nucleation site to the pore while melting starts from
the non-frozen layer at the pore surface to the pore centre. In this case, the melting process is
delayed until the energy barrier required to commence melting is overcome. When the probe
liquid is melted, the pore system returns to a local minimum energy state. However, an activation
barrier must be overcome to reach the new minimum energy state, and it is this energy barrier
that causes hysteresis. This is comparable to Cohan’s> gas adsorption and desorption mechanism,
in which the freezing process is mediated by a hemispherical meniscus, while a cylindrical sleeve

type meniscus mediates the melting process.

Another theory proposes that the confined liquid gets super-cooled when there is no nucle-
ation source to seed freezing at the equilibrium freezing temperature. Supercooling proceeds until
homogenous nucleation eventually causes ice formation, similar to what happens with bulk lig-
uids. On the other hand, the melting process can be sped up since the non-frozen liquid-like layer
might commence melting?2°

Another possible cause of hysteresis is heterogeneous nucleation, which occurs when the freez-
ing is initiated by a solid ice phase that has already formed. However, if a narrower pore neck
restricts the crystalline front’s access to the pore, the pore may be prevented from freezing. As a
result, the penetration of an outer crystalline front is delayed until the temperature drops to the
threshold necessary for the narrow neck to freeze, according to the Gibbs-Thomson equation. This
theory is similar to the pore-blocking mechanism explained in the gas adsorption sections. Based
on the above description, Petrov and Fur$??° demonstrated that the following expression gives the
freezing point depression:

vy T° S
ATy = — = 2.21
f AT T (2.21)
whereas the melting point depression is given by:
vy 10 S
ATy = — = 2.22
f AH V (2.22)

where v is the molar volume, ~ is the surface free energy, Tj is the bulk liquid melting point, AH
is the latent heat of melting, S is the surface area of the pore, and V is the volume of the pore.
Petrov and Fur$?2° used Steiner’s?*° formula for equidistant surfaces to show that Equation (2.22)
may be rewritten as:

vy T° 2kV
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where « is the pore surface’s integral mean curvature and is given by:

1 1 1
"= (25) /. <r1 i 7«2) ds (2:24)

where r; and r, are the principal radii of curvature. For a cylindrical pore, 2xV/S = 1/2 (since for
a cylinder, 05/0V = 1/r and S/V = 2/r), and thus, this means the predicted numerical difference
of a factor of 2 in AT}, and ATy can be used to determine whether a pore is cylindrical or not/

2.8 Conclusions

This chapter introduced the reader to some of the main techniques for porous materials character-
isations, including mercury porosimetry, gas adsorption, computerised X-ray tomography (CXT),
scanning electron microscopy (SEM), and thermoporometry. The next chapter will present the
development and application of the hybrid method called integrated mercury porosimetry-gas
sorption and imaging to characterise fresh methanol synthesis catalyst pellets to deliver a much
better fundamental understanding of how specific pore subsets affect the mass transport through
the pellet. The integrated technique allows one to selectively block a particular portion of the pore
structure and determine the transport properties before and after their removal.

In Chapter 3, the reader will be introduced to fresh methanol synthesis catalyst pellets made
from spray-dried and roll compacted feed materials.
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3.1 Abstract

he forming process for heterogeneous catalyst pellets impacts on reactor performance. In

order to intelligently optimise the product formulation and manufacturing procedure, the
impact of fabrication options on the resultant pore structure and mass transfer properties must
be fully understood. In this work, the more direct information possible from multi-modal imag-
ing methods has been combined with the more statistically-representative, multi-scale data from
porosimetry, including the rarely-used gas overcondensation technique, to characterise batches
of methanol synthesis catalyst tablets made using different feed types. Despite the hierarchies of
complexity of the porous pellets revealed by the computerised X-ray tomography and FIB-SEM im-
ages, the impact on mass transfer of controlled modifications to the void space, achieved through
mercury porosimetry, could be modelled using a relatively simple random pore-bond network. The
characteristic parameters for the model were obtained from a percolation theory-based analysis
of the overcondensation data. A quantitative relationship was thereby obtained between the struc-
tural information contained within the overcondensation isotherms and the rate of mass uptake of
gas into the porous pellets. This revealed the differential importance to mass transfer of particular
sets of pores, associated with certain pellet structural features, and the impact on tortuosity of
pellet fabrication parameters such as particle feed size.
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3.2 Introduction

The ultimate, observed activity of many heterogeneous catalysts, such as methanol synthesis pel-
lets, is limited by mass transport rates, rather than the intrinsic reaction rate. The reaction rate is
said to be diffusion-limited. In such cases, the effectiveness factor of the catalyst pellets is well be-
low unity. For many industrial processes the effectiveness factor can be in the region of 50-60%?
Hence, the performance efficiency of the catalytic process could be substantially improved by
increasing catalyst effectiveness factor. This requires a deeper understanding of the pore structure-
transport relationship within the catalyst pellets, and, also, how that pore structure depends upon
the pellet fabrication method. In this work, we will study how different fabrication processes af-
fect pore structure in the final pellet, and its impact on mass transport rates. In particular, how
specific features of the void space are related to certain aspects of the fabrication process will
be determined. This requires powerful pore structural characterisation methods that can deliver
comprehensive and detailed analyses of the pellet void space.

In disordered porous media, heterogeneity often exists in the spatial distribution of porosity
over different length scales. The void spaces themselves may also have varied characteristic sizes
with different length scales. Various imaging modalities such as atomic force microscopy (AFM),
computerized X-ray tomography (CXT), scanning electron microscopy (FIB-SEM) and electron
tomography (3D-TEM) have been used to directly study porous materials/ However, for materi-
als with hierarchical or multi-scale porosity, no single imaging modality alone can visualise pores
across all the size scales from nanopores to micron-sized macropores or map macroscopic variation
in nanoscopic properties?#-24> Imaging modalities have limitations on the field-of-view (FOV) that
they can image at a particular resolution. For example, a previous multi-scale imaging approach,
used for studying fluid catalytic cracking particles (with ~100 pm diameter), employed FIB-SEM
that could image volumes of 2X2X2 pm at a resolution of 20x20x 20 nm?** However, this voxel
resolution is above the size of smaller mesopores and micropores, that can be probed with gas
sorption. In addition, a typical catalyst pellet (5 mm diameter, 5 mm long) would contain 101°
such image volumes, each of which might be different in internal properties, and have some type
and degree of spatial correlation, and thus may not be completely randomly distributed® For imag-
ing data to obtain the typical properties of a porous solid, then the FOV must encompass the
representative volume or correlation length of the structure being imaged. For highly complex or
fractal materials that may not be possible® However, some other means to link together character-
isation data may still be needed for highly heterogeneous materials. In this work it will be seen
how indirect characterisation methods, that can span many orders of magnitude in pore sizes, like
gas overcondensation and mercury porosimetry, can link together the various levels in the imaging
hierarchy.

5M. V. Twigg. Catalyst handbook. CRC Press, 2018.

7S. P. Rigby. Structural characterisation of natural and industrial porous materials: A manual. Springer Nature, 2020.
241A, Muhammad et al. Int. J. Coal Geol., 233: 103641, 2021.
242M. Lin et al. J. Energy, 181: 1285-1297, 2019.
243D, Winter, M. Florian, and B. Weckhuysen. ACS Catal., 6: 3158-3167, 2016.

6A. Nepryahin et al. Chem. Eng. Sci., 152: 663-673, 2016.
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For hierarchical or multi-scale structures requiring imaging with multiple modalities, some sort
of upscaling procedure is required to link together data acquired at different length-scales?42244.245
A variety of upscaling procedures have been adopted in the literature. One Such procedure in-
volves identification of a set of different phases at a larger length-scale, such that regions that
are considered as belonging to the same phase have similar properties at smaller length-scale. In
rock structures these different phases might be identified with different types of mineral grains,
where disparities in the mineralogy (e.g., quartz, illite etc.) leads to different phases with markedly
different properties to each other?4?> However, some porous materials, such as industrial materi-
als, are less discretely variegated such that useful identification of a limited set of such phases
is impossible/ An alternative approach employs pore bond network models with separate bonds
to represent microporosity in series or parallel with macroporosity. One such approach used an
SEM image-based method to construct a multiscale pore network model that incorporates multi-
scale pore structure spatial and statistical properties at different resolutions?4#2*> Other upscaling
procedures rely upon random allocation of porosity and transport properties to individual lower
length-scale regions in grids representing an upper length-scale?**> However, many industrial ma-
terials have non-random distributions of lower length-scale properties over larger length-scales®

In such cases, an alternative strategy is required.

The indirect, mercury, or Wood’s metal, intrusion methods have been combined with comple-
mentary SEM and/or CXT imaging to provide contrast agents to improve the image quality of the
latter and/or to deshield pore size distributions of the former in order to obtain detailed void space
characterisations24°-248 However, an alternative strategy®!%-24° for dealing with highly complex
porous media, that has been proposed is to directly sift the various pore structural features for
their importance to mass transport. This is achieved by progressively eliminating particular, cho-
sen ranges of pore sizes from the transport network, via controlled pore-filling with an obstructing
phase (e.g., mercury, ice, or water) using a porosimetric technique, and determining the subse-
quent impact on mass transport rates of a fluid. This approach is interventionist and experimental,
and, thus, differs from modelling approaches in the past that have aimed at determining the im-
portance of particular aspects of the pore structure to mass transport by computer simulation on
model structures modified in various ways!'~!® If a modelling approach is to be truly a priori
predictive of mass transport, then it requires an exhaustive characterisation of the void space to
ensure the structural model contains all the key features of the void space pertinent to mass trans-
port to the requisite detail. The level of accuracy and comprehensiveness needed for the structural
model may not be practicable, or even possible, with current computing power, for very complex
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porous solids. Hence, statistical approaches based upon simplified pore structural models are often
used’-'* However, it is then not clear how the supposed important feature of the simplified pore
network model relates to the more complex, real network, or how to select the key aspects of the
void space to incorporate into models.

In previous work using the sifting approach, entrapped mercury was used to obstruct pore
structural features in tabletted methanol synthesis pellets, made using roll compacted (RC) feed,
and compacted to two different densities® It was found that mass transport was dominated by
cracks through the pellet, and voids formed via the splintering of the edges of feed particles dur-
ing compaction. However, the comprehensiveness of the pore characterisation was limited due to
the use of only conventional gas sorption experiments to probe the void space left accessible fol-
lowing mercury entrapment, and the limitations on the resolution of the CXT imaging employed.
Characterisation of macroporosity can be problematic, and the issues and potential solutions have
been reviewed®® In this work, the gas overcondensation method will be used to expand the range
of pore sizes that can be probed up to very large macropores. The gas overcondensation method
used in this work, therefore, overcomes previous failings® with missing the largest macropores
within the methanol catalyst pellets using both conventional adsorption, because capillary con-
densation was not achieved in these macropores, and also mercury porosimetry, because these
macropores were shielded by very small necks for which intrusion would have required pressures
in excess of the maximum possible for the apparatus used (414 MPa). Gas overcondensation, thus,
makes available the full boundary desorption isotherm for use in percolation modelling not pos-
sible otherwise. In addition, multi-modal imaging, employing both high and low resolution CXT,
together with FIB-SEM, will be used to improve interpretation of each other, as well as of the
indirect pore characterisation methods, in addition to providing spatially-resolved information.

It is often suggested that model porous materials, such as MCM-48 or SBA-15, with controlled
pore geometry, often achieved via templating or etching procedures, can inform interpretation of
indirect pore characterisation methods’-2°° These types of materials can aid the testing of funda-
mental theories for limited length-scale phenomena, such as the origins of single pore hysteresis in
simple geometries/-2°%2>!1 However, these materials, necessarily, have limited unit cell sizes, and
as will be seen here, the forms of characterisation data for disordered industrial materials are
not just composites of that for model materials. Indeed, it will be seen here that characterisation
data is dominated by pore-to-pore co-operative effects that are sample-spanning over macroscopic
length-scales. Hence, the characterisation process must address the real, disordered material itself
even in the first instance.

The main aim of the current work is to identify the critical pore structural features that im-
pact mass transport due to the particular fabrication route employed and thereby inform potential
future strategies for improved manufacturing of the tablets. It will be seen that, for the partic-

14B. Bukowski et al. Adsorption (Boston), 27: 683-760, 2021.

63]. Rouquerol et al. Pure Appl. Chem., 84: 107-136, 2011.

250A, V Neimark and P. Ravikovitch. Microporous Mesoporous Mater., 44: 697-707, 2001.
251], Jagiello et al. Carbon, 178: 113-124, 2021.
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ular pellets studied here, these key features involve the macroscopic spatial distribution of the
mesoporosity. In this chapter, methanol synthesis pellets made using two very different types of
feed, produced by spray-drying or roll-compaction, will be studied. This is to examine how these
different fabrication methods affect the finished pellet properties. Both the starting feed particles
and the finished tablets will be studied. It will be seen how gas overcondensation can probe very
small void spaces not accessible to mercury porosimetry and many imaging modalities, as well
as probing very large macropores with the same technique. Multi-scale imaging, including lower
resolution CXT (down to a few microns), higher resolution CXT (down to hundreds of nm), and
FIB-SEM (down to a few nm), will be used to improve interpretation of the indirect methods and
each other. It will be seen how this new combination of methods can be used to determine the key
features of the void space that control gas-phase uptake into the porous pellets, and identify their
relationship to the fabrication process and raw materials.

3.3 Theory

Mass transport properties can be characterised by kinetic gas uptake experiments. Kinetic mass
uptake data, comprising amount adsorbed versus time, typically takes the mathematical form of
an exponential growth, and, thus, is often fitted to the so-called Linear Driving Force (LDF) model’
The characteristic parameter of this process is the mass transfer coefficient, denoted k. The LDF
k-value is defined by the function”:

M = M, (1 - e_kt) (3.1)

where M is the amount of nitrogen adsorbed at time ¢, M is the ultimate total adsorbed amount
of nitrogen for the adsorption pressure point, and k is the mass transfer coefficient. The apparent
mass transfer coefficient, obtained from a fit to raw uptake data, must be corrected for the effect
of concurrent adsorption using the slope of the isotherm at the relevant adsorption pressure point.
In this way the actual mass transfer coefficient is obtained. For a porous sample, the mass transfer
coefficient k£ depends upon the intrinsic effective diffusivity of the porous material, composed of
the reference diffusivity D4, the porosity (voidage fraction) and tortuosity of the medium, plus
the diffusion penetration depth a, and a geometric factor, which is 15 for a spherical particle’:

L 15Das
2

(3.2)
a

The reference diffusivity will be the bulk molecular diffusivity in the molecular diffusion regime,
and the Knudsen diffusivity for the critical pore size in the Knudsen regime. If a fraction of a
porous network is removed in some manner, but the reference diffusivity and the particle overall
size and geometry remain constant, then the ratio of the original tortuosity 7y to the subsequent
tortuosity 7 will be given by:

0 k €0

= = 3.3
T k‘o € ( )
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where the subscript O denotes the parameter for the original porous network and the lack of
subscript represents the general parameter for any modified network.

It has been proposed that, for multi-scale porous solids, that the total tortuosity = has contri-
butions from different length-scales, such that the total tortuosity is given by?°?:

T = TaTeTi (3.4)

where 7, is the macroscopic tortuosity, describing the pore structure over length-scales of the whole
pellet (mm), 7. is the mesoscopic contribution to the tortuosity, which describes tortuosity mea-
sured over length-scales of a few pore diameters up to scales at which macroscopic heterogeneities
become important, and 7; characterises tortuosity over length-scales of up to a few pore diame-
ters. Equation (3.4) has been found, via both computer modelling and experimental validation, to
successfully relate the particular different tortuosities obtained from magnetic resonance imaging
and pulsed-field gradient NMR methods that probed the total and meso-/micro-scale tortuosities,
respectively2>2-253

The macroscopic structure of the catalyst pellets studied in this work will be modelled by three-
dimensional, random pore bond networks. Such networks consist of lattices of pore bond elements
that meet at lattice node junctions. The typical number of pore bonds meeting at a node, averaged
over the whole lattice, is called the connectivity Z. The overall size of the lattice measured in
lattice bond units is denoted L. The parameters Z and L can be determined from percolation
analysis of gas sorption data using a method based upon that developed by Seaton!® Percolation
analysis is carried out in terms of percolation variables, the values of which are calculated from
pore diameter distributions, and the branches of the hysteresis loop in gas sorption isotherms.

The Seaton'® percolation analysis neglects single pore hysteresis, such that adsorption and
desorption in a single lattice bond is considered reversible, and, thence, assumes that all hysteresis
arises from network-based pore-blocking effects. This is considered reasonable if the pore units
represented by model bonds are extensive, since adsorption in very long pores tends to that for
the equilibrium mode, or dead-end pores/ Therefore, in the percolation analysis of gas sorption
hysteresis, the bond occupation probability at a particular pressure is given by:

The number of pores below their critical condensation pressure

X =
The total number of pores in the network

(3.5)

where X represents the number fraction of pores from which condensate would have evaporated
in a perfectly connected network. Assuming that the pores have a cylindrical geometry, the pore
number distribution as a function of pore diameter is calculated from the volume-weighted pore
diameter distribution obtained from the adsorption isotherm. The number, n;, of pores of diameter

252§, P. Rigby and L. F. Gladden. J. Catal., 173: 484-489, 1998.
253G, P. Rigby and L. F. Gladden. Chem. Eng. Sci., 51: 2263-2272, 1996.
15N. A. Seaton. Chem. Eng. Sci., 46: 1895-1909, 1991.
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d; is given by:
Vi

d2
WTZZZ'

n; =

(3.6)

where Vj is the incremental volume of pores with diameter d;, and [; is the average pore length for
such pores. It is assumed that pore length is always greater than diameter, and thus diameter is
the characteristic pore dimension for adsorption. In the original Seaton method!® it was assumed
that the average pore length is the same in each pore size interval. However, here, as in previous
work, %4 it will be allowed that the average pore length can depend upon diameter, such that:

li=m-d (3.7)

where m and « are constants. The set of X values (one for each data point ¢ on the adsorption
isotherm) is then given by:

Z}:l 1

X; =
N
25=1 1

(3.8)

where N is the total number of pore size intervals.

The accessibility, X4, is the number fraction of pores that are both below their critical pressure
and have access to the surface, either directly or via a network of vapour-filled pores. Hence,
in other words, it is the fraction of pores from which evaporation of condensate has actually
occurred. The experimental values of X are calculated from the deviation between the separate
pore-blocked desorption isotherm and unshielded adsorption isotherm according to the method
described previously by Seaton!® The experimentally derived pairs of values of X and X4 are
then fitted to a universal scaling relation G such that:

LPlrzxA = G (2X - 3/2)L""] (3.9)

where  and v are critical exponents which take values of 0.41 and 0.88, respectively. The gen-
eralised scaling relation G was constructed using the simulation data of Kirkpatrick?>* for cubic
lattices.

1045, P. Rigby, M. J. Watt-Smith, and R. S. Fletcher. J. Catal., 227: 68-76, 2004.
2548, Kirkpatrick et al. Les Houches Summer School on Ill Condensed Matter. Amsterdam: North-Holland, 1979. 321
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Table 3.1: Characteristics of the whole pellet samples. Porosity values were obtained from mercury porosimetry. The
bulk density was obtained from mercury porosimetry.

Sample  Porosity (%) Bulk density BET (m?/g) Cylinder dimension

(g/cm?) (diameter x height)
Fresh SD 47.10% 2.2 96.16 + 2.56 5.5X3.4mm
Fresh RC 48.10% 2.3 88.13 = 10.70 5.6X3.5mm

Table 3.2: Specific pore volumes and modal pore diameters of the samples determined by two different methods.

Sample  Hg pore volume N sorption pore Hg modal pore Ny modal pore

(ml/g) volume (ml/g) diameter (nm) diameter (nm)
Fresh SD  0.224=+ 0.006 0.226=+ 0.008 9.4 9.3
FreshRC 0.217+ 0.012 0.237=+ 0.021 10.9 10.4

3.4 Materials and Method
3.4.1 Samples studied

Fresh methanol synthesis catalyst pellets made using either spray dried (SD) or roll compacted
(RC) feed materials were studied in this chapter. The Cu:Zn:Al molar ratio was 4.4:1.6:1 for
both materials. The initial materials preparation used standard precipitation techniques employing
metal nitrate precursor salts. The catalyst pellets were formed by a bi-directional axial compaction
process. The SD and RC pellets are mesoporous cylindrical tablets with average dimensions of
~5.5%3.5 mm (base diameter X height). The SD pellets had an average BET surface area of
96.2m2g~!, and the RC pellets an average BET surface area of 88.1 m2g~!. Tables 3.1 to 3.2 con-
tain further details and properties of the samples studied. The pellets were characterised by gas
sorption both in their whole pellet and fragmented (~53-73 microns powder particle size) forms.
It is noted that the sample mean pore volumes obtained from gas overcondensation exceed those
from mercury porosimetry. This is because the samples contain macropores that are shielded by
narrow necks too small to intrude with the maximum pressure possible with the mercury porosime-
ter used.

3.4.2 Experimental Procedure
3.4.3 Integrated Mercury Porosimetry and Gas Sorption

The integrated mercury porosimetry and gas sorption technique consists of a series of experiments
conducted on the same sample. Figure 3.1 shows the schematic representation of the gas-mercury-
gas procedure used during the experiments. The nitrogen sorption isotherms were measured at
liquid nitrogen temperature (77 K) using a Micromeritics 3Flex physisorption analyser. Approxi-
mately 0.8 ¢ of the sample was weighed and placed into a pre-weighed standard physisorption
sample tube with a sealing frit placed at the top to prevent the sample from being evacuated
into the 3Flex manifold. The tube (with sample) was then loaded into the degassing station and
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Figure 3.1: A schematic representation of the integrated mercury porosimetry-gas adsorption-imaging technique.

initially degassed at room temperature until a vacuum of 0.002 mmHg was reached. The temper-
ature of the sample was then raised to 140 °C by using a heating mantle, and the sample was
left under a vacuum for 24 h. The thermal pre-treatment drives off any physisorbed water on the
sample but does not change the sample morphology. After the 24 h had passed, the heating mantle
was removed, and the sample was allowed to cool down to room temperature. The sample tube
and its contents were then re-weighed to obtain the dry weight of the sample. Isothermal jackets
were then placed around the sample tubes before reattaching to the analysis port to begin the
automated gas sorption analysis. The isothermal jacket ensures a constant thermal profile of 77 K
along the length of the sample tube during the analysis stage. Nitrogen purity was 99.995%. The
isotherms consisted of approximately 60 adsorption and 50 desorption points. Gas sorption was
measured over the relative pressure (P/Py) range of 0.01 to 0.995 for adsorption isotherm and
0.995 to 0.10 for desorption isotherm. The saturation pressure (Py) was measured for each data
point on the isotherm.

Once the first nitrogen gas sorption experiment was finished, the samples were allowed
to reach room temperature (~295.15K) and then quickly transferred to a mercury intrusion
porosimetry (MIP) machine to entrap mercury into the pores. Mercury intrusion and extrusion
curves were measured using a Micromeritics Autopore IV 9500, which can generate a maximum
pressure of 414 MPa (60,000 psia). Mercury intrusion data was generated for the range specified
in the scanning curve pressure points, followed by retraction back down to atmospheric pressure.
To do this, the sample was transferred into a penetrometer, and the weight of the penetrometer
and sample was recorded. The penetrometer (with sample) is then placed in the low-pressure
port of the instrument. During the low-pressure analysis, the sample is firstly evacuated up to
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50 mmHg to drive off any water vapour or atmospheric gases in the pore network. The sample
bulb is then filled with mercury while the entire system is still under low pressure. Data collection
begins at a pressure of 0.5 psia, which is enough pressure to cause mercury to penetrate sample
pores larger than 360 nm in diameter. After the low-pressure analysis was completed, the assembly
weight (penetrometer + sample + mercury) was recorded, the penetrometer was transferred to
the high-pressure port, and the chamber was closed tightly. The penetrometer is placed vertically
in the high-pressure port, and it is surrounded by oil, which is the hydraulic fluid the instrument
uses to generate high pressures. As the hydraulic fluid pressure rises, it is transmitted to the mer-
cury in the penetrometer via its open capillary stem. An equilibration time of 15s was used for
each data point.

Once the mercury intrusion experiment was finished, the sample was immediately discharged
from the penetrometer, recovered, and returned to the 3Flex sample tube, where the rate of adsorp-
tion and the conventional adsorption experiments were repeated. The sample was first cooled to
77 K by manually raising the Dewar flask, allowing the sample to freeze for approximately 30 min.
This part was important in the post mercury entrapment steps since it freezes the mercury in place
to ensure that it all remains immobilised within the pellets. The warm and cold free space of blank
tubes was first measured before analysis using helium pycnometry (skeletal density) and sample
weight to subtract from the volume of the sample. This allows disabling the conventional warm
and cold-free space method on low-pressure gas sorption instrumentation. The integrated rate of
adsorption-mercury porosimetry aims to selectively block certain pore sizes and then study how
important those pores were to the rate of mass transport before and after their removal. Previous
experiments where the mercury was thawed and re-frozen after a week prior to a subsequent gas
sorption have shown that the mercury ganglia did not move around over this timescale or due to

the freezing, since the shapes of the gas sorption isotherms remained the same®

3.4.4 Rate of Adsorption procedure

The sample preparation and the experimental setup for the rate of adsorption experiment are
similar to that of other gas sorption experiments. The fresh SD and RC samples were degassed
at 140°C, and the samples were kept under vacuum for 24 hours to drive off any moisture or
physisorbed gas on the pores. The rate of adsorption (ROA) technique works by dosing a known
quantity of nitrogen gas onto the sample and then recording the amount of gas adsorbed, and
the corresponding pressures over time. The dosing quantity was taken from the BET monolayer
capacity (V). An additional 5 cc(STP)/g of gas was added to this amount to compensate for the
initial expansion of the gas into the free space of the sample tube. This is because the gas first fills
the sample tube before adsorbing onto the sample surface. The number of readings of pressure
was set at 1000 readings per dose. The ROA data was collected at the lowest pressure point in the
isotherm. In this region of the isotherm there is negligible obstruction from adsorbed phase and
the diffusion is in the Knudsen regime and corresponds to the process conditions in the reactors in
which the methanol synthesis pellets are used. The rate of uptake data was collected both before
and after mercury entrapment.



Chapter 3. Integration of multi-scale porosimetry and multi-modal imaging in the study of
structure-transport relationships in porous catalyst pellets 62

3.4.5 Overcondensation gas sorption procedure

The nitrogen overcondensation (OC) experiment was carried out on a Micromeritics ASAP 2020
physisorption analyser. The OC experiment is explained further in previous work?>> and uses a
method similar to that described by Murray>® The OC experiment involves ‘flooding’ the sample
chamber with condensed liquid nitrogen to submerge the sample in liquid nitrogen to investigate
any porosity beyond the instrument upper limit for the conventional isotherm (P/Py, >0.995).
The conventional isotherms for these materials clearly show that porosity exists beyond the con-
ventional instrument upper limit. Once the sample is fully submerged in liquid nitrogen and total
pore filling is achieved, the pressure in the tube is lowered to just below saturated vapour pressure
of nitrogen such that the bulk condensate vapourised completely while all the sample internal
porosity is liquid-filled. Once this step has been achieved, the first data point on the overcondensa-
tion desorption isotherm can be measured. This point corresponds to the total pore volume of the
sample. The pressure is then progressively lowered in small steps, and the rest of the desorption
isotherm was obtained in the usual way. The reported raw data (relative pressure and volume
adsorbed (cc(STP)/g) is greatly offset to what would be expected due to the very large amount of
gas (from the bulk liquid nitrogen) that must be removed before the onset of desorption from the
sample porosity. The data was normalised to a quantity of gas on the adsorption isotherm below a
relative pressure of 0.42 where, for the conventional isotherm, the desorption data coincides with
the adsorption data. The OC data was collected for the samples both before and after mercury
intrusion.

3.4.6 Computerised X-ray tomography and dual-beam electron microscopy
3.4.7 Low resolution computerised X-ray tomography (CXT)

For the low resolution CXT scans, the pellets were imaged before and after mercury entrapment
using a Zeiss Xradia Versa XRM-500 to acquire 3D image stacks. The X-ray source for the Xradia
500 Versa instrument was set to 140kV kV and power of 10 W. The macro lens (0.4X) of the
apparatus was used to image the full pellets with a diameter of 5.4 mm with 360° rotations. The
average pixel size for empty pellets was 5.6 ym, and the average pixel sizes for samples with
mercury was 5.9 pm. Image acquisition parameters were the same for all the empty samples and
for the samples with entrapped mercury. The scan times were roughly 2 h and 2.5 h for empty and
mercury filled pellets, respectively. Both samples were scanned with 1600 projections per 360°
scan. Each 3D image stack contained 1016 slices with dimensions of 1024 x 1024 pixels and 24-
bit depth. The 3D volume data sets were reconstructed using the filtered back projection (FBP)
method!?®
2558, Rigby et al. Mater. Charact, 167: 110467, 2020.

38K. L. Murray, N. A. Seaton, and M. A. Day. Langmuir, 15: 6728—-6737, 1999.
128G. N. Ramachandran and A. V. Lakshminarayanan. PNAS, 68: 2236-2240, 1971.
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3.4.8 High resolution computerised X-ray tomography (CXT)

Multi-scale imaging of the feed materials was performed by X-ray tomography at the TOMCAT
beamline (Swiss Light Source). High resolution microscope (Optique Peter) with 4x, 10x and
20x magnification and LuAG:Ce 20 um scintillator was used in combination with Pco.Edge 5.5
detector, yielding an effective pixel size of 1.63, 0.65 and 0.325 pm, respectively. Spray dried
(SD) feed material was scanned with energy of 20 keV and 150 ms exposure time per projection.
Monochromatic energy of 30 keV and exposure time of 500 ms was used to acquire images of
bigger roll compacted (RC) particles. Both samples were scanned with 2500 projections per 180°
scan. The 3D volume data sets were reconstructed using the propagation-based phase contrast

method?°® and the gridrec algorithm?2>7

3.4.9 Focussed ion beam-scanning electron microscopy (FIB-SEM)

The serial milling images were acquired using a Crossbeam 550 (Carl 206 Zeiss Microscopy) in-
strument equipped with a cryo-stage and integrated VCT500 vacuum transfer system for FIB-SEM
imaging. The samples were mounted onto a pre-tilted sample holder and was transferred into
the Crossbeam 550 using the VCT500 shuttle. Once the samples were inside the instrument, an
automated FIB milling algorithm was subsequently set up and executed. To ensure that the unsu-
pervised automated FIB milling was successful, the equipment was properly aligned and calibrated
on a weekly basis. The Crossbeam 550 was also calibrated to mill a cross-section with dimensions
of 10 x 30 x 10 pm (XYZ) through the sample to acquire 3D image stack. A fixed voltage of 30 kV
and current of 700 pA was used to generate the FIB images.

256D, Paganin et al. J. Microsc., 206: 33—40, 2002.
257F, Marone and M. Stampanoni. J. Synchrotron Radiat., 19: 1029-1037, 2012.
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Figure 3.2: Typical examples of reconstructed 2D radial cross-section slice CXT images of the SD feed pellets.

3.5 Results

3.5.1 Imaging of empty spray-dried (SD) feed pellets
3.5.2 Low resolution CXT

Figure 3.2 shows typical examples of reconstructed 2D radial cross-section slice CXT images of the
SD feed pellets. In Figure 3.2, the individual SD feed particles making up the pellet can be seen
by virtue of a distribution in density in the particles evident from the variation in average pixel
intensity in each SD feed particle. There are also many smaller, dark black spots, which correspond
to the graphite lubricant particles. In addition, appendix A contains an intensity profile for a typical
cross-section of a SD feed pellet. Since the pixel resolution is generally larger than the length-scale
of variations in solid matrix density (except for carbon particles), the variations in the density
profile are dominated by pellet voidage effects.

Figure 3.3 shows the 3D reconstruction and segmentation of the stack of the 2D slices for the
SD feed pellet. The image has been segmented into three bins of intensity corresponding to the
very low-density carbon particles, low density SD feed particles and high-density SD feed particles.
From the segmentation of the three separate phases shown in Figure 3.3, it can be seen that their
distributions are pervasive throughout the pellet and there are no signs of segregation by density.

3.5.3 High resolution CXT

Figure 3.4 shows a 3D reconstruction and 2D radial cross-section slice CXT images of the SD feed
particles used to make the SD feed pellet. To aid the discernment of the relationship between the
pellet and feed particles, a lower resolution 2D radial cross-section slice CXT image of the pellet
has also been included. From Figure 3.4, it can be seen that the spherical SD feed particles that
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Figure 3.3: 3D reconstruction and segmentation of the stack of the 2D slices for the empty SD feed pellet. Dragonfly*>®
software was used to reconstruct and process the images.

make up the pellet are themselves composite structures. The SD feed particles are themselves made
up of a range of different types of smaller-scale (~1-10s pm) particles. Some smaller particles are
solids of very high density, as shown by the bright white pixel intensity. Other particles consist of
bright white shells surrounding large voids (denoted ‘bubble pores’). There are also lower density
particles. In between the smaller particles are some void spaces. The variation in the density
of each individual SD feed particle in the lower resolution CXT image may be associated with
variation in numbers of the high density solid smaller particles, and the shells, evident in the
cross-sections of different smaller particles.

3.5.4 FIB-SEM imaging

Figure 3.5 shows an example of a FIB-SEM trench site, 2D slice SEM image and a 3D volume
reconstruction from 510 slices. Also shown in Figure 3.5 is the results of segmentation of the
reconstructed image into the three phases: pores, copper/zinc oxide and alumina. Table 3.3 shows
the corresponding volume fractions of each of the three phases. Both the 2D slice and 3D volume
show part of a rounded particle composed of dense copper/zinc oxide phase of size ~5-10 pm.
The size, shape, and composition (and thus electron density) of this round particle suggest it is an
example of the particles that appear as rounded, bright white particles in the high resolution CXT
image of the SD feed in Figure 3.4. It can also be seen that these rounded high-density particles
have no macropores, as there is a gap in the distribution of macropores in the region of the particle
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Figure 3.4: 2D radial cross-section and 3D reconstruction of high resolution CXT image of SD feed particle used to make
the SD feed pellet. Also shown on the left side of the figure, for comparison purposes, is a low resolution image of a whole
SD feed pellet with an arrow indicating a corresponding individual constituent feed particle.

Table 3.3: Volume fractions of each of the three phases in the 3D reconstruction FIB-SEM images of fresh spray dried
and roll compacted feed pellets.

Phase Fresh SD (%) Fresh RC (%)
Pores 2.4% 2.1%
Alumina 36.0% 38.2%
CuO/ZnO 61.6% 59.8%

in the image.

It is noted that the field-of-view of the 3D volume reconstruction exceeds the correlation length
of the visible underlying structure, since the voidage fractions reach a constant value measured
over length-scales below that of the sampled volume. However, it can be seen that there is some
variation in the macroporosity values detected in each trench of the SD feed pellet, which may
reflect the spatial variation in density and porosity over much larger length-scales as seen in the
CXT images, since the locations in pellets for FIB-SEM trenches were randomly chosen.
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Figure 3.5: 2D and 3D reconstructed grayscale FIB-SEM images and segmentation result for fresh spray dried pellet.
Also shown on the figure is the trench/cavity site. The scale bar corresponds to 2 pm.

3.5.5 Imaging of empty roll-compacted (RC) feed pellets
3.5.6 Low resolution CXT

Figure 3.6 shows typical examples of reconstructed 2D radial cross-section slice CXT images of the
RC feed pellets. In Figure 3.6, it can be seen that there are many irregularly-shaped regions of
varying size and density, as inferred from the pixel intensities. There is also some hint of density
variation within the irregular shaped regions. The high-density regions are surrounded by darker
lower density boundaries. In addition, appendix A contains an intensity profile for a typical cross-
section of a RC feed pellet. The solid matrix is generally homogeneous (with the obvious exception
of lubricant carbon particles) over the length-scales of the resolution in the CXT images in both
Figure 3.2 and Figure 3.6 and thus variations in density are most probably the result of variations
in porosity within a given voxel.

3.5.7 High Resolution CXT

Figure 3.7 shows a 3D reconstruction and 2D radial cross-section slice CXT images of the RC
feed particles used to make the RC feed pellet. The 2D slice images contain regions of brighter
intensity associated with higher density, and darker regions associated with lower density. To aid
the discernment of the relationship between the pellet and feed particles, a lower resolution 2D
radial cross-section slice CXT image of the pellet has also been included. From Figure 3.7 it can
be seen that the irregular form of the RC feed particles matches that of the irregular regions
seen in the low-resolution image, and thus the latter can be identified as the former. It can also
be seen that, to the eye, the close-up views of the individual RC feed particle provided by the
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Figure 3.6: Lower resolution CXT 2D radial cross-section of whole pellet and showing schematically how it relates to
higher resolution 3D reconstruction and 2D radial cross- section slice CXT images of the RC feed particles used to make
the RC feed pellet.
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Figure 3.7: Lower resolution CXT 2D radial cross-section of whole pellet and showing schematically how it relates to

higher resolution 3D reconstruction and 2D radial cross- section slice CXT images of the RC feed particles used to make
the RC feed pellet.
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Figure 3.8: Fresh RC FIB-SEM trench site, and 2D and 3D reconstructed grayscale FIB-SEM images and segmentation
result for fresh roll compacted pellet. The scale bar corresponds to 2 pm.

high resolution CXT look very similar to that of the lower resolution image of the whole RC feed
pellet. Both the whole pellet and the feed particles have within them irregular regions of varying
density. Hence, the RC feed pellet has the visual appearance of a fractal object, where increasing
magnification, provided by the higher resolution CXT, reveals similar structures.

3.5.8 FIB-SEM imaging

Figure 3.8 shows an example of a FIB-SEM trench site, 2D slice SEM image, and a 3D volume
reconstruction from 510 slices. Also shown in Figure 3.8 is the results of segmentation of the
reconstructed image into the three phases: pores, CuO/ZnO and alumina. Table 3.3 shows the
corresponding voidage fraction values for each of the three phases in the reconstructed 3D images
that are detectable over the length-scales probed by the SEM. From Figure 3.8 it can be seen, in
the volume sampled, that the texture of the RC feed pellet over length-scales ~1-10s pm is very
different to that of the SD feed pellet region seen in Figure 3.5.

3.5.9 Mercury porosimetry

Figure 3.9 shows the mercury porosimetry data for the SD and RC feed particles following analysis
with the Kloubek’® correlations. It can be seen that both show a small intrusion step at ~100
pm that corresponds to the order of magnitude of the size of the individual feed particles, and
thus corresponds to intrusion in gaps between them. While the intrusion curves for both types of
feed particle have steps of similar volume at ~10 nm, the SD feed particle intrusion curve has an

76]J. Kloubek. Powder Technol., 29: 63-73, 1981.
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Figure 3.9: Mercury intrusion and extrusion porosimetry data for the SD and RC feed particles analysed using the
Kloubek (1981) correlations.

additional step at ~1 pm. From a consideration of the high resolution CXT data given in Figure 3.4
and Figure 3.7, it is likely that this additional step corresponds to intrusion into the bubble pores
in the SD feed particle, which are not present in RC feed particles. The pore size at the additional
step probably corresponds to pore sizes in the intact shells, or cracks in the shells, around the
bubble pores in the SD feed.

Figure 3.10 shows mercury porosimetry scanning curves for whole pellets made with SD and
RC feed. It can be seen that as the ultimate mercury pressure is increased, then, progressively,
more intrusion occurs into ever smaller pore necks. From the mercury extrusion data, it can be
seen that, typically, ~75-100% of the intruded mercury becomes entrapped, depending upon the
ultimate intrusion pressure, with fractionally less mercury becoming entrapped for higher ultimate
intrusion pressures.
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Figure 3.10: Mercury porosimetry scanning curve data for whole pellets made with (a) fresh spray dried feed and (b)
roll compacted feed material analysed using the Kloubek (1981) correlations.
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Figure 3.11: (a) 2D radial slice CXT images of whole fresh spray dried pellet following mercury intrusion to a range
of pressures. (b) Segmented 3D reconstruction CXT images of a partially mercury intruded fresh SD feed pellet up to
10,800 Psia. The scale bar corresponds to 1000 pm.
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3.5.10 Low resolution CXT imaging of pellets following mercury entrapment

Figure 3.11(a) shows typical reconstructed 2D radial slice CXT images of whole pellets following
mercury intrusion to a range of pressures. Since mercury is a very electron dense element, the re-
gions of the pellet containing entrapped mercury show up as bright white pixels, while the empty
pellet matrix is in shades of grey. From Figure 3.11(a) it can be seen that the spatial patterns of
mercury intrusion for the two types of pellets are very different. The series of images for the SD
feed pellet show mercury intrusion occurs as a defined front that progressively migrates towards
the centre of the pellet with increasing pressure. There is thus a ‘shrinking core’ effect for the
remainder of the pellet unintruded with mercury. However, it is noted that behind the front, intru-
sion of all the void space is not complete, as some SD feed particles remain partly or fully without
mercury even once the main intrusion front has moved past. Even once this front has reached the
centre of the pellet, following intrusion to a pressure of 14,700 psia, unintruded SD feed particles
are clearly evident, as dark circles, in the image.

In contrast, as seen in Figure 3.12(a), for mercury intrusion of the RC feed pellet, once mer-
cury has penetrated a band in the outer regions of the pellet at low pressure, further intrusion is
more dendritic in form, with percolation achieved by 10,800 psia. The fractal dendritic form of the
mercury intrusion path is more clearly evident in the 3D reconstruction CXT images of a partially-
intruded RC feed pellet shown in Figure 3.12(a). The image has been segmented to distinguish
the regions with intruded mercury from the remaining pellet matrix. However, large zones of the
pellet are left unintruded. The irregular polygonal form of the dark unintruded zones suggests that
they are likely associated with particular RC feed particles within the pellet. Intrusion occurs via
cracks, lower density RC feed particles, and the low-density regions surrounding high density feed
particles. Eventually, at the very highest pressures, all of the regions of the pellet are intruded.

Figure 3.11(b) shows the segmentation results of the fresh SD pellet following mercury porosime-
try up to 10,800 psia leading to entrapment filling 15% of the pore space. The figure depicts
3D renderings of the pellet showing entrapped mercury and the remaining empty pore spaces.
The bright white pixels are associated with entrapped mercury as they represent largest X-ray
absorbance, whereas the relatively grey regions represent empty void spaces without mercury.
The volume fractions based on pixel intensity of mercury (orange colour) from the CXT images is
36.2%. The rest of the unfilled pore spaces in the pellet represented 63.8% of the volume fractions.

Figure 3.12(b) shows the segmentation results of the fresh RC pellet following mercury porosime-
try up to 8,600 psia leading to entrapment filling 11% of the pore space. The mercury entrapment
shows a similar pattern as the fresh spray dried pellet as it forms a shrinking core effect. The
volume fractions of mercury and empty pore spaces are 33.2% and 66.8%, respectively.

3.5.11 Gas Sorption and Overcondensation Isotherms

As mentioned above, the overcondensation technique permits the obtaining of the full boundary
desorption isotherm not possible with conventional adsorption. Figures 3.13 to 3.16 show the con-
ventional gas sorption data, and also nitrogen overcondensation boundary desorption isotherms,
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Figure 3.12: (a) 2D radial slice CXT images of whole fresh roll compacted pellet following mercury intrusion to a range
of pressures. (b) Segmented 3D reconstruction CXT images of a partially mercury intruded fresh RC feed pellet up to
8,600 Psia. The scale bar corresponds to 1000 pm.
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Table 3.4: Connectivity (Z) and lattice size (L) parameters from percolation analysis (Seaton, 1991) (a) Fresh SD pellets
(b) Fresh RC pellets.

(@) Fresh SD (a) Fresh RC

Sample Z L Z L
Powder (empty) (53-75um) 3.19 2.89 3.03 2.99
Whole pellet (empty) 298 3.07 295 3.01
Whole post 8,600 psia 2.69 3,55 272 3.2
Whole post 10,800 psia 255 431 2.83 3.16
Whole post 14,700 psia 237 545 272 3.55

for empty SD and RC feed pellets, and also for these two types of pellets following mercury entrap-
ment after intrusion to a range of different pressures. From Figure 3.13 and Figures 3.14 to 3.15,
it can be seen that entrapment of mercury following intrusion to 10,800 and 14,700 psia has made
the hysteresis loops wider for both the SD and RC feed pellets. This increase in hysteresis width
has been made clearer for the RC feed pellet data by raising the isotherms obtained after mercury
entrapment by 5.5 and 3.3 cc(STP)/g, as seen in the insets in Figures 3.14 to 3.15, since entrap-
ment also led to a more marked decrease in adsorption at lower relative pressures than for the SD
feed pellet. In addition, percolation analysis’-'> has been performed using the overcondensation
desorption isotherm and the conventional adsorption isotherm for both the empty samples and
those containing entrapped mercury, and the results are shown in Table 3.4. The analysis was
repeatedly conducted assuming different values of the parameter « in Equation (3.7) of 0, -1, or
-2 each time (see appendix A). It was found that the best fit of the experimental data, for both
SD and RC feed pellets, to the universal scaling relation (Equation (3.9)) was obtained when the
parameter « had a value of -1, suggesting pore bond lengths were inversely proportional to pore
diameter. This suggests that, in the real material, the size of domains of similar pore diameter
increases with diameter.

The connectivity parameter, Z, from the percolation analysis quantifies hysteresis width, be-
cause a narrow hysteresis loop is associated with a high connectivity, and vice-versa/ Further, the
lattice size parameter also quantifies pore network accessibility because an (apparently) smaller
lattice is more accessible. From Table 3.4, it can be seen, for both types of pellets, that the con-
nectivity declines and the apparent lattice size increases, with increasing mercury entrapment as
arises at higher intrusion pressures. The overall accessibility of the remaining open network is
declining with increased mercury entrapment.

While the overall forms of the hysteresis loops for the conventional nitrogen sorption data for
both types of pellet are relatively similar, in contrast, the overcondensation boundary desorption
curves reveal some key differences. First, while the Gurvitch volumes for both types of pellet are
higher for the overcondensation data, the pore volume missing from the conventional isotherm
is larger for the SD feed pellets than for the RC feed pellets. Second, while the overcondensation
boundary desorption isotherms show a much sharper percolation knee near the top of the hystere-
sis loop, not present in the conventional desorption isotherms, the overcondensation data for the
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empty SD feed pellet also shows a second, more rounded, percolation knee at relative-pressures of
~0.7-0.8, not evident in the overcondensation data for empty RC feed pellets, which have a much
straighter, flatter desorption isotherm in this relative pressure region.

From Figure 3.13, it is noted that the sharp percolation knee near the top of the overconden-
sation isotherm for the SD feed pellet, first, remains sharp when shifted to lower relative pressure
following mercury entrapment after intrusion to 10,800 psia, but then becomes very rounded fol-
lowing mercury entrapment after intrusion to 14,700 psia. In contrast, the second already more
rounded percolation knee at relative pressures ~0.7-0.8 remains unchanged until mercury is in-
truded to ~21.000 psia, when it disappears. It is noted that the conventional desorption isotherm
for the SD feed pellet is effectively a desorption scanning curve. A scanning curve is defined as
an isotherm whereby the progressive change in pressure is halted, and the direction of change
is reversed before ultimately reaching one of either hysteresis closure points in the full boundary
isotherms, which are the isotherms where complete pore-filling with condensate is achieved at the
upper end in terms of amount adsorbed. From Figure 3.13 it can be seen that, while the conven-
tional desorption isotherm descends slightly, it crosses to the overcondensation boundary isotherm
well above the hysteresis closure point and also the more rounded percolation knee. The hysteresis
loop was scanned further using a desorption scanning curve with the reversal in the direction of
pressure change occurring at a relative pressure 0.85 on the boundary adsorption isotherm. These
data are shown in Figure 3.17, where it can be seen that the lower pressure scanning curve ex-
hibits different behaviour to the conventional desorption isotherm in that the former is converging
on the lower hysteresis closure point.

Figure 3.18 compares the conventional nitrogen sorption isotherms for the empty SD feed
pellet, with the equivalent data following mercury intrusion to 21,000 and 30,000 psia. From
Figure 3.18, it is noted that the form of the conventional sorption isotherms following mercury
intrusion to 21,000 psia shows a marked kink in the adsorption isotherm at a relative pressure
just above 0.8, and a percolation knee at the same amount adsorbed in the desorption branch
at a relative pressure of ~0.7. This sharp knee at relative pressure ~0.7 is also evident in the
overcondensation boundary desorption isotherm in Figure 3.13. This formation of the kink in the
sorption isotherms is what might be expected if there has been a greater loss of larger pores than
smaller pores that fill below the kink. The parallel form of the branches of the hysteresis loop in the
conventional sorption data following mercury intrusion to 30,000 psia (shown in Figure 3.18) may
suggest a single pore origin for the hysteresis. The small step down, at a relative pressure of ~0.4-
0.5, in the conventional and overcondensation desorption isotherms, that closes the hysteresis, is,
based on its position, probably due to cavitation, and suggests some larger pores are shielded by
necks smaller than ~4 nm.

3.5.12 Fragmented Pellets

In order to further probe the impact of macroscopic heterogeneities, gas sorption experiments
were conducted on powder samples of particle sizes 53-75 nm formed by fragmentation of whole
pellets. This particular powder size fraction was chosen as it is similar to that for the original SD
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Figure 3.13: (a) Upper part of hysteresis loop region of conventional sorption isotherms for empty SD feed pellet sample

and SD sample following mercury intrusion to 10,800 psia, together with overcondensation boundary desorption isotherms

for empty SD sample, and SD samples following mercury intrusion to 10,800 and 14,700 psia. (b) Hysteresis loop region

of conventional sorption isotherms for empty SD feed pellet sample and overcondensation boundary desorption isotherms
for empty SD sample, and SD samples following mercury intrusion to 21,000 and 30,000 psia.
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Figure 3.14: Conventional sorption isotherms and overcondensation boundary desorption isotherms for empty RC feed

pellet sample, together with conventional sorption isotherms and overcondensation boundary desorption isotherms for

RC samples following mercury intrusion to 10,800 psia. The inset shows the isotherms obtained after mercury entrapment
adjusted upwards by 5.5 cc(STP)/g.

feed particles. Fragmented pellet samples were used, instead of original feed particles, as it is
possible that the treatment of the pellet following forming of the feed into the tablet, as part of
the overall fabrication procedure, may have impacted the mesopore structure, and only the effect
of particle size of the final product sample material upon the gas sorption data was required. The
data for the powder experiments demonstrate the impact of the bubble pores on conventional
adsorption isotherms and the presence of advanced condensation effects.

Figure 3.19 show the conventional nitrogen sorption isotherms and overcondensation desorp-
tion boundary curve obtained for powdered samples of the SD and RC feed pellets. From the
Figure 3.19(a), it can be seen that desorption starts as soon as the direction of pressure changes is
reversed for the SD feed powder, which contrasts with the whole pellet data shown in Figure 3.13.
Further down the conventional desorption isotherm the hysteresis width increases, but the con-
ventional desorption isotherm does not merge with the overcondensation curve until a relative
pressure of ~0.6-0.7, which is still above the hysteresis closure point, so the scanning curve is
crossing but descending, rather than converging’ In contrast, the conventional desorption curve
for the RC feed powder descends but crosses to join the overcondensation curve much higher up
at relative pressures ~0.8-0.9.

Percolation analysis was also performed on the nitrogen sorption data for the fragmented
samples and the data is given in Table 3.4. From these data in Table 3.4, it can be seen for both
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Figure 3.15: Conventional sorption isotherms and overcondensation boundary desorption isotherms for empty RC feed

pellet sample, together with conventional sorption isotherms and overcondensation boundary desorption isotherms for

RC samples following mercury intrusion to 14,700 psia. The inset shows the isotherms obtained after mercury entrapment
adjusted upwards by 3.3 cc(STP)/g.

types of pellet, that the connectivity is higher, and the lattice size is lower for the fragmented
samples compared with the empty whole pellet samples, though this difference is much less for
the RC pellets. The overall difference in percolation parameters suggests that the pore network
of the fragmented sample is more accessible than that of the whole pellet, as might be expected.
However, the slim size of this difference for RC pellets may reflect the high degree of disorder also
present at smaller length-scales in the feed particles themselves, as seen from the high-resolution
CXT images.

Figure 3.20 shows, for the powdered pellet samples, nitrogen scanning loops initiated at rela-
tive pressures of 0.85, 0.72 and 0.6, from the conventional desorption isotherm which reach across
to the boundary adsorption isotherm in each case. In each case, for both types of pellets, the scan-
ning loops are crossing, but the loops for the RC feed material ascend higher, while crossing, than
those for the SD feed. The narrow, almost horizontal crossing behaviour of the lower pressure
scanning loops suggests hysteresis is dominated by single pore effects. It is noted that the width of
the scanning loops increases with increasing relative pressure, and thus amount adsorbed, at their
inception points. The very narrow, almost horizontal crossing behaviour of the lower pressure scan-
ning loops suggests hysteresis is dominated by meniscus geometry effects. The increasing width
of the scanning loops with increasing amount adsorbed is probably due to the decrease in perco-
lation seeding effects from the lower prevalence of remaining vapour phase pockets/ The change
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Figure 3.16: Conventional sorption isotherms and overcondensation boundary desorption isotherms for empty RC feed
pellet sample, together with conventional sorption isotherms and overcondensation boundary desorption isotherms for
RC samples following mercury intrusion to 30,000 psia.
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Figure 3.17: Conventional adsorption and desorption isotherms for an empty SD feed pellet and scanning curve with
adsorption branch terminating at a relative pressure of 0.85, where desorption branch commenced.
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Figure 3.18: Comparison of the conventional nitrogen sorption isotherms for the empty SD feed pellet, with the equivalent
data following mercury intrusion to 21,000 and 30,000 psia.

in width of scanning loop is thus a proxy measure of the spatial distribution of these pockets. It is
noted that in Figure 3.20, for a given range of relative pressures covered by a scanning loop, the
loop for the SD pellet is thinner than the corresponding loop for the RC feed pellet, suggesting a
greater prevalence of percolation seed sites in the former.

Figure 3.21 compares the BJH pore size distributions (PSD) obtained (with Harkins-Jura t-
layer correction) from the adsorption isotherms for the whole and fragmented samples of the RC
and SD pellets. It can be seen that the PSDs for whole and powder match very well for smaller pore
sizes, but beyond ~12 nm for the SD samples, and beyond ~17 nm for the RC samples, the powder
PSDs are shifted to larger sizes than the whole pellet PSDs. This is probably due to advanced
condensation (also known as the ‘cascade effect’) occurring in the whole pellets’

3.5.13 Serial Sorption of Nitrogen and Water

Figure 3.22 shows the conventional nitrogen sorption isotherms for the empty SD and RC feed
pellet, with the equivalent data following water adsorption up to 0.36, 0.497, 0.646 and 0.794
water relative pressures. The water adsorption scanning curves involved in suspending the samples
over a large bath of sodium hydroxide solution of varying concentrations (to achieve each different
relative humidity) for up to ~7 days. From the nitrogen isotherms in Figure 3.22, it can be seen
that as more water is adsorbed, the ultimate amount of gas adsorbed at the top of the isotherms
decreases.
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Figure 3.19: Conventional nitrogen sorption isotherms and overcondensation desorption boundary curve obtained for
powdered samples of the fresh (a) spray dried and (b) roll compacted feed pellets.
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Figure 3.20: Nitrogen sorption scanning loops initiated at relative pressures of 0.85, 0.72 and 0.6, from the conventional
desorption isotherms for fragmented samples of the SD feed pellet and RC feed pellet.
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SD RC samples.
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Figure 3.22: Typical examples of conventional nitrogen sorption isotherms for the empty SD feed pellet, with the
equivalent data following water adsorption up to different water relative pressures.
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3.5.14 Pore Size Distributions

Figure 3.23 shows the BJH PSDs of the sub-sets of pores that become inaccessible from the exterior,
as the ultimate mercury intrusion pressure is increased to progressively higher pressure porosime-
try scanning curves for the fresh SD and RC samples, respectively. These difference in PSD plots
are obtained by subtracting the PSDs from isotherms for samples following successive mercury
scanning curves. In general, a lower pressure scanning curves fills large and medium pores, while
a higher-pressure scanning curve fills some of the remaining medium and smaller pores. Hence,
access to ever smaller pores declines as the intrusion pressure is increased, as one might expect.
It is also noted that the steep decline in incremental volume at the lowest pore size present in
each distribution corresponds to the minimum penetrated radius for ultimate mercury intrusion
pressures.

Figure 3.24 show the BJH PSDs of the sub-sets of pores that become inaccessible from the
exterior, as the water partial pressure is increased to progressively higher for the fresh SD and RC
samples, respectively. These differences in PSD plots were obtained by subtracting the PSDs from
isotherms for samples following successive water scanning curves. In general, a lower pressure
scanning curves fills smaller pores, while a higher-pressure scanning curve fills the medium and
larger pores. Hence, access to ever larger pores declines as the water relative pressure is increased,
as one might expect.

3.5.15 Rate of Adsorption

The rate of adsorption of nitrogen at very low pressure was measured for empty pellets and for
pellets following mercury intrusion to various ultimate pressures. The mass uptake curves obtained
were fitted to the linear driving force (LDF) model, and the mass transfer coefficients (MTCs)
(denoted k) were corrected for adsorption using the slope of the equilibrium isotherm at the point
where mass transport was measured’ The LDF fitting process is explained further in previous
work® The MTCs so-obtained for SD feed and RC feed pellets are shown in Table 3.5 and Table 3.6,
respectively. As can be seen from Table 3.5 and Table 3.6, the MTCs generally decline following
mercury entrapment, and the drop increases with increased mercury entrapment, except between
14,700 and 21,000 psia for the RC feed pellets.

In order to examine further the impact of the entrapped mercury, the variation of MTC with
increasing mercury intrusion pressure was compared with that predicted for a random distribution
of entrapped mercury calculated from the Prager?>® model, as described in previous work’ The
comparison of the observed fractional decline in the MTC following entrapment with that expected,
for the same mercury saturation, from the Prager®>® model is shown in Figures 3.25 to 3.26. From
Figures 3.25 to 3.26 it can be seen that, for both SD and RC feed pellets, the MTC is increasingly
below that expected following mercury intrusion to 10,800 psia and then 14,700 psia. However,
for intrusion to the highest pressures (>21,000 psia), the decline in MTC becomes the same as
that expected for a random distribution of mercury. Figures 3.25 to 3.26 also show the variation in

2598, Prager. J. Chem. Phys., 33: 122-127, 1960.
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Figure 3.23: BJH pore size distributions for the sub-sets of pores that become inaccessible from the exterior as the
mercury intrusion pressure is increased to progressively higher ultimate pressures (as indicated in legend) for scanning
curves. (a) Fresh SD and (b) Fresh RC.
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Figure 3.24: BJH pore size distributions for the sub-sets of pores that become inaccessible from the exterior as the water
vapour pressure is increased to progressively higher pressures (as indicated in legend) for scanning curves. (a) Fresh SD
and (b) Fresh RC.
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Table 3.5: Variation in adsorption-corrected MTC, for nitrogen at low pressure, with increasing mercury saturation for
whole SD feed pellets

MIP pres- Minimum  Fractional MTC for MTC for Experimental Expected k/ko
sure(psia) pore Hg satu-  empty post Hg, k/k, for random
diameter ration pellet, k(/s) entrapment
penetrated (%) ko (/) (Prager)
(nm)
8,600 25.1 11.5 1.71 1.39 0.81 0.85
10,800 19.9 16.2 1.60 0.92 0.58 0.79
14,700 14.7 26.2 1.79 0.66 0.37 0.67
21,000 10.2 54.9 1.69 0.56 0.33 0.36
30,000 7.2 93.3 1.66 0.23 0.14 0.04

Table 3.6: Variation in adsorption-corrected MTC, for nitrogen at low pressure, with increasing mercury saturation for
whole RC feed pellets

MIP pres- Minimum  Fractional MTC for MTC for Experimental Expected k/ko
sure(psia) pore Hg satu-  empty post Hg, k/k, for random
diameter ration pellet, k(/s) entrapment
penetrated (%) ko (/) (Prager)
(nm)
8,600 25.1 11 1.91 1.37 0.72 0.86
10,800 19.9 15 1.73 1.10 0.64 0.81
14,700 14.7 19 1.66 0.28 0.17 0.76
21,000 10.2 58 1.72 0.43 0.25 0.34
30,000 7.2 91 1.86 0.30 0.16 0.05

adsorption-corrected MTC, for the SD and RC, with fraction of the pore volume occupied by water,
and a comparison with that expected for a completely random arrangement of the blocking water
phase, as predicted by the Prager?>® model. It can be seen that, for both SD and RC feed pellets,
the MTC is much lower than would be expected for a random arrangement of water, thereby
suggesting that, in an empty sample, the pores that subsequently are filled with water must have
been making a significant, greater than expected, contribution to the mass transport.
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Figure 3.25: Comparisons of the observed fractional decline in the mass transfer coefficient following mercury entrapment
and water adsorption and that expected for a random arrangement of entrapped of pore liquid from Prager model for
fresh SD feed.
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Figure 3.26: Comparisons of the observed fractional decline in the mass transfer coefficient following mercury entrapment
and water adsorption and that expected for a random arrangement of entrapped of pore liquid from Prager model for
fresh SD feed.
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3.6 Discussion

The combination of the CXT with rate of adsorption studies following mercury entrapment allows
the determination of the identity of features of the void space structure that are critical to mass
transport. The rate of adsorption data for the SD and RC feed pellets showed that the MTC declined
well below that expected, theoretically according to Prager?>® model, for a random distribution of
mercury entrapped following intrusion to 10,800 and 14,700 psia. This suggests that the zones of
the void space lost due to mercury entrapment following these intrusions are very important to
mass transfer as their loss led to a greater than expected decline in MTC, relative to the benchmark
random structure. From the CXT images of pellets following intrusion to these pressures, it can
be seen, by eye, that the mercury is entrapped in a non- random pattern. In the case of the SD
feed, the entrapped mercury advanced in a front towards the centre of the pellet, as amount
entrapped increased with increased intrusion pressure. Given the barrier-like appearance of such
a pattern of entrapment it seems clear why the loss of these pores is important. This pattern of
entrapment implies that, when empty, there are pore pathways that, as they penetrate deeper into
the pellet, are guarded by ever narrower necks. Hence, as diffusion penetration depth increases,
the resistance to Knudsen diffusion will increase. In contrast, for the case of the RC feed pellet,
mercury was entrapped in dendritic branches that traverse the pellet, thereby bypassing regions
of high density. It is also clear that, for an empty pellet, these dendritic branches would provide
diffusion pathways of lower resistance into the depths of the pellet. The slight increase in k/k,
for RC feed pellets between 14,700 and 20,200 psia is probably due to a decrease in the diffusion
penetration depth, a, between these pressures, rather than a change in pore network diffusivity, as
more mercury is entrapped. This rise in k/k, is probably due to more mercury becoming entrapped
in the core of the pellet as intrusion penetrates this region, thereby restricting gas uptake to only
within the surrounding mantle region.

The multi-modal imaging at different resolutions aids the interpretation of the more indirect
but multi-scale characterisation methods. This is shown schematically in Figure 3.27. From Fig-
ure 3.27, it can be seen that the additional, large pore size step in the mercury intrusion PSD
for the SD feed particles is probably related to the ‘bubble pores’ seen in the high-resolution CXT
images of the SD feed. The sizes in this step represent the pores in the shells that are seen to
surround the bubble pores in the CXT images or the bubble pores more directly where this shell
has been breached to the exterior. The gas overcondensation isotherms show these bubble pores
are retained in the pellet made from the SD feed. This is because the typical size of many of the
bubble pores, as seen in the higher resolution CXT images, of ~10-100 um is too large to achieve
condensation during the conventional gas adsorption experiment. Hence, the gap between the top
of the conventional adsorption isotherm and the overcondensation curve for the empty pellet is
probably due to the existence of the bubble pores. The relative sharp desorption knee, at high
relative pressures, that only arises in the overcondensation, and not the conventional, desorption
probably represents the pore-blocking due to the smaller pores in the shells around the bubble
pores. The bubble pores seen in the higher resolution CXT images are probably also responsible
for the bright white dots seen in the lower-resolution CXT images of SD feed pellets following
mercury entrapment. The distinct, circular, white dots are probably mercury that has become en-



Chapter 3. Integration of multi-scale porosimetry and multi-modal imaging in the study of
structure-transport relationships in porous catalyst pellets 92

2D radial cross-section of high resolution

Iy
(=]

bl 5750 rwsion CXT image of SD feed particle
A e o RC cxmusion

1.2

Lol | Large step in
L Hg data is due

0.8 - _~———__|to bubble pores

o

[ e S R anmwaesn s enns]
.

1 1 '!

1 1
1 10 100 1000 10000 100000

Cumulative pore volume (mL/g)
=]
s

e
b

o
=]

Hg entrapment
fills bubble pores

e

Bubble pores filled
by overcondensation

Pore radius (nm)

160 T T T

= OC empty SD
Isotherm empty SD
[ —OC post-10800 psia
Isotherm post-10800 psia
—— OC post-14700 psia

—
>
(=

A

Hg entrapment blocks
access to bubble pores

— —
(=3 54
(=} =}

Quantity adsorbed (cc(STP)/g)
o]
(=]

2D CXT image of SD | ‘
feed pellet following Hg

40 L s s intrusion to 10800 psia
0.6 0.7 0.8 0.9 1.0

(=N}
(=}

1000 ym

Relative pressure (P/E,)

Figure 3.27: Schematic diagram showing how features of the pellet macroscopic structure, seen in the CXT images,
impact the indirect data characterising the porosity, and how gas sorption and mercury porosimetry data inform the
interpretation of aspects of the images.

trapped within the bubble pores. It is noted that some lower resolution CXT images even show
white circular dots within darker round SD feed particles that have not been (much) intruded
with mercury. This suggests that, while the shell of bubble pores near the margins of the individ-
ual SD feed particles is readily penetrated, the rest of the SD feed particle is shielded by narrower
necks and thus is not penetrated at that pressure.

It has been seen that, for both types of pellet, the decreasing accessibility of the pore net-
work due to mercury entrapment was made manifest in the overcondensation isotherms via the
widening in the hysteresis with the conventional adsorption isotherms. However, this hysteresis
widening arose from very different patterns in the spatial distribution of entrapped mercury in the
two types of pellet, as seen in the lower resolution CXT images. In the case of the RC feed the
higher resolution CXT images have revealed the fractal structure of the RC pellets. It is known?2°
that fractal structures tend to lead to fractal processes within them. In this case the penetration
pathways during quasi-equilibrium imbibition of mercury into the RC feed pellet are also fractal.

It has been found that the second, lower pressure, more rounded percolation knee, seen in

260D, Avnir. Fractal approach to heterogeneous chemistry. Wiley, 1989.
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the overcondensation desorption isotherm for the SD feed pellets, has also been retained in the
OC curve for the fragmented SD feed pellets. This suggests that this knee is mostly associated
with the accessibility of the individual SD feed particles, since the powder particle sizes are of the
same size or larger than the feed particles in the lower resolution CXT images. The lower (amount
adsorbed) convergence point for the overcondensation and conventional desorption isotherms
for the fragmented pellet compared to the corresponding whole pellet data is due to the lower
accessibility to vapour phase for some of the SD feed particles buried within the whole pellet, when
compared with the fragmented pellet. The difference in the BJH adsorption PSDs between whole
and fragmented pellets shows that, in some places, the cascade of pore filling during individual
advanced condensation events spans length-scales larger than the powder particle size of ~53-
75 pm, and thus probably encompasses more than one SD feed particle. Since there is an upper
limit (of ~2 from classical theory”) on the critical ratio of adjacent pore sizes to enable advanced
condensation to proceed, then this suggests given SD feed particles must, themselves, be adjacent
to particles with similar (i.e., within the critical ratio) pore sizes in at least one direction. This
is consistent with the segregated lower resolution CXT images that suggested that the low-and
high-density tails of the distribution within SD feed particles are well-mixed, so the low density
and high-density phases were each generally contiguous, and SD feed particles had neighbours
of the same phase. This probably thus also explains why accessibility of the pellet interior to
gas is maintained (as MTC value drops) despite the enveloping intrusion front seen in lower
resolution CXT images of SD feed pellets following entrapment, albeit the open connections are
only maintained by high density, lower pore size, SD feed particles.

The presence of advanced condensation effects, detected by comparing the adsorption PSDs
for both whole and fragmented pellets, suggests that disordered porous materials are not just
composites of the pore structures of the unit cells of templated, or otherwise controlled, pore size
materials. The shift in the adsorption isotherm on fragmentation of the pellets shows that the
juxtaposition of pore sizes over macroscopic scales is a critical feature of the overall porous struc-
ture. This suggests that the characteristic void space units for the capillary condensation process
correspond to macroscopic regions of the network, rather than individual pores. The prevalence
of network-scale, pore-to-pore co-operative effects in disordered materials can only be determined
by studying the material itself.

The succession of overcondensation isotherms, following progressively increasing levels of
mercury entrapment, have shown that the boundary desorption isotherm from overcondensation
experiments on empty SD feed pellets bridges between the micron-sized bubble pores, that do not
fill with condensate in conventional sorption experiments, and the pore necks with sizes below
4nm that would not be intruded by mercury. The gas sorption data obtained following mercury
intrusion to 30,000 psia that shows the cavitation step also implies that these narrow necks are
directly accessible from the exterior via pathways that do not include the pores filled with mercury,
such as the bubble pores and low-density SD feed particles. They are thus probably located in,
relatively unintruded, high density SD feed particles, as might be expected.
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Figure 3.28: Measures of usefulness, to mass transport in SD and RC feed pellets, of pore size intervals, as indicated by
PUL

As discussed above, the studies of rate of adsorption for samples containing entrapped mercury
have shown that some pores are more critical to mass transport than others. It is possible to define
a pore utility index (PUI) that attempts to quantify the usefulness of a given pore size interval to
overall mass transport, such that:

1 — experimental (k/ko)

PUI =
1 — expected (k/ko) for random structure

(3.10)

The PUI calculated for the SD and RC feed pellets from the ROA data in Tables 3.5 to 3.6 are shown
in Figure 3.28. It can be seen that the pore intervals of 15-11 and 20-15 nm have the highest PUIs
for the RC and SD feed pellets, respectively.

A measure of the relative accessibility of particular pores to the exterior can be obtained from
a relationship between the roundedness of the percolation knee of the overcondensation isotherm
and the tortuosity for mass transport, as will be described here. Given that tortuosity is a measure
of the extension of the path length of the diffusional flux beyond that of the straight-line distance
across the porous medium, then the relative change in tortuosity (A7 = 7 — 70) can be related to
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Figure 3.29: A plot of the tortuosity ratio (from Equation (3.3)) against percolation lattice size (from Table 3.4) for SD
(red dots) and RC (blue squares) feed pellets following mercury entrapment to different intrusion pressures.

the relative change in effective network size,A, such that:

AT AA
— = (3.11)
since, if the effective size of the network is increased, then the path length of the diffusive flux will

correspondingly be increased.

The apparent, effective size of the network will be increased if the size of the underlying
model percolation lattice, L, is increased. The aforementioned CXT images of the pellets following
mercury porosimetry, in Figures 3.11 to 3.12, show that many feed particles remain free, or virtu-
ally free, of any entrapped mercury, while some others are completely, or nearly completely, filled
with entrapped mercury. Hence, the individual feed particles tend to be either open or closed, re-
spectively, following mercury porosimetry, and, thus, can be considered either present, or absent,
respectively, from the model percolation network representing the macroscopic structure of the
pellet. Therefore, the physical size of the underlying lattice unit in which L is measured can be
considered as the size of a pellet feed particle, w. The characteristic physical size of the overall
network would be proportional to the inverse of the surface-to-volume ratio (S/V'); of the tableted
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Figure 3.30: Plot of Equation (3.12) for experimental data for SD (red circles) and RC (blue squares) feed pellets.

pellet itself. The corresponding constant of proportionality would be a geometry factor character-
istic of the shape of the pellet. The ratio of the geometry factors for the feed particles and whole
pellet is denoted v and would be equal to unity if the feed particles and pellet had the same geo-
metrical shape. Hence, the macroscopic tortuosity for mass uptake into the pellet is related to the
change in the size of the percolation model lattice (AL) following mercury entrapment according
to:

Ta0 S

— =1—~v(L—-Ly)w| = 3.12
Ta K ( 0) <V)t ( )
Hence, for a given pellet type, the ratio of the original experimental tortuosity to the tortuosity
measured following pore structural modification via mercury entrapment should be a linear func-
tion of the lattice size obtained from percolation analysis of the corresponding overcondensation
isotherm.

From the BJH difference PSDs in Figure 3.23, it can be seen that, as mercury is entrapped
over pressure intervals 8600-10800 and 10800-14700 psia, the position of the peak in the pore
sizes being filled stays the same for both the SD and RC feed pellets, and so the critical pore size
for mass transport will remain the same. The remaining porosity following mercury entrapment is
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one minus the fractional mercury saturation given in Tables 3.5 to 3.6. Hence, Equation (3.3) can
be used to determine the ratio of tortuosities, since the critical reference Knudsen diffusivity is a
constant over intrusion pressures up to 14700 psia. Equation (3.12) suggests that the tortuosity
ratio will be a linear function of the percolation lattice size L, and, indeed, this is what is seen for
both SD and RC feed pellets in Figure 25.

A universal plot for both pellet feed types can be obtained by plotting the data for each ac-
cording to Equation (3.12) using the surface-to-volume ratio of the pellets calculated using the
dimensions given in Table 3.1, and taking typical feed particle sizes of 200 and 1300 pm for the
SD and RC feed particles. From Figure 3.30, it can be seen that the experimental data give rise to a
good fit to Equation (3.12). The best-fit values for typical feed particle sizes from Equation (3.12)
are consistent with what is observed in the CXT images of pellets, as seen from the similarity in
grid size divisions and feed particle sizes in the images given in appendix A, and could be con-
firmed by directly measuring feed particle sizes in the CXT images (Figure 3.4 and Figure 3.7),
and the average values thereby obtained for SD and RC feed were 205 and 1290 pm, respectively.

The good fit of Equation (3.12) to the experimental data suggests that the macroscopic struc-
ture of the pellets is well-represented by a random bond network percolation lattice, where the
feed particles relate to the individual lattice bonds. Hence, the percolation behaviour of the pel-
lets is dominated by the macroscopic structural heterogeneities resulting from heterogeneity in
the feed particles. The key difference in the pellet fabrication route relevant to mass transport is
manifested in the different values of the parameter w in Equation (3.12), which corresponds to
the feed particle size for the tableting process.

The reason that the key parameter of the model of macroscopic structure is the lattice size is
that this parameter is a measure of the prevalence of surface clusters of larger pores important
in an invasion percolation process like gas desorption or mercury intrusion. The roundedness of
the percolation knee in gas desorption or mercury intrusion represents ‘premature’ penetration
of the invading phase before the critical pressure for sample-spanning percolation is reached. In
a completely random structure, the probability of formation of surface clusters is enhanced by
the larger surface area-to-volume ratio of smaller lattices raising the probability of a given pore
being located on the surface. When using a random lattice to represent a real heterogeneous
material, an apparent small model lattice size represents a greater propensity for surface clusters
than for a random structure. For example, the ‘shrinking core’ effect evident in the spatial pattern
of the progressively encroaching front of entrapped mercury in the CXT images of the SD feed
pellets reveals the particular creation of surface clusters of mercury penetration in this material.
This is reflected in the steep growth in apparent model lattice size for this material as entrapped
mercury fills up the surface clusters of larger pores with increasing intrusion pressure, so they are
no longer available to facilitate nitrogen desorption. The model lattice size is thus a measure of
the prevalence of surface clusters of larger pores, with apparently smaller lattice sizes indicating
higher prevalence. These surface clusters of larger pores provide ‘super-highways’ giving easier
access to the pellet interior to diffusing gas, and thus, when lacking with an apparently larger
lattice size, mass transport is associated with higher tortuosity.
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3.7 Conclusion

The above findings have shown how combining indirect characterisation methods, such as over-
condensation and mercury porosimetry, can bridge several orders of magnitude in pore size, even
down to molecular scale, with imaging methods that can provide detailed spatial information but
for a limited range of resolution and/or field-of-view, can lead to a much more comprehensive and
inter-linked characterisation of disordered hierarchical porous media. The hybrid characterisation
methods, which integrate several techniques in one overall experiment, ensure that the character-
isation data from different methods coheres and produces synergistic findings. The combination
of overcondensation with multi-scale imaging identified the macropore structures missing from
conventional isotherm data, namely the large ‘bubble pores’, and also allowed the specific sizes of
the smaller pores shielding these structures to be measured.

It has been seen that the ‘filtering’ or ‘sifting’ strategy, involving combining characterisation
techniques, described here can identify and spatially locate the particular pore sizes that most
control mass transport in pore structures of different characters arising from different fabrication
methods. As a result, different pore size intervals can be allocated a pore utility index value that
quantifies their relative usefulness to mass transport. The characterisation methods also allow
indication of how particular pore structural features relate to raw material properties and fabri-
cation methods. Hence, the impact of the choices made in catalyst pellet manufacturing on mass
transport can be identified and quantified.

It has been shown that a random pore bond network is a successful model for the macro-
scopic heterogeneity in pellet structure, as characterised by the percolation parameters, especially
apparent lattice size. The percolation theory-based analysis of the overcondensation data has suc-
cessfully, quantitatively predicted the relative change in tortuosity, from rate of adsorption ex-
periments, as successively more of the pore structure is filled with entrapped mercury, thereby
increasing the apparent lattice size. The model has demonstrated that the degree of heterogeneity
in average pore sizes amongst individual feed particles, and their particle size relative to that of
the pellet itself, greatly impact the accessibility of the pellet interior. While it has been seen that
surface clusters of larger pores control access to the interior for both feed types, their particular
geometric form has its origins in the feed type and fabrication process of the pellet. The differen-
tial importance, for mass transport, of particular pore size ranges within these surface clusters for
each pellet type has been evaluated, and their location within the pellets has been visualised.

The next chapter discusses an image segmentation method based on deep learning neural
network that can automatically segment CXT and FIB-SEM images of methanol synthesis pellets.
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4.1 Introduction

A typical methanol synthesis catalyst pellet comprises highly disordered and complex inter-
nal structures that are heterogeneous over a large length scale ranges. This type of catalyst
can be characterised using standard indirect characterisation methods such as gas sorption and
mercury porosimetry, as described in Chapter 3, because they are mostly cheap and can offer sta-
tistically representative information for the whole sample. The indirect characterisation methods
can be further combined with modern imaging techniques such as computerised X-ray tomography
(CXT), scanning electron microscopy (SEM) (or focused ion-beam, FIB-SEM), and transmission
electron microscopy (TEM). The imaging could be obtained before and after imbibing the sample
with electron-dense contrast agents such as mercury or Wood’s metal. The imaging techniques can
generate three-dimensional (3D) pictures of the internal structures of the catalyst and reveal the
macroscopic spatial distribution of any entrapped contrast agent in the pore network. Both CXT
and FIB-SEM serial milling can produce many contiguous slices that can be stacked together to
obtain a 3D reconstruction of the imaged sample. The reconstructed 3D volume represents an accu-
rate depiction of the geometry of the sample up to a particular resolution. The imaging techniques
could themselves be combined together to create a multi-scale imaging system that images a tiny
area of the original macroscopic CXT image at greater resolution using FIB-SEM or TEM to extract
information at submicron resolutions (e.g., porosity or pore sizes). The resolution of a typical to-

99
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mography is often limited to ~1 um, but microscopy allows one to investigate objects down to the
nanometre scale. Hence, the microporous features from higher resolution FIB-SEM images can be
mapped onto the corresponding slice of the tomogram. Using these mapping features, the higher
resolution information may then be propagated across the 3D volumetric tomographic data!?!

In the past, the process of segmenting and extracting useful qualitative or quantitative infor-
mation from CXT or FIB-SEM images was engineered manually, and, later, by using traditional
computer vision algorithms such as thresholding2®! watershed transformation®? or a clustering
method?%® Segmentation is the process of assigning a label to each pixel in an image such that
pixels with the same label are connected with respect to some visual or semantic property2°* For
tasks like image classification in traditional computer vision, a feature extraction process is used
in which as many features as possible are retrieved from images, and these features create a defi-
nition (known as bag-of-words) for each object class present on the image. These definitions are
searched for in other images during the deployment step. When a large number of features from
one bag-of-words appear in another image, the image is identified as containing that particular
object (e.g., mercury, graphite). The problem with this approach is that it requires deciding which
features are essential in each image. On top of this, feature extraction becomes increasingly dif-
ficult as the number of classes to categorise increases. In order to determine which features best
describe a distinct object class, the computer vision engineer must use their judgment and go
through a lengthy trial and error process. Furthermore, each feature definition involves dealing
with a plethora of parameters, all of which the computer vision engineer must fine-tune, which in
part was an obstacle to the extraction of useful information from the images2°>

Another issue with traditional image segmentation techniques, such as thresholding, is the
assumption that images have a bimodal intensity histogram. Therefore, the required object can be
extracted from the background by a simple operation that compares image values with a threshold
value. This operation, however, is only possible if each phase on the image has a distinct, separate
peak on the histogram plot. Intensity histogram plots were generated for the 2D CXT and FIB-SEM
slices for the methanol synthesis catalyst pellets before and after applying noise reduction filters.
For both image types, the noise reduction filters concentrated the peaks in the lower range of
greyscale value, and a slightly better separation of the different phases was observed after applying
the filter. However, there was still significant overlap between the intensities of the different phases
on the CXT and FIB-SEM images; thus, a simple thresholding operation cannot be used to segment
the methanol synthesis pellet images. As a result, segmentation of the different phases of interest
necessitates using another technique, such as deep learning (DL) neural network?2®°

121V, Cnudde and M. Boone. Earth Sci. Rev., 123: 1-17, 2013.

261Pp, K. Sahoo, S. A. Soltani, and A. K. Wong. Comput. graph, 41: 233-260, 1988.

2628, Beucher. Scanning Microsc., 1992: 28, 1993.

263D, Nameirakpam, M. Khumanthem, and J. Yambem. Procedia Comput. Sci., 54: 764-771, 2015.
2645, Ghosh et al. ACM Comput. Surv., 52: 1-35, 2019.

265N. O’'Mahony, S. Campbell, and A. Carvalho. Adv. Intell. Syst., 943: 128-144, 2020.
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Figure 4.1: A schematic representation of the two different segmentation techniques using either (a) Traditional, (b)
Deep learning [267].

In recent years, the emergence of deep learning?°® a type of machine learning?®® and artifi-

cial intelligence (AI)2%° such as convolutional neural networks (CNN)27° has had an enormous
effect in the field of computer vision and are responsible for a significant increase in the ability to
classify objects in an image. This surge in advancement has been made possible by increases in
device capabilities such as processing power, memory capacity, power consumption, as well as the
vast amounts of data available for training neural networks. Compared to traditional techniques,
deep learning allowed computer vision engineers to achieve higher accuracy in tasks such as se-
mantic segmentation, images classification, and object recognition. Because deep learning neural
networks are trained rather than programmed, applications using this method frequently require
less expert analysis and fine-tuning while utilising the massive quantity of image data accessible
in today’s devices. Additionally, deep learning algorithms have solved many of the problems asso-
ciated with traditional image segmentation by introducing end-to-end learning where the neural
network is trained on a dataset that has been manually delineated, and thereby, the network is
asked to produce the correct labels on new, previously unseen images based on the underlying
patterns or rules discovered in the training set?®> On top of this, deep learning also offered com-
puter vision engineers more flexibility since deep learning models can be re-trained using a new
dataset for every use case, as opposed to traditional computer vision methods, which are often
domain-specific. Figure 4.1 illustrates the differences between traditional and deep learning im-
age segmentation workflow.

Several other studies have explored the application of deep learning to image segmentation in
other research fields. Badran et al?”! developed a deep learning neural network that is capable of
segmenting fibre-reinforced ceramic composites that consist of fibre and matrix with identical im-

2685, Shalev-Shwartz and S. Ben-David. Understanding Machine Learning. Cambridge University press, 2014.
269M. H. Hassoun. Fundamentals of Artificial Neural Networks. MIT press, 1995.

270Y, LeCun, K. Kavukcuoglu, and C. Farabet. [EEE Int. Symp. Circuits Syst., 253-256, 2010.

271A, Badran et al. J. Mater. Sci., 55: 16273-16289, 2020.
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Figure 4.2: CXT (top row) and FIB-SEM (bottom row) images of cylindrical methanol synthesis catalyst pellets. (a) CXT

image of empty fresh SD pellet, (b) Fresh SD pellet with mercury up to 10,800 psia, (c) Fresh RC pellet with mercury

up to 10,800 psia, (d) Spent RC pellet with mercury up to 2,860 psia, (e) Fresh SD, and (f) Fresh RC. The scale bars
correspond to 1,000 pm for CXT, and 2 pm for FIB-SEM images.

age intensities. Xiangyu et al?’? have proposed an analysis program based on deep learning CNNs
that can dramatically improve the throughput of CXT image analysis of pharmaceutical tablets
while also achieving a highly robust quantitative analysis. Renata et al?’ applied a deep learning
segmentation method to microCT images of strain-hardening cement-based composites (SHCC)
to accurately segment the polymer fibres and air voids from the cementitious matrices. Using the
well-known U-Net?’4 CNN architecture, Emanuella et al?’> proposed a new deep learning CNN net-
work that can easily discriminate between pores and cracks in an iron ore catalyst pellet imaged
by microCT. Their study has shown that U-Net CNNs models could easily be applied to different
types of materials containing pores and fissures, such as cementitious materials, rocks, sintered
metals and ceramics. Deep learning applications are not limited only to image segmentation but
have produced outstanding results, comparable to and in some cases surpassing human expert
performance, in various other machine learning fields, including speech recognition?’° driverless

272X, Ma et al. J. Pharm. Sci., 109: 1547-1557, 2020.

273R. Lorenzoni et al. Cem. Concr. Compos., 108: 103551, 2020.

2740. Ronneberger, P. Fischer, and T. Brox. MICCAI, 9351: 234-241, 2015.
275E, Bezerra, K. Augusto, and S. Paciornik. Int. J. Eng., 73: 197-203, 2020.
276G. Hinton et al. IEEE Sig. Proc., 29: 82-97, 2012.
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vehicles?’” natural language processingZ’® healthcare?’? fraud detection?®® and board games?®!
This recent surge in machine learning applications is caused by the fact that deep learning algo-
rithms are very successful when dealing with large amounts of unsupervised data since they learn
data representations in a greedy layer-wise fashion.

In this chapter, an image segmentation method based on a deep learning neural network ca-
pable of automatically segmenting CXT and FIB-SEM images similar to those shown in Figure 4.2
was developed. The deep learning method utilised here is based on the software Dragonfly from
ORS?2°® which uses the popular TensorFlow?8? deep learning engine in a user-friendly image pro-
cessing environment. The software was run locally on a workstation equipped with Nvidia graphics
RTX P6000 24Gb Quadro.

277J. Ni et al. Appl. Sci., 10: 2749, 2020.

278T. Young et al. IEEE Comp. Intell., 13: 55-75, 2018.
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Figure 4.3: A simple flowchart showing the methanol synthesis catalyst pellets studied in this chapter.

Table 4.1: Properties of samples studied in this chapter (a) spray dried, and (b) roll compacted. The bulk density and
porosity were obtained from mercury porosimetry.

(a) Spray dried feed material

Sample Porosity (%) Bulk Density (gcm~3) BET (mn?/g) Dimensions (bxh)

Fresh 47.1 2.2 113.8 5.5x3.4mm
Reduced 67.3 1.9 109.4 5.4x3.5mm
Spent 69.4 1.9 59.0 5.5x3.6mm

(b) Roll compacted feed material

Sample Porosity (%) Bulk Density (gcm~3) BET (mn?/g) Dimensions (bxh)

Fresh 48.1 2.2 122 5.6x3.6mm
Reduced 64.4 1.8 107.5 5.4x3.4mm
Spent 65.1 2.0 56.9 5.5x3.5mm

4.2 Materials and Image Acquisitions
4.2.1 Samples Studied

Methanol synthesis catalyst pellets manufactured using either spray-dried (SD) or roll compacted
(RC) feed materials were studied in this chapter. The catalyst pellets from each batch came in
either fresh, reduced or spent forms as shown in the simple flowchart in Figure 4.3. The fresh SD
and RC pellets were studied in Chapter 3 using integrated gas sorption and mercury porosimetry.
The reduced and spent SD and RC samples will be analysed further in Chapter 5. Table 4.1(a) and
(b) contain further details and properties of the samples used in this chapter. The bulk density
and porosity were obtained from mercury porosimetry. More information on mercury intrusion
porosimetry can be found in Chapter 3.
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4.2.2 Integrated Mercury Porosimetry and CXT Imaging

In this chapter, mercury metal was used as probe fluid for the X-ray imaging of the methanol syn-
thesis catalyst pellet. The mercury was intruded into the sample pores using standard porosimetry
experiment. The following section will describe how the mercury porosimetry experiment was con-
ducted. Mercury intrusion and retraction curves were measured using a Micromeritics Autopore
IV 9500, which can generate a maximum pressure of 414 MPa (60,000 psia). For each experiment,
approximately 0.8 g of sample (4 pellets) were degassed at 140 °C, and the sample was kept under
vacuum overnight (24 h). After 24 hours, the heating mantle was removed, and the sample was al-
lowed to cool down to room temperature. The sample was then weighed to obtain the dry weight.
The thermal pre-treatment drives off any physisorbed water vapour onto the sample but does not
change the sample morphology.

Table 4.2: Mercury porosimetry scanning curve pressures used to control the amount of mercury in the sample pores

Sample MIP pressure Minimum pore diameter  Fractional Hg
(psia) penetrated (nm) saturation (%)
Fresh SD 8600 25.1 11.5
Fresh RC 8600 25.1 10.8
Reduced SD 3800 56.7 8.5
Reduced RC 3800 56.7 5.4
Spent SD 2860 75.4 11.9
Spent RC 2860 75.4 9.6

The spatial extent and amount of information obtained from the CXT of mercury-containing
samples depend upon the X-rays being able to penetrate the sample containing mercury. Because
mercury is a particularly electron-dense element, X-ray may not be able to penetrate mercury to
emerge with enough intensity to scan the sample if the sample contains a large amount of it. As
a result, scanning curves must be used to control the quantity of mercury in the sample so that
just a fraction of the pores are filled. Table 4.2 displays the scanning curve pressures used for each
sample as well as the minimum pore diameter penetrated and the fractional mercury saturation
in the sample pore network. The reduced and spent pellets, in general, have extensive fracture
networks compared to the fresh pellets, as will be seen in the results section. The fracture network
appears to be more complex near the pellet’s top and bottom ends than the middle of the pellet.
Hence, lower scanning curve pressures were required to fill the reduced and spent void spaces.

After the samples were degassed and weighed, the samples were then transferred into a pen-
etrometer, and the weight of the penetrometer and sample was recorded. The penetrometer (with
sample) is then placed in the low-pressure port of the instrument. During the low-pressure anal-
ysis, the sample is firstly evacuated up to 50 mmHg to drive off any water vapour or atmospheric
gases in the pore network. The sample bulb is then filled with mercury while the entire system is
still under low pressure. Data collection begins at a pressure of 0.5 psia, which is enough pressure
to cause mercury to penetrate sample pores larger than 360 pm in diameter. After the low-pressure
analysis was completed, the assembly weight (penetrometer + sample + mercury) was recorded,
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and the penetrometer was transferred to the high-pressure port, and the chamber was closed
tightly. The penetrometer is placed vertically in the high-pressure port, and it is surrounded by oil,
which is the hydraulic fluid the instrument uses to generate high pressures. As the hydraulic fluid
pressure rises, it is transmitted to the mercury in the penetrometer via its open capillary stem. An
equilibration time of 15s was used for each data point.

One of the most important considerations while doing this type of experiment is that the sam-
ple must be transferred from the porosimeter tube to the CXT machine as fast and carefully as
possible to avoid mercury migration or extrusion from the sample. In some instances, the sam-
ple might be frozen in liquid nitrogen to freeze the mercury in-pace upon discharge from the
porosimeter quickly; however, this was not required for the methanol synthesis catalyst pellet as
the mercury extrusion was relatively stable, and the distance travelled from the Autopore IV to the
CXT machine was short. The stability of the entrapped mercury was tested by repeatedly collect-
ing CXT images of the same sample at various intervals over a long period, such as a week, and
comparing the spatial distribution of mercury between images®

4.2.3 Low resolution computerised X-ray tomography (CXT)

For the low-resolution CXT scans, the pellets were imaged before and after mercury entrapment
using a Zeiss Xradia Versa XRM-500 to acquire 3D image stacks. The X-ray source for the Xradia
500 Versa instrument was set to 140 kV kV and power of 10 W. The macro lens (0.4X) of the appa-
ratus was used to image the full pellets with a diameter of 5.4 mm with 360° rotations. The average
pixel size for empty pellets was 5.6 nm, and the average pixel size for samples with mercury was
5.9 um. Image acquisition parameters were the same for all the empty samples and the samples
with entrapped mercury. The scan times were roughly 2h and 2.5h for empty and mercury-filled
pellets, respectively. Both samples were scanned with 1600 projections per 360° scan. Each 3D
image stack contained 1016 slices with dimensions of 1024 x 1024 pixels and 24-bit depth. The
3D volume data sets were reconstructed using the filtered back projection (FBP) method!?8

4.2.4 Focussed ion beam-scanning electron microscopy (FIB-SEM)

The serial milling images were acquired using a Crossbeam 550 (Carl 206 Zeiss Microscopy) in-
strument equipped with a cryo-stage and integrated VCT500 vacuum transfer system for FIB-SEM
imaging. The samples were only imaged before mercury intrusion. The samples were mounted
onto a pre-tilted sample holder and was transferred into the Crossbeam 550 using the VCT500
shuttle. Once the samples were inside the instrument, an automated FIB milling algorithm was
subsequently set up and executed. The equipment was properly aligned and calibrated weekly
to ensure that the unsupervised automated FIB-SEM milling was successful. The Crossbeam 550
was also calibrated to mill a cross-section with dimensions of 10 x 30 x 10 pm (XYZ) through the
sample to acquire a 3D image stack. A fixed voltage of 30 kV and current of 700 pA was used to
generate the FIB images. The fresh SD and RC empty samples only were imaged using FIB-SEM.

6A. Nepryahin et al. Chem. Eng. Sci., 152: 663-673, 2016.
128G, N. Ramachandran and A. V. Lakshminarayanan. PNAS, 68: 2236-2240, 1971.
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Figure 4.4: Relationship between artificial intelligence (AI), machine learning (ML), artificial neural networks (ANN),
and deep learning (DL).

4.3 Background on Artificial Neural Networks

4.3.1 Deep Learning Neural Network Architecture

Deep learning (DL) is a subset of machine learning (ML)2%® and is based on Artificial Neural
Networks (ANNs) 2°? which is a computing model inspired by the organisation and workings of the
neurons in the human brain. Figure 4.4 illustrates the relationships between the different subsets
of Al Artificial neural networks are composed of many computing nodes or ‘neurons’ that each
performs a simple operation and interact with other neurons in the network to make decisions.
The neurons can provide accurate answers to some complex issues such as image classification?8?
image segmentation?8428> and natural language processing?®® Deep learning refers to the depth
(or the number) of layers in a given ANN (>3 layers) and is widely accepted as a more advanced

application of machine learning that is capable of doing more rigorous analysis.

Neurons are the basic working unit of the brain?®” They are specialised cells designed to
transmit information to other nerve cells, muscles or gland cells. The neuron can be thought of as
a miniature self-contained information processor. It receives synaptic inputs, processes them, and

283T. Aratijo et al. PloS one, 12: e0177544, 2017.

284A, Garcia-Garcia et al. Appl. Soft Comput., 1-23, 2017.

285A, Garcia-Garcia et al. Appl. Soft Comput., 70: 41-65, 2018.

286], Sutskever, O. Vinyals, and Q. V. Le. Adv. Neural Inf. Process. Syst., 4: 3104-3112, 2014.
287H. B. Ferris. Psychol. Bull., 15: 257-263, 1918.
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Figure 4.5: Schematic representation of an Artificial Neural Network (ANN) with a single row of input variables on the
left, weighted synapses shown as arrows, neurons (green circles), and output value and actual values. This type of ANN
is called a single-layer Feed forward Neural Network.

then generates an output. A neuron has three main parts: dendrites, a cell body (or soma) and
an axon. The dendrites are structures primarily associated with receiving signals. The structure
most associated with processing the signal is the cell body, while the axons are associated with the
synaptic outputs28”

Figure 4.5 shows a schematic representation of a simple artificial neural network designed
to mimic the connectivity pattern of a neuron. The network receives inputs(Xi, X, Xy), which
are independent variables that travel down the synapses (connections), and into the neurons and
then emerge from the other side as a single binary output. The network has an input layer, several
hidden layers and an output layer. The hidden layers have multiple nodes creating depth (in this
case, three hidden layers of 7, 7 and 2 nodes, respectively). Each connection on artificial neural
network has weight?®® assigned to it. The weights (W1, W_, W,,) are important parameters in a
neural network’s functioning, and they are adjusted throughout the network training stage. Based
on the weights, the neural network decides which signal gets passed along or not, or to what

288B, W. White and F. Rosenblatt. AJP, 76: 705, 1963.
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Figure 4.6: Typical examples of activation functions used in ANN. (a) Sigmoid function, (b) Tanh function, and (c)
Rectified linear function.

extent a signal get passed along the network. The neurons in the ANN takes the weighted inputs
(W1*X1, W_*X_, W,*X,,), sums them all up and then applies an activation function?® Activation
functions are usually non-linear functions that are attached to each node and determine whether
a specific neuron should be activated (i.e., ‘fired’) or not, based on whether each neuron’s input is
relevant for the model’s prediction. Common activation functions include Sigmoid, ReLU (Rectified
Linear Unit) and TanH, and depending on the nature of data and segmentation tasks, these acti-
vation functions are selected accordingly. For example, ReLUs are known to have more biological
representation (neurons in the brain either fire or they do not), and in modern neural networks,
the default recommendation is to use the rectified linear unit defined by the activation function
R(z) = max(0, 2)?°°-292 Examples of common activation functions are shown in Figure 4.6.

To train and optimise any ANN, the predicted outputs from the network is compared with
actual known values (for example, manually classified grounded truth images) by applying a
loss function (or a cost function). The loss function shows the error in the predicted value from
the network, and typically neural network seeks to minimise this function?®®> Once a loss func-
tion is found, a backward pass is performed through the entire network in a process known as
backpropagation??* The backpropagation algorithm adjusts the weights and bias simultaneously
in each iteration by keeping track of the derivates of the activation functions in each successive
neuron in order to find the weights that brings the loss function to a minimum. This forward and
backpropagation process is repeated for several iteration cycles, or epochs, until the disparity be-
tween the predicted and actual values are close to zero. An epoch corresponds to one forward and
backward propagation through the network. The optimal input weights are found once the loss
function does not change anymore, and the predicted and actual values are almost identical.

289P, Sibi, Allwyn J. S., and P. Siddarth. J. Theor. Appl., 47: 1344—1348, 2013.
290K, Jarrett et al. Proc. IEEE Int. Conf. Comput. Vis., 2146-2153, 2009.

291H. Li et al. J. Opt. Soc. Am. A:, 34: 1114-1118, 2017.

292M. J. Brown et al. J. Appl. Biomech., 33: 384-387, 2017.

293A. G. Roy et al. Biomed. Opt. Express, 8: 3627, 2017.

294D, E. Rumelhart, G. E. Hinton, and R. J. Williams. Nature, 323: 533-536, 1986.
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Figure 4.7: An example of a fully connected convolutional neural network architecture used in deep learning image
segmentation.

4.3.2 Convolutional Neural Networks (CNNs) Architecture

A Convolutional Neural Network (CNN)?270295-298 i a type of deep learning algorithm that can
recognise and classify features in images for computer vision. A typical CNN has a multilayer neu-
ral network that can analyse visual inputs and perform different tasks such as image segmentation,
classifications and detections. All deep learning convolutional neural network models follow a sim-
ilar architecture as shown in Figure 4.7, and have two main parts: a convolution operation that
splits the image into features for analysis, and a set of fully connected layers that takes the output
from the convolution layer to predict the best label for the image.

In mathematics, convolution is an operation that takes two functions as input and produces a
single output?®” The output function describes how the shape of one function is modified by the
other. Mathematically it has the form:

(£ & [~ fg(t—ryar (4.1)

In CNNs, however, convolution is the process of applying a feature detector (also known as kernel)
to an input image with a predetermined stride step and extracting a feature map3°° A kernel is
essentially a matrix of values trained to detect specific features. The key concept behind CNNs is
to spatially slide the kernel on a given input image to check if the feature it is supposed to detect
is present. The network then carries out a convolution operation by calculating the dot product of
the kernel and the input area where the kernel is overlapped (see Figure 4.8). Typically, multiple

295A. Krizhevsky, I. Sutskever, and G. E. Hinton. Adv. Neural Inf. Process. Syst, 25: 1097-1105, 2012.
296Y. LeCun et al. Proc. IEEE, 86: 2278-2323, 1998.

297H. Noh, S. Hong, and B. Han. IEEE Int. Conf. Comput. Vis., 2015: 1520-1528, 2015.

298K, Simonyan and A. Zisserman. arXiv, 1-14, 2014.

2998, Smith. Digital signal processing: a practical guide for engineers and scientists. Elsevier, 2013.

300], Goodfellow, Y. Bengio, and A. Courville. Deep Learning. MIT press, 2016. 801
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Figure 4.8: Example of convolution operation 2D showing (a) Input image (b) Kernel, and (c) a feature map. The
convolution layers are the main building block of the CNN model. The convolution operation are usually performed in
3D as the image is represented by a 3D matrix with height, depth and width dimensions.

convolution operations are performed on a given input image using different filters, producing a
distinct feature map each time. The feature maps are then all stacked together to make the final
output of the convolution layer. The outputs from the convolution layers are summed up with a
bias term and then fed to a non-linear activation function such as ReLU (Rectified Linear Unit),
TanH or Sigmoid. Activation functions introduce non-linearity into the network. A downside of
applying multiple convolution layers is the loss of pixels on the perimeter of the original input
image, causing the shrinking of any interesting features on the boundaries after many successive
convolutional layers. To overcome this issue and preserve the dimensionality of the feature maps,
CNNs use padding3®® which are a number of pixels (typically zeros) that are added to surround

the input image.

The next step of CNN is called pooling or downsampling. Pooling refers to a small portion,
and it is a process that scales down the amount of information the convolution layer generates
for each feature and maintains only the most essential features3°° The pooling process speeds up
the model training time by reducing the amount of memory consumed by the network. There are
different types of pooling operations, including max, average or sum pooling. Max pooling2©1-302
for example, slides a kernel over the input image and extracts the maximum values in that window,
producing a pooled feature map, and hence effectively reducing to the most important pixels in an
image. A deep convolutional neural network may have several convolutional and pooling layers.
Figure 4.9 shows an example of max and average pooling operations using 2x2 kernel and stride
step of 2. In CNNs, stride refers to the number of rows and columns traversed by the kernel per
slide300
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Figure 4.9: Examples of max and average pooling operation in convolutional neural networks.

The output from the convolution and pooling layers is then passed on to a fully connected
layers. This section of the CNNs is essentially the same as the ANN architecture that was described
in Section 4.3, and is composed of three layers: a fully connected input layer, a number of hidden
layers and output layers. The fully connected input layer ‘flattens’ and transforms the output from
the convolution + pooling layer into a single 1D array since the fully connected layer expects only
1D array data. This process is known as flattening as it converts the 3D volume of numbers from
the convolution + pooling layers into a single 1D vector, which becomes the input for the fully
connected layer3°° The fully connected output layer generates the final probabilities to determine
a class for the image (e.g., mercury or graphite).

4.4 Deep Learning Image Segmentation Strategy

4.4.1 Image Preprocessing

Figure 4.10 shows the overall image processing strategy and the software used in each step during
the segmentation process. The main focus for this work is the deep learning segmentation tech-
nique; however, several preprocessing steps involving slice registration and various other filters
were required for the raw CXT and FIB-SEM images to make the segmentation and phase-detection
procedures easier. The filters reduced image noise and artefacts and were necessary for both the
CXT and FIB-SEM images, and the deep learning segmentation models showed better results in
the preprocessed images. The bulk of the preprocessing steps was performed in Fiji, which is a
distribution of ImageJ3®3 that bundles many open-source plugins and projects. The deep learn-
ing segmentation task was performed in Dragonfly?®® an advanced 3D image visualisation and

analysis software developed and licensed by Object Research Systems (ORS), Montreal, Canada.

First, the X-ray and SEM images were cropped to remove background and air pixels. The

303M. D. Abramoff, P. J. Magalhdes, and S. J. Ram. Biophotonics Int., 11: 36-41, 2004.
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Figure 4.10: A flowchart showing the overall image processing steps.

images were then processed with automatic contrast and histogram equalisation filter by using
the Enhance Local Contrast or CLAHE3?43%> plugin in Fiji. A non-local means filter with auto-
sigma estimation option checked was also used to reduce the noise further and enhance image
quality. The non-local means filter uses an edge-preserving low-pass algorithm; thus, the edges
between different phases looked considerably sharper compared to the unfiltered images, making
the manual segmentation of the training datasets tasks much easier3%

For the FIB-SEM images, stack alignment is an additional preprocessing step to produce a
correct 3D volume and for proper visualisation and segmentation. This step involves the align-
ment of the image stack along the Z-axis (perpendicular to the milling direction). During serial
milling, spatial drifts can occur due to displacement of the region of interest (ROI), loss of SEM

304A. M. Reza. IJVSP, 38: 35—-44, 2004.
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(a) Pre stripe filter (b) Post stripe filter

Figure 4.11: 2D FIB-SEM image of fresh RC sample pre and post stripe removal. (a) Before applying the striper filter.
(b) After stripe filter. The scale bar corresponds to 2 pm.

focus or irregular thickness of milled phase, and hence drift correction is required. Scale Invari-
ant Feature Transform or SIFT37 is the most commonly used algorithm to align a FIB-SEM stack
where each slice is aligned to the previous one by applying a global translation, thus preserving the
local morphological properties. The stack alignment procedure was performed in Dragonfly soft-
ware, which uses several automatic slice matching processes such as SIFT, the sum of the square
difference (SSD) and template matching algorithm.

Another artefact that appears on FIB-SEM images is the so-called curtaining effect. The cur-
taining effect occurs when a milled sample face shows horizontal or vertical lines that look like a
theatre curtain or waterfall. The curtaining effect is detrimental for quantitative image analysis as
it may obscure desired features and must be removed during the preprocessing stage. The verti-
cal curtaining effect present in the FIB-SEM images was removed by applying a stripe filter??® a
plugin in Fiji that uses a combination of wavelet and Fast Fourier transform. An example of before
and after applying the stripe filter is shown in Figure 4.11.

4.4.2 Training Deep Learning CNNs

A total of three convolutional neural network (CNN) models were trained in Dragonfly. Details
of the models and parameters used for each network are shown in Table 4.3. Segmentation of
the CXT images with entrapped mercury was done using a neural network architecture FCDense-
Net299:310 with a patch size of 64 x 64 pixels, stride ratio of 1 and batch size of 16. Mercury on
the CXT images spanned over large areas, thus allowing the use of larger patch size pixels. The

307D. G. Lowe. Int. J. Comput. Vis., 60: 91-110, 2004.
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Table 4.3: Deep learning segmentation models used for CXT and SEM images and the training parameters.

DL Parameters U-Net A Model FCDense-Net Model U-Net B Model
(Empty SD CXT) (Mercury filled CXT) (FIB-SEM)

Patch size 32 64 32

Stride ratio 0.5 1 0.25

Batch size 32 16 8

Epochs number 100 100 100

Loss function OrsDiceL.oss Categorical cross entropy OrsDicel.oss

Optimisation algorithm Adadelta Adadelta Adadelta

number of epochs was set to 100, with early termination of the training stage in 10 epochs if the
loss function does not decrease further. The loss function and optimization algorithms were set to
‘categorical-crossentropy’ and Adadelta’>!! respectively. For the training dataset, 20 of the 1016
preprocessed 2D image slices were selected and manually delineated to identify each pixel with
one of three phases: air, mercury and rest of the pellet. Dragonfly has tools that can be adjusted
in size for the manual segmentation task, including brushes and erasers. These tools are found in
the ROI painter function and can be customised accordingly. For each model, some of the different
phases present in the training dataset were manually segmented (painted), diversifying according
to their shape and size. The manually segmented images were subsequently used as input data for
each network. Manual segmentation took around 1 to 3 hours for each sample.

To offer an unbiased evaluation of how precisely the trained model can segment the images
correctly, the data from the image slices were separated into patches, with 80% of the patches
being used for training and the remaining 20% being retained for validation. After 35 epochs, the
trained model had 85% accuracy and 97% accuracy after 100 epochs (accuracy, in this case, is
defined as the % of pixels with the material phase correctly identified). The amount of computer
time required for training is determined by the number of training images, the complexity of deep
learning network architecture, the number of epochs necessary to achieve an adequate accuracy
for each training image, and computer performance. Each epoch in this study took 39 minutes
to complete using a Workstation equipped with an Nvidia graphics RTX P6000 24Gb Quadro. In
total, the model training took 65 hours. Once trained, the model was applied to all the slices and
other images from samples with mercury, e.g. fresh roll compacted.

For the segmentation of high-and low-density SD CXT images, a U-Net?’4 convolutional neural
network (U-net A) was used with a patch size of 32 x 32 pixels, stride to input ratio of 0.5, batch
size of 32, loss function ‘OrsDiceLoss’, and optimisation algorithm of Adadelta’. For the FIB-SEM
images, a U-Net model (U-Net B) with a patch size of 32 x 32 pixels proved adequate to capture the
smaller image details. The stride ratio was set to 0.25, batch size of 8, loss function ‘OrsDiceLoss’,
and optimisation algorithm of ‘Adadelta’. To provide greater model controls, Dragonfly software
includes an optional advanced parameters panel that contains additional fine-tuning functions
(including TensorBoard controls), criteria for early training termination and conditions for the

311M. D. Zeiler. CoRR, 121:, 2012.
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Figure 4.12: Raw and segmented CXT images of an empty fresh spray dried catalyst pellet. (@) Raw 2D radial slice, (b)

3D reconstructed grayscale volume of the pellet exterior, (c) Graphite (blue) representing 0.5% of the volume fraction, (d)

High density spray dried feed material (orange) representing 47.9%, (e) Low density spray dried feed material (green)
representing 51.6%, and (f) All the segmented phases. The scale bar corresponds to 1,000 pm.

learning rate reduction. However, these parameters are understood to be outside the capability of
non-expert users as they correspond to many of the controls that professionals would have if they
were directly programming their own solution with lower-level tools.

4.5 Results and Discussion

4.5.1 Fresh Pellets CXT Segmentation

After all the models were trained successfully, they were applied to segment the remaining unseen
images from the same CXT or FIB-SEM batches, resulting in fully segmented image stacks. Fig-
ure 4.12 shows segmentation results for the empty fresh spray-dried CXT images. The U-Net?74
model (A) succeeded in segmenting all three phases (graphite, high-density, and low-density spray-
dried feed) and took approximately 90 minutes to segment the complete image stack fully. From
the segmentation of the three separate phases, it can be seen that their distributions are pervasive
throughout the pellet, and there are no signs of segregation by density. The volume fractions for
each phase were calculated from the images. The graphite from the CXT image represented 0.5%,
while the low and high-density SD feed material represented 51.6% and 47.9%, respectively. The
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Figure 4.13: Raw and segmented CXT images of fresh spray dried catalyst pellet following mercury porosimetry up to

8,600 psia leading to entrapment filling 11.5% of the pore space. (a) Raw 2D radial slice. Bright white regions correspond

to mercury, (b) 3D reconstructed grayscale volume of the pellet exterior, (c) Pellet regions with no entrapped mercury

(green) representing 84.6% of the volume fraction, (d) Entrapped mercury in the void spaces (orange) representing
15.4%, and (e) All the segmented phases. The scale bar corresponds to 1,000 pm.

surface meshes and 3D renderings for each segmented phase are also displayed in Figure 4.12. The
3D surface rendering allows for quick visualisation of the spatial distribution of different phases
in the catalyst pellet studied. A typical example of a reconstructed 2D radial cross-section slice
and 3D rendered volume of the pellet exterior before segmentation, both in grayscale, are also
displayed in the figure for comparison. From the 2D and 3D images, the individual feed particles
making up the spray-dried pellet can be seen by virtue of the distribution in density in the particles
evident from the variation in the average pixel intensity.

The U-Net model (A) accuracy reached 97%; however, this does not guarantee an error-free
automated segmentation when the model is used on previously unseen images. Thus, some iso-
lated clusters of inaccurately labelled pixels were sometimes found in the segmented images (e.g.,
low-density spray-dried regions were mistakenly labelled as high-density spray-dried feed). These
errors were successfully corrected in the post-segmentation processing steps. Furthermore, the
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Figure 4.14: Raw and segmented CXT images of fresh roll compacted catalyst pellet following mercury porosimetry up to

8,600 psia leading to entrapment filling 11.0% of the pore space. (a) Raw 2D radial slice. Bright white regions correspond

to mercury, (b) 3D reconstructed grayscale volume of the pellet exterior, (c) Pellet regions with no entrapped mercury

(green) representing 66.8% of the volume fraction, (d) Entrapped mercury in the void spaces (orange) representing
33.2%, and (e) All the segmented phases. The scale bar corresponds to 1,000 pm.

accuracy of the segmentation results was assessed visually by comparing randomly selected seg-
mented slices with the corresponding original images.

Figure 4.13 shows the segmentation results of the fresh spray-dried pellet following mercury
porosimetry up to 8,600 psia leading to entrapment filling 11.5% of the pore spaces. The figure de-
picts the 3D renderings of this pellet showing entrapped mercury and the remaining empty pore
spaces. The bright white pixels on the 2D grayscale images are associated with entrapped mer-
cury as they represent the largest X-ray absorbance, whereas the relatively grey regions represent
empty void spaces without mercury. The mercury displays a shrinking core effect moving from
all directions towards the centre of the pellets. It is also noted that behind the front, intrusion of
all the void space is not complete, as some SD feed particles remain partly or fully without mer-
cury even once the main intrusion front has moved past. The volume fraction based on mercury
(orange colour) pixel intensity from the CXT images is 15.4%, which is slightly higher than the
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11.5% obtained from mercury porosimetry data. The rest of the unfilled pore spaces in the pellet
represented 84.6% of the volume fraction.

Figure 4.14 shows the segmented CXT images of fresh roll compacted catalyst pellet following
mercury porosimetry up to 8,600 psia leading to entrapment filling 11% of the pore space. The
FCDense-Net39310 model successfully isolated the mercury pixels from the rest of the empty pel-
let. The mercury entrapment shows a similar pattern as the fresh spray-dried pellet as it forms a
shrinking core effect. However, some mercury gets intruded into the gaps between feed particles
and forms a dendritic like branching. The irregular polygonal form of the dark unintruded zones
suggests that they are likely associated with individual RC feed particles within the pellet. Intru-
sion occurs via cracks, lower density RC feed particles, and the low-density regions surrounding
high-density feed particles. During the manufacturing phase, under-size or oversize particles from
ribbon milling are frequently recycled back into the roll-compacted feed in the preparation of
roll-compacted feed, and this can happen many times for some areas of the material resulting in
changes in feed particle density. Some particles may not pack densely enough, resulting in spaces
between them, or particles may splinter at regions of contact with other particles where stresses
are higher, resulting in fractures between them/ The volume fractions of mercury and empty pore
spaces are 33.2% and 66.8%, respectively. The volume fraction from the image is significantly
higher than the true pore volume from mercury porosimetry data. This is probably due to mercury
getting intruded into the large gaps between high-density roll compacted feed particles.

4.5.2 Reduced Pellets CXT Segmentation

Figure 4.15 shows the segmentation results for the empty reduced spray-dried pellet. The U-Net
(A) model successfully segmented all the different phases on the images. The reduced SD pellets
have the same feed particles composition as the fresh SD pellets (i.e. graphite, high and low-
density SD feed material). However, the CXT imaging has revealed the presence of a splintering
or cracking of the feed particles within the reduced SD pellet. The cracks might have developed
due to the compaction forces acting on the points of contact on the pellet during the reduction
process. The fracture network is thought to generate macroporosity that act as motorways for
molecular diffusion, and provide quick access to the active sites in the pellet. This can be seen in
the CXT images of the samples with entrapped mercury in the pores where the mercury tends to be
associated with the cracks, as the crack network is feeding the mercury intrusion and is providing
an entry point into the pellet.

4.5.3 Segmentation of Mercury in Cracks

Tracking the development and spatial distribution of large cracks in the pellets is essential to un-
derstanding the relationship between mechanical characteristics and microstructural properties
of the pellets. The methanol synthesis catalyst pellets are used in reactors where the operating
process conditions are such that the pore diffusion occurs in the Knudsen regime. One of the ways

7S. P. Rigby. Structural characterisation of natural and industrial porous materials: A manual. Springer Nature, 2020.
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Figure 4.15: Raw and segmented CXT images of an empty reduced spray dried catalyst pellet. (a) Raw 2D radial slice, (b)

3D reconstructed grayscale volume of the pellet exterior, (c) High-density SD feed material (orange) representing 48.6%

of the volume fraction, (d) Low-density SD feed material (green) representing 50.5%, (e) Graphite (blue) representing
0.9% of the volume fraction, and (f) All the segmented phases. The scale bar corresponds to 1,000 pm.

to lower the diffusional resistance, in such instances, is to introduce large pores into the structure
to provide better access to the centre of the pellet where there are smaller pores providing active
surface area. However, an increased number of pervasive large pores within the pellet might nega-
tively impact pellet strength. Hence, the largest interconnected fracture network in the reduced SD
pellets following mercury intrusion up to 3,800 psia leading to entrapment filling 3.6% of the pore
space was isolated for further studies as shown in Figure 4.16. The fracture network was extracted
during the post segmentation and quantification stages by refining the graphite ROI region. The
crack network pixels have a similar intensity profile as the graphite and were initially segmented
together as one multi-ROI. The "refine ROI" option was then used to isolate the largest intercon-
nected fracture network in the pellet. A morphological thickness analysis was then performed on
the mercury in the pores, which revealed that all fracture network thickness ranges from 22 to 130
pm. The crack thickness varies throughout the pellet; however, the thickest portion is generally at
the beginning of the fracture. Additionally, the crack network does not seem to have a particular
orientation and is varied across the 360° inside the pellet.

Figure 4.17 shows the segmentation results for the reduced roll compacted sample with mer-
cury up to 3,800 psia leading to entrapment filling 5.4% of the pore space. The FCDense-Net30%-310
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Figure 4.16: Raw and segmented CXT images of reduced spray dried catalyst pellet following mercury porosimetry up to

3,800 psia leading to entrapment filling 8.5% of the pore space. (a) Largest interconnected fracture network in the pellet

following mercury intrusion. The mesh depicts the thickness of the cracks in the pellet, (b) 3D reconstructed grayscale

volume of the pellet exterior, (c) All the segmented phases, and (d) Pellet regions with no entrapped mercury (green)
representing 96.3% of the volume fraction. The scale bar corresponds to 1,000 pm.
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Figure 4.17: Raw and segmented CXT images of reduced roll compacted pellet following mercury porosimetry up to 3,800

psia leading to entrapment filling 5.4% of the pore space. (a) Raw 2D radial slice. Bright white regions correspond to

mercury, (b) 3D reconstructed grayscale volume of the pellet exterior, (c) Entrapped mercury in the void spaces (orange)

representing 36.2%, (d) Pellet regions with no entrapped mercury (green) representing 63.8% of the volume fraction,
and (e) All the segmented phases. The scale bar corresponds to 1,000 pm.

model succeeded in segmenting all the different phases on the images. The mercury entrapment
profile in the reduced RC sample follows a similar pattern as the fresh RC samples as it gets
intruded into the gaps between feed particles and creates fractal dendritic branches. Additionally,
large zones of pellet are left unintruded as they are probably thought to have a higher density than
the rest of the feed material and are surrounded by pores with neck sizes smaller than ~56.7 nm,
which is the minimum pore diameter penetrable at this scanning curve pressure. The volume frac-
tions of the mercury and rest of the empty pellet as calculated from the CXT images are 36.2%
and 63.8%, respectively.

4.5.4 Spent Pellet CXT Segmentation

Figure 4.18 displays the segmentation results for the spent spray-dried sample following mercury
intrusion up to 2,860 psia leading to the entrapment filling 11.9% of the void space. The spent
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Figure 4.18: Raw and segmented CXT images of spent roll compacted catalyst pellet following mercury porosimetry

up to 2,860 psia leading to entrapment filling 11.9% of the pore space. (a) Raw 2D radial slice. Bright white regions

correspond to mercury, (b) 3D reconstructed grayscale volume of the pellet exterior, (¢) Entrapped mercury in the void

spaces (orange) representing 20.8%, (d) Pellet regions with no entrapped mercury (green) representing 79.2% of the
volume fraction, and (e) All the segmented phases. The scale bar corresponds to 1,000 pm.

pellets, in general, have more extensive fracture networks than the fresh and reduced pellets. The
fracture network appears to be more complex near the top of the pellet and the bottom end than
the middle of the pellet. As a result, lower scanning curve pressures were required to fill the void
spaces in the spent pellets. As with the reduced SD, the entrapped mercury was associated with the
cracks because the regions between the cracks that have no access to the crack network tended to
be unintruded with mercury. Additionally, the outside mercury rims on the 2D radial cross-section
images provide visual evidence of how far the mercury would have penetrated the sample without
the presence of the fracture network. The volume fractions of the mercury and empty pore phases
calculated from the CXT images are 20.8% and 79.2%, respectively.

Figure 4.19 displays the segmentation results of the spent roll compacted following mercury
porosimetry up to 2,860 psia leading to entrapment filling 9.6% of the void space. As with the
spent SD pellet, the spent RC required lower scanning curve pressure to fill up their pore spaces,
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Figure 4.19: Raw and segmented CXT images of spent roll compacted catalyst pellet following mercury porosimetry

up to 2,860 psia leading to entrapment filling 27.2% of the pore space. (a) Raw 2D radial slice. Bright white regions

correspond to mercury, (b) 3D reconstructed grayscale volume of the pellet exterior, (¢) Entrapped mercury in the void

spaces (orange) representing 23.2%, (d) Pellet regions with no entrapped mercury (green) representing 76.8% of the
volume fraction, and (e) All the segmented phases. The scale bar corresponds to 1,000 pum.

but the mercury entrapment behaviours for the spent RC sample seem different from that of the
spent SD. From Figure 4.19, it can be seen that mercury gets trapped around the middle of the
pellet for the spent RC, whereas for the spent SD sample, the mercury gets stuck around the
outside, showing structural differences between pellets. The volume fractions of the mercury and
empty pore phases from the CXT images are 23.2% and 76.8%, respectively.

4.5.5 FIB-SEM Imaging Results
4.5.6 Fresh SD FIB-SEM

Figure 4.20 shows both the raw and segmented FIB-SEM serial milling images for the fresh spray-
dried sample. The sample’s surface morphology was studied using energy dispersive spectroscopy
(EDS), which revealed that the darker areas are pores, the lighter grey areas are primarily alumina,
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Figure 4.20: 2D and 3D reconstructed grayscale FIB-SEM images and segmentation for fresh spray dried pellet. (@) 2D

grayscale image, (b) 3D reconstructed grayscale volume, (c) Pores representing 2.4% of the volume fraction, (d) Alumina

representing 36.0% of the total volume fraction, (e) Copper/Zinc oxide representing 61.6% of the total volume fraction,
and (f) All segmented phases. The scale bar corresponds to 2 pm.

and the brighter regions are Copper/Zinc oxide. Both the 2D slice and 3D volume show part of
a rounded particle composed of dense CuO/ZnO phase of size ~5-10 um. The size, shape, and
composition (and thus electron density) of this round particle suggest it is an example of the
particles that appear as rounded, bright white particles in the high-resolution CXT image of the
SD feed material in Chapter 3. It can also be seen that these rounded high-density particles have
no macropores, as there is a gap in the distribution of macropores in the region of the particle in
the image. The automatic segmentation of the 3 phases using the U-Net model (B) was successful
in the case of the Cu/ZnO and alumina phases. However, the model was partially successful in
segmenting the pores because the grey-values range of the pores heavily overlapped with the
alumina. Comparison of the 2D slices of some of the spray-dried FIB-SEM images showed that
some pores were incorrectly labelled as alumina in some isolated cases. However, The accuracy of
the U-Net B model appeared qualitatively high. The volume fractions of each phase are 2.4% for
pores, 36.0% for alumina, and 61.6% for CuZnO.

4.5.7 Fresh RC FIB-SEM

Figure 4.21 displays the raw and segmentation results for the fresh roll compacted pellet from
510 slices. As with the fresh SD, the roll compacted sample similarly shows three phases: pores,
copper/Zinc oxide, and alumina. The three phases were subsequently segmented using the U-
Net model (B), and the reconstructed images are also shown in Figure 4.21. From Figure 4.21
it can be seen, in the volume sampled, that the texture of the RC feed pellet over length-scales
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Figure 4.21: 2D and 3D reconstructed grayscale FIB-SEM images and segmentation result for fresh roll compacted pellet.

(@) 2D grayscale image, (b) 3D reconstructed grayscale volume, (c) Pores representing 2.1% of the volume fraction, (d)

Alumina representing 38.2% of the total volume fraction, (e) Copper/Zinc oxide representing 59.8% of the total volume
fraction, and (f) All segmented phases. The scale bar corresponds to 2 pm.

~1-10s pm is very different to that of the SD feed pellet region seen. The macropores in the roll
compacted sample seem to be evenly distributed in the different regions of the pellets compared
to the SD sample, where the macropores were found in only specific regions of the pellet. The
volume fractions of the different phases are 2.1% pores, 59.8% Cu/ZnO and 38.2% alumina.

4.5.8 Post-segmentation Quantification and Model Validations

With the deep-learning model accuracies achieved in this segmentation work, the volume fractions
of each phase could be calculated with great precision from the segmented image stack. Further-
more, the spatial distributions of the different phases were displayed with minimum noticeable
inaccuracies. As a result, the segmented images would be suitable for various post-processing
procedures for extracting other quantitative information, such as fracture thickness measurement
and assessing if entrapped mercury’s spatial distribution in the pores can be established. However,
there are at least three other sources of inaccuracies that could affect the deep-learning segmen-
tation approach used here. One is the quality of the original X-ray and FIB-SEM images, which is
influenced by image resolution, near-field diffraction effects and the presence of noise or artefacts
on the original image stack. In the present study, this source of error does not appear to be a limita-
tion in the segmentation of CXT images of samples with mercury because of the filters used during
the preprocessing stage. However, for the CXT and FIB-SEM images of the empty samples, some
isolated clusters of inaccurately labelled pixels were sometimes found in the segmented images.
These errors were successfully corrected in the post-segmentation processing steps.
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The second source of the error is the manual segmentation procedure that must be used to
create the training dataset. This is the most time-consuming stage, and there will most likely be
some inadvertent labelling errors among the vast number of CXT (1004 x 1024) and FIB-SEM
(2048 x 1536) pixels in each image slice, as well as judgment errors for pixels located at the
boundaries of two phases. The manual segmentation errors are more likely to occur at single
isolated pixels and have minimal impact on the final trained model. In contrast, judgment errors
are more likely to affect only the exact location of the boundaries within a distance determined by
pixel size or image resolution.

The third type of error is pixel mislabelling, which may occur during the inference step due to
inaccuracies in the network model’s coefficients. The accuracy of the segmentation model is gov-
erned by the parameters given during the training stage (i.e., number of training images, batch
size, number of iterations and patch size). The error rate reduces typically as the number of train-
ing images and iterations increases to a certain point; hence, there is a trade-off between network
accuracy and computer time required for training. However, an increased number of iterations may
result in overfitting of the model’s weights and could lead to poor segmentation of the previously
unseen images. After each epoch, the error functions for both the training and validation patches
were checked to confirm that both errors decreased in successive epochs, preventing the model
from overfitting (an increase in the validation error indicates overfitting in this case). With 100
epochs and training parameters considered to be appropriate based on previously trained models,
an error rate of 2.7% was achieved in the present image segmentation. However, a more compre-
hensive assessment is required to be undertaken to optimize the selection of training parameters
and quantify the trade-off between computation time and error rate.

4.6 Conclusion

In this chapter, a deep learning image segmentation procedure was used to segment 3D CXT
and FIB-SEM images from methanol synthesis catalyst pellets before and after mercury intrusion,
in which the different phases on the pellets showed identical image intensities. Using a local
workstation, this was accomplished within reasonable run times, proving a viable solution to the
challenge of segmenting a large quantity of 3D CXT and FIB-SEM images and the associated barrier.
Identifying the various phases in the segmented 2D slices of both the CXT and FIB-SEM images
was consistent with the visual identification from the original slices. Additionally, the high and
low-density phases on the empty SD samples could not be easily distinguished in the original CXT
images, but they are readily differentiated in the segmented images. It was also demonstrated that
the deep learning segmentation was successful in automating fracture network segmentation in
the methanol pellets. Post-segmentation image processing allowed the distributions of phases and
fractures networks to be rendered in forms that assisted in understanding their distributions in 3D
space and extracting quantitative information on the microstructural properties.

The next chapter introduces freshly reduced and spent methanol synthesis catalyst pellets.
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5.1 Introduction

hapter 3 introduced the reader to the concept of integrating multi-modal imaging with the

more statistically-representative multi-scale methods to characterise fresh methanol synthe-
sis pellets made using spray dried or roll compacted feed materials. The chapter looked at how
different pellet fabrication processes affect pore structures in the final pellet and its impact on
mass transport rate. In particular, how specific features of the void space are related to certain
aspects of the fabrication process was determined. The results have shown that a combination of
indirect characterisation methods, such as overcondensation and mercury porosimetry, and imag-
ing techniques can provide detailed spatial information for a porous material. Additionally, it has
been found that the degree of heterogeneity in average pore sizes between feed particles, and their
particle size relative to that of the pellet itself, significantly impact the accessibility of the pellet
interior.

This chapter will first introduce the reader to the reduced and spent methanol synthesis pellets,
and will then test the effectiveness of reduced and spent pellets by using a combination of indi-
rect characterisation methods, together with X-ray and SEM imaging, similar to that discussed in
Chapter 3. The freshly reduced samples were reduced with a flowing gas mixture (20,000 1/hr/kg)
containing 2 vol% hydrogen in balance nitrogen and held at a temperature of 225 °C for 8 hours at
ambient pressure. The resulting active catalyst is black in colour. The spent samples were aged by
Johnson Matthey (JM) in a pilot-scale methanol synthesis reactor operating under conventional
methanol synthesis conditions of T and P, and employing a realistic synthesis gas composition.

128
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5.2 Materials and Methods
5.2.1 Samples studied

Freshly reduced and spent(aged) methanol synthesis catalyst pellets made using either spray-dried
(SD) or roll compacted (RC) feed materials were studied in this work. The SD and RC pellets are
mesoporous cylindrical tablets with dimension of ~5.4x3.4 mm (base diameter X length)(see
CXT images). The reduced SD and RC pellet have an average BET surface area of 118.1 m?g~!
and 112.9m?g~!, respectively. The spent SD and RC pellets have an average BET surface area of
65.4m2g~! and 61.7m?g~!, respectively. Tables 5.1 to 5.2 contain further details and properties of
the samples studied.

Table 5.1: Characteristics of the freshly reduced and spent catalyst pellets. Porosity values were obtained from mercury
porosimetry. The bulk density was obtained from helium pycnometry.

Sample Porosity Bulk density ~ BET Cylinder dimension
(%) (g/cm?) (m?/g) (diameter x height)
Reduced SD 67.3 1.91 118.070 5.5x3.4mm
Spent SD 69.4 1.92 65.395 5.4x3.4mm
Reduced RC 64.4 1.80 112.883 5.4x3.5mm
Spent RC 65.1 2.10 61.655 5.6x3.4mm

Table 5.2: Specific pore volumes and modal pore diameters of the samples as determined by two different methods

Sample Hg pore N, sorption pore Hg modal pore N3 modal pore
volume (ml/g) volume (ml/g) diameter (nm) diameter (nm)
Reduced SD 0.324 0.356 37.5 10.9
Spent SD 0.333 0.340 60.3 20.8
Reduced RC 0.322 0.332 35.9 11.7
Spent RC 0.315 0.321 51.0 19.1

5.2.2 Integrated mercury porosimetry and gas sorption

The integrated method or the ‘sifting’ strategy, which consists of a series of gas sorption and
mercury porosimetry experiments conducted on the same sample, was used to analyse the reduced
and spent catalyst pellets. The integrated method is explained in detail in Chapter 3, but the main
steps of the experiment, as well as further aspects of the procedure that are unique to the samples
tested in this chapter, will be discussed in this section. The integrated rate of adsorption-mercury
porosimetry aims to selectively block specific pore sizes, and then study how important those pores
were to the rate of mass transport before and after their removal. The reduced and spent samples
were degassed at 140 °C, and the samples were kept under vacuum for 24 hours to drive off any
physisorbed water on the pores.

Figure 5.1 shows a simplified block diagram representing the integrated mercury porosimetry
and gas sorption techniques. First, an empty sample is imaged using both SEM and CXT. Next, the
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Figure 5.1: A schematic representation of the integrated mercury porosimetry-gas adsorption-imaging technique. The
blue line shadings denote condensate, and the grey shadings denote mercury.

nitrogen gas sorption experiments, including conventional isotherms, rate of adsorption (ROA)
and overcondensation, are conducted on the empty samples. After the first nitrogen gas sorption
experiments, the sample is transferred to a mercury porosimetry (MIP) instrument to entrap mer-
cury into the pores at different pressures. Once the mercury entrapment is finished, the sample
is returned to the gas sorption rig, and the nitrogen adsorption experiments are repeated to ob-
tain the post-mercury data. The samples were also imaged using X-ray before and after mercury
entrapment.

5.2.3 Rate of Adsorption (ROA) procedure

The sample preparation and the experimental setup for the rate of adsorption experiment are
similar to that of other gas sorption experiments. The reduced and spent samples were degassed
at 140°C, and the samples were kept under vacuum for 24 hours to drive off any moisture or
physisorbed gas on the pores. The rate of adsorption (ROA) technique works by dosing a known
quantity of nitrogen gas onto the sample and then recording the amount of gas adsorbed, and
the corresponding pressures over time. The dosing quantity was taken from the BET monolayer
capacity. An additional 5 cc(STP) /g of gas was added to this amount to compensate for the initial
expansion of the gas into the free space of the sample tube.

5.2.4 Overcondensation gas sorption procedure

The overcondensation (OC) experiment is described in detail elsewhere in thesis in Chapter 3.
The OC experiment is used to investigate any porosity beyond the instrument upper limit for
the conventional isotherm (P/Py >0.995). The conventional isotherms for reduced and spent
materials clearly showed that porosity exists beyond the conventional instrument upper limit, and
therefore OC experiments were carried out on the samples to obtain the true pore volume and the
correct pore size distribution of the sample.

5.2.5 Imaging using CXT and SEM

The reduced and spent catalyst pellets were imaged using low-resolution CXT and FIB-SEM. For
the low-resolution CXT scans, the whole pellets were imaged before and after mercury entrapment
using a Zeiss Xradia Versa XRM-500 to acquire 3D image stacks. A similar imaging technique as
the fresh catalyst pellets were used for the reduced and spent pellets. The 3D volume data sets
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Figure 5.2: Raw 2D radial slice and 3D reconstructions for the (a) Empty reduced SD, and (b) Empty reduced RC feed
pellet.

were reconstructed using the filtered back projection (FBP) method!?® For the FIB-SEM imaging,
a serial milling procedure was carried out using a Crossbeam 550 (Carl 206 Zeiss Microscopy) to
acquire a series of 2D images and later stitched together to create a 3D volume stack.

5.3 Results

5.3.1 CXT Imaging
5.3.2 Imaging Empty Reduced SD and RC

Figure 5.2(a) and (b) shows typical example of 3D reconstruction and 2D radial cross-section
slice CXT images of the empty reduced SD and RC feed pellets, respectively. The reduced SD and
RC samples have the same feed particles composition as the fresh pellets, namely high-density
and low-density feed particles. The samples also contain many smaller, dark black spots, which
correspond to the graphite lubricant particles.

128G, N. Ramachandran and A. V. Lakshminarayanan. PNAS, 68: 2236-2240, 1971.
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Figure 5.3: Raw 2D radial slice and 3D reconstructions for the (a) Empty spent SD, and (b) Empty spent RC feed pellet.

The CXT images of the freshly reduced and the spent pellet revealed the presence of a splinter-
ing or cracking of the feed particles that have not been seen in the fresh samples. The cracks might
have developed during the reduction stage as the incidence of cracks have increased following
the reduction. The reduction step results in some differential shrinkage of the pellet (as oxide is
lost) which causes shear forces and cracking. The fracture network is thought to generate macrop-
orosity that acts as motorways for molecular diffusion, and provide quick access to the active sites
in the pellet. This can be seen in the CXT images of the samples with entrapped mercury in the
pores where the mercury tends to be associated with the cracks, as the crack network is feeding
the mercury intrusion and is providing an entry point into the pellet.

5.3.3 Imaging Empty Spent SD and RC

Figure 5.3(a) and (b) shows examples of 3D reconstruction and 2D radial cross-section slice CXT
images of the empty spent SD and RC feed pellets, respectively. The spent SD pellet have more
extensive fracture networks than the spent RC sample. The fracture network appears to be more
complex near on the outer layer of the pellet as well as the top and bottom ends. The many
irregularly-shaped regions of varying size and density seen in the fresh RC sample seems to slightly
merged together in the spent RC pellets. However, there is still some hint of density segregation
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Figure 5.4: 2D and 3D reconstructed grayscale FIB-SEM images for the (a) Reduced SD and (b) Reduced RC. The scale
bar corresponds to 5 pm.

within the irregular shaped regions on the RC pellet.

5.3.4 FIB-SEM Imaging

Figure 5.4(a) and (b) show a 2D slice SEM image and a 3D volume reconstruction from 300
slices for the reduced SD and RC pellets, respectively. For the reduced SD sample, the rounded,
high-density particles found in the fresh SD samples have now much more macropores inside
them. These high-density particles were similar to the particles that appeared as bright white
particles in the high-resolution CXT images of the fresh SD feed that were seen in Chapter 3. The
rounded particles in the fresh SD sample had no macropores, as there is a gap in the distribution
of macropores in the region of the particles in the image. However, on the reduced SD sample,
the number of pores on the dense Cu/O/ZnO phase has gone up, which leads to the creation of
an additional porosity in the sample as the porosity has increased from 47.1% to 67.3% as can
be seen in Table 5.1. The reduction process is thought to increase the number of macropores on
the high-density regions of the reduced SD pellets, leading to an increase in pellet porosity. This
is consistent with the changes in BET surface area measurements of the reduced samples shown
in Table 5.1, where the surface area of the reduced samples has increased by more than ~ 25%
compared to the fresh catalyst pellets.
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Figure 5.5: 2D and 3D reconstructed grayscale FIB-SEM images for the (a) Spent SD and (b) Spent RC. The scale bar
corresponds to 5 pm.

Figure 5.5(a) and (b) show a 2D slice SEM image and a 3D volume reconstruction from 230
slices for the spent SD and RC pellets. The images show that the Cu/ZnO regions have grown in
size, whereas the alumina particles have shrunk by agglomerating with their neighbouring particle.
Additionally, many of the macropores in the alumina phase disappeared after the ageing process
as there are not many large macropores found in the alumina phase. The shrinkage of the alumina
phase contributes to the loss of the macropores in the pellet, which in turn leads to the loss of
catalyst surface area, as can be seen in Table 5.1. The BET surface area of the spent samples fell by
~30% compared to fresh samples and by more than ~44% compared to the reduced samples. The
loss of surface area for the spent pellets could also be attributed to catalyst deactivation due to
sulphur poising, metal deposition onto the active sites, or sintering of the copper particles resulting
in copper surface area loss.

5.3.5 Mercury Porosimetry Data

Figure 5.6(a)-(d) show the raw mercury porosimetry scanning curves for the whole reduced and
spent SD and RC samples. Scanning curves up to different intrusion pressures were used during
the mercury porosimetry experiments to ‘filter-out’ specific pores sizes by filling them with mercury.
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Figure 5.6: Mercury porosimetry scanning curve data for (@) Reduced SD, (b) Reduced RC, (c) Spent SD and (d) Spent
RC. The mercury scanning curve pressures are indicated on the graph legends.

The top of each intrusion curve indicates which pore-necks have been penetrated and blocked out
by mercury. The extrusion curves show what fraction of the pores that have been penetrated are
still full of mercury. The scanning curves reveal the intra-batch variability amongst the pellets
from the same batch. The spatial arrangement of each pellet is different from another due to the
variation in the arrangement of the pre-compaction lumps. As a result of the intra-batch variability,
the intrusion levels varied slightly from pellet to pellets at the same pressures. However, the overall
intrusion curve shapes for each pellet followed similar patterns.

The raw data from the mercury porosimetry experiments were analysed using Kloubek’®, cor-
relation which is a semi-empirical alternative to Washburn equation;! and the resulting curves are
displayed in Figure 5.7 (a)-(d). The mercury intrusion data shows that as the ultimate mercury
pressure is increased, then, progressively, more intrusion occurs into the ever-smaller pore necks.
From the mercury extrusion data, it can be seen that, typically, ~70-100% of the intruded mer-
cury becomes entrapped, depending upon the ultimate intrusion pressure, with fractionally less
mercury becoming entrapped for higher ultimate intrusion pressures. The Kloubek relationship

76J. Kloubek. Powder Technol., 29: 63-73, 1981.
71W. E. Washburn. Phys. Rev., 18: 206-209, 1921.
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Figure 5.7: Mercury porosimetry scanning curve data analysed using the Kloubek correlation for (@) Reduced SD, (b)
Reduced RC, (c) Spent SD and (d) Spent RC. The mercury scanning curve pressures are indicated on the graph legends.

is designed to remove the effects of contact angle hysteresis in mercury porosimetry data. The
analysed data for the reduced and spent samples is shown in Figure 5.7, where the x-axis now
represents the pore radius (nm). By applying this numerical relationship to the raw data for spent
samples, a superposition of the intrusion and extrusion curves was achieved for smaller mesopore
sizes (<10 nm for SD and <9 nm for RC). This creates ‘swan-neck’ like curves for the spent SD
and RC sample. Furthermore, this indicates that for all the pore sizes below 10 nm, the cause of
hysteresis was because of the different contact angles between the mercury and the pore walls for
the advancing and retreating mercury menisci as described in previous work®%-87 and therefore,
only leaving structural hysteresis.

5.3.6 CXT imaging of pellets following mercury entrapment

Figure 5.8(a) and (b) shows typical reconstructed 2D radial slice CXT images of the reduced SD
and RC samples following mercury intrusion up to 3800 psia. The regions of the pellet containing
entrapped mercury appear as bright white pixels, while the empty pellet matrix appears in shades

86S. Rigby et al. Appl. Catal., A, 238: 303-318, 2003.
87S. Rigby and K. Edler. J. Colloid Interface Sci., 250: 175-190, 2002.
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Figure 5.8: Raw CXT images of the reduced catalyst pellet following mercury intrusion up to 3800 psia (a) Reduced SD,
and (b) Reduced RC. The white area represent entrapped mercury and the black regions unintruded matrix.

of grey. From Figure 5.8(a) and (b), it can be seen that mercury gets entrapped into the large
macropores and the ‘vein’ like cracks in the pellets. Additionally, there are isolated mercury clusters
within the pellet away from the cracks. This means there must be connecting paths of large meso-
and-macropores that are accessible from the pellet’s surface, leading to the centre of the pellet.
One key finding made in the reduced pellets is that the reduction process produces cracking in
the pellet structure, as can be seen the CXT image of the samples. The fracture network increases
even more when the pellet has been used in the reactor. The fracture network is only found in the
reduced and spent pellets and is thought to provide an entry point for the mercury into the samples.
The fracture network is believed to provide macroporosity, act as molecular diffusion highways,
and provide fast access to active sites inside the pellet. However, some of the cracks in the pellet
are not completely saturated with mercury and therefore, during gas sorption experiments, the
nitrogen gas will still be able to diffuse through the partially filled cracks and macropores.

The mercury entrapment profile in the reduced RC sample follows a similar pattern as the
fresh RC samples as it gets intruded into the gaps between feed particles and creates fractal
dendritic branches. Additionally, large zones of pellet are left unintruded as they are probably
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Figure 5.9: Raw CXT images of the spent catalyst pellet following mercury intrusion up to 2860 psia (a) Spent SD, and
(b) Spent RC.

thought to have a higher density than the rest of the feed material and are surrounded by pores
with neck sizes smaller than ~56.7 nm, which is the minimum pore diameter penetrable at this
scanning curve pressure. The reduced and spent SD and RC samples were segmented using deep
learning2®® neural network in Dragonfly software?>® The results of segmented images for the re-

duced and spent pellets with mercury are displayed in Chapter 4.

Figure 5.9(a) and (b) shows reconstructed 2D radial slice CXT images of the spent SD and
RC pellets following mercury intrusion up to 2860 psia. The spent pellets, in general, have more
extensive fracture networks than the reduced pellets. The fracture network appears to be more
complex near the top and bottom ends of the pellet. Because of the large number of cracks present,
lower scanning curve pressures were required to fill in the void spaces in the spent samples. The
entrapped mercury was associated with the cracks, much the same as the reduced SD, because
the regions between the cracks that do not have access to the crack network tended to remain
mercury-free. Furthermore, the outer mercury rims on the 2D radial cross-section pictures show

266Y. Lecun, Y. Bengio, and G. Hinton. Nature, 521: 436-444, 2015.
258R. Makovetsky, N. Piche, and M. Marsh. Microsc. Microanal., 24: 532-533, 2018.
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Figure 5.10: Typical examples of conventional nitrogen sorption isotherms before and after mercury intrusion up to
different scanning curve pressure for the (a) Reduced SD, (b) Reduced RC, (c) Spent SD and (d) Spent RC. Arrows have
been added to the plots to indicate the direction of the change in pressure for adsorption and desorption boundary curves.

how far the mercury would have penetrated the material if the fracture network had not been
present.

The 2D radial cross-section images of the spent pellets reveal the structural differences in the
mercury intrusion patterns between the SD and RC feed particles. For the spent SD sample, the
mercury intrusion occurs as a defined front that progressively migrates towards the centre of the
pellets. However, for the spent RC sample, the mercury first enters the cracks and is deposited in
the centre of the pellets, and then it gradually spreads and fills in the centre of the pellets, like an
inland river delta (e.g., the Okavango delta in Botswana).

5.3.7 Gas Sorption Data
5.3.8 Gas sorption scanning curve isotherms

Figure 5.10(a) to (b) show the conventional nitrogen sorption isotherms for the empty reduced
and spent SD and RC samples (dashed lines), and for the samples following mercury entrapment
after intrusion to a range of different pressures (solid lines). From the nitrogen isotherms, it can
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be seen that as more mercury is added to the sample, the ultimate amount of gas adsorbed at
the top of the isotherms decreases. The empty reduced samples generally have the highest pore
volumes compared to the fresh and spent pellets. This is probably due to an increase in the pellet
porosity post-reduction, as can be seen in the FIB-SEM images.

From Figure 5.10(a) to (b), it can also be seen that the shape of the isotherms is of Type IV ac-
cording to the IUPAC classification®® without plateaus at relative pressures 1. The lack of plateaus
at the highest relative pressure in the isotherm indicates that the sample’s biggest void space is
not completely filled with liquid nitrogen and some vapour pockets remain, which condensate
can begin to evaporate. This makes the reduced and spent pellets suitable for conducting overcon-
densation isotherm, which is discussed in the following section. In addition, for both empty and
entrapped mercury samples, percolation analysis'®* was carried out using the overcondensation
desorption isotherm and the conventional adsorption isotherm. The percolation analysis was car-
ried out similar to the fresh catalyst pellets described in Chapter 3, assuming a pore bond lengths
were inversely proportional to the pore diameter since this relationship gave the least variation
of coefficient of determination for fits of experimental gas sorption data to generalised scaling
function in percolation analysis.

5.3.9 Overcondensation

The overcondensation method allows the determination of the whole boundary desorption isotherm,
which is not achievable with conventional adsorption. Figure 5.11a shows the conventional gas
sorption data and the nitrogen overcondensation boundary desorption isotherms for empty re-
duced SD and RC samples and the same samples following mercury entrapment after intrusion
to 3800 and 4400 psia. From the reduced SD and RC figure, it can also be seen that mercury en-
trapment has made the hysteresis loops slighter wider compared to the before mercury OC curves
implying reduced pore connectivity due to mercury blockage. The OC desorption boundary curves
for the empty samples display smaller, more rounded percolation knees compared to the post-
mercury knees. This means the condensate in the pores for the empty samples starts to evaporate
quicker than in the post-mercury samples. There are two types of desorption hysteresis mecha-
nisms: pore blocking or cavitation. When the relative pressure is reduced, the saturated liquid in
the biggest pores should usually evaporate first before progressing in declining size order. Des-
orption by cavitation (or spontaneous nucleation of a bubble in a pore) can occur in hierarchical
porous materials if the pore throat diameter is less than a specific threshold size. In this case, the
pore cavity can empty whilst the surrounding pore throats remain filled with liquid. It is possible
that the larger pores within the empty samples are closer to the surface and are not effected by
the pore-blocking mechanism. Additionally, for smaller random lattice networks, there are more
chances of having big pores on the surface of the network by chance alone. This means they can
prematurely desorb before a percolation pathway is formed or before the percolation threshold is
reached.

63]. Rouquerol et al. Pure Appl. Chem., 84: 107-136, 2011.
1045, P. Rigby, M. J. Watt-Smith, and R. S. Fletcher. J. Catal., 227: 68-76, 2004.
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Figure 5.11: Hysteresis loop region of conventional sorption isotherms and overcondensation boundary desorption
isotherms for empty samples, and the samples following mercury intrusion to up to different pressure. (a) Reduced SD
and RC up to 3800 and 4400 psia, and (b) Spent SD and RC up to 2860 and 3900 psia.

On the other hand, the OC desorption curves for the post-mercury samples display a flat
plateau at higher relative pressures and a sharper desorption knee that shifts towards lower rela-
tive pressure as more mercury is added to the sample. The flat plateau at high relative pressures
indicates a complete pore filling during the OC experiment, and the sharp desorption knee indi-
cates a pore-blocking effect. If small pores surround the bigger pores, no desorption will typically
occur when the pressure is reduced because the surrounding narrow pores are still filled with
liquid. This would allow the liquid in the bigger pores to become metastable and remain within
the large pore cavities until the relative pressure is low enough to desorb the saturated liquid in
the narrower pores, forming a connecting path from the pellet’s centre to the surface. This type of
behaviour is seen on the OC desorption branches for the reduced and spent sample post-mercury
entrapment. This suggests that the larger macropore surrounding the smaller mesopores are filled
with mercury, as seen on the X-ray images of the sample post mercury.

Seaton percolation analysis has also been performed on the overcondensation desorption
isotherm, and Tables 5.3 to 5.4 show the corresponding data for the network model lattice and
connectivity parameters obtained. From the tables, it can be seen that when mercury entrapment
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increases at higher penetration pressures, the connectivity declines and the apparent lattice size
increases for both the reduced and spent SD and RC pellets.

Figure 5.11b shows the conventional gas sorption data and the nitrogen overcondensation
boundary desorption isotherms for empty spent SD and RC samples and the same samples follow-
ing mercury entrapment after intrusion to 2860 and 3900 psia. From the spent SD and RC pellets,
it can be seen that Gurvitch volumes are higher for the overcondensation data compared to the
conventional isotherm data. However, the pore volume missing from the conventional isotherm is
larger for the reduced pellets than for the spent pellets. Additionally, the spent SD and RC samples
have much sharper percolation knees near the top of the hysteresis loop compared to the reduced
samples. Furthermore, the overcondensation data for the reduced SD feed pellet still shows the
second, more rounded, percolation knee at relative pressures of ~0.8-0.85, as seen in the fresh
OC data. This second, more rounded percolation knee is not evident in the spent SD and RC or the
reduced RC sample.

Table 5.3: Connectivity (Z) and lattice size (L) parameters from percolation analysis of gas sorption data for (a) Reduced
SD pellet, (b) Reduced RC pellet following mercury intrusion to different stated pressures.

(@) Reduced SD (b) Reduced RC
Sample Empty pore Z L Empty pore Z L
Fraction (%) Fraction (%)
Pre-Hg 100.0 3.63 2.95 100.0 3.51 2.87
Post 3800 psia 91.5 3.05 4.21 94.6 298 49
Post 4400 psia 85.4 2.92 4.98 85.8 2.82 5.88

Table 5.4: Connectivity (Z) and lattice size (L) parameters from percolation analysis of gas sorption data for (a) Spent
SD pellet, (b) Spent RC pellet following mercury intrusion to different stated pressures.

(c) Spent SD (d) Spent RC
Sample Empty pore Z L Empty pore Z L
Fraction (%) Fraction (%)
Pre-Hg 100.0 3.22 3.00 100.0 3.13 3.22
Post 2860 psia 88.1 3.05 4.62 90.4 3.01 4.52
Post 3900 psia 80.5 2.89 6.57 79.7 2.83 5.59

5.3.10 Pore Size Distribution

Figure 5.12(a)-(b) show the BJH PSDs of a sub-set of pores that become inaccessible from the ex-
terior, for each stage in the series as the ultimate intrusion pressure is increased for progressively
higher pressure porosimetry scanning curves for the reduced and spent samples. These pore size
distribution (PSD) plot differences were created by subtracting PSDs from isotherms for samples
collected after successive mercury scanning curves. In general, lower-pressure scanning curves
fill large and medium pores, whereas higher-pressure scanning curves fill part of the remaining



Chapter 5. Studies on the Effectiveness of Reduced and Spent Methanol Synthesis Catalyst 143

4-5 T T T T T 4.0 T T T T T
= 40t (a) Reduced SD —=3800- 4400 psia{ 3.5 _(b) Reduced RC —=— 3800 - 4400 psia |
> 35l —e—Pre - 3800 psia | —e— Pre - 3800 psia
E 3.0} 1
)
E 30 -
Q
E 2.5
2.0}
= 20
o i
> 1.5 L5
] 1.0+
*5 1.0
205 0.5¢
o
E 0.0 0.00
Q
E 5.0 T T T T T 5.5 T T T T T
L 4.5} (o) SpentSD —=— 2860 - 3900 psia 1 5.0 (d) Spent RC —=— 2860 - 3900 psia-
E 4.0k —e—Pre-2860psia | 4.5¢ —e— Pre - 2860 psia
g 35 ;‘-0
.5
L 3.0
50 3.0
S 25
‘_g 5 2.5
5 20 2.0
1.5 1.5
1.0 1.0
0.5 0.5
0.0

0.0
0 5 10 15 20 25 30 0 5 10 15 20 25 30

Pore radius (nm)

Figure 5.12: BJH pore size distributions for the sub-sets of pores that become inaccessible from the exterior as the
mercury intrusion pressure is increased to progressively higher ultimate pressures (as indicated in legend) for each
scanning curves. (a) Reduced SD, (b) Reduced RC, (c) Spent SD and (d) Spent RC.

medium and smaller pores. As a result, access to progressively smaller pores declines as the incur-
sion pressure increases.

From the BJH difference PSDs in Figure 5.12, the position of the peak in the pore sizes being
filled stays the same for reduced SD and RC feed pellets, and so the critical pore size for mass trans-
port will remain the same. However, for the spent SD and RC samples, as mercury is entrapped
over pressure intervals 2860-3900 psia, the position of the peak in the pore size being filled has
shifted slightly to the smaller pores, and so the critical pore size for the mass transport will change.

5.3.11 Rate of Adsorption

The rate of adsorption of nitrogen at very low pressure was measured for empty reduced and spent
pellets, and for pellets following mercury intrusion to various ultimate pressures. Mass transport
properties can be characterised by kinetic gas uptake experiments. Kinetic mass uptake data, com-
prising amount adsorbed versus time, typically takes the mathematical form of an exponential
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Figure 5.13: A comparison of the experimental nitrogen gas uptake data and the fits to the linear driving force (LDF)
model for the empty reduced SD, reduced RC, Spent SD, and Spent RC pellets.

growth, and, thus, is often fitted to the so-called Linear Driving Force (LDF) model/ The LDF
model is the simplest and most commonly applied intraparticle mass transfer model to calculate
the effectiveness of a particular porous system/ Figure 5.13 shows examples of fits of the LDF to a
typical set of experimental data for the empty reduced and spent SD and RC pellets. From the fig-
ures, it can be seen that the LDF gives a good fit to the experimental data with R? of >0.9952, and
reaches equilibrium after 400 seconds. The best fits were obtained by changing the mass transfer
coefficient until the ‘sum of squared residuals’ was as small as possible.

The gas uptake curves obtained for the reduced and spent pellets were fitted to the linear driv-
ing force (LDF) model, and the mass transfer coefficients (MTCs) (denoted k) were corrected for
adsorption using the slope of the equilibrium isotherm at the point where the mass transport was
measured’ Each MTC is expressed as a ratio to the MTC for the mercury-free sample (i.e. k,). The
MTCs so-obtained for reduced and spent pellets are shown in Tables 5.5 to 5.6, respectively. The
tables also show the MTC expected for a completely random arrangement of entrapped mercury,

7S. P. Rigby. Structural characterisation of natural and industrial porous materials: A manual. Springer Nature, 2020.
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Figure 5.14: Comparisons of the observed fractional decline in the mass transfer coefficient (k/ko) following mercury
entrapment and that expected for a random arrangement of entrapped of pore liquid from Prager model for (a) Reduced
SD feed, (b) Reduced RC feed, (c) Spent SD feed and (d) Spent RC feed pellets.

as predicted by the Prager model?>?

As can be seen from Table 5.5, the MTCs generally decline following mercury entrapment for
the reduced samples. However, for the spent SD sample, the MTC initially declines for the case
with 11.9% of the pore volume filled with mercury but then drops significantly less than expected
for the case with 19.5% of the pore volume filled with mercury. For the spent RC sample, the MTC
following mercury intrusion up to 2860 psia, resulting in entrapment filling 9.6% of the pore space,
is higher than the empty samples. The mass transfer coefficient is proportional to the D, /a? for
pure diffusion, where a is the effective characteristic particle size. If the core region of the sample
was non-porous or encircled by an impermeable mercury boundary, as is the case for the spent
RC sample, it is possible for the MTC to increase following mercury entrapment due to decreased
effective characteristic particles size.

Figure 5.14 shows a comparison of the observed fractional drop in the MTC following mercury
entrapment with that anticipated for the same mercury saturation from the Prager model. The
figures compare the fresh, reduced and spent SD and RC sample, respectively. The variation of
the MTC following mercury entrapment up to different pressures for the fresh samples has been
discussed earlier in Chapter 3. From the spray-dried figure, Figure 5.14a, it can be seen that the
observed MTC is significantly lower than would be predicted for a random arrangement of mercury
for the reduced SD compared to the fresh SD for the same amount of mercury entrapment of ~10%
implying that in empty reduced SD samples, the pores that are subsequently filled with mercury
must have made a greater-than-expected contribution to mass transfer compare to the empty fresh
SD samples. Additionally, the observed MTC decline for spent SD samples with 11.9% of the void

259G, Prager. J. Chem. Phys., 33: 122-127, 1960.
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volume filled with mercury is much lower than the fresh SD and that expected for a random
arrangement of mercury as predicted by the Prager model, thereby suggesting that the pores filled
with mercury must have been making a significant contribution to mass transport.

In contrast, the spent RC sample with 9.6% void volume filled with entrapped mercury display
in Figure 5.14b, the observed MTC is larger than the fresh RC sample for the same amount of
mercury entrapped (~10%), and also for that expected for a random arrangement of mercury,
suggesting that the pores filled with mercury are non-random and less important to the mass
transport. In addition, a non-random arrangement may reduce the effective characteristic particle
size. The figure also shows that the observed MTC for the reduced RC with 9.6% of the void
volume of the pellet filled with mercury, the decline in the observed mtc was well predicted by the
random Prager model, but the drop in the observed mtc was significantly lower than that of the
fresh RC, suggesting that the pores filled with mercury in the reduced RC sample must be making
a greater-than-expected contribution to the mass transfer compare to the fresh RC samples.

Table 5.5: Variation in adsorption-corrected MTC, for nitrogen at low pressure, with increasing mercury saturation for
(a) Reduced SD, (b) Reduced RC.

(a) Reduced SD

MIP pressure Minimum pore Fractional Experimental Expected k/ko for
(psia) diameter penetrated mercury (k/ko) random entrapment
(nm) saturation (%) (Prager)
3800 56.7 8.5% 0.54 0.89
4400 49.0 14.6% 0.31 0.81
(b) Reduced RC
MIP pressure Minimum pore Fractional Experimental Expected k/ko for
(psia) diameter penetrated mercury (k/ko) random entrapment
(nm) saturation (%) (Prager)
3800 56.7 5.4% 0.56 0.93

4400 49.0 14.2% 0.24 0.82
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Table 5.6: Variation in adsorption-corrected MTC, for nitrogen at low pressure, with increasing mercury saturation for
(@) Spent SD and (b) Spent RC.

(a) Spent SD

MIP pressure Minimum pore Fractional Experimental Expected k/ko for
(psia) diameter penetrated mercury (k/ko) random entrapment
(nm) saturation (%) (Prager)
2860 75.4 11.9% 0.56 0.85
3900 55.3 19.5% 0.45 0.75
(b) Spent RC
MIP pressure Minimum pore Fractional Experimental Expected k/ko for
(psia) diameter penetrated mercury (k/ko) random entrapment
(nm) saturation (%) (Prager)
2860 75.4 9.6% 1.10 0.88
3900 55.3 20.3% 0.56 0.74

5.4 Discussion

The use of the CXT in conjunction with the rate of adsorption experiments after mercury entrap-
ment allows for the identification of void space morphological characters that are important for
mass transport. The rate of adsorption data for the reduced SD and RC, as well as the rate of
adsorption data for spent SD pellets, revealed that the MTC decreased significantly less than what
was expected according to the Prager model?>® for a random distribution of mercury entrapped
following intrusion to 3800, 4400, 2860, and 3900 psia. This shows that the pore spaces lost due
to mercury entrapment following these intrusion pressures are critical for mass transfer since their
loss resulted in a larger than predicted drop in MTC compared to the random benchmark structure.
In contrast, the spent RC sample following mercury entrapment up to 2860 psia showed that MTC
is larger than would be expected for a random arrangement of mercury, implying that the pores
filled with mercury are less critical to the mass transport than they would have been if they were
distributed more randomly. This would typically be seen if a substantial amount of mercury has
been entrapped within the centre of the pellet to reduce the diffusive path length from the pellet
surface.

The mass transfer coefficient is proportional to the D./a? for pure diffusion, where a is the
effective characteristic particle size. The effective characteristic particle size refers to the maximum
straight-line penetration depth that a molecule can access from the exterior rather than the actual
tortuous route followed by the diffusive flux. If the core region of the sample was non-porous or
encircled by an impermeable mercury boundary, as is the case for the spent RC sample, it is possible
for the MTC to increase following mercury entrapment due to decreased effective characteristic
particle size. Figure 5.15 shows a simple schematic representation of the relationship between the
mass transport coefficient following mercury intrusion and the location of the entrapped mercury
in the pellet. In the first case, mercury-filled pores are evenly distributed in the pellet, and it is
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Figure 5.15: A schematic representation showing how the locations of entrapped mercury inside the pellet would affect
the mass transport coefficient. The gray circles represents entrapped mercury and the light-blue shadings represents
empty regions of the pellet where the gas is free to diffuse.

6.0 3.0

5.0 2.5

40 /g 2.0
=30 G 215

2.0 ﬁﬁﬁ RRC 1.0 SRC

1.0 0.5

e RSD SSD
0.0 0.0
57-49 49-40 75-55 55-38
Pore size interval/nm Pore size interval/nm
(@) Reduced SD and RC (b) Spent SD and RC

Figure 5.16: Measures of usefulness, to mass transport in SD and RC feed pellets, of pore size intervals, as indicated by
PUI for (a) Reduced SD and RC pellets, and (b) Spent SD and RC pellets.

expected that this type of mercury entrapment would decrease the mass transfer due to decreasing
porosity and increased tortuosity. In the second type of pore spatial distribution, mass transfer is
expected to go up after mercury entrapment due to the drop in the diffusive path length. From the
CXT images of the spent RC sample following mercury intrusion up to 2860 psia, Figure 5.15, it can
be seen that mercury fills in the large macropore network in the centre of the pellets, effectively,
forming an impermeable core that is inaccessible from the exterior of the pellet. CXT image of the
spent RC sample post-2860 psi confirms that the diffusive path length towards the centre has been
reduced. This also leads to adsorption equilibrium being reached at a much quicker rate.

From the analysis of the rate of adsorption data for reduced and spent samples containing
entrapped mercury, it can be seen that some particular pores are more critical to mass transfer than
others. The usefulness of a given pore size interval to overall mass transport has been calculated by
using the pore utility index (PUI), discussed in Chapter 3. The PUI calculated for the reduced and
spent samples from the ROA data in Tables 5.5 to 5.6 are shown in Figure 5.16. From the figures,
it can be seen that the first pore intervals (57-49 nm for reduced samples and 75-55 nm for spent
SD) have the highest PUIs. However, for the spent RC sample, the second interval, 55-38 nm, has
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Figure 5.17: A plot of the tortuosity ratio against percolation lattice size following mercury entrapment to different
intrusion pressures for (@) Reduced SD and RC pellets, and (b) Spent SD and RC pellets.

a higher PUL

The macroscopic structure of the reduced and spent pellets can be modelled by a simple, 3D
random pore bond network by using a similar analysis as the fresh catalyst pellets described in
Chapter 3. The Random bond percolation modelling can capture key elements controlling mass
transport and macroscopic heterogeneities in the pellet structure, as characterised by the perco-
lation parameters. Using the Seaton'® percolation method, the gas sorption data can be used as
structural analysis to measure the connectivity and lattice size parameters for the real pellet. How-
ever, the lattice sizes are the most important parameter of the two as it measures how many surface
pore clusters are found on the pellet. The surface clusters of big pores are the first set of pores that
desorb nitrogen when the relative pressure is reversed. The prevalence of the surface clusters can
be measured from the nitrogen overcondensation data for both before and after filling the pellet
with mercury. The nitrogen overcondensation data could also be used to check how many surface
clusters remain empty after mercury intrusion to different ultimate pressure and see what impact
they have on mass transport. The random pore bond network model could then be used to pre-
dict the expected tortuosity change when the pellet is filled with mercury. A plot of the tortuosity
changes against the lattice size, L, should be a linear function as predicted by Equation (5.1). This
is indeed what is observed for the reduced and spent samples, as seen in Figure 5.17.

Ta0 S
Tazl—y(L—Lo)w<V>t (5.1)

The BJH difference PSDs in Figure 5.12 shows that as mercury is entrapped over the pressure
intervals of pre-3800 and 3800-4400 psia for the reduced sample, pre-2860 and 2860-3900 psia
for the spent samples, the position of the peak in the pore sizes being filled remains constant for

15N. A. Seaton. Chem. Eng. Sci., 46: 1895-1909, 1991.
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Figure 5.18: A plot comparing the experimental and predicted tortuosity changes for the fresh, reduced and spent

methanol catalyst pellets. The pellet feed size, w, for the plot (a) uses a value of 1300 pm. The pellet feed size has been

adjusted for plot (b) to superpose the reduced and spent RC pellets on the rest of the data. The new w value was found
to be 195 pm.

both samples, and thus the critical pore size for mass transport remains constant. Figure 5.18
shows a universal plot for all the methanol (fresh, reduced and spent) pellets, which is obtained
by using Equation (5.1) and the corresponding lattice size data. The feed particle sizes, w, for
the fresh SD and RC methanol pellets were taken as 200 and 1300 pm, respectively, as seen
reasonably from the corresponding CXT images. The experimental data for the fresh (SD and RC)
samples and the reduced and spent SD samples gives an excellent fit to Equation (5.1), suggesting
that the macroscopic structure of these pellets is well-represented by a random bond network
percolation lattice using a w value mentioned above. However, the reduced RC and spent RC
pellets are not well-represent by the random pore bond model when a w value of 1300 pm is used
in Equation (5.1), as shown in Figure 5.18a. This is probably due to the wrong particle size, w, as
the cracking creates new constituent feed particles by dividing the original feed particles into new,
smaller feed particles. When the w value is reduced to ~200 pum, the reduced and spent RC data
superpose on the rest of the methanol data, as shown in Figure 5.18b.

This suggests that cracking seems to affect the roll compacted samples but does not impact
the spray-dried samples as the size of the cracks are bigger than the spray-dried feed particles.
The use of a new w value of ~200 pum for the reduced RC and spent RC sample is supported by
the CXT images of the reduced and spent RC sample, as can be seen in Figure 5.19, where the
reduction processes produced significant cracking in the pellet structure, which seems to grow
even more when the pellets are used in the reactors (aged material). The fracture network, in
essence, fragments the pellet feed particles increasing porosity and accessibility. This also makes
the reduced and spent pellets even more sensitive to smaller changes in the mercury intrusion
pressure.
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Figure 5.19: Spent roll compacted sample with mercury up to 2860 psia together with a grid of lines overlaid on the
images. The grid length per square on each image is (@) 1300 um, and (b) 200 um.

5.5 Conclusion

This chapter presented the freshly reduced and spent methanol synthesis catalyst pellets made us-
ing spray-dried or roll compacted feed materials. It investigated how the various pellet fabrication
methods affect the finished catalyst properties and the effects of the cracks on the pellet perfor-
mance, diffusion and percolation processes. The integrated mercury porosimetry and nitrogen gas
sorption, including rarely used overcondensation methods, was employed to expand the range of
pore sizes that be examined up to very large macropores. Additionally, multi-modal imaging using
low-resolution CXT and FIB-SEM was used to improve the interpretation of each other and that
of the direct pore characterisation techniques. The impact on mass transfer of the controlled mod-
ifications to the void space, achieved through mercury porosimetry, was modelled with a random
pore-bond network using characteristic parameters obtained from percolation analysis of the over-
condensation data. It was found that a random pore-bond percolation model accurately captures
the macroscopic structure of the reduced and spent SD pellets but not the reduced and spent RC
pellets.

The following chapter will present a novel thermoporometry by the DSC method that uses
three separate probe liquids to validate void-space characterisation obtained through indirect
methods.
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6.1 Abstract

he key issue, in applying indirect pore structure characterisation methods to disordered ma-

terials, is that usually some physical assumptions are necessary to probe pore size, such as
concerning the mode of the phase transition used which determines meniscus geometry or ker-
nel type. This issue often undermines the relative advantages of indirect methods, over direct
methods like imaging, from both the wider range of pores sizes that can be probed in a single
experiment and the much better statistical representativeness of the data, which are essential for
highly heterogeneous disordered materials. This work introduces dual-liquid thermoporometry,
and also dual-probe, serial water sorption and mercury intrusion, to complement multi-adsorbate,
serial gas sorption, to overcome this issue by triangulating the data for three key probe molecules
used in three different porosimetries, namely liquid intrusion, gas sorption, and thermoporometry.
It has been found that augmenting one porosimetry, using just one probe molecule, to a dual-
probe experiment removes the aforementioned, key drawback. The alternative, complementary
dual-probe porosimetries can also cross-validate this approach for each other. This allows indirect
methods to stand alone, without the need for direct imaging methods to inform or validate prior
assumptions. Dual-liquid thermoporometry also allows the probing of the presence and nature of
the advanced melting effect.

152



Chapter 6. Triangulation of Pore Structural Characterisation of Disordered Mesoporous Silica
Using Novel Hybrid Methods Involving Dual-Probe Porosimetries 153

6.2 Introduction

A single method can never adequately shed light on a given natural phenomenon, and this is true
for both direct and indirect pore structural characterisation methods. Indirect pore structural char-
acterisation methods, such as mercury porosimetry, gas sorption, and thermoporometry, maintain
many advantages over more direct methods, such as imaging’ Indirect methods can characterise
a much broader range of pore sizes, from millimetres down to molecular scales, all in the same
experiment, and quickly obtain data on nanoporosity for a more statistically-representative sam-
ple volume than the fields-of-view possible in all imaging modalities” However, being indirect,
the accuracy of void space descriptors obtained via these methods relies upon the validity of key
parameters in the relationship between pore size and the relevant control variable, such as tem-
perature in thermoporometry, and choices in the data analysis that reflect the basic geometry of
the void space, such as pore shape. Further, the physical processes used for characterisation, such
as capillary condensation in gas sorption, are more complex in disordered, amorphous materials
than they are in templated, model materials, such as high-quality MCM-41 or SBA-15, with much
simpler void space geometries/ In disordered networks, pore-to-pore co-operative processes, such
as advanced condensation or advanced melting, can occur, and complicate data analysis. Hence,
there is a need for experimental and data analysis procedures to address these issues. This chap-
ter will present a triangulation procedure, involving three different probes, nitrogen, water and
mercury, to validate pore space characterisations from different indirect methods.

Previous work has shown that the key parameters in the master equations relating control
variables to pore sizes, such as the Gibbs-Thomson constant (Kgr) in thermoporometry, obtained
from purported calibrations using model templated porous solids give rise to different values,
depending upon the particular type of model, controlled pore size material used. For example,
Gunko et al®'? suggested Kgr for melting of water in silica pores was 67 K pm, whereas Findenegg
et al?!® suggested it was 52 Kpum. A related issue is that indirect methods require an assump-
tion of pore geometry, which implicitly makes assumptions about the meniscus geometry for the
vapour/liquid or liquid/solid boundaries where one phase expands at the expense of the other
during characterisation experiments. However, in the aforementioned case, the discrepancy (of
~30%) in Gibbs-Thomson constant cannot be simply explained by suggesting melting occurs ra-
dially via a hemispherical meniscus in one case, but axially via a cylindrical sleeve meniscus in
another, since then that difference in Kgr would be expected to be a factor of 222°313:314 Thjs
discrepancy suggests that the calibration based upon model templated materials is not always gen-
eralisable, and, thence, must be performed each time for the exact material under test, including
for difficult disordered materials. While an electron micrograph may reveal the particular pore
geometry, even for micropores, for a small region of sample void space, this may not be repre-
sentative of the whole sample volume, or of different pore sizes. The mode of phase transition,

7S. P. Rigby. Structural characterisation of natural and industrial porous materials: A manual. Springer Nature, 2020.
312V, Gun’ko et al. Cent. Eur. J. Chem., 5: 420—454, 2007.
213A, Schreiber, I. Ketelsen, and H. Findenegg. Phys. Chem. Chem. Phys., 3: 1185-1195, 2001.
225E, Perkins et al. Chem. Eng. Sci., 63: 1929-1940, 2008.
3130, Petrov and I. Furd. Phys. Rev. E., 73: 011608, 2006.
314], Hitchcock et al. Chem. Eng. Sci., 66: 582-592, 2011.
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relating to meniscus geometry for simple pore shapes, must be determined via a more generally
applicable way.

Additional effects, other than single pore phenomena, occur during the phase transitions em-
ployed for indirect structural characterisation of disordered pore networks. While this adds to the
complexity of data interpretation these additional effects can be used to obtain extra information
about pore spaces. From a study using scanning curves, Everett'® showed that gas desorption from
disordered porous solids can involve a pore-to-pore co-operative effect known as ‘pore-blocking’
(or pore-shielding or pore shadowing), which has since widely been employed, together with per-
colation theory, to determine pore network connectivity>315316 While Gregg and Sing® explained
why adsorption is not similarly affected by pore-blocking, it is affected by two other pore-to-pore
co-operative effects, namely advanced condensation and (network) delayed condensation’-*°

The effect, now variously known as advanced condensation, advanced adsorption, or the cas-
cade effect, was first published upon by de Boer3!” The simplest operation of these effects occurs
for a through ink-bottle pore geometry consisting of two relatively narrow cylindrical pore necks
either side of, and co-axial with, a larger cylindrical pore body. In gas adsorption, capillary conden-
sation in such a system is initiated in the pore necks via a cylindrical sleeve meniscus, which then
completes a hemispherical meniscus at both ends of the pore body. If the diameter of the pore body
is less than twice that of the pore necks, then the gas pressure needed to fill the necks also exceeds
that to fill the pore body with condensate via axial expansion of the hemispherical menisci. Hence,
necks and body will fill simultaneously at the same pressure. If the pore body diameter exceeds
twice that of the neck, while the pore body does not fill at the same pressure as the necks, the
pressure needed to fill it is then still lower than for if the pore body were part of a parallel pore
bundle (a ‘wine rack-type’ structure). This bundle is the standard pore space model, for pore size
distribution (PSD) derivation by gas sorption, used by both classical and DFT-based approaches?
Hence, PSDs for disordered materials obtained by standard methods are likely to be inaccurately
skewed towards smaller pores’ It has also been found''? that the width of single-pore hysteresis
in gas sorption for cylindrical pores does not match the predictions of either the Cohan®® equa-
tions or of non-local density functional theory (NLDFT)2°° This is an empirical indication that
additional effects are at work than encompassed by these theories. The detection of the presence
and extent of advanced adsorption effects is essential to obtain accurate PSDs, and this has been

done in the past using NMR methods318

108, Lowell et al. Characterization of porous solids and powders: surface area, pore size, and density. Springer, 2005.
15N. A. Seaton. Chem. Eng. Sci., 46: 1895-1909, 1991.
315G, Mason. J. Colloid Interface Sci., 95: 277-278, 1983.
316M. Parlar and Y. Yortsos. J. Colloid Interface Sci., 124: 162-176, 1988.
8S. J. Gregg and K. S. Sing. Adsorption, surface area and porosity. 2nd. Academic Press, London, 1982.
99S. P. Rigby. JM Techno. Review, 62: 296-312, 2018.
317]J. H. De Boer and B. C. Lippens. J. Catal., 3: 38—43, 1964.
9F. Rouquerol et al. Adsorption by powders and porous solids. Academic Press, London, 1999.
1101, Hitchcock et al. J. Phys. Chem. A., 118: 20627-20638, 2014.
551, H. Cohan. J. Am. Chem. Soc., 60: 433-435, 1938.
250A. V Neimark and P. Ravikovitch. Microporous Mesoporous Mater., 44: 697-707, 2001.
318], Hitchcock et al. Langmuir, 26: 18061-18070, 2010.
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An analogous effect to advanced adsorption, known as advanced melting, has been proposed
to occur in thermo-/cryo-porometry>'4 In a through ink-bottle pore full of probe fluid, the melting
of solidified probe fluid within the pore necks occurs at the temperature required for the radial
expansion of the cylindrical sleeve-shaped non-freezing layer, left at the pore-matrix interface,
toward the centreline of the necks3!® On completion, this then creates full hemispherical menisci
between liquid and solid at both ends of the pore body. Melting can then occur at the same
temperature in the pore body by axial advancement of these solid-liquid menisci if the pore body
diameter is less than twice the pore neck diameter. The advanced melting effect has been observed
in a range of disordered materials, including mesoporous catalysts®!4 and cements3!?

While, as mentioned above, the pore-to-pore co-operative effects in disordered networks po-
tentially complicate data analysis and interpretation, their idiosyncratic features mean that their
impact can be potentially deconvolved with the right datasets’-"° For example, while advanced
adsorption and melting only conceals the presence of pore bodies for body sizes up to twice that
of the neck (according to classical theory like the Kelvin equation), the pore-blocking effect can
conceal pore bodies of any size behind the neck. Further, while advanced adsorption or advanced
melting can occur in any direction, including inwards, the pore-blocking effect only acts in the
direction of the percolation path to the exterior.

The aforementioned issues with gas sorption, mercury porosimetry and thermoporometry for
amorphous materials, namely calibration, pore geometry, and pore-to-pore co-operative effects,
only present problems with the conventional experiments as conducted with these techniques’-?°
These conventional experiments are only run in parallel and typically only produce boundary
adsorption/desorption isotherms, or boundary melting/freezing curves, or boundary intrusion or
extrusion curves, for samples empty of anything but a single probe fluid. However, it is possible
to combine these different techniques into hybridised methods consisting of serial experiments
with different probes run on the same sample with little or no intermediate sample preparative
treatment’>? In this manner, the void space under test is modified in a controlled way, and this
changes the results of applying a given technique with a particular probe fluid, and this change can
elucidate the mechanisms involved in both the modification and probe processes. In this work we
have greatly expanded the repertoire of hybrid methods run on the same sample and material from
previous studies’-?? We have conducted novel thermoporometry experiments with multiple, immis-
cible probe liquids within the same sample. In addition, we have conducted the serial adsorption
of water before mercury porosimetry, where the adsorbed water was retained during porosimetry,
and then nitrogen adsorption afterwards on the same sample by freezing the pre-adsorbed water
and entrapped mercury in-place. These have been augmented with serial adsorption of first ni-
trogen, second water, then nitrogen, and integrated nitrogen sorption and mercury porosimetry3?
The hybrid experiments force the confrontation of the data from different techniques for the same
sample, and enable parameter calibration and appropriate phase transition mode selection, even
for amorphous solids.

319M. Wu et al. Thermochim. Acta, 665: 11-19, 2018.
898, Rigby, R. Fletcher, and S. Riley. Chem. Eng. Sci., 59: 41-51, 2004.
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Dual liquid DSC thermoporometry
(water & mercury)
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Serial adsorption of Integrated nitrogen sorption
nitrogen-water-nitrogen ¢ & mercury porosimetry

Figure 6.1: Schematic diagram illustrating the triangulation strategy adopted in this work.

Thermoporometry (or cryoporometry) with two different liquids has been performed previ-
ously but with the aim of studying the progress of liquid-liquid displacement or separation of
miscible binary mixture components32°-322 These studies focussed simply on the apparent relative
pore sizes occupied by each of the two liquids involved, and, thus, did not consider the details
of the phase transitions in the two liquids. In this work the mode of the phase transition in each
liquid, and any interactions, will be considered in much more detail.

The new methods described here are trialled in a case study of a disordered, mesoporous, sol-
gel silica material. Single-probe thermoporometry and gas sorption have been extensively used,
in a solely parallel fashion, for pore structure characterisation of silica gel materials2!3-312:323,324
However, here, dual-liquid (water plus mercury) thermoporometry, serial water adsorption-and-
mercury-porosimetry, serial nitrogen-and-water sorption, and integrated nitrogen sorption-and-
mercury-porosimetry experiments were all conducted on the sol-gel silica material. The data from
all these experiments were then analysed synergistically. This is shown schematically in Figure 6.1.
Figure 6.1 shows the three probes used to triangulate findings, and the various hybrid experiments
which use each probe. Given water is used as one of the three key probes in this work, it is
important to properly understand its mode of adsorption in the type of material under study.
Water sorption has the advantage that it can be used without extensive pre-drying for already
partially water wet samples like cement pastes®2> While water vapour sorption is widely used for
pore structure characterisation of disordered materials?2° the particular mode of water adsorption
is sometimes suggested® to be as localised ganglia, rather than as a more pervasive multi-layer,
on silicas. Hence, the structure of the adsorbed water film will be studied in detail using serial

nitrogen adsorption.

320R, Valiullin and I. Furé. Phys. Rev. E., 66: 031508, 2002.

321R. Valiullin and I. Furé. J. Chem. Phys., 116: 1072-1076, 2002.

322J Mitchell, SC Stark, and JH Strange. J. Phys. D: Appl. Phys, 38: 1950, 2005.

323K, Ishikiriyama, M. Todoki, and K. Motomura. J. Colloid Interface Sci., 171: 92—-102, 1995.
324K, Ishikiriyama, M. Todoki, and K. Motomura. J. Colloid Interface Sci., 171: 103-111, 1995.
325M. Wu, B. Johannesson, and M. Geiker. Constr. Build. Mater., 66: 621-633, 2014.
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6.3 Theory

6.3.1 Gas Sorption
6.3.2 Adsorbed Films on Fractally Rough Surfaces

The surface of amorphous silicas is known to be fractally rough3?® The surface area A of an
adsorbed film of general thickness z is related to the volume V of that film by>?’:

%

A(z) = e

(6.1)
In the special case where the surface of the solid is fractal, with surface fractal dimension D, then,
V() is proportional to z3~" and therefore A(z) is proportional to 22" by Equation (6.2). Hence,
by eliminating 2 from these relations for V and A, then:

A o V(@-D)/(3-D) (6.2)

Hence, the film area on a fractal surface (D>2) will decrease with increasing film volume (and
increasing z) as the film smooths out the roughness of the solid surface. Further, since the film
itself and the residual pore volume, exterior to the film, share a mutual boundary, then the sur-
face area of the residual pore space will correspondingly decrease with decreasing residual pore
volume. Hence, the residual pore volume might be expected to follow a reciprocal relationship to
Equation (6.2).

6.3.3 Capillary Condensation

Capillary condensation of the probe gas in isolated cylindrical meso-and macro-pores is predicted

by the Kelvin equation®°:
P k~Vas cosf —kF
n(=—)=— = 6.3
n(PO) RT (rp—t)  (rp—1) ©.3)

where P/P is the relative pressure at which capillary condensation occurs in a cylindrical pore of
radius rp, ¢ is the multilayer film thickness, & is a geometrical parameter dependant on the pore
and meniscus type (for adsorption within a cylindrical pore open at both ends k¥ = 1; and for
adsorption within a pore with one dead end, or for desorption from a hemi-spherical meniscus,
k = 2), ~ is the surface tension, V},, is the molar volume of the condensed adsorbed phase, 8 is the
contact angle with which the condensate meets the wall, and 7" is the absolute temperature. F' is
a property factor. The contact angle is generally assumed to be zero for wetting adsorbates. The
two forms of the Kelvin equation, with different types of meniscus geometry on adsorption, are
known as the Cohan®® equations. The term V), /RT for nitrogen (component 1) at 77 K is 0.48
nm, while that for water (component 2) at 293 K is 0.54 nm. Hence, for adsorption in the same

326M. J. Watt-Smith, K. J. Edler, and S. P. Rigby. Langmuir, 21: 2281-2292, 2005.
327p, Pfeifer et al. Langmuir, 7: 2833-2843, 1991.
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pore geometry the relative pressures for two different adsorbates are related by:

P Fy P
In () =—1In () (6.4)
Fy/1 I Py /o
For calculating the nitrogen pore size distributions (PSDs) used here, the Barrett-Joyner-Halenda**
algorithm and the Harkins-Jura*? t-layer equation were used.

6.3.4 Thermoporometry

Petrov and Furo®!? attributed freezing-melting hysteresis in cryoporometry to a free energy barrier
between metastable and stable states of pore filling material. In a phenomenological description,
these workers showed that freezing point depression is given by:

~ _U’YSZTO ﬁ
ATy = ARV (6.5)
while the melting point depression is given by:
~ _ U7slT0 @
A= ="XH av (66)

where v is the molar volume, ~,; is the surface free energy, 7" is the bulk melting point, AH is
the latent heat of melting, S is the surface area of the pore and V is the volume of the pore. Using
Steiner’s formula for equidistant surfaces, Petrov and Furo®!'® showed that Equation (6.6) can be
rewritten as:

. U’YslTO
AH

. 28V o KGT
2= ATy~ = T2 (6.7)

12

ATy,

where « is the integral mean curvature of the pore surface for a cylindrical pore of diameter d.
2kV/S = 1/2, and, hence, the numerical difference in AT,,, and AT} can be used to determine
whether a pore has an open cylindrical geometry. Implicit in Equation (6.7), is the conception
that, upon freezing, liquid solidifies in an axial direction initiated from the end where the liquid
is in contact with bulk solid, while melting commences at the liquid film at the pore surface and
propagates radially from the surface toward the pore bulk. However, for a dead-end cylindrical
pore, melting can occur axially, since it would then be initiated from the hemispherical meniscus
at the closed end of the pore. Similarly melting can be initiated from a hemispherical meniscus
located at the interface between frozen and molten phases within co-axial, adjoining cylindrical
pores of differing diameters”

The non-freezing t-layer thickness was assumed to be a molecular monolayer. Given the modal
size (~10 pm, so ~33 times the size of 1 water molecule) of the pores of the material studied here,
the variation in the t-layer thickness (with temperature and/or pore size) in thermoporometry ob-

44E. P. Barrett, L. G. Joyner, and P. P. Halenda. J. Am. Chem. Soc., 73: 373-380, 1951.
42W. Harkins and G. Jura. J. Am. Chem. Soc., 66: 1362-1366, 1944.
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served in the literature®?® is much smaller than the impact of an axial versus radial mode for the

phase transition. Similarly, the impact of the variation in supercooled water and ice densities, in-
terfacial tension, and latent heats, with temperature are small>?® compared to the phase transition
mode effect.

6.3.5 Small Angle X-ray Scattering (SAXS)

The intensity of X-ray radiation scattered by a fractal surface is known to be proportional to a
negative power of the q vector, such that”-32°:

I(q) o< q™" (6.8)

where ¢ = 47\~ !sin(p/2), X is the wavelength of the radiation, and ¢ is the scattering angle.
Normally this behaviour is only observed if ¢ satisfies the inequality £ >> 1 where ¢ is the charac-
teristic length-scale for the structure creating the scattering. From the value of 7, the fractal nature
of the system under investigation can be determined’-*2° If the exponent is in the range 1<7n<3,
then it describes the mass fractal of dimension (D,,)saxs=7, but if in the range 3<n<4 then it
describes surface fractals of dimension (Dg)saxs=6-n. For n=4, Equation (6.8) leads to Porod’s
law, where (Dg)saxs=2 and the surface is flat.
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Figure 6.2: A schematic representation of the serial water pre-adsorption, mercury porosimetry and nitrogen adsorption
experiment.

6.4 Material and Methods

6.4.1 Silica Materials

The sample studied in this work is a commercially-available, spherical, silica catalyst support,
denoted G1, made by the sol-gel method. The sol-gel silica spheres have particle sizes in the range
2-7 mm, with the most common size being ~3-4 mm.

6.4.2 Serial Water Pre-adsorption, Mercury Porosimetry, and Nitrogen Adsorption

The samples were heated to 90 °C at 10 °C/min and held for 60 minutes once the pressure had re-
duced to 100 mmHg. The temperature was then increased to 350 °C at 10 °C/min and the samples
held under vacuum for 16 hrs. The samples were then cooled under vacuum and backfilled with
dry nitrogen. Aliquots of the sample were then exposed to a water relative pressure of 0.85 using
a saturated solution of potassium chloride. The samples were placed on a watch glass in a single
layer next to a beaker of the saturated solution and enclosed within a small, sealed container for
eight days. The watch glass was stored in an oven, and the oven temperature was kept at 20 °C.
The samples were weighed before and after exposure.

Mercury intrusion/extrusion curves were measured on a Micromeritics AutoPore 9600 porosime-
ter between 0.0014 and 414 MPa for the intrusion followed by extrusion to 0.1034 MPa. Studies
showed that, for samples containing pre-adsorbed water, an equilibration interval of 60 seconds
was optimum. A prerequisite for a conventional mercury porosimetry experiment is for the sample
to be dried to completely remove any adventitiously adsorbed species. The porosimeter evacuates
the sample to less than 25 umHg to facilitate filling of the sample cell with Hg prior to intrusion.
For the samples containing pre-adsorbed water it was found that the evacuation stage would slow
considerably and steady out at about 800 umHg. At this point the pre-adsorbed water is being
slowly removed which is defeating the object of the study. For all runs using samples containing
pre-adsorbed water the evacuation step was halted at 1000 umHg. This pressure ensured water
was not removed from the sample porosity and still allowed the sample cell to fill correctly with
mercury. Weight loss of the moisture equilibrated sample at 1000 umHg was less than 1%. It is
noted that water is considerably more wetting of the silica surfaces than mercury. Indeed, immer-
sion of a silica-gel sphere containing entrapped mercury into a water bath leads to water displacing
the mercury completely from the pores and out into the water bath.
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Figure 6.3: A schematic representation of the integrated nitrogen-water-nitrogen technique. ISO = isotherm,and ROA
= rate of adsorption (not considered here).

Nitrogen adsorption-desorption isotherms were measured at liquid nitrogen temperature on a
Micromeritics ASAP2420 physisorption analyser over the relative pressure range of 0.005 to 0.995
for adsorption and back down to 0.005 on the desorption. To measure the isotherms for samples
containing pre-adsorbed water and post mercury porosimetry, the liquid nitrogen dewars were
raised around the samples for 30 minutes to freeze the liquids inside the pores before opening the
sample port to vacuum. Once the samples were fully evacuated the analysis was initiated. Backfill-
ing of the sample at the start of the analysis was omitted, as was the lowering of the dewar post
free space analysis, to prevent the samples warming and thawing the frozen water and/or mer-
cury. This is a departure from normal operation. An equilibration interval of 60 seconds was used
rather than the typical value of 10 seconds for a fully outgassed mesoporous material. Figure 6.2
shows the schematic representation of the serial water pre-adsorption, mercury porosimetry and
nitrogen adsorption experiment.

6.4.3 Serial Adsorption of Nitrogen-Water-Nitrogen

The integrated water and nitrogen technique consists of a series of experiments conducted on
the same sample. Figure 6.3 shows the schematic representation of the nitrogen-water-nitrogen
procedure used during the experiments. The nitrogen sorption isotherms were measured at liquid
nitrogen temperature (77 K) using a Micromeritics 3Flex physisorption analyser. Approximately
0.1 g of the sample was weighed and placed into a pre-weighed standard physisorption sample
tube with a sealing frit placed at the top to prevent the sample from being evacuated into the
3Flex manifold. The tube (with sample) was then loaded into the degassing station and initially
degassed at room temperature until a vacuum of 0.002 mmHg was reached. The sample tem-
perature was then raised to 110°C by using a heating mantle, and the sample was left under
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Figure 6.4: A schematic representation showing the dual-liquid DSC thermoporometry procedure.

vacuum for 24 hours. The thermal pre-treatment drives off any physisorbed water on the sample
but does not change the sample morphology. After the 24 hours had passed, the heating mantle
was removed, and the sample was allowed to cool down to room temperature. The sample tube
and its contents were then re-weighed to obtain the dry weight of the sample. Isothermal jackets
were then placed around the sample tubes before reattaching to the analysis port to begin the
automated gas sorption analysis. The isothermal jacket ensures a constant thermal profile of 77 K
along the length of the sample tube during the analysis stage. Nitrogen purity was 99.995%. Gas
sorption was measured over the relative pressure (P/Py) range of 0.01 to 0.995 for adsorption
isotherm and 0.995 to 0.10 for desorption isotherm. The saturation pressure (Py) was measured
for each data point on the isotherm.

Once the first nitrogen gas sorption experiment was finished, the samples were allowed to
reach room temperature (~295.15 K) and then suspended over a sodium hydroxide solution with
a varying concentration for up to ~7 days.

Once the water equilibration experiment was finished, the sample was immediately weighed
and returned to the 3Flex sample tube, where the rate of adsorption and the conventional ad-
sorption experiments were repeated. The sample was first cooled to 77 K by manually raising the
Dewar flask, allowing the sample to freeze for approximately 30 minutes. This part was important
in the post water entrapment steps since it freezes the water in-place to ensure that it all remains
immobilised within the pellets. The integrated rate of adsorption-water aims to selectively block
specific pore sizes and then study how important those pores were to the rate of mass transport
before and after their removal.

6.4.4 Dual Liquid DSC Thermoporometry using Water and Mercury

For the dual-liquid experiments, the samples were first entrapped with mercury using mercury
porosimetry and the mercury containing samples were then immersed into a deionised water bath.
Mercury intrusion and retraction curves were measured using a Micromeritics Autopore IV 9500,
which can generate a maximum pressure of 414 MPa. The mercury intrusion data was generated
for up to 60000 psia, followed by retraction down to atmospheric pressure. A clean sample was
first transferred into a penetrometer, and the weight of the penetrometer and sample was recorded.
The penetrometer (with sample) is then placed in the low-pressure port of the instrument. During
the low-pressure analysis, the sample is firstly evacuated up to 50 mmHg to drive off any water
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vapour or atmospheric gases in the pore network. The sample bulb is then filled with mercury
while the entire system is still under low pressure. Data collection begins at a pressure of 0.5 psia,
which is enough pressure to cause mercury to penetrate sample pores bigger than ~360 pum in
diameter. After the low-pressure analysis was completed, the assembly weight (penetrometer +
sample + mercury) was recorded, the penetrometer was transferred to the high-pressure port,
and the chamber was closed tightly. The penetrometer is placed vertically in the high-pressure
port, and it is surrounded by oil, which is the hydraulic fluid the instrument uses to generate high
pressures. As the hydraulic fluid pressure rises, it is transmitted to the mercury in the penetrometer
via its open capillary stem. An equilibration time of 15 seconds was used for each data point.

Once the mercury porosimetry experiment was finished, the samples with mercury were im-
mediately immersed into a deionised water bath for 5, 30 or 60 seconds. The samples were then
placed inside a high-volume steel pan to run the DSC thermoporometry experiments. The DSC
melting-freeze experiments were performed in TRIOS DSC2500 equipped with a cooling and data
process system. A small drop of the probe liquids was also placed in the pans in every experiment.
This droplet of liquid acts as a reference peak for the melting bulk liquid outside the sample pores.
The pans with the samples were then loaded into the machine at room temperature (~295.15
K) and frozen to the required temperature of —80°C, immediately. To achieve temperature ho-
mogeneity and account for the differences between the actual temperature inside the pores and
the sensor temperature, the samples were kept at this temperature for 30 minutes. After the sam-
ples reached thermal equilibration, the data points for the melting curves were measured over the
range from —80°C to 10°C at different ramping rates of 0.1 °C/min, 0.25°C/min and 0.5 °C/min.
However, the increase in the ramping rate has caused a shift in the melting peak temperature to-
wards the bulk peak, and therefore, only the first two ramping rates were used. Figure 6.4 shows a
schematic representation of the novel dual liquid DSC experiment procedure. Multiple freeze-thaw
cycles were used to check for any structural modification arising from mechanical damage during
freezing, but none was observed.

6.4.5 Integrated Nitrogen Sorption and Mercury Porosimetry

The method consists of serial gas sorption and mercury porosimetry experiments conducted on
the same sample. The method used here has been described previously in Rigby et al®’
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Figure 6.5: Larger (a) and smaller (b) length-scale AFM images of typical samples of G1 sol-gel silica showing the
pore-scale morphology of the materials and the typical constituent particle size.

6.5 Results

6.5.1 Adsorbent Characteristics

Figure 6.5 shows an AFM image of a typical sample of G1. It can be seen that the basic structure
consists of a partly sintered packing of sol spherical particles.

Table 6.1 shows the parameters obtained previously®?® from fits of the (fractal) Porod law
(Equation (6.8)) to SAXS data for samples of pellet G1. It suggests that the average surface fractal
dimension below ~1 nm is equal to 2.1, while above ~1 nm is 2.4.

Table 6.1: Parameters obtained previously from fits of the (fractal) Porod law to SAXS data for samples of pellet G1

Sample fractal dimension q (n/m) Length-scale cut-offs (nm)

1.977+0.004 0.626-3.23 0.31-1.60
2.246+0.004 1.0-3.54 0.28-1.0
2.34+0.04 0.566-0.997 1.0-1.768
2.51+0.05 0.503-0.998 1.0-1.988

6.5.2 Serial Nitrogen-Water-Nitrogen Adsorption

Figure 6.6 shows the nitrogen sorption isotherms obtained both before and after adsorbing water
to relative pressures of 0.497, 0.646, 0.794, 0.871 and 0.914, and then freezing in-place. The ni-
trogen sorption isotherms obtained after water adsorption have been adjusted upwards in amount
adsorbed, and it was found that they could be overlaid completely on top of the isotherms obtained
for dry samples for the highest amounts adsorbed.

Figure 6.7 shows water sorption isotherms obtained for G1. Also shown is a fit of the fractal
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Figure 6.6: Nitrogen sorption isotherms obtained both before and after adsorbing water to relative pressures of (a) 0.497,

(b) 0.646, (c) 0.794, (d) 0.871 and (e) 0.914, and then freezing in-place. The nitrogen sorption isotherms obtained

after water adsorption have been adjusted upwards in amount adsorbed such that they overlay completely the top of the
isotherms obtained for dry samples for the highest amounts adsorbed.
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Figure 6.7: Water adsorption and desorption isotherms obtained at 283 K. Also shown (solid line) is a fit of the fractal
BET isotherm for relative pressures <0.5.

BET isotherm for relative pressures less than 0.5, where the hysteresis starts indicating the possible
onset of capillary condensation. In order to put the adsorption behaviour of nitrogen and water in a
broader context, adsorption isotherms were also obtained for argon, propane, n-butane, n-hexane,
and cyclohexane, and are given in appendix B. The isotherms for fresh G1 in Figure 6.6, together
with those in appendix B, were all fitted to both the fractal BET and fractal FHH isotherms?-326
Examples (for fractal BET) of the results of these fits to the isotherms are given in appendix B,
and the fitted parameters obtained for both models are given in Table 6.2. From Table 6.2, it is
noted that the fractal dimensions from both the fractal BET and fractal FHH models are similar to
those for short length-scales for SAXS for water, propane and n-butane, but significantly lower for
n-hexane and cyclohexane.

It is noted that the fractal dimensions from the fractal FHH model in Table 6.2 are similar
to that for length-scales <1 nm from SAXS (in Table 6.1) for propane, n-butane, and water, plus
nitrogen at low pressures. However, the surface fractal dimension from the FHH model fit to the
argon isotherm, and to higher pressures for the nitrogen isotherms, better matches the SAXS data
for length-scales >1 nm.

The effective cross-sectional area for each adsorbate was calculated from the molar volume
for a liquid at the conditions of the isotherm according to the method described by Gregg and
Sing® Figure 6.8 shows a plot of the logarithm of the monolayer capacities for each adsorbate on
G1 against the logarithm of the molecular cross-sectional area. While it can be seen that the other
adsorbates broadly follow a linear trend, water is a clear outlier where the monolayer capacity
is significantly lower based upon its molar volume and the trend for the other adsorbates. The



Chapter 6. Triangulation of Pore Structural Characterisation of Disordered Mesoporous Silica
Using Novel Hybrid Methods Involving Dual-Probe Porosimetries

167

Table 6.2: Fractal dimensions values obtained from the BET and fractal FHH isotherm fits

Adsorbate Fractal BET surface Length-scale Fractal FHH surface Length-scale
fractal dimension range (nm) fractal dimension range (nm)
Argon 2.23 <0.98 2.42 0.36-1.60
n-Butane (C4) 2.27 <0.55 2.30 0.55-1.20
Cyclohexane (cC6) 2.00 <1.20 2.60 0.20-5.70
n-Hexane (nC6) 2.00 <1.30 1.96 0.85-1.50
Nitrogen 2.32 <0.95 (i) 2.20 <0.200
(ii) 2.55 0.39-2.30
Propane (C3) 2.15 <1.00 2.26 0.64-1.10
Water 2.19 <0.52 2.28 0.31-0.62
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Figure 6.8: Plot of the logarithm of the monolayer capacities for water (square) and the other (labelled) adsorbates
(circles) on G1 against the logarithm of the molecular cross-sectional area. The dashed line shows a straight-line fit to

the data for the adsorbates other than water.

surface fractal dimension for G1 obtained from the best-fit straight line to the data-points for the
adsorbates other than water was 3.15+0.57, where the unrealistically large value, and large error
bar on that value (that does include the physically meaningful range of 2 < D < 3), result from the
scatter even for the adsorbates following the main trend. It is noted that argon and cyclohexane

have apparent monolayer capacities lower than the trend line.
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The nitrogen adsorption isotherms following water pre-adsorption were fitted to the fractal
BET and fractal FHH isotherm equations, and the results are shown in Table 6.3. From Table 6.3, it
can be seen that the fractal dimensions from both equations rise with increasing water saturation
until a relative pressure of 0.794, and thereafter decline again, albeit less steeply.

Table 6.3: Fractal dimensions (+0.01) obtained from fits of the fractal BET and fractal FHH (high relative pressure)
models to nitrogen adsorption isotherms before and after water adsorption to different relative pressures.

Water relative BET fractal BET fractal FHH fractal FHH fractal
pressure dimension dimension dimension dimension
pre-H20 post-H20 pre-H20 post-H20
0.497 2.30 2.31 2.54 2.55
0.646 2.34 2.36 2.55 2.57
0.794 2.32 2.47 2.56 2.63
0.871 2.32 2.42 2.57 2.60
0.914 2.31 241 2.55 2.62

The ratio of the volumes of the total adsorbed nitrogen before and after addition of water
to different relative pressures was obtained from the horizontal plateau values at the top of the
nitrogen isotherms in Figure 6.6. This volume fraction was the maximum nitrogen saturation
for each sample in the presence of water adsorbed to different pressures. As the total specific
volume was the same, within a small intra-batch variation (~1%), for each sample of G1 the
nitrogen saturation was proportional to the volume of void space occupied by nitrogen at the top
of the isotherm. The corresponding water saturation was estimated by subtracting the nitrogen
saturation from unity. This latter calculation assumes that water did not block access to void space
it did not actually occupy itself. Figure 6.9 shows plots of the logarithm of the saturation, for either
water or nitrogen, against the logarithm of the ratio of nitrogen monolayer capacities for before
and after water adsorption. It can be seen that the data for nitrogen fits well to a straight line for
all values of water saturation, while that for water itself only fits well to a straight line for the data
for water relative pressures 0.497-0.794. However, the overall form of the variation of the data for
water itself is similar to that observed by Pfeifer et al3?” on porous silica. The fractal dimension
for the surface obtained, from the film equation (Equation (6.2)), for water is 2.14+0.02, while
that obtained for nitrogen is 2.53+0.04. It is noted that the surface fractal dimension from the
film equation for water is similar to that obtained from the fractal BET and fractal FHH models
for water adsorption itself, and also from argon, propane or butane adsorption, and from SAXS
for length-scales <1 nm. The fractal dimension from the film equation for nitrogen is similar to
that also obtained for nitrogen using the fractal FHH isotherm fit for higher amounts adsorbed (at
higher pressure) and for SAXS for length-scales >1 nm.

The relative pressures on the nitrogen isotherms where water adsorption causes deviations in
the nitrogen data are revealed by the adjusted plots and are given in Table 6.4. It is noted that
these deviations occur at pressures higher than the lower hysteresis closure point for nitrogen
sorption. Also shown in Table 6.4 are the relative pressures (P2) calculated from Equation (6.3)
for water adsorption into a pore with k=1, assuming that the relative pressure for water adsorp-
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Figure 6.9: Fractal film plots for the nitrogen side (a) and water side (b) obtained from volumes of the ultimate total
adsorbed nitrogen, and from the nitrogen monolayer capacities from the fractal BET equation, before and after addition
of water. The dashed lines are fits of straight lines to the ranges of data shown.

tion experiment (P1) corresponded to k=2, and, from Equation (6.4), the corresponding relative
pressure for nitrogen adsorption in the same pore with the same meniscus geometry. From Fig-
ure 6.6 and Table 6.4, it can be seen that water is condensing in pores that fill within the capillary
condensation region for nitrogen but at relative pressures much lower than for nitrogen, though
this discrepancy has decreased markedly at higher pressures. At higher pressures, the onset in
the deviation between the nitrogen adsorption isotherms for before and after water adsorption
at a relative pressure of 0.914 is that (~0.921) expected simply from the difference in adsorbate
property factor between the two adsorbates.

Table 6.4: Relative pressures for intermediate water adsorption in serial experiments. Also shown are the corresponding
relative pressure for water adsorption if it had occurred instead via a cylindrical meniscus for pores that would fill by
advanced condensation at the actual relative pressure.

H>O Corresponding N, Ny Estimated Estimated
adsorption H,0 adsorption adsorption relative relative
relative adsorption relative relative pressure for pressure for
pressure relative pressure pressure deviation of N,  deviation of Ny
(assuming pressure (P3) (P4) desorption adsorption
k=2), P1 (k=1), P2 equivalent equivalent isotherms isotherms
to P1 to P2
0.497 0.705 0.537 0.733 0.745 0.847
0.646 0.804 0.678 0.824 0.813 0.865
0.794 0.891 0.815 0.903 0.825 0.898
0.914 0.956 0.923 0.961 0.842 0.921

Figure 6.10 shows the cumulative BJH PSDs from the adsorption, obtained using a value of
k = 1 in Equation (6.3), for sample of G1 before and after water adsorption to a relative pressure
of 0.914. From a comparison of the two PSDs, it can be seen that the pore sizes left unfilled by
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Figure 6.10: Cumulative BJH PSDs, obtained using a value of k=1 in equation (3), for sample of G1 before and after
water adsorption to a relative pressure of 0.914.

water are in the range 10-15 nm. The relative pressure of 0.914 for water adsorption was chosen
here as it gives rise to the same pore volume fraction left over without water saturation as the
mercury saturation obtained by entrapment following porosimetry.

6.5.3 Serial Water Pre-adsorption, Mercury Porosimetry, and Nitrogen Adsorption

Figure 6.11a shows the raw mercury porosimetry data obtained for typical samples of G1 after the
pellets had been initially dried at 350 °C and following pre-adsorption of water to a relative humid-
ity of 0.85 by suspension above a saturated KCl solution. Since it is not possible to completely re-
move entrapped mercury following porosimetry, then the experiments after water pre-adsorption
were, necessarily, run on different samples from the same batch. In order to remove the small
effects of intra-batch variability in pore volume between samples, the data obtained after water
pre-adsorption was scaled such that a superposition of the lower part of the porosimetry curves
was obtained. In the superposition process the sample mass for the curve after water adsorption
was adjusted by a constant factor until the residuals with the data from before water adsorption
were minimised. It can be seen from Figure 6.11a that an excellent superposition can be obtained
for the curved regions in the initial intrusion, especially around the main percolation knee, and
for the region where entrapment begins for extrusion when the extrusion curve deviates strongly
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Figure 6.11: Mercury intrusion and extrusion curves for G1 following drying at 350°C (solid line) and following pre-
adsorption of water to a relative pressure of 0.85(x). (b) Variation with pore size, derived from Kloubek correlation, of
difference in incremental volume intruded between samples with and without water pre-adsorption.

into a more horizontal path from the previous more vertical drop.

However, it is noted that, in contrast, a good superposition cannot be obtained for the porosime-
try curves obtained with and without water pre-adsorption when the amount of intruded mercury
is plotted as fractional saturation (as seen in Appendix B). This suggests that the shape of the top
of the porosimetry curves is substantially altered by the water pre-adsorption. Figure 6.11a shows
that the mercury entrapment for batch G1 declines only slightly following water pre-adsorption.

Figure 6.11b shows a plot of the variation with pore size of the differences in incremental in-
truded volume between before and after water pre-adsorption. The pore radius was obtained from
the intrusion pressure using the Kloubek’® correlations. Kloubek’® developed calibrated versions
of the Washburn equation’! using mercury porosimetry data for model materials, namely a series
of controlled pore glasses, for which the pore size of each had been independently determined
from electron microscopy by Liabastre and Orr®* Given the Kloubek correlations are empirically
calibrated, it is noted that pore sizes derived from these correlations have experimental errors of
~4-5% associated with them. The results of analysing the raw mercury porosimetry data for G1,
shown in Figure 6.11b, using the Kloubek correlations are given in the Appendix B. A good super-
position was obtained for the main steps in the intrusion and extrusion curves for G1 using the
Kloubek correlations. These correlations were designed to remove contact angle hysteresis, and
the level of superposition achieved shows that the two materials have similar contact angles to
each other, and to the CPGs originally used to obtain the Kloubek correlations. From Figure 6.11b,
it can be seen that water adsorption to a relative pressure of 0.85 leads to a loss in intrusion of
pores of sizes peaking around ~4 nm for G1.

Figure 6.12a shows the cumulative BJH PSD obtained from nitrogen adsorption isotherm,
using a value of k=1 in Equation (6.3), for a typical sample of G1 after the pellets had been

76]J. Kloubek. Powder Technol., 29: 63-73, 1981.
7'W. E. Washburn. Phys. Rev., 18: 206-209, 1921.
84A, Liabastre and C. Orr. J. Colloid Interface Sci., 64: 1-18, 1978.
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Figure 6.12: (a) Cumulative BJH PSDs obtained from nitrogen adsorption isotherms, using a value of k=1 for typical

samples of G1 following mercury porosimetry after the pellets had been initially dried at 350°C (solid line), and also

following pre-adsorption of water to a relative humidity of 0.85 by suspension above a saturated KCI solution. (b)
Differential difference plot obtained from the two PSDs shown in a.

initially dried at 350°C, and also following pre-adsorption of water, to a relative humidity of
0.85, and mercury porosimetry. For consistency with the mercury porosimetry data, the nitrogen
sorption data for the sample following water adsorption has been scaled by the same factor as for
the corresponding mercury porosimetry data-set. It is noted that the difference in the cumulative
nitrogen PSD pore volumes between before and after water adsorption is equal to the sum of the
volumes lost to water (as shown by difference in ultimate intrusion volume in mercury intrusion
curves) and entrapped mercury (taking account of the slightly less entrapment following water
adsorption). This suggests that the mercury porosimetry and nitrogen sorption PSDs are a self-
consistent set.

In order to further clarify the differences between the two PSDs shown in Figure 6.12a, Fig-
ure 6.12b shows a plot of the variation with pore radius of the difference in the differential of the
PSDs shown in Figure 6.12a. In order to obtain the differentials, the cumulative PSDs were fitted
to sixth-order polynomials up to the largest pore size data-points just before the cumulative plot
became horizontal, and the equations for these fits were differentiated to obtain the differential
PSD. It can be seen that the respective plots of the difference in the differential PSDs peak at a
radius of ~4.5 nm for G1. It is noted that the peak positions for the mercury and nitrogen data for
G1 given in Figure 6.11b and Figure 6.12b are similar.

6.5.4 Dual Liquid Mercury-Water DSC Thermoporometry

Figure 6.13 shows the raw melting curve for sample of G1 containing both mercury and wa-
ter following mercury entrapment during porosimetry and immersion in water afterwards. Small
amounts of bulk liquids were added to sample to provide for internal references. It can be seen
that both mercury and water within the sample pores show melting point depression relative to
their respective bulk melting temperatures.
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Figure 6.13: DSC melting curve for both mercury and water within the same sample of G1 following entrapment during
porosimetry and immersion in water.

The melting temperatures in Figure 6.13 have been converted to pore sizes assuming values
of kgt in Equation (6.7) of 90 K nm and 52 K nm, for mercury and water respectively. Figure 6.14
shows a comparison of the BJH PSD obtained from the nitrogen adsorption isotherm measured
after water adsorption to P/Py=0.914, shown in Figure 6.10, and the PSD from DSC thermo-
porometry for mercury entrapped in G1 shown in Figure 6.13. The modal volumes of each PSD
have been renormalised to 1.0. From Figure 6.14, it can be seen that there is good agreement
between the PSDs from nitrogen and mercury methods for the pore space left vacant after water
adsorption to P/Py=0.914.

Figure 6.15 shows the PSD for the region occupied by water adsorbed to a relative pressure of
0.914 obtained by subtracting the nitrogen adsorption BJH PSD (using k£ = 1 in Equation (6.3))
obtained after water adsorption from the corresponding PSD from nitrogen adsorption beforehand.
The data for two separate suites of experiments on two different samples from batch G1 are shown
to give an idea of inter-sample variability. In Figure 6.15, this difference PSD is also compared with
the PSD for the adsorbed water itself using DSC thermoporometry with a Kgr value of 52 Knm in
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Figure 6.14: Comparison of the BJH PSD obtained from the nitrogen adsorption isotherm measured after water adsorption
to P/P0=0.914, shown in Figure 10, and the PSD from DSC thermoporometry for mercury entrapped in G1 shown in
Figure 13.

Equation (6.7). From a comparison of Figure 6.14 and Figure 6.15, it can be seen that, while the
mercury occupies the largest pores in the sample, greater than ~10 nm, the water occupies the
smallest pores, less than ~10 nm.

6.5.5 Integrated Nitrogen Sorption and Mercury Porosimetry

Figure 6.16 shows a comparison of the DSC thermoporometry PSD (using Kgr= 90 K nm in
Equation (6.7)) for the void space occupied by entrapped mercury following porosimetry, with
the PSD for that same void space estimated from the difference in the BJH PSDs (using k=1 in
Equation (6.3)) obtained from nitrogen adsorption isotherms measured before and after mercury
porosimetry. The volume of the modal pore size in each distribution has been renormalised to 1.0.
It can be seen that there is good agreement between the modal pore sizes obtained by the two
methods but the width of the mercury thermoporometry PSD is wider than the nitrogen difference
PSD.
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Figure 6.15: PSD for the region occupied by water adsorbed to a relative pressure of 0.914 obtained by subtracting

the nitrogen adsorption BJH PSD (using (a) k=1 or (b) k=2 in equation 3) obtained after water adsorption from the

corresponding PSD from nitrogen adsorption beforehand. Data for experiments on two different samples (1 and 2) from

batch G1 are shown to give an idea of inter-sample variability. Also shown is the PSD for the adsorbed water itself using
DSC thermoporometry with a Gibbs-Thomson value of (a) 52 or (b) 95 K nm in equation 7.
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Figure 6.16: Comparison of the DSC thermoporometry PSD for the void space in G1 occupied by entrapped mercury
following porosimetry, with the PSD for that same void space estimated from the difference in the BJH PSDs (using k=1
in equation 3) obtained from nitrogen adsorption isotherms measured before and after mercury porosimetry.
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6.6 Discussion

The comparison of the adsorption behaviour of water with a range of different adsorbates has
revealed its particular idiosyncratic behaviour for the test silica material. In the multi-layer region,
the amount of adsorption of water, for the surface as a whole, is much lower than that which
might be expected, for an adsorbate with its particular size, from the general trend for other, but
less polar, adsorbates. However, the similarity between the surface fractal dimension from SAXS for
shorter length-scales, and that from a fit of the fractal BET equation to the water isotherm, suggests
that the growth of the multi-layer of water that does occur is in line with that expected from the
BET model. This contrasts with the adsorption behaviour of n-hexane and cyclohexane which
gives rise to apparent surface fractal dimensions higher than that for SAXS, as might be expected
if adsorption was seeded only at a few sparsely distributed high energy sites and proceeded just
by addition of adsorbate only to sites immediately adjacent to itself, to, maybe, form a radially-
expanding ‘dome-shape’. In that case the number of sites for adsorption would increase for each
successive layer, leading to an under-estimate of fractal dimension, as seen for hexane molecules.

The structural analysis of the pre-adsorbed water phase by serial nitrogen adsorption is also
consistent with adsorbed water forming a more dispersed film, rather than discrete ganglia. The
variation of the water film volume with its surface area was found to be consistent with that
expected for film growth on a surface with a fractal dimension the same as that obtained from
SAXS (for length-scales <1 nm) according to the model of Pfeifer et al3?”

In contrast, in the higher reaches of the adsorption isotherms, where the presence of hystere-
sis indicates non-reversible capillary condensation has commenced for both nitrogen and water, it
was found that water adsorption at lower pressure affects the nitrogen adsorption at higher cor-
responding parts of its hysteresis loop region. This suggests water fills the smallest pores at lower
pressures than expected compared to nitrogen, even after the differences in adsorbate property
factor are taken into account. A possible explanation is that, despite the more limited overall ad-
sorption of water in the multi-layer region, that adsorption is relatively localised within the smaller
pores, thereby making the multi-layer thicker and the core volumes correspondingly smaller than
for nitrogen, thereby leading to the earlier onset of capillary condensation there. At the upper-
most reaches of the isotherms, the spatial disposition of water and nitrogen within the void space
probably becomes more similar, since capillary condensation occurs at the expected corresponding
relative pressures for pores of a certain size.

In contrast to water, the FHH plot for nitrogen suggests its adsorption only follows simple
multi-layer build-up on the silica surface roughness for the very lowest pressure region of the
isotherm. The similarity of the fractal dimension from FHH and SAXS over larger length-scales
suggests that, thereafter, nitrogen adsorption follows the envelope surface of the packing of sol
particles seen in the AFM images. This is a similar effect to that suggested by Tang et al>?® for
nitrogen adsorption on a close packing of smooth bovine serum albumin particles. As with this
previous work, the change to an apparently larger fractal dimension, than for the silica particle

328Patricia Tang et al. Langmuir, 19: 2632-2638, 2003.
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surface roughness, may be due to the constraints on the occupancy numbers of successive upper
layers of adsorbate that arise within the collars, or necks, formed at junctions between packing
particles. A V-shaped profile collar region would have the same impact, of reducing the numbers
of adsorption sites in successive layers, as the isolated pyramidal stacks of adsorbate envisaged
in previous work on adsorption of nitrogen on flatter profile, but more chemically heterogeneous,
silica surfaces32°

It has been seen that the cumulative intrusion and extrusion curves from mercury porosimetry
for samples of G1, that are initially dried, diverge at the top of the curves from the corresponding
data for the same samples which have water pre-adsorbed to a relative humidity of 0.85. The
subsequent analysis of these curves suggests that pre-adsorption of water has filled-up, and thereby
prevented mercury intrusion within, pores of sizes only up to ~4 nm for G1. It is noted that the
core pore sizes obtained from the Kelvin equation (Equation (6.3)) for capillary condensation of
water, at 296 K and relative pressure of 0.85, with cylindrical sleeve (k¥ = 1) and hemispherical
(k = 2) meniscus geometries, are 3.2 nm and 6.4 nm, respectively. The BET coverage equation
suggests that the statistical first layer coverage for G1 at a relative pressure of 0.85 is 95.3%,
suggesting at least a monolayer had built up at condensation, giving rise to a t-layer correction
of at least 0.6 nm. Hence, this suggests water is adsorbing with a cylindrical sleeve meniscus
geometry for G1. Capillary condensation via a hemispherical meniscus can arise from the dead-
ends in pores, or be initiated from filled neighbouring pores, or even from advanced condensation.
In an inter-connected pore network, the filling of the smallest pore via a cylindrical sleeve meniscus
will present a hemispherical meniscus to the adjoining pores, thereby potentially facilitating axial
filling of such pores at lower pressure than otherwise. If the neighbouring larger pore diameter
is less than twice the small pore, then it will also fill at the same pressure step via advanced
condensation. If there is a significant spatial correlation in pore sizes, then these pore-pore co-
operative effects will lead to more pores filling than would happen if the same pores were more
widely dispersed within the network amidst larger pores. The aforementioned results thus suggest
that the pores of sizes less than 5 nm in G1 are well-dispersed and only adjoined by much larger
pore bodies that do not fill via either meniscus geometry at relative humidity of 0.85. This suggests
a network of the type where narrow necks are interspersed between wide pore bodies. Indeed, G1
is a sol-gel silica formed by the agglomeration of tiny silica sol spheres, where wide pore bodies
are formed in the central gaps between sol particles and these gaps are separated by narrow necks.
This structure is evident in AFM images of samples of G1 shown in Figure 6.5

For sample G1, the loss of ~10-15% of ultimate intruded volume in mercury porosimetry
following water adsorption did not affect the level of mercury entrapment obtained very much
at all. This is possible if that entrapment is arising from macroscopic structural heterogeneities
whereby regions of large pores are surrounded by a ‘sea’ of small pores®” The loss of a sub-set
of small pores in this sea will not affect entrapment in the larger pores. Light microscopy studies
of pellets of G1 following entrapment have shown that the mercury ganglia have macroscopic
dimensions®® The slight decline in entrapment for G1 following water adsorption may be because

67N. Wardlaw and M. McKellar. Powder Technol., 29: 127-143, 1981.
885, Rigby, R. Fletcher, and S. Riley. Appl. Catal., A, 247: 27-39, 2003.
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the adsorbed water creates some more dead-ends with free mercury menisci from which retraction
can be more easily initiated without the need for snap-off.

It is noted that the PSD from dual-liquid DSC thermoporometry for entrapped mercury in
Figure 6.14 used a value of the mercury Gibbs-Thomson parameter of 90 Knm. This is the value
obtained previously by Bafarawa et al!?” for melting of mercury via a hemispherical meniscus in
a CPG. Hence, the value of Kgr cannot be any larger, and thus the pores filled with entrapped
mercury cannot be any larger. According to Figure 6.14, the pores occupied by mercury are in the
range ~10-20 nm. However, according to Figure 6.15b, this is also the pore size range occupied by
the complementary liquid, water, in the same dual-liquid DSC thermoporometry experiment. The
two liquids cannot simultaneously occupy the same pores, and so one of the PSDs in Figure 6.14
and Figure 6.15b must be using incorrect key constants of proportionality in the master pore size
equations. The fact that the sizes in the mercury DSC thermoporometry PSD cannot be made any
larger suggests Figure 6.15b is the PSD in error. This means that the PSDs in Figure 6.15a must
be the correct ones, because then water will be considered to occupy the complementary, smaller
pores in G1, as might be expected as water is the wetting fluid. Further, the pore sizes occupied by
water according to the PSD in Figure 6.15a, is more in line with the sizes (<10 nm) of the smallest
70% of pores in G1 according to the mercury intrusion PSD in Figure 6.11b, obtained using the
Kloubek’® correlations, than are those according to Figure 6.15b.

The water DSC thermoporometry PSD in Figure 6.15a used a value of Kgr=52 Knm. This
PSD was consistent, in terms of modal pore size, with that obtained by subtracting the BJH PSD,
assuming capillary condensation occurred via a cylindrical sleeve meniscus, for nitrogen adsorp-
tion isotherms obtained after water adsorption from that obtained beforehand. It is noted that, in
Figure 6.16, the modal pore size obtained from the difference between the PSDs, also obtained as-
suming nitrogen capillary condensation via a cylindrical sleeve meniscus, during adsorption either
side of mercury entrapment from porosimetry on the same sample, coincides with the modal pore
size containing the entrapped mercury from DSC thermoporometry. Hence, overall Figures 6.14
to 6.16 lead to a self-consistent set of PSDs assuming melting of mercury occurs via a hemispherical
meniscus, while melting of water occurs via a cylindrical sleeve meniscus, and capillary conden-
sation of nitrogen occurs via a cylindrical sleeve meniscus irrespective of whether complementary
sets of pores are filled with frozen water or mercury, at the saturation levels of water and mercury
tested (see Figure 6.6).

109B, Bafarawa et al. J. Colloid Interface Sci., 426: 72—-79, 2014.
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6.7 Conclusion

The multi-layer build-up of nitrogen and water both show idiosyncrasies compared to a basket
of other adsorbates. Analysis of the surface area of the interface between, and complementary
volumes of, a solid surface-adsorbed film and the residual pore space has shown that both water
and nitrogen initially form multi-layer films on the silica. However, while that multi-layer build-up
for water is concentrated in the smaller pores, in contrast, for nitrogen, it is more pervasive and
rapidly becomes directed by the envelope surface of the packed bed of silica sol particles, rather
than the surface roughness of individual constituent particles. Dual-probe thermoporometry or ad-
sorption can be used to determine the correct mode of the phase transition used to characterise the
pore structure of disordered mesoporous materials, without recourse to either model templated
materials for calibration, or imaging methods.

In the next chapter, integrated nitrogen-mercury experiments and CXT imaging techniques
will be used to study the pores that entrap mercury in high-temperature shift catalyst pellets.



Chapter 7

Study of the Entrapment of Non-wetting Fluid in High Tem-
perature Shift Catalyst

7.1 IntrodUCtion . . . . . v v v e e e e e e e e e e e e e e e e e e e e e e e 180
7.2 Materials and Method . . . . . . . . . . . . e 181
7.3 Results . . . . o e e e e e e e e e e e e e e e e e 184
7.4 DIiSCUSSION . . . . . i i e e e e e e e e e e e e e e e e e e e e e e e e e e e e 203
7.5 Conclusion . . . . . . . . e e e e e e e e e 204

7.1 Introduction

ydrogen can be produced using electrolysis, but on a large industrial scale it is more cost-
H effective to liberate it from water using a chemical reducing agent or to generate it through
partial oxidation of hydrocarbons in the presence of steam and oxygen. The most prevalent com-
mercial method is steam reforming in which a hydrocarbon fuel is used as a reducing agent for the
steam?! In modern plants, natural gas composed mainly of methane (CH,) is most commonly used.
Alternatively, petroleum naphtha could also be used depending on feedstock availability. Steam
reforming of hydrocarbons involves six different catalytic process steps, including desulphurisa-
tion, primary steam reforming, secondary steam reforming, high-temperature water-gas-shift, low-
temperature water-gas-shift and methanation®! Table 7.1 contains the corresponding reactions
and typical catalysts for each step. In this chapter, we will mainly focus on the high-temperature
shift catalyst pellet, which is composed of Fe3O4 and Cr2Os. This catalyst was originally developed
by BASF in 1915 as part of the ammonia synthesis process?! However, the catalyst tested in this
chapter was supplied by Johnson Matthey (JM), and the characterisation experiments were car-
ried out here at the University of Nottingham. The low-temperature water-gas-shift reaction uses
the high activity CuO/Zn0O/Al, O3 that was analysed in detail in Chapters 3 to 5.

This chapter will study a high-temperature shift catalyst manufactured by precipitation. An
integrated mercury porosimetry, nitrogen gas adsorption, and X-ray imaging strategy will be used

31C. H. Bartholomew and R. J. Farrauto. Fundamentals of industrial catalytic processes. John Wiley & Sons, 2011.
21A. Mittasch, M. Pier, and K. Winkler. Germany Patent DE415686, 24: , 1923.
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to identify and spatially locate the particular pore size ranges in the HTS pellet that entraps mer-
cury. The work will also present the rate of adsorption technique to study the impact of the lost
pores on mass transport. The X-ray imaging will be used to improve the interpretation of the data
from the indirect methods and to study the spatial distribution of mercury within the void spaces
of the material. It will be seen how this new combination of methods can be used to determine
the critical features of the void space that entrap mercury and identify their impact on the mass
transport of the materials.

Table 7.1: Process steps, reactions and catalyst used in steam reforming of hydrocarbons [31]

Process step Reactions Catalyst

Desulphurisation R-S + Hy —» HyS + R-H CoMo/Al;,03

Primary steam reforming HC + H,0 - H2 + CO + CO3 + CH4 Ni/MgO (naphtha)
Ni/CaAl, 04 (methane)

Secondary steam reforming 2CH4 + 3H;O — 7Hy + CO + CO, Ni/CaAl;O4 Ni/«a-Al;03

HT Water gas shift CO + H,O - Hy + COy Fe304
LT Water gas shift CO + H,0 = Hy + COy CuO
Methanation CO + 3H,; — CH4 + H,0 Ni/Al, O3

7.2 Materials and Method
7.2.1 Samples studied

The material studied in this work were fresh, high-temperature shift (HTS) catalyst pellets de-
noted as H1, H2, H3 and H4. The HTS pellets are mesoporous cylindrical tables with dimensions
of ~7 x 4 mm (diameter x length) and are composed of iron, chromium and graphite lubricant
particles. All the samples were manufactured by precipitation. H1 and H2 were calcined at 600 °C
and 650 °C, respectively. H3 sample is a low-density sample produced by applying lower pressures
during the pelleting process. Finally, H4 sample is non-calcined and has a unimodal pore structure.
H1 and H2 pellets have an average BET surface area of 28.3m?g~! and 20.3 m?g~!, respectively.
The H3 and H4 samples have an average BET surface area of 27.1 m?g~! and 191.9m?g~"', respec-
tively. Tables 7.2 to 7.3 contain further details and properties of the samples studied.

Table 7.2: Characteristics of the high temperature shift catalyst pellets. Porosity values were obtained from mercury
porosimetry. The bulk density was obtained from helium pycnometry.

Sample Sample Bulk density BET Cylindrical dimension
porosity (%) (g/cm?) (m?/g) (diameter x length)
H1 52.2 2.44 28.343 7.0x4.0 mm
H2 48.5 2.63 20.301 7.0x4.0 mm
H3 54.9 2.21 27.139 7.0x4.0 mm

H4 44.8 1.92 191.912 8.0x4.0 mm
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Table 7.3: Specific pore volumes and modal pore diameters of the samples as determined by two different methods

Sample Hg pore N, sorption pore ~ Hg modal pore N, modal pore
volume (ml/g) volume (ml/g) diameter (nm) diameter (nm)
H1 0.214 0.156 29.5 26.4
H2 0.184 0.124 37.6 35.3
H3 0.248 0.160 29.9 30.4
H4 0.235 0.208 48.3 50.2

7.2.2 Integrated mercury porosimetry and gas sorption

The steps used in the integrated nitrogen sorption and mercury porosimetry techniques used to
test the HTS pellets in this chapter closely follows that described in previous chapters. For a gen-
eral description of the procedure, the reader is referred to this earlier work in Chapter 3. However,
more specific aspects of the procedure that are unique to the experiments presented in this chap-
ter will be described below. The filtering’ strategy, which consists of a series of gas sorption and
mercury porosimetry experiments conducted on the same sample, was used to analyse the high-
temperature shift catalyst pellets. The samples were degassed at 110 °C in the case of H1, H2, H3,
and 140°C in the case of H4 before the initial nitrogen sorption experiment. The samples were
kept under vacuum for 24 hours to drive off any physisorbed water onto the pores. Following
the first nitrogen sorption experiment, the samples were allowed to cool to room temperature
(298.15K) before being transferred to the mercury porosimeter while still under nitrogen. The
mercury porosimetry experiment were carried out using a Micromeritics Autopore IV 9500, which
is capable of pressure up to 60,000 psia (~414 MPa). The contact angle and the surface tension
values were taken as 140° and 0.485 N m!, respectively. Furthermore, because cleaning the en-
trapped mercury from a specific sample after an experiment for re-use in a subsequent mercury
porosimetry experiment is difficult, each new experiment was instead performed on a new sam-
ple from the same batch.

Once the mercury porosimetry experiment was completed, the sample was then returned to
the nitrogen sorption instrument. The sample was then cooled to 77 K to freeze the entrapped
mercury. The sample were then evacuated to a vacuum following freezing, and the next nitrogen
sorption experiment started. Each sample was re-weighed at the end of the integrated experiment
to assess whether the change in mass was consistent with the extent of mercury entrapment re-
ported by the porosimetry curves. This was proven to be true in each occasion (with in ~5%). As
a result, the apparent mercury retention shown in the porosimetry data (seen below) is due to
true entrapment.

No overcondensation experiments were conducted on the HTS pellets as the samples showed
a clear plateaus at relative pressure ~1 using conventional isotherms. This behaviour is normally
typical of sorption scanning curves where the void space is completely filled with liquid nitrogen
at the top of the isotherms. The OC experiment is often used to investigate any porosity beyond
the instrument’s upper limit for the conventional isotherm (P/Py >0.995).
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7.2.3 Rate of Adsorption (ROA) procedure

The rate of adsorption (ROA) experiments was also conducted on the HTS pellets both before
and after mercury entrapment. The rate of adsorption (ROA) technique works by dosing a known
quantity of nitrogen gas onto the sample and recording the amount of gas adsorbed and the cor-
responding pressures over time. The dosing quantity was taken from the BET monolayer capacity.
An additional 5 cc(STP) /g of gas was added to this amount to compensate for the initial expansion
of the gas into the free space of the sample tube. This is because the gas first fills the sample tube
before adsorbing onto the sample surface.

7.2.4 Imaging using CXT

The HTS catalyst pellets were imaged using low-resolution CXT before and after mercury entrap-
ment to different intrusion pressures. For the low-resolution CXT scans, the whole pellets were
imaged before and after mercury entrapment using a Zeiss Xradia Versa XRM-500 to acquire 3D
image stacks. A similar imaging technique as the fresh catalyst pellets discussed in previous chap-
ter was used for the HTS pellets. The X-ray source for the instrument was set to 140 kV and a
power of 10 W. The apparatus’s macro lens (0.4X) was used to image the full pellets with 360
degrees rotations. The average pixel size for empty pellets was 4.5 pum, and the average pixel
size for samples with mercury was 8.5 pm due to higher density of mercury-containing sample.
Both samples were scanned with 1600 projections per 360 degrees scan. Each 3D image stack
contained 1016 slices with dimensions of 2048 x 2048 and 1024 X 1024 image size for the empty
and mercury-filled samples, respectively. The 3D volume data sets were reconstructed using the
filtered back projection (FBP) method!?®

128G. N. Ramachandran and A. V. Lakshminarayanan. PNAS, 68: 2236-2240, 1971.
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Figure 7.1: Raw 2D radial slices and 3D reconstructions for the empty HTS pellets (a) H1 pellet, and (b) H2 pellets.

7.3 Results
7.3.1 Imaging Empty Samples

Figure 7.1(a) and (b) show typical examples of the reconstructed 2D and 3D CXT images of the
empty (no mercury in the pores) H1 and H2 samples, respectively. The Figure shows the individual
feed particles that make up the pellets due to the density distribution in the particles seen from
the variation in average pixel intensity in each feed particle. The pellets contain high-density
and low-density feed particles and smaller, dark black spots that correspond to graphite lubricant
particles. The pellets also display splintering or cracks, which are more evident in the 3D volume
reconstructions.

Figure 7.2(a) and (b) show typical examples of reconstructed 2D and 3D CXT images of
the empty H3 and H4 samples, respectively. For the H3 samples, it can be seen from the pixel
intensities in (Figure 7.2a), there are several irregularly shaped particles of different sizes and
densities. The H3 sample contains both low and high-density roll compacted feed particles. There
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Figure 7.2: Raw 2D radial slice and 3D reconstructions for the empty HTS pellets (a) H1 pellet, and (b) H2 pellets.

are also graphite lubricant particles present on the images. The low-density H3 sample also has
cracks, which look more extensive on the top and bottom ends of the sample. The H4 sample
shown in Figure 7.2b displays both high density and low density roll compacted particles. There
are also graphite lubricant particles, but no cracks on the H4 samples compared to other HTS
pellets. The lack of cracks on the H4 sample could be attributed to the fact that this sample is not
calcined, as cracking is widely considered to be as a result of the high-temperature calcination3??

7.3.2 Mercury Porosimetry Data

Figure 7.3 shows the raw data for mercury porosimetry experiment performed on whole pellets
of HTS pellets. The raw data from the mercury porosimetry experiments were analysed using the
Kloubek® correlation, which is a semi-empirical alternative to Washburn’! equation, that is de-
signed to remove the effects of contact hysteresis in mercury porosimetry data. All the samples

329J, Zhang et al. Cryst. Res. Technol., 54: 1800201, 2019.
69]J. Kloubek. Powder Technol., 29: 89-97, 1981.
7'W. E. Washburn. Phys. Rev., 18: 206-209, 1921.
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Figure 7.3: Comparison of typical examples of mercury porosimetry curves up to 60000 psia for the HTS pellets. The
sample names are on the legends.

were subjected to a full intrusion up to 60000 psia, followed by a retraction back down to at-
mospheric pressure (14.7 psia). It can be seen from Figure 7.3 that the level of entrapment is
very high for all the samples. Furthermore, the low-density sample (H3) shows the highest pore
volume, whereas the H2 sample displays the lowest pore volume of all the samples.

As the mercury pressure starts to build up from low to high, the mercury starts to intrude into
the gaps between the pellets, followed by long horizontal plateau before first significant intrusion
starts at pressures of ~500-600 psia for the H1 to H3 samples, and ~3000 psia for the H4 sample.
The first mercury intrusion leg for H1 to H3 samples fills in the biggest pores (>75 nm), and is
followed by a second intrusion leg into smaller pore network starting at around ~5000-6000 psia
(~55-75 nm). This suggests that H1, H2 and H3 samples have a bimodal pore structure sytem.
This attribute is not observed in the H4 samples, indicating that H4 is a unimodal material. The
H1 to H3 samples also display horizontal flat plateau at the highest pressure point, suggesting that
all the pores are filled at this pressure (60000 psia), and no more mercury could be intruded into
the sample.

The small initial intrusion of mercury at ~0.01 MPa is due to the inter-pellet pentration, before
intra-pellet intrusion begins at the pressure mentioned above for the different samples. As the
pressure is lowered, there is a flat plateau for all the samples, which suggest that virtually all the
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Figure 7.4: Mercury porosimetry scanning curves for the whole pellets analysed using the Kloubek correlation. (a) H1,
(b) H2, (c) H3 and (d) H4. The mercury scanning curve pressures are indicated on the graph legends.

mercury that gets trapped in the pores remains trapped within the sample as no mercury leaves
the sample, except for the H4 sample, where only <2% of the mercury leaves the pellet at 60000
psia.

Mercury scanning curve technique as well as powdering the samples were both employed
in order to determine the cause of the mercury entrapment in the HTS pellets. The results of
the mercury scanning curves analysed using the Kloubek®® correlation are shown in Figure 7.4.
As can be seen from the figures, no superposition is achieved with the Kloubek correlation for
these samples, as the samples do not display mercury hysteresis. Mercury scanning pressure of
up to 5336 psia was solely selected in order to separate the macro-and-mesopore pore structure
networks seen in the H1 to H3 pellets (see Figure 7.7). From the mercury scanning curve figures
for the HTS pellets, it can be seen that all the samples display up to 100% mercury entrapment
for each mercury pressure used, suggesting that the mercury entrapment in the HTS pellets is
independent of mercury scanning curves used.

The HTS samples were also powdered into particle sizes of ~50-75 pm, which is similar to
the particle sizes of the starting feed particles of these pellets. The powdered samples were then
subjected to full mercury intrusion up to 60000 psia, and the results were compared with that of
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Figure 7.5: Mercury intrusion and extrusion comparison for the whole and powdered HTS pellets up to 60000 psia. The
powdered pellet curves have not been adjusted. (a) H1, (b) H2, (c) H3 and (d) H4 pellet.

whole pellets from the same batch. The results for mercury intrusion and extrusion comparison
for the whole and powdered HTS pellets are shown in Figure 7.5. The mercury intrusion data for
the powdered sample shows a very high initial inter-particle intrusion, and therefore needed to
be corrected for this rise, so that it could be compared with the data for the whole pellets. The
powdered sample also displays a flat horizontal plateau at the highest mercury intrusion pressure
and up to 100% mercury entrapment. The results of the adjusted powdered samples and the whole
pellet comparisons are displayed in Figure 7.6. The figures show that the shapes of the powdered
and whole pellets are similar after this adjustment, suggesting that the mercury entrapment in
the powdered samples is independent of fragmenting the pellets into a powdered with sizes up to
~50-75 pm.

Mechanically robust samples, such as HTS catalyst pellets, can be fractured to produce parti-
cles of varying sizes. In the past, it has been shown that the shape of the mercury intrusion curve
and the quantity of entrapment change with particle size variation for catalyst pellets ranging
from millimetres to ~10-100s micrometres!®! If the pellet is macroscopically patchwise hetero-
geneous, that is, if there is large-scale spatial correlation in pore size, fragmenting the pellet may

1015, P, Rigby. J. Colloid Interface Sci., 224: 382-396, 2000.
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Figure 7.6: Mercury intrusion and extrusion comparison for the whole and powdered HTS pellets up to 60000 psia. The
powdered pellet curves have been adjusted to match superpose the whole pellet data. (a) H1, (b) H2, (c) H3 and (d)
H4 pellet.

de-shield a significant number of bigger pores, changing the shape of the percolation transition.
On fragmentation of the sample, the mercury intrusion knee is expected to become more rounded
and move toward bigger pore sizes”

7.3.3 Mercury porosimetry Pore Size Distribution

Figure 7.7 shows the mercury porosimetry pore size distributions for the HTS following intrusion
up to 5336 and 60000 psia. The differential distribution curve is obtained by differentiating the
cumulative distribution curve and is essentially a plot of dV/d(log d) vs log d. This type of plot
has the advantage of displaying a spectrum of pore sizes and is especially useful when the sample
has two or more unique peak pore sizes (see H1-H3 plots). Furthermore, the area under the
differential distribution curve can be used to estimate the pore volume in any pore range. The
purpose of presenting data on a log differential plot is to cause an equal peak area on a plotted
curve to represent equal pore volumes.

7S. P. Rigby. Structural characterisation of natural and industrial porous materials: A manual. Springer Nature, 2020.
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Figure 7.7: Mercury porosimetry pore size distributions for HTS pellets following intrusion up to 5336 and 60000 psia.
(@) H1, (b) H2, (c) H3, and (d) H4 samples.

The log-differential pore volume curves for the H1 to H3 samples show a bimodal pore struc-
ture, where most of the lower pore ranges are below ~30 nm. Additionally, the smaller pore size
range of the plots contains a significant portion of the pore size distributions. The figure also
clearly shows that the 5336 psia scanning pressure effectively divides the PSDs for H1-H3 samples
into two segments, turning them from bimodal to a unimodal pore structure system as the mercury
gets trapped in the bigger pore range (>35 nm). The H4 sample has a unimodal pore structure,
with the most probable pore size being around ~47 nm.

7.3.4 CXT Images of Pellets Following Mercury Porosimetry

Figure 7.8 shows a typical reconstructed 2D radial slice and 3D CXT image of the whole pellet
for the H1 sample following mercury intrusion up to 1200 psia leading to entrapment filling up
to 20.1% of the pore space. Because mercury has a high electron density, the regions of the pellet
containing entrapped mercury appear as brilliant white pixels, whereas the empty pellet regions
appear as grey in colour. From the image, it can be seen that mercury get intruded into the bigger
pores and the cracks in the samples. Furthermore, a large portion of pellet are left unintruded by
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Figure 7.8: Raw and segmented CXT images of H1 pellet following mercury porosimetry up to 1200 psia leading to

entrapment filling 20.1% of the pore space. (a) Raw 2D radial slice. Bright white regions correspond to mercury, (b) 3D

reconstructed grayscale volume of the pellet exterior, (¢) Entrapped mercury in the void spaces (orange) representing

42.8%, (d) Pellet regions with no entrapped mercury (green) representing 57.2% of the volume fraction, and (e) All the
segmented phases. The scale bar corresponds to 2000 pm.

mercury since they are likely to have a higher density than the remainder of the feed particles,
and are surrounded by pores with smaller neck sizes than the minimum pore diameter penetrable
by the current mercury scanning curve pressure. The H1 samples have more extensive fracture
networks than the rest of the HTS pellets. The fracture network appears to be more complex near
the pellet’s top and bottom ends than in the middle of the pellet.

Figure 7.8 also contains the segmentation results for the H1 sample. The image has been
segmented into two bins of intensity corresponding to mercury containing and the empty regions
of the pellets using deep learning®®® imaging segmentation. The deep learning method utilised
here is based on the software Dragonfly from ORS2°® which uses the popular TensorFlow?8? deep

266Y. Lecun, Y. Bengio, and G. Hinton. Nature, 521: 436-444, 2015.
258R. Makovetsky, N. Piche, and M. Marsh. Microsc. Microanal., 24: 532-533, 2018.
2827, Martin et al. CoRR, 265-283, 2016.
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Figure 7.9: Raw and segmented CXT images of H2 pellet following mercury porosimetry up to 1200 psia leading to

entrapment filling 21.2% of the pore space. (a) Raw 2D radial slice. Bright white regions correspond to mercury, (b) 3D

reconstructed grayscale volume of the pellet exterior, (¢) Entrapped mercury in the void spaces (orange) representing

51.7%, (d) Pellet regions with no entrapped mercury (green) representing 48.3% of the volume fraction, and (e) All the
segmented phases. The scale bar corresponds to 2000 pm.

learning engine in a user-friendly image processing environment. Because of the shape of the HTS
samples, it was not possible to carry out segmentation on the entire pellet image as it currently is;
therefore, the CXT images of the HTS pellets were cropped to extract a cylindrical volume with a
similar shape as the methanol catalyst pellet discussed in Chapters 3 to 5. The middle regions of
the pellet chosen for the segmentation are highlighted with a circle (red dashed line) as shown in
Figure 7.8. The volume fractions of the mercury and rest of the empty pellet as calculated from
the CXT segmented images were 42.8% and 57.2%, respectively.

Figure 7.9 shows a typical reconstructed 2D radial slice and 3D CXT image of the whole
pellet for the H2 sample following mercury intrusion up to 1200 psia leading to entrapment filling
up to 21.2% of the pore space. The 3D surface rendering allows for quick visualisation of the
spatial distribution of different phases in the catalyst pellet studied. As can be seen from the
images, the mercury gets trapped preferentially in the larger pores and the fracture network on the
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Figure 7.10: Raw and segmented CXT images of H3 pellet following mercury porosimetry up to 1200 psia leading to

entrapment filling 18.2% of the pore space. (a) Raw 2D radial slice. Bright white regions correspond to mercury, (b) 3D

reconstructed grayscale volume of the pellet exterior, (c) Entrapped mercury in the void spaces (orange) representing

60.3%, (d) Pellet regions with no entrapped mercury (green) representing 39.7% of the volume fraction, and (e) All the
segmented phases. The scale bar corresponds to 2000 pm.

sample. The mercury intrusion pattern on the H2 sample forms what looks like a ‘Sierpinski gasket’
fractal shape23° The Sierpinski triangle is a fractal with the shape of an equilateral triangle, named
after the Polish mathematician Wactaw Sierpinski. The triangle can be subdivided indefinitely into
smaller equilateral triangles that are identical to the original. As a result, the Sierpinski triangle
looks much like a Christmas tree. Figure 7.9 also contains the segmentation results for the H2
sample. The selected region of the H2 sample has been segmented into two bins of intensity
corresponding to mercury-containing and the empty regions of the pellets. The volume fraction
based on mercury (orange colour) pixel intensity from the CXT images is 51.7%, and the rest of
the unfilled pore spaces in the pellet represents 48.3% of the volume fraction.

Figure 7.10 shows a typical reconstructed 2D radial slice and 3D CXT image of the whole

330E. M. Anitas. J. Nanomater., 10: 925, 2020.
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Figure 7.11: Raw and segmented CXT images of H3 pellet following mercury porosimetry up to 3800 psia leading to

entrapment filling 9.6% of the pore space. (@) Raw 2D radial slice. Bright white regions correspond to mercury, (b) 3D

reconstructed grayscale volume of the pellet exterior, (c) Entrapped mercury in the void spaces (orange) representing

37.5%, (d) Pellet regions with no entrapped mercury (green) representing 62.5% of the volume fraction, and (e) All the
segmented phases. The scale bar corresponds to 2000 pm.

pellet for the H3 sample following mercury intrusion up to 1200 psia leading to entrapment filling
up to 18.2% of the pore space. The H3 pellet, like the H1 and H2 samples, has a fracture network
throughout the sample, which is visible due to the mercury filling the fractures. Furthermore, many
areas of the pellet are mercury-free because they have a higher density than the rest of the feed
particles or because the pores surrounding them have narrower neck diameters than the lowest
pore diameter penetrable by the mercury scanning curve pressure. The selected region of the H3
sample has been segmented into two bins of intensity corresponding to mercury-containing and
the empty regions of the pellets. The volume fraction based on mercury (orange colour) pixel
intensity from the CXT images is 60.3%, and the rest of the unfilled pore spaces in the pellet
represents 39.7% of the volume fraction.

Figure 7.11 shows a typical reconstructed 2D radial slice and 3D CXT image of the whole pellet
for the H4 sample following mercury intrusion up to 3800 psia leading to entrapment filling up to
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9.6% of the pore space. It can be observed from the images that after mercury has breached a band
in the pellet’s outer regions at low pressure, any further intrusion is more dendritic in form, with
a percolation threshold being reached at this scanning curve pressure. The fractal dendritic form
of the mercury intrusion path is more clearly evident in the 2D reconstruction CXT images of the
H4 pellet shown in figure Figure 7.11. The image has been segmented to separate the mercury-
intruded areas from the rest of the pellet matrix. Large sections of the pellet, however, remain
unintruded. The volume fraction based on mercury (orange colour) pixel intensity from the CXT
images is 37.5%, and the rest of the unfilled pore spaces in the pellet represents 62.5% of the vol-
ume fraction. The irregular polygonal shape of the dark unintruded zones indicates that they are
most likely related to the high-density roll compacted feed particles contained within the pellet.
The H4 pellet, unlike the H1-H3 samples, does not exhibit fracture network; therefore, intrusion
occurs in the larger pores found in lower-density feed particles and low-density portions surround-
ing high-density feed particles. The absence of fractures in the H4 sample might be explained
by the fact that it was not calcined, as cracking is commonly associated with high-temperature
calcination.

7.3.5 Gas Sorption

Figure 7.12 shows the gas sorption isotherms for the HTS pellets before and after mercury entrap-
ment up to different pressures (as shown in the captions). The figure also shows inset figures for
samples H1 to H3 starting from a relative pressure of ~0.8, as the region of interest is the capil-
lary hysteresis region for these materials. The isotherms for the H1 to H3 samples before mercury
porosimetry have similar shapes but different ultimate amounts of gas adsorbed. The quantity of
gas adsorbed is relatively small until relative pressure of ~0.8, representing the gas adsorbing
onto the surface of these samples. However, at relative pressure ~0.8-0.82, capillary condensation
in the pores starts and continues up to a relative pressure of ~1. The isotherms for the H1 to H4
samples have plateaued at relative pressure ~1, suggesting that all the pores have been filled with
condensate at the highest relative pressure possible in a conventional gas adsorption experiment.
The largest pore size that can be probed with a gas adsorption experiment is ~50 nm/ Since the
isotherm for these sample reaches a plateau, H1-H3 samples do not possess pores greater than
50 nm for gas adsorption. When the direction of pressure is reversed on the desorption branch,
the amount of adsorbed gas does not decrease immediately, and there is a flat plateau between
~1-0.98. There is also a knee point at relative pressure ~0.98, and the capillary evaporation then
continues to a second percolation knee at relative pressure ~0.9-0.92. After this second knee, the
capillary evaporation continues to the hysteresis closure point at a relative pressure of ~0.75.

Compared to H4, the adsorption and desorption isotherms for the H1 to H3 samples are not
smooth curves. At relative pressure ~0.952, for example, there is a prominent inflexion point
on the desorption curve, indicating that the pore structure of the H1 to H3 sample is bimodal.
H4 sample produces a type II isotherm with an H1-type hysteresis loop according to the IUPAC
classifications3® The H4 sample produced a smooth curve with no inflexion point, with a similarly

36M. Thommes et al. Pure Appl. Chem., 87: 1051-1069, 2015.
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Figure 7.12: Gas sorption isotherms before and after mercury porosimetry up to different pressures for HTS pellets. (a)
H1 before and after 5336 and 1200 psia, (b) H2 before and after 5336 and 1200 psia, (c) H3 before and after 5336 and
1200 psia, and (d) H4 before and after 5336 and 3800 psia.

shaped isotherms for before and after mercury porosimetry, suggesting that the pore structure
of the H4 sample is unimodal. The nitrogen gas adsorption isotherm for the H4 sample shows
the highest pore volume of all tested samples, with a pore volume of ~178 cc/g STP. From the
nitrogen isotherms for the H4 sample, it can be seen that the pore volume accessible to nitrogen
decreases with higher mercury scanning curve pressures due to increased mercury entrapment.

Table 7.4: Summary of pore volume lost due to mercury entrapment for the HTS pellet.

Sample Pore volume from N; Pore volume from Nj; Entrapped Mercury
sorption (Pre Hg) (cc/g) sorption (Post Hg) (cc/g) pore (cc/g)
H1 0.164 0.132 0.032
H2 0.127 0.092 0.038
H3 0.154 0.102 0.055
H4 0.292 0.203 0.085

Figure 7.12 also contains the gas sorption isotherms for the HTS samples following the mer-
cury porosimetry experiment up to different pressures. In order to compare the isotherms before
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and after mercury porosimetry, the isotherm plots have been overlaid on the same figures. For H1
to H3, the isotherms following mercury intrusion up to 1200 psia display the same shape as the
pre-mercury isotherms, and the isotherms do not exhibit a flat plateau at relative pressures ~1.
However, the pore volume has dropped by ~10-12% due to mercury filling some of the larger
pores in the sample. When the mercury intrusion pressure has been increased to 5336 psia, the
shape of the isotherms for H1 to H3 samples has changed to type IV isotherm according to the
IUPAC isotherm classifications3® with an apparent flat plateau at relative pressure ~1, and the
amount of adsorbed gas has reduced by ~18-39%. The flat plateau indicates that all the pores
accessible by nitrogen gas become filled with condensate. This suggests that the mercury has
become entrapped, at least, in the biggest pores that could not previously be filled with conden-
sate. Furthermore, when the direction of pressure change is reversed to commence the desorption
process, the quantity adsorbed does not immediately decrease. Instead, there is a flat section of
the isotherm that continues until relative pressure ~0.922, and capillary evaporation begins at
this pressure. This suggests that the mercury is either entrapped within the pores that desorption
could occur from before mercury porosimetry and were responsible for creating the ‘swan-neck ’
like top parts of the isotherms. Alternatively, it is possible that the entrapped mercury is situated
in such a way that it blocks quick evaporation from these pores when the direction of pressure
change is reversed.

7.3.6 Incremental Pore Volume

To understand where the mercury is entrapped in the HTS pellets more clearly, ‘change in incre-
mental amount adsorbed graphs’ have been calculated and plotted for the adsorption boundary
curves, as shown in Figure 7.13. The change in the incremental amount of adsorbed plots has been
generated based on the adsorption isotherm for before and after mercury intrusion up to 5336 psia
only, as this is the more interesting result of the two scanning curves shown in Figure 7.12. These
plots were obtained by subtracting the incremental amount adsorbed between each respective pair
of pressure points for the isotherms before and after mercury entrapment. The nitrogen sorption
isotherms measured before and after porosimetry were obtained using the same pressure table.
Hence, it is possible to deconvolve the specific amounts of nitrogen adsorption and desorption
that occurred prior to porosimetry within the particular pores that entrapped mercury by subtract-
ing the isotherm obtained after porosimetry from the one obtained before porosimetry. Because the
actual pressures recorded with the equipment for a particular pressure entered into the pressure
table differed somewhat, linear interpolation between neighbouring data points was performed to
calculate the quantity adsorbed for exactly the same pressures for both isotherms. For the HTS pel-
lets, between relative pressures ~0-0.85, there was very little difference between the incremental
amounts adsorbed at a given relative pressure for before and after porosimetry; therefore, the plot
is at approximately zero. This indicates that before and after mercury porosimetry, the isotherms
are the same over this pressure region, and any small fluctuations in this pressure region have pre-
viously been explained as noise!?! The relative pressures points between ~0-0.85 are therefore
not shown on the change in incremental amount adsorbed plots.

For the H1 and H2 samples, there is a positive signal around ~0.925 relative pressure, which
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Figure 7.13: Change in incremental amount adsorbed plot for the HTS pellets based on adsorption branch. The incremen-
tal amount adsorbed was obtained by subtracting the isotherm obtained after porosimetry from that obtained beforehand.
(@) H1, (b) H2, (c) H3, and (d) H4. Arrows have been added to indicate the direction of the change in pressure.

continues to ~1. This positive signal shows that the gas sorption isotherm following mercury
porosimetry adsorbs less gas than the equivalent isotherm that precedes mercury porosimetry due
to mercury entrapment filling particular pores. From H1 and H2 figures, it can be seen that the
smallest pores which entrap mercury fill at relative pressures ~0.925 and continues to relative
pressures 1, indicating that mercury is entrapped in pores that fill over this pressure range. For the
H3 sample, there is a slight negative signal between ~0.901-0.938, followed by a larger positive
signal starting from 0.947. Again, it must be that the pores which entrap mercury fill in this relative
pressure range. For H4 samples, the positive signal starts at around relative pressure of 0.949 and
continues up to 1. Once more, it must be that the pores that entrap mercury are filled in this range
of relative pressures.
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Figure 7.14: BJH cumulative PSDs derived from nitrogen adsorption isotherm obtained before and after mercury
porosimetry up to 5336 psia for HTS pellets: (a) H1, (b) H2, (c¢) H3, and (d) H4. The ultimate pore volume of the
cumulative distribution obtained after mercury has been renormalised such that it is the same as the before mercury.

7.3.7 Gas Sorption Pore Size Distribution

The pore size distribution (PSDs) obtained, using the BJH** algorithm, from the nitrogen adsorp-
tion isotherms obtained before and after mercury porosimetry for the HTS samples are shown in
Figure 7.14. The ultimate pore volumes in the cumulative PSDs before and after mercury porosime-
try has been renormalised to 1 to make the comparisons easier. This method of presenting the data
demonstrates that the pore diameter distributions obtained after mercury entrapment are identi-
cal to that obtained before mercury porosimetry at smaller pore diameters but differ at larger pore
diameters. Hence, the plots makes the loss of larger pores more apparent. As more mercury be-
comes entrapped, more larger pores become inaccessible to nitrogen. From the BJH PSD for the
H1 and H2 samples, it can be seen that pores of sizes bigger than ~27 nm are lost due to mercury
entrapment within them. This is supported by the corresponding ‘change in incremental amount
adsorbed plots’ for these samples shown in Figure 7.13, where there is a positive signal starting
at relative pressure ~0.925 (~27 nm) and continuing to 1, indicating that mercury is entrapped
in pores that fill over this pressure range. Hence mercury porosimetry does not appear to have

44E. P. Barrett, L. G. Joyner, and P. P. Halenda. J. Am. Chem. Soc., 73: 373-380, 1951.
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Figure 7.15: A comparison of the experimental nitrogen gas uptake data and the fits to the linear driving force (LDF)
model for the HTS pellets before and after mercury porosimetry up to 5336 psia. (a) H1, (b) H2, (c) H3, and (d) H4
samples.

affected the accessibility of nitrogen to pores of radii less than ~27 nm. The figure also shows that
the lost pores for the H3 and H4 samples due to mercury entrapment up to 5336 psia are bigger
than ~22 and 13 nm, respectively.

7.3.8 Rate of Adsorption

Figure 7.15 shows the experimental gas uptake curves and the linear driving force (LDF) model
fittings of the HTS sample before and after mercury porosimetry up to 5336 psia. Kinetic mass
uptake data, comprising the amount adsorbed versus time, typically takes the mathematical form
of exponential growth and, thus, is often fitted to the LDF model to extract the mass transfer coeffi-
cient (MTC)(denoted k)7 The LDF model is the simplest and most commonly applied intraparticle
mass transfer model to calculate the effectiveness of a particular porous system® This model is
found to give rise to good fits to the data with an R? of >0.9911. It is also found that most of
the samples reach equilibrium after >1000 seconds. From the figures, it can be seen that the rate

6A. Nepryahin et al. Chem. Eng. Sci., 152: 663-673, 2016.
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Figure 7.16: Comparisons of the observed fractional decline in the mass transfer coefficient (k/k,) following mercury
entrapment and that expected for a random arrangement of entrapped of pore liquid from Prager model for (a) H1, (b)
H2, (c) H3 and (d) H4 pellets.

of uptake declines much more significantly following mercury entrapment. For example, for H1
samples, it was found that the adsorption corrected MTC were 0.842 s~! before entrapment and
0.354 s~ ! after entrapment. Hence, the MTC declined by a factor of >2 between before and after
mercury entrapment.

Table 7.5 shows the mass transport coefficients obtained for HTS pellets before and after
mercury up to 1200 psia and 5336 psia for the H1 to H3 samples, and 3800 and 5336 psia for
the H4 sample. Each MTC is expressed as ratio to the MTC for the mercury-free sample (i.e. k,).
The tables also show the MTC drop expected for a completely random arrangement of entrapped
mercury, as predicted by the Prager?>® model. As can be seen from the tables, the MTCs generally
decline following mercury entrapment for the HTS pellets. The table also shows that the MTC
dropped by a factor of >3 and >5 for the H2 and H3 samples between before and after mercury
entrapments of up to 5336 psia. Whereas for the H4 samples, the MTC decline was ~2 following
mercury entrapment up to 5336 psia.

2598, Prager. J. Chem. Phys., 33: 122-127, 1960.
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Table 7.5: Variation in adsorption-corrected MTC, for nitrogen at low pressure, with increasing mercury saturation for
(@) H1, (b) H2 (c) H3 and (d) H4 samples, respectively.

MIP pressure Minimum pore Fractional Experimental Expected k/k, for
(psia) diameter penetrated mercury (k/k,) random entrapment
(nm) saturation (%) (Prager)
1200 179.6 20.1 0.58 0.74
5336 40.4 44.3 0.43 0.47
MIP pressure Minimum pore Fractional Experimental Expected k/k, for
(psia) diameter penetrated mercury (k/ko) random entrapment
(nm) saturation (%) (Prager)
1200 179.6 21.2 0.62 0.73
5336 40.4 46.3 0.32 0.45
MIP pressure Minimum pore Fractional Experimental Expected k/k, for
(psia) diameter penetrated mercury (k/ky) random entrapment
(nm) saturation (%) (Prager)
1200 179.6 18.2 0.54 0.77
5336 40.4 56.1 0.17 0.35
MIP pressure Minimum pore Fractional Experimental Expected k/k, for
(psia) diameter penetrated mercury (k/k,) random entrapment
(nm) saturation (%) (Prager)
3800 56.7 9.6 0.47 0.88
5336 40.4 39.8 0.40 0.52

Figure 7.16 compares the observed fractional drop in the MTC following mercury entrapment
with that anticipated for the same mercury saturation as predicted by the Prager®>® model. For the
H1 samples, it can be seen that the observed MTC is significantly lower than would be predicted
for a random arrangement of entrapment in the pores. This suggests that the mercury-filled pores
must have been contributing to the mass transport significantly. The figure also shows that the
observed MTC for the H4 sample with 10% of the void volume of the pellet filled with mercury,
the decline in the observed MTC was well predicted by the random Prager model; however, the
drop in the observed MTC was significantly larger than that predicted by the Prager?>® model,
suggesting that the pores filled with mercury at 3800 psia must be making a greater-than-expected
contribution to the mass transfer compare to the pores that are subsequently filled at 5336 psia.



Chapter 7. Study of the Entrapment of Non-wetting Fluid in High Temperature Shift Catalyst 203

Micro/mesopore Macropore Micro/mesopore Micro/mesopore
network network network network

[T

|[\J ]

[TT1T

[ERINEEREEE

[T TTITTT

llllll

[T T

2000 pm

2000 pm

(a) 2D radial cross-section CXT (b) Schematic representation (c) 2D radial cross-section CXT
image of empty H2 sample. of pore structure network. image of H2 with mercury.

Figure 7.17: HTS pellet pore network structure representation for the macro/meso/micropores. (a) 2D radial cross-
section slice CXT image for H2 sample, and (b) Schematic representation of pore structure network for H2 sample.

7.4 Discussion

The combination of the CXT imaging with the rate of adsorption studies after mercury entrapment
allows for the classification of pore space structure features that are critical to mass transport for
the HTS pellets. The rate of adsorption data for the HTS pellets demonstrated that the MTC de-
clined well below that expected according to the Prager?>® model for a random distribution of
mercury entrapment following intrusion to 1200, 3800 and 5336 psia. This shows that the pore
spaces lost due to mercury entrapment following these intrusions are critical for mass transfer
since their loss resulted in a larger than predicted drop in MTC compared to the random bench-
mark structure. A typical HTS catalyst pellet, which is only a few millimetres in size, is composed
of an aggregate of microparticles that are several orders of magnitude smaller than the pellet it-
self. The gaps between the microparticles create a network of continuous macropores that spans
the whole pellet. The macropore network is thought to be interconnected rather than distributed
randomly among smaller pores. The pores in the microparticles, on the other hand, are typically
in the mesopore (2-50 nm) size ranges, but they may contain larger pores up to a few hundred nm
in diameter. Such a network of macro and microparticles is shown schematically in Figure 7.17.

The presence of a continuous network of macropores can be identified experimentally using
mercury porosimetry, which produces a peak in the pore size range of the macropores if the net-
work is continuous, as shown in Figure 7.7 for the HTS pellets. The macropore network is thought
to act as a motorway for molecular diffusion and provide quick access to the active sites found in
the micro/mesopore network. When the macropore network for the HTS samples was ‘removed’
from the pellet by filling them with frozen mercury, the MTC dropped by a factor of up to ~5
following mercury entrapment, thereby signifying the importance of the macropore network in
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the mass transport. Additionally, it was found that for the of H1-H3 samples, the mercury blocking
the macropore at 5336 psia has effectively turned the pore structure of the pellet from bimodal to
a unimodal pore size distribution.

The integrated mercury porosimetry and nitrogen gas adsorption technique has also been
found to aid the identification of the pore sizes where mercury entrapment begins. By using the
semi-empirical Kloubek® relationship, it is possible to remove the contact angle hysteresis from
the mercury intrusion data, and the point where the intrusion and extrusion curves diverge will
correspond to the pores where mercury entrapment begins. As the mercury porosimetry data for
the HTS Pellets does not display hysteresis, and with 100% mercury entrapment, it is possible that
the mercury wets the surface of the catalyst and thereby remains trapped inside the samples. The
nitrogen gas adsorption was also found to help identify the pore sizes where mercury entrapment
begins by using ‘the change in incremental amount adsorbed plots’. The point where the mercury
entrapment begins is indicated by the start of the positive signal in the plots. The relative pressures
at these points can then be converted to pore size using, for example, the Kelvin®! equations and
the correct t-layer thickness methods.

7.5 Conclusion

The test presented in this chapter has demonstrated a technique to identify the set of pore sizes
that entrap mercury in high-temperature shift catalyst pellets. It has been seen that the integrated
mercury porosimetry, together with the X-ray imaging strategy described here, can identify and
spatially locate the particular pore sizes that entrap mercury and study the importance of the
sample-spanning macropores ‘motorway’ network to mass transport in the pellet using the rate of
adsorption technique.

The last section of this thesis will summarise the key results of the work presented in this
thesis.

51T. William. Philos. Mag., 42: 448-452, 1871.
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7.6 Conclusion

he work in this thesis investigated the structure-transport relationships in disordered porous

materials such as methanol synthesis and high-temperature shift catalyst pellets. An experi-
mental technique that employed multi-modal imaging methods, including high and low-resolution
CXT and FIB-SEM, was combined with the more statistically-representative, multi-scale data from
porosimetry, including the rarely-used gas overcondensation method. This combined characterisa-
tion method used mercury porosimetry scanning curves to gradually remove specific pore sizes
from the transport network by filling them with mercury and then evaluating their relevance to
mass transfer using nitrogen gas sorption. The multi-modal imaging permits the visualisation of
the spatial distribution of the entrapped mercury and the location of the specific pore sizes in the
pellet with entrapped mercury. This combined characterisation method can be used to inform both
the design and optimisation of catalyst pellet manufacturing processes since the key features of
the void space that control gas-phase uptake into the porous pellets can be determined, and their
relationship to, for example, the fabrication process and raw materials can be identified.

Chapters 3 to 5 form the first part of the thesis. These chapters addressed the impacts of
specific pore structural features on the properties of the finished tableted pellets for the fresh, re-
duced and spent methanol synthesis catalyst pellets. Fresh methanol synthesis pellets made using
spray-dried or roll compacted feed materials were studied in Chapter 3. This chapter examined
how the different fabrication methods affect the finished pellet properties by studying both the
starting feed particles and the finished tablets. The results demonstrated that more thorough and
interconnected information could be obtained by combining indirect characterisation methods,
such as overcondensation and mercury porosimetry, compared to the standalone®®° characterisa-
tion method. The hybrid characterisation techniques presented in this chapter, which combined
many techniques in a single experiment, ensured that characterisation data from various methods
coheres and yields synergistic results. The combination of overcondensation with multi-scale imag-
ing revealed the macropore structures missing from standard isotherm data, especially the large
‘bubble pores’ in the spray-dried feed material, and the exact sizes of the smaller pores shielding
these structures.

9F. Rouquerol et al. Adsorption by powders and porous solids. Academic Press, London, 1999.
65H. Giesche. Part. Part. Syst. Charact., 23: 9-19, 2006.
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The low and high-resolution CXT imaging and FIB-SEM serial milling provided detailed spatial
information and bridged several orders of magnitude in pore size, even down to molecular scale.
The imaging techniques revealed the hierarchical complexity of the methanol synthesis catalyst
pellet. Despite the levels of complexity shown by CXT and FIB-SEM images, the impact on mass
transfer of the controlled modifications to the void space, achieved through mercury porosimetry,
was modelled with a random pore-bond network using characteristic parameters obtained from
percolation analysis of the overcondensation data. The simple random pore-bond model estab-
lished a quantitative relationship between the rate of mass uptake of gas into the porous pellets
and the structural information included in the overcondensation isotherms. The finding from the
model demonstrated the differential importance of specific pore sets associated with certain pellet
structural features to the mass transfer rates and the influence of pellet fabrication parameters
such as particle feed size on tortuosity.

In Chapter 4, an image segmentation method based on deep learning convolutional neuron
networks (CNNs) 266,268,269 gyich as U-Net?’4 and FCDense-Net20%310 was developed and used to
successfully segment stacks of CXT and FIB-SEM images of methanol synthesis catalyst pellets.
The deep learning models utilised were based on Dragonfly software from ORS2°® which used the
popular TensorFlow?®? deep learning engine in a user-friendly image processing environment. The
segmentation was completed within reasonable run times and achieved a higher accuracy using
a local workstation equipped with Nvidia graphics RTX P6000 24Gb Quadro. The segmentation
method presented in this chapter demonstrated a possible solution to the difficulty of segmenting
a large number of 3D CXT and FIB-SEM images using the traditional segmentation methods.

Chapter 5 studied the effectiveness of the freshly reduced and spent methanol synthesis cat-
alyst pellets made using spray-dried and roll compacted feed materials. This chapter examined
the impact of cracks on pellet performance and percolation processes and how different pellet
manufacturing methods affect the final catalyst properties using the combined characterisation
techniques. Mercury porosimetry allowed for controlled modifications to the void space, and the
impact of the lost pores on the mass transport rates was probed with nitrogen gas uptake measure-
ments. The effects on the mass transport of the controlled modifications to the void space were
then modelled using a random pore-bond network and characteristic parameters from the perco-
lation analysis of the overcondensation data. A random pore-bond percolation model was shown
to accurately represent the macroscopic structure of the reduced and spent SD pellets but not the
reduced and spent RC pellets. This was attributed to the fact that cracking seems to affect the roll
compacted samples but does not impact the spray-dried pellet as the sizes of the cracks are larger
than the average spray-dried feed particles.

266Y. Lecun, Y. Bengio, and G. Hinton. Nature, 521: 436-444, 2015.

2685, Shalev-Shwartz and S. Ben-David. Understanding Machine Learning. Cambridge University press, 2014.
269M. H. Hassoun. Fundamentals of Artificial Neural Networks. MIT press, 1995.

2740. Ronneberger, P. Fischer, and T. Brox. MICCAI, 9351: 234-241, 2015.

309F, Milletari, N. Navab, and S. Ahmadi. Int. Conf. 3D Vis., 565-571, 2016.

3108, Jegou et al. [EEE Comput. Soc., 11-19, 2017.

258R. Makovetsky, N. Piche, and M. Marsh. Microsc. Microanal., 24: 532-533, 2018.

2827, Martin et al. CoRR, 265-283, 2016.
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Despite the benefits of the combined characterisation techniques mentioned above, the experi-
ments can take a long time to complete for each sample (e.g., up to ~3 days for single overconden-
sation experiment). However, the additional information gained offers previously unavailable and
vital knowledge about porous materials without going through possibly inaccurate or intermediate
simulation steps.

The second part of this thesis looked at High-temperature water-gas-shift (HT-WGS) catalyst
and silica catalyst support material. In Chapter 6, a novel thermoporometry by DSC method that
used three separate probe liquids (nitrogen, water, and mercury) was used to validate the pore
space characterisations observation through various indirect methods. With this new method, we
significantly increased the number of hybrid procedures that may be used with the same sample
and research materials from previous studies’°° In this work, new thermoporometry tests using
several immiscible probe liquids were conducted on the same sample. Serial adsorption of water
prior to mercury porosimetry, where the adsorbed water was kept during the porosimetry, and
then nitrogen adsorption on the same sample by freezing the pre-adsorbed water and entrapped
mercury in-place experiments were performed. Furthermore, serial adsorption of first nitrogen,
then water, and finally nitrogen, as well as integrated nitrogen sorption and mercury porosimetry
experiment, were also performed. These hybrid experiments allowed data comparisons from mul-
tiple techniques for the same sample, allowing parameter calibration and phase transition mode
selections to be performed. This new method can be used to identify the correct, self-consistent set
of Gibb-Thomson parameters for water and mercury and the correct meniscus geometry for nitro-
gen pore size distributions. The new methods described were trialled in a disordered mesoporous,
sol-gel silica material.

The final chapter, (Chapter 7), studied high-temperature shift catalyst pellets manufactured
via precipitation method using integrated mercury porosimetry, nitrogen gas adsorption and X-ray
imaging to identify and spatially locate a particular pore size range that entraps mercury. The work
also presented the rate of adsorption technique to probe the impact of the lost macropores on mass
transport. The X-raying imaging was used to improve the interpretation of data from the indirect
characterisation methods to study the spatial distribution of mercury within the void spaces of
the samples. It was found that the integrated method and the X-ray imaging strategy can identify
and spatially locate the particular pore sizes that entrap mercury and study the importance of the
sample-spanning macropores motorway network to mass transport using the rate of adsorption
technique. The macropore network in the pellets is thought to act as a motorway for molecular
diffusion and provide quick access to the active sites in the centre of the pellets. By using the rate
of adsorption, it was found that when the macropore network was ‘removed’ from the pellet by
filling them with frozen mercury, the mass transport dropped by a factor of up to ~5 following
mercury entrapment, thereby signifying the importance of the macropore network for the pellet
mass transport.

The experimental approach and modelling techniques proposed in this thesis can be applied

7S. P. Rigby. Structural characterisation of natural and industrial porous materials: A manual. Springer Nature, 2020.
99S. P. Rigby. JM Techno. Review, 62: 296-312, 2018.
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to a broad range of disordered porous materials, and we believe it represents a systematic path
towards quantitative structure-transport relationships for highly disordered porous media, with
implications for both industry and academia.
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7.7 Future Work

In this thesis, new experimental methodologies were developed to understand the structure-transport
properties of nanoporous materials, including heterogeneous catalysts. However, the development
of such methodologies has revealed various other avenues for furthering the research. The current
study on methanol synthesis catalyst pellets used only a conventional FIB-SEM instrument to im-
age the distribution of the different phases and the pore morphology of the whole pellet. However,
we recommend using Field Emission Gun-Scanning Electron Microscope (FEG-SEM) imaging as

it can deliver more precise, less electrostatically distorted images with spatial resolutions down
to 1.5 nm compared to conventional SEM. The use of FEG-SEM imaging is also recommended for
both the spray-dried and the roll compacted feed particles themselves too.

Apart from using FEG-SEM, other research dimensions can be introduced so that the tech-
nique may be developed further. The integrated experiments and the theory-based percolation
analysis of the overcondensation data using the random pore bond models presented in this thesis
were only applied to two types of methanol synthesis catalyst pellet made using either spray-dried,
or roll compacted feed materials. In order to further test the validity of the method, it is recom-
mended that the method is applied to other types of catalyst pellets made in other ways, e.g.,
extrudates and granulated spheres. It is also recommended that the relative usefulness data of
a given pore size interval to the overall mass transport coefficient is compared with the actual
catalyst effectiveness factor data from Johnson Matthey (JM) to see how well they correlate.

Finally, creating a comprehensive image software that carries out both image processing and
image analysis methods is recommended. This approach will be much more beneficial and is less
time-consuming than the one used in this study. Creating and validating such software would take
much effort; therefore, proficiency in a programming language would be pretty advantageous.



Appendix A: Fresh Methanol Synthesis Catalyst

Table 6: Variation of coefficient of determination (R?) for fits of experimental gas sorption data to the generalised scaling
relationship from percolation analysis depending upon the relation between pore diameter and pore length for the (a)

fresh SD, and (b) fresh RC

R? z
Pressure (psia) V/D  V/D? V. |V/D V/Dy V
8600 0.992 0.9571 0.8308 | 2.69 3.23 3.23
10800 0.9978 0.9202 0.8555 | 2.55 3.14 2.33
14700 0.9733 0.9398 0.8922 | 2.37 2.77 1.80
R? z
Pressure (psia) V/D  V/D? vV |v/D VD> V
8600 0.9936 0.8907 0.8414 | 2.72 2.38 1.60
10800 0.9967 0.9167 0.8914 | 2.83 3.16 2.31
14700 0.9942 0.9235 0.9004 | 2.72 3.13 2.21

Figure 18: 2D radial cross-section CXT image of fresh methanol synthesis catalyst samples with line grid overlay for
measuring the feed particle size, where (a) spray-dried grid division = 200 pm, and (b) roll-compacted grid division =
1300 pm.
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Figure 19: Low resolution CXT 2D reconstruction and the corresponding intensity profile plots for a chord shown (red)
measured in ImageJ for whole (a) SD feed pellet, and (b) RC feed pellet.



Appendix B: Triangulation of Pore Structural Characteri-
sation

This appendix contains isotherms for Silica C10 sample (G1) analysed in Chapter 6. The first
section presents figures for the adsorption isotherms for G1 for different adsorbates. The second
part contains serial mercury porosimetry and water adsorption plots.

900
300

o -1
o o
o o

Amount adsorbed/(cc(STP)/g)
I::J:II
[

I:] L] L] L] L]
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure

Figure 20: Adsorption isotherm for argon at 87 K. The solid line shown is a fit of the fractal BET equation for relative
pressures <0.65.
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Figure 21: Adsorption isotherm for propane at 199 K. The solid line shown is a fit of the fractal BET equation for all
isotherm.
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Figure 22: Adsorption isotherm for n-hexane at 273 K. The solid line shown is a fit of the fractal BET equation for relative
pressures <0.6.



Appendix B: Triangulation of Pore Structural Characterisation 214

: o r 3|
@ 9] .u
|
=
- L F
T 41 /
: .
g 3 .
8 2 - ‘---.-_______,..
4 1. e
: PP S S PRIFE S o
0 Pt : | | |
0.0 0.2 04 - ~ |

Relative pressure

Figure 23: Adsorption isotherm for cyclohexane at 280 K. The solid line shown is a fit of the fractal BET equation for
relative pressures <0.6.
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Figure 24: Close-up view of tops of mercury intrusion and extrusion curves for G1 following drying at 350°C (solid line)
and following pre-adsorption of water to a relative pressure of 0.85 (x).
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Figure 25: Fractional saturation (intruded volume at given pressure divided by ultimate intrusion volume) curves for
mercury intrusion and extrusion for G1 following drying at 350°C (solid line) and following pre-adsorption of water to
a relative pressure of 0.85 (x).
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Figure 26: Mercury intrusion (lines) and extrusion (symbols) curves, analysed using the Kloubek correlations, for G1
following drying at 350°C (dashed line, x) and following pre-adsorption of water to a relative pressure of 0.85 (solid
line, +).
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