THE UNIVERSITY
of EDINBURGH

This thesis has been submitted in fulfilment of the requirements for a postgraduate degree
(e.g. PhD, MPhil, DClinPsychol) at the University of Edinburgh. Please note the following
terms and conditions of use:

This work is protected by copyright and other intellectual property rights, which are
retained by the thesis author, unless otherwise stated.

A copy can be downloaded for personal non-commercial research or study, without
prior permission or charge.

This thesis cannot be reproduced or quoted extensively from without first obtaining
permission in writing from the author.

The content must not be changed in any way or sold commercially in any format or
medium without the formal permission of the author.

When referring to this work, full bibliographic details including the author, title,
awarding institution and date of the thesis must be given.



Modelling of monoliths
for adsorption processes

Roberto Mennitto

THE UNIVERSITY
of EDINBURGH

Thesis submitted for the degree of
Doctor of Philosophy

The University of Edinburgh

School of Engineering

Year of Submission 2021






Declaration of authorship

| hereby declare that this thesis has been composed solely by myself and that
it has not been submitted, in whole or in part, in any previous application for a
degree. Except where otherwise acknowledged, the work presented is entirely

my own.

Roberto Mennitto







Abstract

Straight-channel monoliths are a promising means to achieve process
intensification of adsorption processes compared to conventional packed
beds. Their main benefits are handling of high throughputs and good thermal
management. The efficiency of a straight-channel monolith can be assessed
via the definition of its height equivalent to a theoretical plate (HETP) and
pressure drop. This thesis aims at developing a systematic procedure for the
derivation of HETP correlations for industrially relevant straight-channel
monoliths and review the pressure drop correlations for monoliths available in
the literature. The HETP correlations derived are validated against full 3D
numerical simulations of the single representative channel of each straight-
channel monolith under analysis. The HETP correlations predict with great
accuracy the HETP from numerical simulations. Moreover, simplified reduced
order models are developed. The models are able to capture the overall
dynamics of the 3D simulations for both isothermal and linear conditions, and
non-isothermal and non-linear ones. The reduced order models are fully
predictive, and strongly rely on accurate equilibrium and kinetic parameters.
Given the relevance of reliable equilibrium and kinetic parameters for the
simulation of monoliths, this thesis further investigates how to model
multicomponent adsorption on heterogeneous solids, and how to extract

kinetic parameters from experiments.

The second part of this work presents the multisite rigid adsorbent lattice fluid
(multi-RALF) model, a novel thermodynamic theory to model multicomponent
adsorption on heterogeneous adsorbents. The parameterisation of multi-RALF
is analysed in regard to the azeotropic adsorption of benzene and propene on
silicalite and to the adsorption of CO2 on the flexible synthetic zeolite (Na, TEA)-
ZSM-25. The former study is carried out using molecular simulations, while the
latter uses experimental data. The results of the molecular simulations show
that the azeotrope is caused by steric hindrance of benzene in the adsorbent
framework. Once correctly parametrised using single component isotherms,

multi-RALF can predict the azeotrope of the system. Multi-RALF has been




proven to be an effective model for the flexibility of (Na,TEA)-ZSM-25 upon
CO2 adsorption, as well. Experimental isotherms of CO2 adsorption on
(Na,TEA)-ZSM-25 always present an inflection at a constant adsorbed
amount. This has been explained as a gate opening effect. The adsorbent is
made of two sites, @ and . The site f becomes accessible only after a critical
uptake of 0.6 mol/kg. At this uptake, the cations blocking the site g interact
with the adsorbate and move away from the windows of the  site. This effect
leads to the inflection in the isotherm and a relaxation of the solid framework
with a small breathing effect. The breathing behaviour effect on the system
kinetics is then investigated using the zero length column (ZLC) technique.
The ZLC curves at different flowrates and temperatures always present a
transition between an equilibrium controlled regime at high partial pressures of
CO2, while becoming kinetically controlled in the limit of zero-loading. The
transition between the two regimes is related to the cation movement, and it is
carefully accounted for in a ZLC numerical model which successfully fits the

experimental data.

Finally, thermal frequency response (TFR) measurements for air separation
on the zeolite LILSX are presented. This is a fast diffusing system, difficult to
study with commercial equipment. Hence, the purpose-built dual piston
pressure swing adsorption apparatus is used for the experiments. Two models
are developed to analyse both single- and multi-component measurements.
From the single component model, a tortuosity of 3.3 is regressed, while the
multicomponent data show a N2/O2 selectivity of 6. Both values are in
accordance with the available literature. TFR has proven to be a powerful
technique to handle challenging diffusing systems, able to effectively
discriminate the relevant mass and heat transfer time constants as shown from
experiments at conditions relevant to process application. The work here
presented aimed at providing a reliable methodology for modelling of monoliths
and derivation of the relevant equilibrium and kinetic parameters. In future, the
combination of the monoliths’ models and multi-RALF could become a robust
and reliable tool for the deployment of monoliths for process intensification.




Lay summary

Gas separation processes account for up to 70% of total plant costs. To reduce
the environmental impact as well as the costs of energy and chemical
productions, greener and more efficient separation technologies are needed.
In the past decades, the selective removal of gas compounds from streams
using porous material, a process known as adsorption, has found widespread

use in both trace impurity removal, as well as bulk gas separation processes.

Conventionally, adsorption units consist of beads or pellets of porous
adsorbent randomly packed in a column. This configuration has been proven
to be efficient for moderate flowrates and discrete thermal management.
Straight-channel monoliths provide significant improvement in terms of high
throughput handling and thermal management. Straight-channel monoliths are
made of parallel channels with a fixed cross-section, coated with adsorbent
porous solid, i.e. the adsorbent. This thesis derives correlations to assess the
performance of straight-channel monoliths for gas adsorption processes.
Furthermore, a numerical model is proposed to model straight-channel

monoliths in several operating conditions.

Since the numerical model requires the knowledge of several parameters
related to the affinity between the gas molecules and the porous adsorbent, a
novel thermodynamic model is presented. The model describes the equilibrium
between a multicomponent fluid phase and an adsorbent comprising different
adsorbing sites. Moreover, two experimental studies are presented aimed at
deriving kinetics information for adsorbents which present flexibility, and in
systems in which the diffusion of the molecules in the solid is extremely fast.
The equilibrium model and the kinetic experimental techniques provide a
background for a reliable estimation for the parameters needed to model

straight-channel monoliths.

Future work could combine the model for straight-channel monoliths with the
thermodynamic model, and implemented in a process simulator to present a

powerful tool for the design and optimisation of adsorption processes.
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Introduction

Chapter 1 Introduction

Gas separation by means of adsorption has gained increasing interest in the
past decades as an alternative to conventional separation techniques’-3. Major
applications of adsorption include carbon capture, air separation, hydrogen
purification and VOC removal. In the last years, adsorption has found place in

applications such as gas storage* and biogas upgrading®, as well.

An increasing number of studies have focused on the development of tailored
porous adsorbents for targeted applications. Adsorbents such as metal-
organic frameworks (MOFs)®’, synthetic zeolites?, zeolitic-imidazolate
frameworks (ZIFs)® and many others have shown considerable improvement
over traditional zeolitic or carbonaceous materials in terms of uptake,
selectivity for targeted applications, and faster kinetics. Furthermore, the
advent of in-silico synthesis and screening of porous materials has unlocked a
powerful tool in material design'®-'2. The use of computational synthesis and
screening of porous materials has helped in the ranking and optimisation of

several classes of porous materials'3-°.

If the tuning of the adsorbent’s property to a specific separation is crucial for
an efficient process, it should be noted that structural and equilibrium
properties of the adsorbent are not enough to discriminate between an efficient
adsorption process and an inefficient one. Swing adsorption processes, mainly
pressure swing (PSA) and temperature swing adsorption (TSA), often require
the knowledge of the system kinetics'®"?, information on the fluid dynamics of
the bed to determine pressure drop and thermal management'®'° and power
consumption of the auxiliary parts to determine the efficiency of the

process?0-21,

Conventionally, adsorption processes are run using packed beds of porous
beads or pellets. Several studies have dealt with the optimisation of packed
beds for adsorption purposes, and their relative process schedule??-?*. Among
the vast literature on the topic, it is worth to mention the work of Jain et al.?®

which provides a series of heuristic rules in the design of both the packed bed
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and the process operating schedule, which can drive a preliminary design of
an adsorption unit. Considerable effort has been put into the development of
fast cycle processes, aimed to increase the overall productivity of the process
for a given amount of adsorbent?6-28, Both Ruthven? and Sircar® describe as
paramount the deployment of fast cycle processes for process miniaturization
and intensification. Nevertheless, fast cycle processes come at a cost of high
pressure drop if run in packed beds. The increase in pressure drop has a
significant impact on the energy consumption of the process, making

adsorption unfeasible for processes dealing with high throughput.

Structured adsorbents have been recently promoted as an alternative to
packed beds?®-32. Structured adsorbents can achieve better performance in
terms of handling high throughputs, thermal management and faster cycle
times than packed bed adsorption columns?2%303233  Several types of
structured adsorbents have been reported in the literature, such as foams34-
36 fibres3’-38 laminates333%42, and straight-channel monoliths*344 as potential
candidates to overcome the limitations of packed beds. Ruthven and
Thaeron3? were among the first to promote the use of structured adsorbents
over packed beds. They analysed the use of a parallel passage contactor to
improve the trade-off between mass transfer and pressure drop. A
comprehensive overview of structured adsorbents is provided in the works of
Rezaei and Webley?®3° which compared different structures in terms of
volumetric working capacity, mass transfer and thermal management, and
pressure drop. The work of Rezaei and Webley?®3° made use of empirical
correlations to derive mass transfer parameters of the monolith and used the
correlation derived by Taylor*® to calculate the axial dispersion in straight-
channel monoliths of arbitrary geometry. The work of Rezaei and Webley?°3°
concluded that structured adsorbents, in particular, straight-channel monoliths
and laminates can offer better performance compared to packed beds if their
properties such as cell density for monoliths, and sheet width and spacing for
laminates are properly tuned. A small and uniform spacing between sheets
was already postulated by Ruthven and Thaeron3® as a necessary condition

to make the laminate structure more attractive than packed beds. Rezaei et
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al.*¢ also investigated the effect of thickness and porosity of the coated
adsorbent on straight-channel monoliths on the overall dynamics of an
extruded monolith. They concluded that a trade-off between high uptake and
mass transfer has to be optimised for a given monolith tuning its film thickness.
Several progresses have also been made in the use of 3D printing to overcome
the limitations of conventional manufacturing techniques. The use of 3D
printing enabled unusual geometries (gyroids) to be investigated, as in the
work of Dimartino and co-workers*’=4°, which showed superior fluid dynamics
with very low pressure drop and high available surface area for adsorption.
Denayer and co-workers®%-%2 also investigated the use of 3D printing for two
main applications: self-standing ZSM-5 monoliths with high CO2/N2 and

CO2/CHs selectivity®!, and ZIF-8 monolith for bio-butanol recovery®%-53,

Ritter et al.>* investigated the use of a Catacel monolith for carbon capture
applications. The Catacel monolith consisted of corrugated metal foil wrapped
around a central rod, with the adsorbent deposited on the metal foil. Amalraj
et al. studied the thermal properties of the Catacel monolith proposed by
Ritter et al.>* using computational fluid dynamics simulations, concluding that
the main factor for a substantial improvement in thermal management of heat
effects is an accurate choice of the metal support. Mohammadi®® reported both
breakthrough and full-cycle experiments on the Catacel monolith, showing
promising results for carbon capture applications. It is interesting to note that
Mohammadi®® made use of two different mass transfer coefficients to match
the breakthrough and the full-cycle experiments. Sharma et al.?® proved that
the discrepancy between the two mass transfer coefficients was indeed flow
maldistribution inside the channels of the monolith. Sharma et al.?® proposed
a model which used a unique mass transfer constant, independent of the
experiment run, and a flow maldistribution that was fitted to breakthrough data.
The model of Sharma et al.?6 was able to predict the full-cycle data of
Mohammadi®®, showing that the intrinsic equilibrium and kinetic properties of

the adsorbent are not affected by the type of monolith used or experiment run.
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It should be noted that the work of Ahn and Brandani®’ already highlighted the
importance of reliable estimates of the intrinsic properties of the adsorbent
which constitutes the monolith. They made use of a carbon monolith for CO2
adsorption. The equilibrium and kinetic properties of the monolith were studied
with zero length column (ZLC) measurements using fragments of the monolith
by Brandani et al.®8. Once the properties of the adsorbent were established,
breakthrough experiments on the whole monolith were performed. The
breakthrough experiments performed by Ahn and Brandani®’ showed the great
impact of nonuniform channel shape in the spreading of the breakthrough
profiles since the mass transfer constant from ZLC experiments was not able
to capture the spreading of the breakthrough experiments. Hence, they
modelled the monolith dynamics including distributions of both channel sizes
and wall thicknesses which were known from an accurate analysis of the
monolith’s cross-section. This approach allowed the match of adsorption and
desorption breakthrough curves of the monolith without any fitting parameter.
A similar approach was adopted by Crittenden®® to model a carbon monolith
using only the channel’s size distribution. The model of Crittenden®® can be
considered as a sub-class of the more general approach of Ahn and

Brandani®’.

The brief literature reviewed highlights two main needs in the design of
monoliths for adsorption processes: reliable correlations and numerical models
to estimate the performance of extruded adsorbents in terms of efficiency and
energy penalty, and the need for an accurate study of the equilibrium and

kinetic properties of the adsorbent-adsorbate system.

The aim of this thesis is to provide a comprehensive analysis of the
performance of extruded adsorbents in terms of separation efficiency and
energy penalty. More specifically, the behaviour of extruded adsorbents is
studied to derive simple and reliable height equivalent to a theoretical plate
(HETP) and pressure drop correlations. These two properties provide enough
information for a given separation at a design stage to choose the most

promising structure to be then optimised with the use of numerical simulations.
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Since the HETP correlations for a given structure strongly depend on the
equilibrium and kinetic properties of the adsorbent used, this thesis also
presents how these properties can be separately estimated with the use of a
novel thermodynamic framework, the multisite rigid adsorbent lattice fluid
(multi-RALF) model, and with the use of ZLC and thermal frequency response
(TFR) measurements. It should be noted that the study of equilibrium and
kinetic properties of the system adsorbents-adsorbate are not dependent on
the type of bed used for the separation. Therefore, what presented can be
used to assess the properties of a structured adsorbent and a packed bed, as

well.
The present thesis is organised as follows:

e Chapter 2 presents an analysis of the main extruded adsorbents of
industrial relevance. The analysis aims at deriving HETP correlations
and review pressure drop ones from literature which can be used at a
design stage. Furthermore, numerical models are developed to validate
the aforementioned correlations and reduced order models are
discussed as viable means to optimise extruded adsorbents for
industrial processes;

e Chapter 3 presents the multi-RALF model for the analysis of
multicomponent adsorption on heterogeneous adsorbents. The focus of
the chapter is the parametrisation of multi-RALF from both molecular
simulations and experimental data;

e Chapter 4 presents the use of ZLC measurements to investigate the
kinetics of COz2 in a flexible synthetic Rho-type zeolite. Furthermore, the
development of TFR technique to measure the kinetics of a fast
diffusing system, such as air separation using LiLSX zeolite, is
discussed;

e Chapter 5 will briefly summarise the main results of the previous
chapters, and it will aim to draw some guidelines for future works on

extruded adsorbents.
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Modelling of straight-channel monoliths

Chapter 2 Modelling of straight-channel
monoliths

2.1 Introduction

Straight-channel monoliths are structured adsorbents consisting of straight
parallel channels, whose cross-section is identical for all the channels and
fixed to a given shape. Straight-channel monoliths have been used in several
areas, ranging from adsorption?°£° to catalysis®', to microfluidic applications®2.
The main interest of this work is their application to gas adsorption processes.
Straight-channel monoliths can either be made of a metallic frame then coated
with a sorbent®, or they can be manufactured as extrudates of active material,

usually a binder with adsorbent crystals dispersed in it®3.

The most used straight-channel monoliths are the ones whose free cross-
section is either a square/rectangle, a hexagon, or a corrugated channel.
However, triangular, rhombic, and circular cross-section can also be of

interest. A schematic diagram of the geometries can be found in Figure 2.1.

short side (ss)

long side (ls)

Figure 2.1: Cross-section of common straight-channel monoliths. From left to right,
from top to bottom: rectangular channel, triangular channel, hollow fibre, rhombic
channel, corrugated channel, hex-cir channel, hex-hex channel with a,, > 0 and hex-
hex channel with o;; > 0.
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As it can be noted from Figure 2.1, the representative channel of a straight-
channel monolith is constrained to geometries that can be the repeating unit
cell of an infinite matrix. For instance, triangular channels will be limited to
isosceles triangles, since the repeating of an irregular triangular channel would
be inefficient and of not easy manufacture. This is the reason why the
manufacturing of straight-channel monoliths is limited to a finite number of
geometries. This limitation could potentially be overcome with additive

manufacturing®%-53, which however comes at a higher manufacturing cost.

We can split into two main categories the cross-sections in Figure 2.1: flat and
rounded geometries. The flat cross-sections are the ones where the diffusion
of the solute in the solid can be approximated as the diffusion in a slab. By
contrast, the rounded geometries are the ones where the diffusion in the solid

can be approximated to the diffusion in a hollow cylinder.

It can be noted from Figure 2.1 that two types of hexagonal channels are
considered: the hexagonal channel with a hexagonal cross-section, and the
one with a circular cross-section. The hexagonal channel with circular cross-
section, hereafter called the hex-cir channel, can be seen as representative of
a honeycomb monolith on which the adsorbent is deposited. Only the hex-cir
channel with a regular hexagon and circular cross-section can be analysed for
any practical purpose since non-regular hexagons with a non-uniform coating
would result in unusual shapes, that would find little application. Furthermore,
irregular hex-cir channel would be difficult to analyse to derive general
correlations for their use, as we aim in this work. Hence, their behaviour should
be studied on a case-by-case analysis. On the other hand, the hexagonal
channel with a hexagonal free cross-section (hex-hex channel) represents a

monolith extruded using the adsorbent.

The parameter needed to fully characterise the free cross-section of the
geometries in Figure 2.1 is the aspect ratio, here defined as a = i/h, where i
and h are the characteristic dimensions of the geometry highlighted in Figure

2.1. For the hex-hex channel, the aspect ratios needed are two: the aspect
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lrec

ratio of the internal rectangle, a,... === and the aspect ratio of the two

triangles which can be attached on the short or long side of the rectangle. If

the triangles are attached on the short sides, the second aspect ratio is defined

as ay, = L if the triangles are attached on the long sides, the aspect ratio is

lrec

defined as a5 = ”f It will be assumed in the following that whenever ay, > 0
then a;; = 0, and vice-versa. The values of the aspect ratios for a regular hex-

1 1
hex channel are: a,... = 7 Us = 555
The corrugated channel in Figure 2.1 is the representative channel of a spiral
wound monolith, that consists of alternated flat and corrugated foils of

adsorbent material, or metal foils which are then coated with an adsorbent.

Once the geometries of interest are identified, a procedure to model straight-
channel monoliths needs to be outlined. The modelling of straight-channel
monoliths can start from simple and effective design correlations of their height
equivalent to a theoretical plate (HETP) and their pressure drop. The HETP
and pressure drop correlation for each monolith can describe how efficient the

monolith is and what can be its energy penalty.

Generally, the HETP can be written as the sum of three main resistances as
in eq.(2.1)%46% the molecular diffusion in the axial direction (R,,), the
resistance given by the diffusion in the solid (Rs), and the contribution from the
velocity profile (R,,).

HETP

T:Rax+RS+Rv 21

The first approach to the study of solute dispersion in a channel was carried
out by Taylor*®, who studied the dispersion of an arbitrary solute in a circular
channel with no-adsorbing walls. Aris®%-¢” reviewed and broadened the work of
Taylor to include an elliptical cross-section and also adsorbing walls around
the free channels. Aris® derived as limiting cases of an elliptical geometry both

the circular cross-section and the parallel plate cross-section.
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Golay®® made use of the analysis of moments to derive the HETP for a solute
flowing in a rectangular channel. The rectangular channel gained particular
attention after the work of Golay, given its widespread use in both gas and

liquid adsorption®7:64.68,

The analysis of moments was also used by Dutta and Leighton®®-"" to study
the dispersion of a solute in an arbitrary cross-section for chromatographic
purposes. Dutta and Leighton presented also a detailed analysis of the
resistance given by the velocity profile, R,,, and how to break it down to three

main constituents. The description of this analysis is given in section 2.2.1.

Patton et al.”? provide the linear-driving-force (LDF) approximation for
triangular and hex-hex geometry. In their work, each arbitrary channel is
reduced to an equivalent hollow cylinder which keeps constant the surface of

the free cross-section and the volume of solid.

A further improvement to the HETP analysis of a rectangular channel was
given by Ahn and Brandani’® who pointed out that the resistance given by the
diffusion in the solid should consider not only the solid which surrounds the
perimeter of the free cross-section, but also the corners of the rectangular
channel. They redistributed the solid at the corners on the sides of the
geometry, thus increasing the solid diffusion length. They defined a new
“corrected thickness””-"3 which preserves the volume of solid around the free

cross-section and considers the dispersion given by the corners, as well.

The literature has also thoroughly investigated possible correlations for the
pressure drop in an extruded monolith3%7475, The main assumption of the
available models is of laminar flow in the free channel. Given the laminar flow
assumption, the velocity profile can be derived, either analytically’”® or
numerically’®, and the pressure drop calculated from it’”. Generally, for an

arbitrary cross-section, the pressure drop can be expressed as in eq.(2.2):

AP Perim fRes

T = NVqype Az 2

2.2

10
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where AP is the pressure drop, L the length of the channel, n the viscosity, v,,.
the average velocity in the channel, Perim the perimeter of the free cross-
section, A the free area of the channel, fRes the Fanning-Reynolds product
written with respect to X, the characteristic length of the channel. It is usually
assumed that X is equal to the hydraulic diameter of the channel”®. This
approach leads to specific values of the fRe for each geometry under analysis
at specific aspect ratios of the geometry. Shah’® reported tabulated values of

the fRe for several cross-sections and different aspect ratios.

Attempts to derive a more general correlation for the pressure drop can be
found in the work of Yilmaz’®. Although the work of Yilmaz leads to a more
general description of the pressure drop in an arbitrary channel, his model

requires several coefficients which can be somehow difficult to calculate.

A more practical approach to the generalisation of the pressure drop
correlation for an arbitrary cross-section has been proposed by Bahrami et
al.””. They considered as characteristic length the square root of the free cross-
sectional area, V4, to analyse the pressure drop in an elliptical channel. They
also showed that this approach leads to a simple correlation that can be in
principle applied to any arbitrary geometry. Muzychka and Yovanovich7®:8
chose VA to derive the equivalent rectangle model (ERM) for the calculation
of the fRe in an arbitrary geometry. The ERM derives analytically the
pressure drop correlation for a rectangular channel. The ERM can then be
extended to any channel by the appropriate calculation of an “effective” aspect
ratio, as it will be shown in section 2.3. The main advantage of the ERM is to
be easy to implement, compared to the works of Bahrami et al.”” and Yilmaz’8,
and it can be easily extended to several cross-sections without the need of

tabulated values as for the work of Shah’®.

In the following, both HETP and pressure drop correlations will be discussed
for the geometries of interest. The analysis will make use of the analysis of
moments presented by Dutta and Leighton’® to derive the resistance given by

the velocity profile R,. Then, the corrected thickness approach of Ahn and

11
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Brandani’® for a rectangular channel will be extended to the geometries in
Figure 2.1. The proposed correlations will be validated against 3D numerical
simulations. The focus of this work is gas systems, for which the developed
correlations are going to be tested. It is of course necessary validation of the
following HETP correlations for liquid systems to prove their general
applicability, as shown in the work of Ahn and Brandani’ for a rectangular
channel. In addition, a simplified reduced order model will be presented. The
reduced order model aims at providing quantitatively similar results to the 3D

model with the main benefit of greatly reduced computational time.

Since the corrugated channel finds widespread use in drying processes and
involves a more convoluted analysis given its wavy shape, its analysis is

presented separately in section 2.5.

2.2 The Height Equivalent to a Theoretical Plate
For a linear and isothermal system, and flat geometry the expression of the
HETP can be written as®*:

D, 2k w? h?

_ wo i 2.3
HETP =2 + 30+ k)2 D, Vave + Cy D Vgve

where D,, is the molecular diffusivity, k = %K the retention factor with € as

channel void fraction and K as Henry’s law constant, w the thickness of the
solid, D, the diffusivity in the solid and C,, the Taylor-Aris coefficient. The

Taylor-Aris coefficient can be written as in eq.(2.4)"3.

Cy = 1<1_l|{_k)291( )+10592( )+—(1+Lk)93(05) 2.4

where the function g, (a) quantifies the effect of wall retention with a uniform
flow in the free cross-section, g,(a) accounts for the resistance given by the
flow in the same channel with non-adsorbing walls, and g;(a) quantifies the
interaction between the previous two functions. The equations to derive the

gi(a) functions are presented in the next section.

12
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For a rounded geometry, Aris®” showed that the Rs term in eq.(2.1) has to take
into account the curvature of the solid cross-section. Hence, for rounded
geometry, eq.(2.5) has to be used to calculate the HETP8182,

D, 2fk  (dw + w?) d?

HETP =2 Cy— 2.5
vave + (1 + k)z DS vave + M Dm vave

where d is the diameter of the circular cross-section. The term f arises from

the curvature of the solid, and its expression is:

4 2
‘e —przlri(zi ) 3p2 -1 26
8(p* - 1)

where p = CH%. The Taylor-Aris coefficient for a rounded geometry can be

written as in eq.(2.7).

c _1+6k+11k7
M 96(1 4 k2)

2.7

2.2.1 The velocity profile contribution
To derive the contribution to the HETP from the velocity profile, we follow the
analysis of the moments of a solute dispersing in a channel of arbitrary cross-

section presented by Dutta and Leighton®.

For a channel of arbitrary cross-section as in Figure 2.2:

unuuuwwuwuwmHmu
HH‘
AN

y “H”VHHHH i Dy '
A Ny, L
—» T

X

gl
P L
p
J

h oD

Figure 2.2: Arbitrary cross-section
we define dD as the boundary of the arbitrary free cross-section D,, and h as

the characteristic dimension of the free cross-section. The dimensionless

variables in eq.(2.8) can be defined.

13
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Perim A
* . *

A X, Y Y 2.8
A S e T

The following set of equations, eq.(2.9-2.11), has to be solved to derive the

gi(a) functions.

62v(€,¢)+82v(€,¢) B
9&2 apz

=1L v Plep =0 2.9

0°f;  0%f; p* —
et e = q Vi =1 2.10

0*f, 0°f; v(¢, ¢) —
—1_ . A - S 2.11
9&2 + a2 1 Vine ) Ve f, ngp =0

1

=1 [ v(& p)deds.

The variable f; and f, represent the contribution to dispersion given by the

where 71, is the normal vector to the surface dD, and v,

retention of the solute in the solid and the contribution to dispersion from the
non-uniform velocity profile, respectively. The set of equations presented is
underdetermined since eq.(2.10) and (2.11) need an additional boundary
condition or constraint. Dutta and Leighton®® proposed eq.(2.12) as integral

condition for eq.(2.10), and eq.(2.13) as condition for eq.(2.11):

fldAm+T£DflaD ar=20 2.12

Dy
* KW *
| R+ 559 fogpar =0 213

where [* is a coordinate that travels along the boundary of the free cross-
section. Once the set of equations eq.(2.9-2.13) is solved numerically, the
gi(a) functions can be calculated as:

12 1245

* Am *
91=p fidAy ———— f frgp dl 214
Dy P oD
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210
gz = f V(€ $) fod Ay — fd Ay, 215

* *
A Jp, A Jp,

* * O *
9= |, 09 - DR+ o f f,dA;, *fanzaDdz 216

P+
The equations presented above have been implemented in COMSOL® to
generate numerical values of the g;(a) functions at different values of « for the
geometries of interest. The procedure has been validated with the analytical
solution presented by Ahn and Brandani’® for a rectangular channel. The
results are shown in Figure 2.3. The numerical results from COMSOL are in
agreement with the analytical solution of Ahn and Brandani’®. The limits of
squared channel for « =1 and parallel passage for a« — o are correctly

predicted, as well.

25 10 5
2 1 0 4 L
1715 e R
[— [— 5 [—
S 1 S K2
0.50 i 10
0 0 0
0 50 100 0 50 100 0 50 100
o [-] a -] o [-]

Figure 2.3: g;(a) functions for a rectangular channel. Squares are numerical solutions
from analysis of moments as in Dutta and Leighton®; the solid black line refers to the
analytical solutions of the g;(a) functions from Ahn and Brandani’3.

The results for triangular and rhombic channel are presented in Figure 2.4.

The results for the triangular channel are in agreement with what previously
presented by Dutta and Leighton’®. It is interesting to point out that the point
of minimum dispersion for a triangular channel does not occur when the

triangle is regular, but when its top angle is 44°.

The trend of the rhombic channel starts from the dispersion of the squared
channel for a« = 1, to then increase for lower aspect ratios. The increase can

be attributed to the increased dispersion at the edges of the free cross-section.
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Figure 2.4: g,(a) functions for the triangular (top) and rhombic channel (bottom).
Squares are numerical results, and the solid line is the fitting correlation, eq.(2.17) for
triangular and eq.(2.18) for rhombic channel.

The numerical results are regressed with empirical functions to provide simple

correlations for design purposes. For the triangular channel the correlation is:

Ju@® + juat + jzad + jua® + jsia + je

() = 217
9:(a) a3 + s1;a2 + Sy + S35
while, for the rhombic channel the correlation is reported in €q.(2.18).
9i(@) = jyal2 + jy;al4 + g, 2.18

The regressed parameters j and s are reported in Table 2.1.
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Table 2.1: Parameters used to correlate the g;(a) functions with eq.(2.17) for the
triangular channel, and eq.(2.18) for the rhombic one.

Triangular Rhombic

g1(@) gx(@) gsz(@) gi(a) g2(a) gs3(@)
jiu (01247 | 1.072 | -0.042 | 0.125 | —-2.272 | 0.1142
j2i |0.4665| 9.463 | 33.54 -2 | -0.8083 | 38.67
j3i |0.6002 | -5.848 | 784.8 | 0.125 | 1.249 | 0.3498
Jai 1.79 | 33.32 | 756.2 0 -1.968 | -2.022
jsi |-1.271| —-33.58 | —969.1 0 1.922 0
Jei | 1.631 | 29.79 1589 - - -
sy | 3.675 | 7.998 | 57.73 - - -
sy | 3.378 | 9.502 2408 - - -
s3i | 3.334 | 6.81 958.8 - - -

The results for the hex-hex channel are shown in Figure 2.5.

The regular

hexagon provides the lowest dispersion compared to other hex-hex cross-

sections. The correlated functions for the hex-hex channel are reported in

Appendix A. The functions used have been constructed such that they will be

function of a; and a vector of fitted parameters at fixed a,....i.e. p(a,..)- Hence,

to derive g(a;, p(a@rec)), the values of p(a,...) have to be calculated first. Then,

once fixed the p(«,..), the functions g(a;, p(a,..)) can be calculated at a fixed

Q.
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Figure 2.5: g;(a) functions for the hex-hex channel. Solid lines are the fitted
correlations while circles are the results from the numerical simulations: filled
symbols for a,, > 0 and empty symbols for a;; > 0. On the y-axis a, = az for ag, > 0
(filled circles), while a, = a,; for a;; > 0 (empty circles).

2.2.2 The “corrected” thickness

Ahn and Brandani’® have shown that, if the actual thickness of the solid is used
to estimate the resistance given by the diffusion in the solid (Rs in eq.(2.1)),
the HETP for a rectangular channel is systematically underestimated. To
correctly estimate the solid resistance, they introduced the concept of
“corrected” thickness, which consists of a thicker solid dimension to be used
to calculate the HETP compared to the physical thickness of the solid. To
calculate w,, the corrected thickness, Ahn and Brandani’® redistributed the
solid around the rectangular free cross-section from the corners of the
geometry to the free cross-section’s perimeter, as graphically shown in Figure
2.6(top).

18
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The corrected thickness introduced by Ahn and Brandani® is here generalised
for an arbitrary cross-section. An example of the redistribution for the hex-cir
channel is shown in Figure 2.6(bottom). For both squared and hex-cir channel,
the solute will firstly travel in the solid around the free cross-section (grey in
Figure 2.6), and then in the corners of the geometry (black in Figure 2.6) in
both horizontal and vertical direction. By redistributing the solid, the 2D
diffusion in the solid is reduced to a 1D diffusion problem, while preserving the

total amount of solid of the channel.

0-0r
00

Figure 2.6: Redistribution of the solid for a squared channel (top), and a hex-cir
channel (bottom). In grey the solid around the perimeter of the free cross-section, in
black the corners.

The graphical redistribution presented for a squared and hex-cir channel can
be held valid for all the geometries under analysis, since they always present

corners which are not directly in contact with the free perimeter of the channel.

For flat geometries, the mathematical representation of the redistribution can

be written as:

As

= g 2.19
Perim

We

where A is the solid area. For a rounded geometry, we can write the corrected
thickness as in eq.(2.20).
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24
«/TS +d*—d 2.20

2

W, =

Analytical equations can be derived for several cross-sections. Table 2.2
provides the equations to estimate accurately w, for the geometries under

analysis.

Table 2.2: Analytical expression of the corrected thickness for different channels

Channel Analytical Expression
W2
Triangle = —( )
g We=w+ 2h 1+ sin(arctan(a/2))

w/h w/h ) _

Rhombus | =~ _ (1 e sin(atan(a))) (“ * 2 sinGatan@ 1)) ~* b
¢ 41+ a?
2
Hex-Cir J% [(2@ — ) dT +2V3w(d + w)] +d?—d
w, = >
. 1+a+2w/h

Rectangle W, = WW

*From Ahn and Brandani’

For the hex-hex channel, a simple procedure is presented in Table 2.3 to

estimate the corrected thickness.

Having defined the corrected thickness, and derived the velocity resistance,
the HETP can be now calculated for different geometries. To validate the
correlations provided, full 3D numerical simulations can be used. The

mathematical equations are presented in the next section.
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Table 2.3: Procedure to calculate the corrected thickness of a hex-hex channel.

Step

Hex-Hex with a;; > 0

Hex-Hex with a,, > 0

Calculate A, = (a5 + a,ec)h* and

d= [t
T

Calculate A, = (1 + peclss) Arech?

andd = /ﬂ
Vs

Define b=h+ ZW[,/1 ¥ 2ag,)? —

4 TeCh
Define b = “T — 2a;W [1 —
ZaSS] and

2 1+ (zils)z] and

Arech 1\2 h
B =%t 4 2y [w /1 + (Zals) +5]

B=h+2h [arecass +

21T+ Qag)?]

3 | Calculate A,y = 2(b + B) (2 + W) ar;Ch

Calculate Agye = (b + B) (2% + w)

4’(A0ut_Ain)+d2 —d
— T

Calculate the corrected thickness as w, = >

2.2.3 3D numerical simulations
2.2.3.1 Mathematical model
The main assumptions of the 3D model are as follows:

e Isothermal conditions

e Linearisotherm

e Trace binary system with one adsorbing molecule in an inert carrier
e Fully-developed laminar flow in the channel

e Negligible axial (z-axis) diffusion in the solid

e Equilibrium at the fluid-solid interface

The differential mass balance of the adsorbing i-th component in the fluid

phase is:

aCi 2
i D, Vec; +V(ve) = 0

2.21

where the axial dispersion term has been written in terms of fluid concentration

¢ and not mole fraction y, since the pressure drop in straight channels is
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negligible. The boundary conditions are of the Danckwert’'s type, as in
eq.(2.22) and (2.23).

—DpVei+ve; = vipcin; @z =0 2.22
DpVe,=0 @z=1L 2.23

where v;, and c;, are the inlet velocity and concentration, respectively. The

mass balance in the solid can be written as:

dq; __ (9%q;  0°q;
kb, <_6x2 +53 2.24

where g; is the amount adsorbed of the i-th component per unit volume. At the

interface between the fluid and the solid:
qi = KCi & DmVCi = stqi 2.25

Finally, the initial conditions assume that the bed is filled with the non-

adsorbing carrier.

The average outlet concentration in the fluid phase is calculated using eq.
(2.26).

¢b veil - dxdy

Cavelz:L = # " dxdy 2.26

The set of equations is converted in dimensionless form with the use of the
following dimensionless variables:
Ci qi

C; = ; Qi = ;
Cin,i Kcin,; %

v
Sy = (x,y)

Z 2.27
L vave .

where u is the first moment, i.e. the mean residence time, of the breakthrough
curve. The first moment of the breakthrough curve, u, can be directly estimated

with the use of an integral mass balance on the channel, as in eq.(2.28).
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L

1—¢€
w= [1+ K] 228

vave €

The velocity profile is modelled using Navier-Stokes equations in viscous
regime at steady-state. The boundary conditions are of fixed pressure of 100
kPa at the outlet, and fully-developed laminar flow at the inlet with an average
velocity v,,.. The no-slip boundary condition is used at the interface between

fluid and solid domains.

The parameters of equilibrium and kinetics for the 3D simulations are reported
in Table 2.4. They refer to the system CO2/N2 separation with an activated
carbon monolith, already reported by Ahn and Brandani’3. The data are fitted
to zero-length-column experiments presented in Brandani et al®® on a
commercial sample of activated carbon monolith. The diffusion in the solid has

to be intended as effective diffusion of the system.

Table 2.4: Parameters for the 3D simulations.

Parameter Unit Value
K -] 40
D,, [m?/s] 1.7x107°
D, [m?/s] 7.4x10710

The dimensionless equations have been implemented in COMSOL. The
integration limit of the simulation was set to twice the first moment of the
system. A mesh-refinement study has been carried out to make sure that the

results were independent of the mesh size and number of elements used.

The first and second moment of the adsorbing component can be calculated
as in eq.(2.29) and (2.30).

15t Moment u = f —dt 2.29

o Cin,i
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o0}

C.

2™ Moment 9% = ZJ —tdt — p? 2.30
o Cini

Since the second moment can be strongly affected by numerical oscillations®4,

an exponential function of the form ae~?¢, has been used to approximate the

tail of the breakthrough curve. Hence, the second moment can be written as:

o ¢ a 1
9% = 2 —tdt+2— _bt0<t —)— 2 2.31
fo ot + 5 o+ ) T H 3
where, t, is the starting time of the exponential decay. Finally, the HETP can
be calculated as in eq.(2.32).

HETP ?

—_—=— 2.32

L u?

To check the 3D simulations, as well as the procedure to calculate the HETP,
a case study of a hollow fibre has been used. Indeed, eq.(2.5) is the analytical
expression of the HETP for an hollow fibre. The results are presented in Figure
2.7. The 3D model implemented in COMSOL provides reliable results for the
hollow fibre case, hence it can be safely used to test the HETP correlations for
the other geometries.

0.05
0.04 |
0.03}

~0.02}

HETP

0.01}

0 500 1000 1500
U(IUCL [ ]

D m.
Figure 2.7: Comparison between 3D simulations and HETP correlation for a hollow
fibre. Squares are the 3D simulations and the solid line is eq.(2.5). The physical
parameters are reported in Table 2.4, and the geometrical parameters are: w/h=0.105,
and L/h=700.
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2.2.3.2 Comparison between 3D simulations and HETP correlations
The comparison between the 3D simulations for different straight-channel

monoliths and their respective HETP correlation is presented in Figure 2.8.

The proposed HETP correlation accurately match the dispersion given by the
3D simulations. Furthermore, the simulations confirm what already stated by
Ahn and Brandani” for a rectangular channel: the diffusion in the solid is the
main resistance responsible for the dispersion of the solute in the channel. As
it can be seen from Figure 2.8, the sum of axial dispersion and velocity profile

only provide a minor contribution to the overall HETP.
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Figure 2.8: HETP plot for different geometries. From top to bottom, from left to right:
triangular channel, hex-cir channel, rhombic channel, and hex-hex channel. Squares
are 3D simulation results, the dotted line is the fluid resistance only, the dashed line is
the HETP calculated using the model of Patton et al.”? (triangular and hex-hex
geometries) and the solid line the HETP with corrected thickness.

The transversal diffusion of the solute on the free cross-section balances the

dispersion of the solute along the channel given by the velocity profile. This
effect leads to a near plug flow in the free channel. For all the simulations, and
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LDy

h2 IS

in general for gas separation processes, the dimensionless parameter

higher than 1, which explains why the concentration of the solute at a given
cross-section assumes a homogeneous profile. It is therefore important to
focus on the resistance given by the solid when optimising and straight-

channel monoliths for gas adsorption applications.

The model of Patton et al.”? is also compared to the 3D simulations. Indeed,
Patton et al.”? provide a LDF approximation for triangular and hex-hex
geometry. In their work, each cross-section is reduced to an hollow cylinder.
As it can be seen in Figure 2.8, the LDF approximation of Patton et al.”?> does
not follow the trend of the 3D simulations. The reasons for the mismatch can
be attributed firstly to the approximation of every channel to hollow cylinder,
and then to the changed void fraction of the system. The former does not take
into account that the diffusion process in a triangular channel can be quite
different from the one of a hollow cylinder. As matter of fact, the diffusion
process in a triangular channel can be represented as an equivalent 1D
diffusion in a slab. The latter reason comes from the fact that the void fraction
of the channel will not be kept constant if the volume of the free cross-section
is not fixed also in the LDF approximation. This leads to a decrease in the
triangular channel’s void fraction in Figure 2.8 by roughly 40%, which explains
the sharp increase of the HETP compared to the 3D simulations. In the hex-
hex channel the LDF approximation from Patton et al. leads to a very thin layer
of solid around the free cross-section, which explains the very low HETP

compared to 3D simulations.

It could be argued that the hex-hex channel should be modelled with the HETP
of a flat geometry, eq.(2.3). Indeed, the expression of Aris for the HETP of a
hollow fibre, €q.(2.5), reduces to the diffusion in a slab geometry for thin films
of solid surrounding the free cross-section, as shown by Schisla and Carr®.
Moreover, the hex-hex channel already approximates the limit of a polygon
with a number of sites which tend to infinity, hence a circle. For any practical
purpose, honeycomb monoliths will have either regular hexagons or slightly

different from regular hexagons as free cross-section. Hence, the
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approximation of hex-hex to rounded geometry holds for any practical design

use.

It can be noted a slight discrepancy between the HETP from 3D simulations of
triangular and rhombic channel and the predicted HETP from correlations. This
difference might be attributed to the local meshing of the corners of the
geometries from both fluid and solid side. As default, an unstructured prismatic
meshing is generated by COMSOL. However, local refinement of the mesh at
the corners of the geometry might reduce the extra-dispersion present in the
current simulations. Indeed, geometries which do not have sharp corners (i.e.
hex-hex, hex-cir channel and circular channel) and geometries for which a
structured mesh of hexahedral elements can be used (i.e. rectangular channel)
provide excellent match between 3D simulations and the HETP correlation.
Future works could study the effect of local mesh-refinement on the HETP that
different meshing might show, especially for geometries which possess sharp

corners.

It is worth pointing out that the HETP correlation is valid in the limit of very long
columns. As pointed out by Ahn and Brandani’3, a quick way to establish if the
system achieved the HETP in the limit of very long column is to check that the
ratio between the first moment and, for a gas system, the time constant for

diffusion in the solid is higher than 0.22. For all the simulations performed, the

value of — ranged between 4 and 12. It has to be noted that, for liquid

u_DS
W¢
systems, the time constant to be used will be h?/D,,, since the limiting kinetic

process will be the diffusion in the liquid phase.

2.2.4 Reduced order model

2.2.4.1 Mathematical model

The use of 3D simulations can be limited to HETP validation, since its
computational time and resources are not feasible for any design or
optimisation purpose. Since multiple simulations are needed to firstly design
and then optimise the operating parameters of common adsorption processes,
a simpler, faster and nevertheless accurate model is needed. In this section, a
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reduced order model is proposed, which is able to capture the overall dynamics
of the 3D simulations. The model will have one dimension along the channel’s
axis for the fluid phase (z-axis), and one dimension for the diffusion of the
solute in the solid (x-axis). The model makes use of the average velocity in the
channel, which comes from the 3D simulations. Given the assumption of trace

system, the average velocity will remain constant along the axis.

The modelling assumptions are the same as in the 3D model. The mass

balance for the fluid phase is:

ac; d%¢; dc; 1—€edq,
il i} it} 1t 2.33
ot~ Pax gz T Vave gyt = =0

where D, , the axial dispersion, can be derived by the sum of molecular
diffusion and velocity profile resistances in €q.(2.3) and (2.5), and g, is the
average adsorbed amount of the i-th component. The boundary conditions are

of the Danckwert’s type:

dc;
_Daxa_Zl + VgveCi = VaveCin,is @ z=0 2.34
dc;
axa_zlzo; @ z=1L 2.35

The mass balance in the solid can be written as:

dq; d%q; 60q;
ac =P <—axz T ox 2.36

where for flat geometries 6 = 0 and 8 = 1 for rounded ones. The boundary

conditions for eq.(2.36) are given below.

q; = Kc;; @x=nh 2.37
d00;
Dsairl=0; @ x=h+w, 2.38

The average adsorbed amount has been calculated from eq.(2.39).
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h+WC 0
x7dx
g, = Jy _a 2.39

h+w
S, ‘xbdx

The reduced model has been solved in gPROMS using orthogonal collocation
on finite elements to discretise both the fluid and solid domains. A mesh-
refinement has been carried out to assure results independent on the number

of elements used.

The parameters of the reduced model can be derived from the knowledge of
physical and geometrical parameters of the system. The two main parameters
that are different with respect to the 3D simulations are the effective axial
dispersion, D,,, and the thickness of the solid. The axial dispersion of the
reduced model is not going to be the molecular diffusion, as in the 3D
simulations. Instead, the axial dispersion of the reduced model can be
calculated as sum of the axial and velocity profile resistance of the HETP

correlation®, as shown in eq.(2.40):

C Cyt (Vavel\°
Daxsz(l +—MPe2) =D, 1+—M( ave ) 2.40
2 2 \D,,

where Pe is the Peclet number of the system. The second relevant parameter
is the thickness of the solid for the reduced simulation, which will be set to the

corrected thickness of the channel.

It should be noted that the reduced model does not make use of any adjustable
parameters, and its derivation is solely based on the knowledge of the
properties of the system under consideration. Moreover, the reduced model
has the main benefit to be faster than the 3D model, since the different in
computational time is of almost 3 orders of magnitude, which makes it

particularly suitable for design and optimisation purposes.

2.2.4.2 Comparison between 3D simulations and reduced model
The comparison between 3D simulations and the reduced model is shown in

Figure 2.9. The values of UE‘)—"eLfor each simulation are reported in Table 2.5.
m
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Table 2.5: Values of ";‘)il [—] for the breakthrough simulations in Figure 2.9. The
symbols in the first column refer to the symbols in Figure 2.9.

Triangular Rhombic Hex-Cir Hex-Hex
Circles 294 294 882 1764
Squares 882 2059 4412 8824
Diamonds 2059 5882 8824 30884

2 0. . 2

t/pl-] t/ul-]
Figure 2.9: Comparison between 3D simulations and reduced order model. From top
to bottom, from left to right: triangular channel, hex-cir channel, rhombic channel, and
hex-hex channel. The geometrical parameters are the same as in Figure 2.8. The

values of ”;‘)il for each simulation are reported in Table 2.5. Symbols are 3D

m

simulations and solid line is the reduced order model.

The agreement between 3D and reduced model is excellent. The reduced
model correctly captures both first and second moment of the 3D simulations.

The match of the second moment can be mainly attributed to the inclusion of
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the dispersion given by the corrected thickness. The numerical problem’s size,
and hence the computational time, is more than two order of magnitude smaller
for the reduced order model. Therefore, the reduced order model can
potentially act as an effective tool for fast screening of different straight-

channel monoliths for targeted applications, at a design stage.

2.3 The pressure drop correlation

Among the factors influencing the energy penalty of an adsorption process,
pressure drop plays a crucial role. Indeed, the extremely low pressure drop of
straight-channel monoliths make them a suitable alternative to conventional
packed beds. Nevertheless, it is important to accurately estimate the pressure
drop in straight-channel monoliths, especially at a design stage. In this work,
the ERM of Muzychka and Yovanovich’ is employed, given its broad

application to all the straight-channel monoliths under analysis.

The general expression of the pressure drop in eq.(2.2) can be specialised for
a given straight-channel monolith by means of the fRes and the ratio j—; which

will depend on the geometry of the free cross-section of the channel. Muzychka

and Yovanovich’® showed that the analytical solution fRes for a rectangular

channel, when X = VA, can be written as:

12
fRez = F) [1 ~ 179T§y canh (%)] 2.41

where y is the effective aspect ratio of the rectangular channel. For the
rectangular channel, the effective aspect ratio has the same value of the
nominal aspect ratio of the geometry defined earlier in the chapter. The
equations of the effective aspect ratios of the different channels, as presented
by Duan and Yovanovich® and developed in this work, are reported in Table
2.6.
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Table 2.6: Correlations for the effective aspect ratio of different channels

Geometry Effective Aspect Ratio, y

Regular Polygons with 1
Nsiges € [4; ©]*
Triangle*™ [(2a)%53 + (2/0:)0'53]"1/0'53

Rhombus* [(2a)08 + (z/a,)o.es]—uo.ss

Hex-Hex with ag, = 0** 3 0, (e + )\ —1/95
[(2 (arec + als)) * ( \/§ > ]
Hex-Hex with a;g = 0** 1
1/arec + aSS

*From Duan and Yovanovich?®; **Developed in this work

With the use of the correlations in Table 2.6, eq.(2.2) and (2.41) the pressure

drop for a straight-channel monolith can be evaluated.

The correlations for the hex-hex channel have been regressed on numerical
simulations of fluid flow in hex-hex channels. The Navier-Stokes equations are

solved in the free cross-section and the fRe ; is regressed from that. The

results are presented in Figure 2.10.

40

0 0.2 04 0.6 0.8 1

Figure 2.10: fRe ;; correlation for hex-hex channel. Squares are hex-hex channel with
oy > 0, circles are hex-hex channel with a;; > 0 and solid line eq.(2.41) with y
calculated from the correlations in Table 2.6.

The main advantage of the ERM is that the fRe ; is constant at 14.13 for the

vast majority of industrially relevant straight-channel monoliths, i.e. regular
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polygons and circular cross-section. Furthermore, only one equation is needed
to calculate the fRe ; of different geometries when « # 1. The approach of
using the hydraulic diameter as characteristic length would have led to different

equations of fRep,, for each geometry, even for a = 1.

2.4 Comparison between straight-channel monoliths
and packed bed for gas systems

Once the HETP and pressure drop correlation for a straight-channel monolith
are known, a comparison between them can be made based on the pressure
drop per theoretical stage, i.e. HETPAP/L. Ruthven and Thaeron3® were the
first to use the pressure drop per theoretical stage to compare a conventional
packed bed with a parallel passage contactor. Their analysis showed that
under all practical conditions, a parallel passage would perform better than a
packed bed. This section aims to broaden their analysis to an arbitrary
extruded monolith. The following analysis excludes the resistance given by the
velocity profile in the HETP correlation, since this analysis is limited to gas

systems, for which the HETP correlations have been validated.

For a packed bed of porosity €,, and bead radius R,, the pressure drop can

be described as the Ergun equation:

2
APPacked — 375 prv (1 - epb) 249
L il RZ egb

where the turbulent term has been neglected in the assumption that the

particles are big enough to avoid turbulent effects.
In the assumption that K > ¢, the HETP for a packed bed can be written as®3:

HETPPaCked _ ZprDax 2 prv Rzz)

R L 2.43
L €ppV 15(1 — €,p)K Ds

where, under these conditions, the axial dispersion can be written as D,, =
0.7D,,%”. Now that HETP and AP correlation for a packed bed are given, we

can define the ratio of pressure drop per theoretical stage of an arbitrary
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straight-channel monolith with a packed bed, using €q.(2.2,2.3,2.42,2.43). It

should be noted that, in the assumption of K > €, the solid resistance in

2k w2 2 w2

302 D, Yave = 30_o)k b, Vave: In addition, only

eq.(2.3) can be simplified to

the contribution from axial dispersion and solid diffusion will be considered for
the HETP of the monolith. Under these conditions, we can write the ratio of the

pressure drop per theoretical stage as in eq.(2.44)

— (APHETP/L)Packed
(APHETP/L)monolith

, L46,Dm 2 v Ry 544
s (1—€p)e AVA EpV 15(1 — €, )K Ds
B €3p RZPerim 5 D 4 2 w2

Vave 3(1 - E)KD_sUave

to compare both packed bed and monolith at the same throughput, we need

to set v, = E’%’ v. To obtain a quantitative estimate of the ratio in eq.(2.44),

we can fix €,, = 0.35,e = 0.5,and R, = w. The ratio can then be written as:

_ (APHETP/L)Packed
B (APHETP/L)monolith
14€ppDm | 2 €V R_,z, 2 45
AVA EppV 15(1- epp)K Ds
= 369> p2perim , Dy, 2 RZ

EppV + 3(1 - e)eKD_SEPU

Finally, we can rearrange the ratio in brackets on the RHS of eq.(2.45) such

D. D
™ and —=:
€pVRp KDg

that R will be function of the dimensionless groups
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r(Pm_ Dm
€,VR, " KD;
D 2 €,pVR,\ D
1.4 m ) (p p) m
avA | e (epvap 151 -eyp)\ Dm JERD;

RiPerim 26( D >+ 2 (epvap) Dy,
€ppVRp) " 3(1 —€)e\ Dy, ) KDg

= 369.5

AVA

=369.5————R
RZPerim "FTF

Dm ,D—m> in eq.(2.46) represents the ratio of the
€pbVRp  KDs

the expression of R(
pressure drop per theoretical stage between packed bed and an arbitrary
monolith with flat geometry as free cross-section. The higher the ratio, the
better will be the monolith’s performance with respect to the packed bed. The

plot of the ratio R ( Dm__ Dm

€pbVRp " KDs

) for flat geometries is shown in Figure 2.11.

Triangular, « = 1.155 Rhombic, a = 0.5

10? / 600 102 3300
- / 400 2200
z| 10° & < 10°
< 200 N 1100
102 0 102 0
1072 10° 102 1072 10° 102
D"l -Dlll
R, R,
Rectangular, o = 1 Rounded geometry, a =1
102 1100 102 900
e 740 0 600
s 10° s| g 10°
= a0 300
=2 O
102 0 107
102 10° 102 1072 10° 102
Dm Dm e
El)’le, 6])7}]{])

Figure 2.11: Plot of the function R (D—

D—"'), eq.(2.46), for triangular, rhombic,

€pVRp ' KDss
rectangular and eq.(2.47) for rounded channels. The values of porosities are: €, =
0.35;€¢=0.5,and R, = w.
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The monoliths with flat cross-sections show better performance in terms of

pressure drop per theoretical stage under all practical conditions. To further

D. D. . . .
T —m> with respect to its variables are
€pbVRp ' KDs

prove it, the limits of the function R (

presented in Table 2.7.

Table 2.7: Limits of the function R ( Dim D—”‘).

epVRp " KD
lim R(D—"‘,D—"’)* lim R( Dm ,D"‘>*
Dm o+ €VRp KDy D_m_)oo €yVRyp " KDg
KDg KDs
Triangular 601.28 94.39
Rectangular 1055 165.55
Rhombic 3341 524.6
Rounded 936 720
olim R(20n) = dim R 2e)and fim R(C228)< m R(2a2)

KDg €pvRp KDg €pVvRp

The discussion on flat geometries can be easily extended to rounded ones.
The HETP for a rounded geometry can be written as in eq.(2.5). The ratio of

pressure drop per theoretical stage can then be written as:

Rrounded
Dy Dm
epvap’KDs)
D 2 €xpVRp\ D
14 ( m)+ (p P) m 2.47
ava | P \epvRy) T 15(1 - €,,)\ Dm ) KD

= 369.5

RZPerim 26( Dy ) L 2h (prva) Dy,
€ppVRy) (1 —€)e\ Dp JKDs

where R, has been assumed equal to the corrected thickness of the solid. The

results for a rounded geometry are shown together with flat geometries in
Figure 2.11 and Table 2.7.

It can be concluded from this brief discussion, that straight-channel monoliths
offer better performance in terms pressure drop per theoretical stage
compared to conventional packed beds. This comparison did not take into
account several other factors such as manufacturing costs, installation costs
and sizing of monoliths and packed beds. These factors will of course orient

the choice at design stage for a given separation. However, the analysis
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presented can help to assess the energy penalty that an adsorption process
might have in comparison to conventional packed beds, especially when

handling high throughputs.

2.5 The corrugated monolith

A particular type of straight-channel monolith is the corrugated monolith (CM).
It finds wide application in air drying®:28° and recently its performance for
carbon capture application have been investigated+-56. As with other straight-
channel monoliths, CMs can either be fully formed of adsorbent material®%°
or consist of alternated flat and corrugated metal foils then coated with active

adsorbent®.

An example of CM is shown in Figure 2.12, together with the schematic
drawing of its representative channel. The image of the CM is taken from the
work or Amalraj et al®®. The characteristic dimensions highlighted in Figure
2.12 are: the height of the outer boundary h,, the base of the outer boundary
i,, the height of the free cross-section h, the base of the free cross-section i,
and the thickness of the solid w. The aspect ratio of the outer boundary can be
defined as «, = i, /h,, the aspect ratio of the free cross-section as « = i/h and
the dimensionless thickness as § = w/h,. To fully describe the channel’'s

geometry, only two of the dimensionless parameters are needed.

Corrugated Monolith Representative channel Simulated channel

Figure 2.12: Example of the corrugated monolith (left), the schematic drawing of its
single representative channel (centre), and the domain for modelling purposes (right).
In light grey the area of solid surrounding the perimeter of the free cross-section and

in dark grey the corners of the solid. The image of the CM is taken from Amalraj et al°®.

Several studies in literature can be found whose aim is the numerical modelling

of CMs for the design and optimisation of adsorption applications®3°1-%°, Two
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main categories can be distinguished: 1D%3:89%92.93.95 gnd 2D3.99.100 models.
Both types of models assume that the monolith is ideal, hence only a single
representative channel of the CM can be studied. Besides, it is often assumed
that axial mass and thermal dispersion are negligible and that the ideal channel
is adiabatic. While the adiabatic assumption can represent the actual
behaviour of a CM’s channel entirely made of adsorbent material, the
assumption of negligible dispersion in the channel can have a strong impact

on the numerical predictions of CM’s performance, as will be discussed later.

The 1D models consider relevant only the variations of mass and energy
variables in the axial direction of the ideal CM. The mass and energy transfer
in the adsorbent is modelled with lumped OD equations whose physical
parameters are calculated from Sherwood, Sh, and Nusselt, Nu, number
correlations. The correlations available in the literature rely mostly on the work
of Shah’® who estimated Nu number from numerical simulations of momentum
and energy balances in several ducts of arbitrary cross-sections. The Sh is
either assumed equal to the Nu number, as in the work of De Antonellis et al.®?,
or calculated from the Chilton-Colburn analogy®®, Sh = NuLe'/3, where the
Lewis number, Le, is the ratio between thermal and molecular diffusivity of the

gas flowing in the channel.

The 2D model considers both the axial direction along the ideal CM and 1D for
the diffusion and conduction in the solid. The 2D models generally study the
water adsorption on desiccant wheels. They assume molecular, Knudsen and
surface diffusion in the solid. The use of physical models to derive the
parameters which do not rely on empirical correlations provides a higher
degree of accuracy while keeping the computational time in the range of tens

of seconds, which is still acceptable for optimisation purposes.

To the best of the author’s knowledge, only the work of Cheng et al.'®! reported
the 3D modelling of an ideal CM for air drying application. They considered the
complete set of mass and energy balance equations in the 3D CM’s channel.

They firstly solved the Navier-Stokes equations to derive the flow profile in the
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channel and, once the velocity profile was fixed, they solved the mass and
energy balances. However, this can lead to inconsistencies if the temperature
variation is substantial, given that the velocity profile will be affected by the
temperature change'®'. They also report a simplified 1D model that is
compared to the 3D model and experimental data. They conclude that 3D
simulations better match the experimental data. Instead, the 1D model strongly
relies on Nu and Sh numbers, as can be expected. As matter of fact, available
Nu correlations are derived from numerical simulations assuming either
constant and uniform temperature on the wall of the free channel, or constant
and uniform heat flux at the walls of the free channel. However, neither one or
the other condition are completely true. Cheng et al.’® arrive at the conclusion
that a 3D model should generally be used to predict mass and thermal profiles

for ideal CMs, since an accurate reduced model cannot be produced.

From the brief literature review outlined above, it is evident that the modelling
of CM still remains an open problem. The use of empirical correlations to
estimate mass and energy parameters can be of limited use. By contrast, full
3D simulations appear prohibitive for design and optimisation purposes since
they require a long time to run. Ideally, a trade-off between accuracy and fast

computation has to be found.

The aim of this section is to apply the methodology presented for the straight-
channel monoliths in Figure 2.1 to CM, as well. Furthermore, the CM can also
offer the chance to include energy balances in the reduced model to broaden
it to non-isothermal conditions, and to include non-linear isotherms. Moreover,
the newly developed 3D model will assume macropore diffusion control and
directly calculate the diffusivity of the molecules from available correlations,
without the need of a diffusion time constant from experimental data. The
following work will show the results from the analysis of a CM as done for the
straight-channel monoliths, and the description of the non-isothermal and non-
linear reduced model. The results from non-isothermal conditions can provide
a further point of discussion on the need of accurate correlations for the

prediction of a monolith performance.

39



Modelling of straight-channel monoliths

2.5.1 Drawing of a corrugated monolith channel
In Figure 2.12(right) the channel representation used for modelling purposes

is shown. To draw it, firstly the upper wall is drawn with a function of the form:
faw(x) =22 l1 — cos (2—” (x+ %))] with x € |0, 2.48

then, a constant thickness of solid has to be drawn from the upper wall. To do
so, we can calculate the displacement in both x and y direction needed to
achieve the constant thickness from the wall. The displacements are in
eq.(2.49) and (2.50).

2

Av = w
Ax = (dﬁg”x(x))ZAy 2.50

Next, we define a new reference system in the x direction:
Xe = x —VAx 2.51

to then formulate the mathematical expression to draw the interface between

free and solid domains:

Ve(xc(x)) = y(xc(x)) — Y Ay(x.(x)) 2.52

such that the points P,_, ) represent the interface. The solid base can be

simply drawn with straight lines intercepting the wavy interface and upper wall.

2.5.2 HETP correlation

Following the procedure outlined in Section 2.2 of this chapter, we can derive
the HETP correlation for a corrugated channel based on the analysis of
moments of Dutta and Leighton’®, and the derivation of a corrected thickness.
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To calculate the values of g;(a) for a corrugated channel, we can simplify the

free cross-section as a wavy boundary and a straight line between the edges

at the base. As done before (see section 2.2.1), the numerical values are

correlated with an empirical function of the form:

Jri@® + jpat + jzad + jua® + jsia + j

2.53

gi(a) =

a® + s;at + 553 + 53,02 + s + Sg;

where j and s are fitting parameters. The results are shown in Figure 2.13.
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Figure 2.13: g;(«) functions for the corrugated channel. Circles are numerical data,
the solid line is eq.(2.53) with the parameters from Table 2.8.

The regressed j and s are reported in Table 2.8.

Table 2.8: Regressed parameters for the g;(a) functions, in eq.(2.53).

91 g2 93
J1i 4.438 1808 | 5.937
J2i —-21.06 | 7206 | 3304
J3i 35.18 | —8456 635
Jai —-18.14 | 8812 17.88
Jsi 6.157 1434 | -3114
Jei 0.5466 | 3430 | 436.4
S1i 0 0 0
Soi 4.984 3919 0
S3; —-31.11 | 2245 1216
Sai 45.86 | 2093 | 275.7
Ssi 0.5837 | 639.7 | 421.8

Once the g;(@) functions have been obtained, only the corrected thickness for

a corrugated channel must be derived to characterise the HETP of a CM.
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The corrugated channel is a flat geometry, hence eq.(2.19) can be used to
derive an expression of the corrected thickness. With reference to Figure
2.12(right), the area of solid can be calculated as:

x*

io/2 s
Ve(xe())dx, 2.54

as= [ - |

0 0

while the perimeter:
x5
Perim = § ye (e (x))dx + [xc(x3)] 2.55
0

where x; is the intercept between the wavy interface and the solid base of the
channel. With the use of eq.(2.54) and (2.55) we can calculate the corrected
thickness using eq.(2.19). However, a simple analytical solution cannot be
derived. Therefore, a numerical solution has to be calculated using numerical

integration.

To provide a simple, yet reliable, correlation for the corrected thickness of a
CM channel, several values of the dimensionless corrected thickness, 6. =
w./h,, have been generated using different values of § and «,. The correlation

is reported in eq.(2.56).
8 = p1(a)8% + pa(@,)8 + p3(a,) 2.56
The correlations for the parameters p;(«,) are reported in €q.(2.57)-(2.59).
p1(a,) = 0.9742aZ + 0.1956a, — 0.3833 2.57
py(a,) = —0.4641a? + 0.8098a, + 0.7588 2.58
ps(a,) = 0.0326ag — 0.137a3 + 0.2145a% — 0.1446a, + 0.0331 2.59

The ranges with which this equation has been generated are: «, € [0.5,2], and
6 € [0.01,0.22]. The correlation in €q.(2.56) is shown in Figure 2.14.
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Figure 2.14: Plot of the dimensionless corrected thickness against a, and é. Circles
are numerical values from eq.(2.19) and solid line is the fitted correlation, eq.(2.56).

Once the correlations to derive the HETP are known, the HETP expression,
eq.(2.3), can be compared with the 3D simulations. In the following, the non-

isothermal 3D model is presented.

2.5.3 Non-isothermal 3D model
The following set of equations are used to validate the HETP correlation for
the CM and to extend the reduced order model to non-isothermal and non-

linear conditions.
The assumptions of the non-isothermal 3D model are:

e Trace-component system

e The feed consists of a target molecule and an inert carrier

e Fully-developed laminar flow in the channel

e Macropore diffusion control

¢ Negligible energy accumulation of the gas phase in the pores and of
the adsorbed phase

e The gas phase follows the ideal behaviour

The assumption of trace-component for a non-isothermal system is due to the
inability to correctly implement the total mass balance in COMSOL, which

43



Modelling of straight-channel monoliths

writes the total mass balance as a compressible Euler equation (see eq.2.67)
without considering the adsorption term. Hence, the non-isothermal case study
considered will simulate up to 5% mole fraction of adsorbate in the feed
stream. For the purpose of 3D model comparison with a reduced order model,
the trace-component assumption can be made valid for the case studies
investigated in this work. However, it would be beneficial to develop a more
sophisticated 3D model that accounts for non-trace systems, as well. A
possible solution might be the use of self-defined equations in COMSOL,

without the use of the available ones from the software.

This model assumes macropore diffusion control and calculated Knudsen and
molecular diffusion contributions from available correlations. Therefore, it can
be seen an extension of the previous EM 3D model for which a fixed value of
the diffusivity had to be provided manually. It is of course limited to the
contributions aforementioned. If viscous flow, surface diffusion or micropore
diffusion have to be included, the diffusion correlations and the mass balance

on the solid have to be changed accordingly.

The mass balance on the i-th component in the free channel is already

reported in eq.(2.21) with boundary conditions in eq.(2.22) and (2.23).

Then, given the assumption of macropore diffusion control, the mass balance

in the solid can be written as:

¢y dq; €
pi i p
€, + pp = - V- (DpiVcpi) 2.60

where the amount adsorbed g is expressed per mass of solid and p, is the
pellet density, €, the porosity of the adsorbent, 7 the tortuosity, and D, ; the

pore diffusivity of the i-th component. The boundary conditions are:
Cpi = Ci; @ interface 2.61

Dchiz%’Dp,chp,i @ interface; 2.62
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the pore diffusivity, D, ;, can be calculated as sum of molecular diffusivity, D,

and Knudsen diffusivity, Dy ;:

1 1 1

D= m + D 2.63

p,i

where D,,, and D ; are calculated as in eq.(2.64) and (2.65)'%2,

370 1 1
_ i\/ 210(RsTs) (3w, * ;) 2.64
™16 N,Pc?,0;,

o 9|2 8R, T, -
K= 131370 [ Tpw, :

where N, is the Avogadro’'s number, R, is the ideal gas constant, Mw is the

molecular weight, Q;, the collision integral of the pair “molecule 1—molecule
2", 0y, the average kinetic diameter of the pair, ,,,. the pore radius of the
adsorbent and T; is the solid temperature. The expression of Dy ; already
considers the correction factor introduced by Levitz'%, equal to 9/13. The
isotherm is of Langmuir type:

AH;

bolie_RgTSPl'
qi = qs AH; 2.66

1+ by;e FaTsp,

where g, is the saturation capacity, b, ; the pre-exponential factor, AH; the heat
of adsorption, T the solid temperature, and P; = ¢, ;R,Ts according to the ideal

gas law. The average outlet concentration in the fluid phase is calculated as in
eq.(2.26).

The compressible Euler equation, eq.(2.67), is used to model the total mass

balance in the free cross-section.
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dp
= 2.67
R +V-(vp)=0

where p is the mass density of the fluid. The total mass balance should contain
also a term taking into account the adsorption of the adsorbing component.

However, given the assumption of a trace system, that term can be neglected.

The velocity profile is found solving the compressible Navier-Stokes equations:

d
B_i +pw-Mv=V-(=P- -1+ 1y;) 2.68

where 7,;; = n(Vv + VvT) — ;n(v -v)I, with I as the identity matrix and n as

viscosity. The boundary conditions for the Navier-Stokes equations is of fully-
developed flow at the inlet of the free cross-section and atmospheric pressure
at the outlet of the channel, P, = 101.325 kPa. The viscosity of the gas phase
is automatically calculated from COMSOL once the components of the mixture

are specified.
The differential energy balance in the free channel is:

aTy

Pog e — V- (kyVTy) + pepgv-VT; =0 2.69

where T, is the gas temperature, ¢, 4 is the heat capacity of the gas, and k its

thermal conductivity. The boundary conditions are:
—KgVTy +vpcp gTy = VinpCpgTo; @ z=0 2.70
kgVly=0; @ z=1 2.71

instead, the differential energy balance on the sorbent can be written as:

Nc¢

0T; aq;
PoCps 3¢ — (1 — )i VT, +ppZAHl 3t =0 2.72
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where ¢, ; is the heat capacity of the adsorbent, and ; its thermal conductivity.

The boundary conditions are reported below.
T,=Ts;; @ interface 2.73
kgVTy = (1 — Ep)KSVTS @ interface 2.74
The thermal conduction of the gas is calculated as in eq.(2.75)83.

K, = 3.6969x10™* + 9.7435x1075T, — 4.0758x1078T?

2.75
+ 7.6845x10_5Tg3

The non-isothermal 3D model is solved in COMSOL. The initial condition of

the channel is of fully developed flow of a pure inert stream at T,,.

The set of equations is solved simultaneously, without decoupling momentum
balances from mass and heat balances, as done in Cheng et al."®'. The
simulations are firstly initialised using a steady flow of inert in the channel, and
then the feed is switched to the binary mixture. As done for the linear and
isothermal model, a mesh-refinement study is carried out to assure mesh-

independent results. The HETP is calculated as in eq.(2.32).

2.5.4 Non-isothermal reduced order 2D model

From the HETP correlation, a reduced order model can be derived. The
reduced model considers 1D along the axis of the channel, the z-direction, and
1D for the diffusion in the solid. The thickness of the solid is set to the corrected
thickness of the system, calculated with eq.(2.56). The modelling assumptions
are the same as in the 3D model. The additional assumptions are that the
pressure drop along the channel is negligible and that the solid temperature is

uniform at a given cross-section.

The mass balance for the fluid phase on the adsorbing component is:

dc; 0 ac; 1-—€0Q,
Jei 0 9& 96, _ 276
ot az<D ax g, W‘) Tt Y

47



Modelling of straight-channel monoliths

where Q, = €pCp, T+ Ppq, - The boundary conditions are:
—DgxVei + v = VgpeCin; @z =0; 2.77
Dy Vei=0 @z=1; 2.78

The differential mass balance in the adsorbent solid is:

ep%+pp%= %%( w’%) 2.79

where the boundary conditions are:
Cpi = Ci @x =wg; 2.80
D, 22i=0 @x=0; 2.81

P ox

The isotherm is in eq.(2.66). The average total adsorbed amount can be

calculated from:

90, 1€, dcy,;
E = _W_CTDp'i —ax o, 2.82

The total mass balance can be written as:

0Ctot
ot

+ V(veer) =0 2.83

. P, . .
where v = v,,, atz = 0. The molar density c¢;,; = ﬁ is used as variable for
g°'g

the total mass balance in the reduced order model instead of the mass density.

The energy balance for the gas phase is:

9T, a( T, AT, 1-¢
Ctotcp,g W - & Kax E + Ctoth'gUE = - ThgsaS(Tg - Ts) 2.84

where c,, ; is the heat capacity of the gas in mole units, k., the axial thermal

conductivity, hgys is the heat transfer coefficient between the gas and solid
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phase and a, the surface to volume ratio of the solid. The boundary conditions
for eq.(2.84) are of the Danckwert’s type as eq.(2.70) and eq.(2.71). For the

solid, the energy balance is:

N¢
oT. aq,
PpCp,s ats = hgsas(Tg - Ts) — Pp Z AHia_tl 2.85
i=1

where g, is calculated as in eq.(2.86).

1 (e
q, = —f qidx 2.86
0

WC
The initial condition of the model assumes the channel filled with the inert

carrier at a temperature of Tj,.

As for the isothermal reduced model presented in Section 2.2.4.1 of this
chapter, the non-isothermal model is solved in gPROMS using the method of
lines and orthogonal collocation to discretise both the axial dimension and the
solid diffusion one. The mass and heat transfer parameters are calculated as
in the 3D model.

Two case studies are considered to test the reduced order model and the
HETP correlation for a corrugated channel against 3D simulations: linear &
isothermal, and non-linear & non-isothermal. The list of parameters used for

both case studies is reported in Table 2.9
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Table 2.9: List of parameters for the simulation of a corrugated channel.

Parameter Units Linear & Non-linear &
isothermal non-
isothermal
L [m] 0.1 0.15
Vave [m/s] 0.005-0.5 0.5,1
ho [m] 2.03e-3
1) [—] 0.074 0.098
[ [—] 1.3 1.155
€ [—] 0.636 0.506
€ [—] 0.269
T [—] 2.62
Ty [K] 303 293
Py [kPa] 101.325
qs™" [mol/kg] 5.22
bo,co2™* [1/Pa] 3.95e-10
AH™* [J/mol] -32600
Py [kg/m?3] 1200
Cpg U/kg/K] 29.2
Cps™ [J/kg/K] 920
K" [W/m/K] 0.15
Yco2,in [—] 0.0004 0.05

* From Hu et al.’%2; ** From Oreggioni et al.'%; *** From Amalraj et al.5®

2.5.4.1 Parameters of the reduced model
The information from the 3D model can be effectively transposed in the

reduced model with the use of three parameters: D, k., and hy,. The axial
dispersion has to be calculated as shown in eq.(2.40), so that it will take into
account both the molecular diffusion in the free cross-section and the
dispersion given by the velocity profile. It should be noted that in eq.(2.40) the
Pe number has to take into account the local velocity v and not the average
velocity, since in a non-isothermal system the velocity will change along the

main channel’s axis.

Similarly, the axial conduction can be calculated as:
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C
Kax = Kg [1 + —MPe%] = K,

2 K

g

C covch \2
1 +7M<th> ] 2.87

such that the velocity profile contribution is taken into account thanks to the

Taylor-Aris dispersion coefficient and the thermal Peclet number, Per.

The last parameter to calculate is the heat transfer coefficient between gas

and solid, h

g5, Which can be written as a linear driving force coefficient for a

slab geometry, as shown in eq.(2.88).

_ 3KS(1 - ep)
= T

s 2.88
the remaining parameters of the 2D model are all fixed by the physics of the
system investigated. The reduced model relies on the knowledge of the
physics and geometry of the channel, without any use of empirical correlations,

as done before for the other straight-channel monoliths.

2.5.5 Case study 1: Linear and isothermal conditions

Direct air capture with a corrugated monolith can be seen as an example of
linear and isothermal separation'®. The corrugated monolith is assumed to be
a corrugated metal foil coated with 13X. The separation considers trace
quantity of CO2 to be removed from a non-adsorbing carrier, i.e. dry air. The

parameters of the simulations are reported in Table 2.9.

The results from the comparison of the HETP correlation of a corrugated

monolith, eq.(2.3), and the 3D simulations are shown in Figure 2.15.
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Figure 2.15: Comparison between the 3D simulations and HETP for isothermal and

linear case study. Squares are 3D simulations, solid line the HETP in eq.(2.3), dashed
line is the solid resistance and dash-dotted line is the fluid resistance.

It should be noted that the diffusivity used in eq.(2.3) is the effective diffusivity
which takes into account the effect of equilibrium on the diffusion of COz in

13X. The expression of the effective diffusivity, D, is reported in eq.(2.89).

where K, is the Henry’s law constant derived from the isotherm.

€p
7 Dy 2.89

D.pp =
e, +py K,

As for the straight-channel monoliths, the HETP correlation together with an
accurate analysis of the velocity profile resistance and the use of the corrected
thickness accurately captures the dispersion of the solute in a corrugated
channel. It is interesting to point out that for this case study the resistance
given by the velocity profile plays a considerable role in the overall HETP.

However, still the diffusion in the solid remains the main cause of dispersion.

The prediction of the reduced model are presented in Figure 2.16 together with
the 3D simulations. The agreement is remarkable, and the computational cost
is greatly reduced. The reduced order model heavily relies on the accurate
experimental estimation of the transport parameters of the system. It highlights
the relevance of reliable mass transport parameters in the solid, given its major

contribution to dispersion.

52



Modelling of straight-channel monoliths
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2

Figure 2.16: Prediction of the reduced order model against 3D simulations at v, =
0.1 m/s (squares), v,,, = 0.25 m/s (diamonds), and v,,. = 0.5 m/s (triangles). The
solid line is the reduced order model.

To clarify why this case-study presents a major impact of the fluid resistance

on the HETP, a comparison between the resistances of the sinusoidal HETP

here considered and the triangular channel HETP considered in section 2.2

are compared. The list of parameters used for the simulations of both channels

are reported in Table 2.10. Moreover, the table reports both the solid and fluid

diffusion time constants for both systems.

Table 2.10: List of parameters used for the simulations of triangular and sinusoidal
channels. The parameters are used to calculate the resistances shown in Fig. 2.17.

Triangular Sinusoidal
D,, [m?/s] 1.7 x 1073 1.56 x 107>
Derr[m?/s] 7.4 x 10710 4.74 x 10710
€[-] 0.561 0.636
K [-] 40 2599
w, [m] 2.33x107* 1.70 x 10~*
h [m] 1.8x 1073 1.75x 1073
Vave [M/5] 1 1
Cy [-] 0.113 0.112
Wi Dgsy [5] 73.55 60.75
h?/D,, [s] 0.20 0.20
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Figure 2.17: Relative weight of the HETP resistances for both sinusoidal and
triangular channel. The parameters used for the calculation are the same as for the 3D
simulations, and are reported in Table 2.10.

The relative weight of each resistance of the HETP for both channels is shown
in the Figure 2.17.

The solid resistance for a triangular channel is higher than what shown from
the sinusoidal one. This can be attributed to the higher solid diffusion time
constant of the triangular channel, roughly 20% higher than the solid diffusion

time constant of the sinusoidal channel. Furthermore, the solid resistance

2k
3(1+k)?°

depends also on the retention factor, which is accounted for in the term

2k

This value of m

is 0.02 for the triangular channel, while for the sinusoidal

channel is 4.47x10*. Therefore, the lower weight of the solid resistance shown
by the sinusoidal channel is caused by a combined effect of faster solid
diffusion time constant and higher retention factor compared to the triangular
channel. By contrast, the resistance given by the velocity profile is almost
identical for both channels, given the very similar value of the Taylor-Aris

coefficient, and the fluid diffusion time constant.

2.5.6 Case Study 2: Non-linear and non-isothermal conditions
The removal of CO2from a nitrogen stream from a natural gas combined-cycle

power station has been chosen as representative of non-linear and non-
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isothermal separation. The carbon dioxide content from this process is usually

around 3-5%"%6. The parameters of the simulations are reported in Table 2.9.
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Figure 2.18: Comparison between reduced order model and 3D simulations for non-
linear and non-isothermal conditions at v,,, = 0.5 m/s (top) and v,,, = 1 m/s
(bottom). Black squares are the concentration profile from 3D simulations, red
diamonds the temperature from 3D simulations, and the lines are the reduced order

model.

The comparison between 3D simulations and the reduced model is presented
in Figure 2.18. The reduced model captures the overall dynamics of the
system, for both the concentration and temperature profiles. The mass and
thermal dispersion are correctly predicted with the use of eq.(2.40) and (2.87).
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In Figure 2.19, the comparison between 3D and reduced model is made with
the use of C), = 1/96. This is the common values generally used when

modelling the dynamics of straight-channel monoliths?®:30:42,44,107,108
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Figure 2.19: Comparison between reduced order model and 3D simulations for non-
linear and non-isothermal conditions at v,,, = 0.5m/s (top) and v,,, = 1m/s
(bottom). Black squares are the concentration profile from 3D simulations, red

diamonds the temperature from 3D simulations, and lines are the reduced model. Cy
in eq.(2.40) and (2.87) is set at 1/96.

As can be seen, in this case the mass and thermal dispersion are not correctly
predicted, and the reduced model predicts broader thermal peaks. The

breakthrough time is also overestimated. At a design stage, this would lead to
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erroneous estimation of the separation efficiency of the monolith. It is
important to address the fact that the axial dispersion and the axial conductivity
in the reduced order model do not take into account only the molecular
diffusion of the molecules, but they also bring in the model the information of
dispersion given by the velocity profile. In addition, the axial dispersions
depend on their respective Peclet numbers, and the proportionality is the
Taylor-Aris coefficient. Hence, it is important to correctly estimate the Taylor-

Aris coefficient.

Another common practice when modelling corrugated monolith for drying
purposes is neglecting the axial term. This would lead to an even more
deleterious effect on the model results, which should be avoided since it would

cancel out the contribution of the velocity profile to dispersion.

2.5.7 Pressure drop correlation
The pressure drop correlation for a corrugated channel has already been

reported by Bahrami et al.””. The expression of the fRe /7 is given in eq.(2.90).

2.90

2 —6 13« a
fRe\,Z = 4‘\/57'[2 [ ] \/_

+
6m?a 96 |1+ 2E(nV—a?)/m

where E(X) is the complete elliptic integral of the second kind. The work of
Bahrami et al.”” relies again on the definition of the square root of the cross-
sectional area as characteristic dimension, instead of the hydraulic diameter.
The sinusoidal channel cannot be easily reduced to the ERM as for
conventional monoliths. However, eq.(2.90) yields to accurate results as
shown by Bahrami et al.”’, and it is here reported to provide all the correlations

needed to design corrugated monoliths.

2.6 Conclusions

This chapter aimed to develop simple and effective design correlations for
industrially relevant straight-channel monoliths, namely the HETP and
pressure drop correlation.
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The HETP correlations of the different monoliths are derived from both the
analysis of the moments of a solute dispersing in a channel coated with
adsorbing walls described by Dutta and Leighton®®, and from the idea of
corrected thickness introduced by Ahn and Brandani’®. The analysis of
moments helped to quantify the effect of the flow profile on the overall HETP,
while the corrected thickness described the effect of the mass transfer diffusion
on the overall spreading of the solute. The HETP correlations for the monoliths
studied have been validated against 3D numerical simulations. The overall
dispersion of the solute in the channel is accurately described. The breakdown
of the HETP in its constitutive resistances shows that for all the cases analysed
the solid diffusion is the main cause of dispersion. This result points the
attention towards the bottleneck on the minimisation of dispersion in an
extruded monolith: the optimisation of the structure has to be guided by the
aim of minimising the solid resistance, for instance with thinner walls of better-
engineered materials. The geometry optimisation of the free cross-section can
lead to an improvement of the dispersion in the channel, however, it will be

minor compared to the effect of solid resistance.

From the HETP, a reduced order model can be derived which is used as a
useful tool for simulation purposes. The reduced models presented in section
2.2.4 and 2.5.4 consider both linear and isothermal conditions, or the most
general case of non-linear and non-isothermal conditions. Thanks to the
analogy between mass and heat transfer, the HETP correlation obtained for
the isothermal case can be used to derive a thermal coefficient that effectively
matches the thermal front in the non-isothermal simulations. This result
contradicts what stated by Cheng et al.’! that a reduced model cannot be
produced. Indeed, if mass and thermal dispersion in the fluid and porous phase
are carefully accounted for, the match of 3D simulations with a reduced order

model is indeed possible.

The transposition of the information from the 3D domain to a simplified 2D
model can be effectively done by means of four parameters, as discussed in
section 2.5.4.1: the axial mass and thermal dispersion coefficient, and the heat
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transfer coefficient between gas and solid, and the thickness of the solid
domain. The size of the solid domain in the reduced model has to be set to the
corrected thickness of the channel, and the axial coefficients have to be
calculated by means of a combination of molecular diffusion and velocity
profile contribution, as shown in e€q.(2.40) and (2.87). The reduced model is
able to capture the overall dynamics of the 3D simulations with the benefit of
a reduced computational cost, suitable for optimisation purposes, where
simulations need to run to cyclic steady state and be repeated for several
process parameters. In section 2.5.6 the effect of an incorrect Taylor-Aris
dispersion coefficient is shown. The conventional use of the Taylor-Aris
coefficient of a hollow cylinder, €, = 1/96 can lead to an incorrect dispersion
of both mass and thermal front, which leads to a wrong estimation of the

breakthrough time and temperature peak.

Pressure drop correlations for such channels were also reviewed. The
correlation proposed by Muzychka and Yovanovich’® has been used, which
offers the main advantage to be simple and easily extendable to novel cross-
sections. A novel correlation for the hex-hex channel is presented in section

2.3 for the effective aspect ratio of such geometry.

The combination of HETP and pressured drop correlations can be used to
assess the performance of straight-channel monoliths in comparison to packed
beds based on their pressure drop per theoretical stage. The comparison
presented in section 2.4 shows that monoliths offer better performance under
all conditions. It can be concluded that straight-channel monoliths can be a
valid asset in the deployment of fast-cycle processes, which are generally
limited by the energy penalty of the high pressure drop in a conventional
packed bed. Straight-channel monoliths can also offer the benefit of high
thermal mass if manufactured from a metallic frame coated with sorbent. This
can help in the development of adsorption processes that suffer of high thermal
gradients given the release of heat during adsorption.
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Chapter 3 The Rigid Adsorbent Lattice Fluid
Model

3.1 Introduction

The previous chapter mostly focussed on the exact match of the dispersion of
an adsorbate inside a monolith. It was implicitly assumed that the equilibrium
relationship between adsorbent and adsorbate was available. The correct
interpretation of the affinity between adsorbent and adsorbate is crucial for
correct match of the first moment of an adsorption column, either randomly
packed or structured.

The interpretation of thermodynamic adsorption data with reliable models has
been an open question for almost a century'%%119. The most popular approach
is to consider the sorbent as a lattice made of adsorbing sites on which a

molecule can adsorb'".

The Langmuir isotherm is the simplest of the lattice models that can describe
single component isotherms''2113, The Langmuir model assumes that the solid
is made of equal sites randomly distributed on which a single molecule can
adsorb, and the adsorbates cannot interact among them. The Langmuir

equation of adsorption for a single component is reported in eq.(3.1):
—— =pP 3.1

where 6 = q/q, is the surface coverage, i.e. the ratio between the number of
adsorbed molecules and the number of sites available, and b is an affinity
parameter. It is clear from the assumptions of the Langmuir model that for
thermodynamic consistency all molecules adsorbing on the same solid must
have the same saturation capacities, since the number of free lattice sites is
independent from the molecule''"4, For practical purposes, this constraint is
often relaxed, especially when dealing with mixtures of components very
different in size. Moreover, an empirical temperature dependency of the

saturation capacity is sometimes used''®>'16. However, where possible, the
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saturation capacity should be kept constant for all the molecules under

investigation and should be temperature independent.

In case the adsorbent is made of adsorbing sites of different nature, i.e. a
heterogeneous solid, the Langmuir model can be extended to include different

sites, i.e. the multisite Langmuir isotherm™7-119,

Nitta et al.’? derived an isotherm expression to take into account multisite
occupancy of an adsorbate, thus removing one of the assumptions of the

Langmuir model. The expression is reported in eq.(3.2):

where n is the number of sites occupied by the molecule. It can be seen how
the model reduces to Langmuir for n - 1. Nitta et al.’? also reported the
equation for a Langmuir-like isotherm where also adsorbate-adsorbate
interactions are considered:

0 ( nu@) — nbP 3.3

aA—on P\ lgr) =" |

as it can be seen, the exponential on the LHS deals with the interaction
between the adsorbates, where u is the interaction parameter, ky the
Boltzmann constant and T the temperature. It should be noted that in the limit
of n - 1 the Nitta isotherm in eq.(3.3) reduces to the so-called Fowler-

Guggenheim equation'?"122,

Generally, the single component isotherms are then used to predict
multicomponent adsorption with the use of the Adsorbed Solution Theory
(AST), originally developed assuming ideal behaviour of the adsorbed phase
by Myers and Prausnitz'?3124 (IAST). In its most general form, the AST
describes the fluid—adsorbed phase equilibria equating the fugacities of the

two phases for each molecule:
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fir = Pio (mg)yix; 34

where f;r is the fugacity of the fluid phase, y; the activity coefficient for the
adsorbed phase, x; the mole fraction in the adsorbed phase, P? is the surface
pressure of the i-th molecule at the spreading pressure ;. If activity coefficient
models (Wilson, UNIQUAC,NRTL) are used to model the adsorbed phase we
refer to real AST (RAST)'2%126, The spreading pressure for each component

can be calculated from the single component data from eq.(3.5).

A P

= . , 3.5
7= | )

As it can be seen from eq.(3.5), the estimation of the spreading pressure

heavily relies on accurate single component data.

The main challenge in using the IAST is the accurate estimation of the
spreading pressure from single component isotherms'?’-12°_ Indeed, the first
step in the solution of AST calculations is the computation of the spreading
pressure of the system which is common at all the adsorbing molecules at fixed
system conditions. For strong adsorbing components, single component data
at low pressures might be difficult to measure. On the contrary, given that the
spreading pressure is common to all the molecules adsorbing on the solid, it
would be difficult to calculate the spreading pressure for a very weakly
adsorbing compound. Moreover, it should be noted that the use of RAST, while
effective in the design of adsorption systems, does not provide any information
on the physical behaviour of the adsorbed phase. Indeed, the activity
coefficient models and their parameters are of empirical nature. It is worth
pointing out that in the RAST the variation of the excess Gibbs energy with the
spreading pressure has to be carefully accounted for. Talu and Zwiebel'*°
have shown that neglecting this contribution can lead to an error on the total

adsorbed amount of around 30%.
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The inclusion of a distribution of sites in the solid is generally accounted in the
heterogeneous IAST (HIAST) where the adsorption on each site is weighted

upon the energy distribution of the solid’s sites'31.132,

One way to overcome the limitation of the spreading pressure calculation is
the use of a vacancy solution model (VSM). Developed in the early '80s by
Suwanayuen and Danner'33'3* The VSM describes both the fluid and
adsorbed phase as vacant lattices. In their original work'33, Suwanayuen and
Danner made use of the Wilson activity coefficient model to take into account
the non-idealities of the adsorbed phase. The general expression for the VSM

is of the form in eq.(3.6):

& = bPg 3.6
where g is a function that depends on the Wilson activity coefficient
parameters and 6. The most popular form of the VSM actually considers the
Flory-Huggins activity coefficient model (FH-VSM)'3°, which provides higher
accuracy with fewer fitting parameters. Talu and Myers'3® pointed out that the
VSM fails to predict the behaviour of a multicomponent mixture in the low
pressure region, hence leading to inconsistent results. Bhatia and Ding'?’
reformulated the VSM in a thermodynamic consistent manner, which provides
consistent results across the entire pressure domain. Bhatia and Ding'?’
solved the inconsistency pointing out that the initial derivation of the VSM from
Suwanayuen and Danner'®® considered the behaviour of adsorbates and
vacancies not related to each other. However, it is reasonable to assume that
whenever one molecule adsorbs, a certain number @ of vacancies disappear,

as shown in eq.(3.7):
Ap + 0V, > Ay, 3.7

where Ar denotes the molecule in the fluid, V, the vacancy in the adsorbed
lattice, and A, the adsorbed molecule. Hence, Bhatia and Ding'®’ re-derived
the VSM providing a correlation between vacancies and adsorbed molecules.

The calculation of multicomponent adsorption with a VSM does not require the
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calculation of the common spreading pressure. For each molecule a general
iso-fugacity correlation can be written by which the adsorbed amount is
calculated. The main weakness of the VSM approach is the use of several
parameters of empirical nature'®. Moreover, the regression of temperature
dependencies of some of the parameters can be difficult to obtain if accurate

single component data are not available.

So far, the models presented have been extensively used in literature
providing satisfactory results, especially for conventional systems where the
mixture in the fluid phase is made of molecules of similar size and not strong

polarity.

There is a need to address the challenges outlined in this brief literature
overview, such as mixtures of very strong and weak adsorbing compounds,
and non-ideal mixtures. Moreover, the development of a model which aims at
a very close representation of the physical process happening at the
microscale would be beneficial. Indeed, caution should be used when dealing

with empirical models.

In the following, the Rigid Adsorbent Lattice Fluid (RALF) model will be
presented. The derivation of its equations will be discussed, both for a

homogeneous solid and for a solid comprising multiple sites.

3.2 The RALF model for a homogeneous solid

The RALF model has been recently proposed by Brandani'®. His work and
derivation of this thermodynamic model bear many similarities to the non-
equilibrium lattice fluid (NELF) model developed by Sarti and co-workers'40:141

for the sorption of gases and solvents in glassy polymers.

The RALF model aims at developing a thermodynamic framework which
describes the causes of non-ideality such as adsorbate-adsorbate interaction
and different molecular sizes. The RALF model represents both the fluid phase
and the adsorbed phase as two lattices. The adsorbed phase lattice considers

the adsorbates, the skeletal solid and the microporous void volume. Compared
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to the models briefly discussed before, the RALF model includes the solid as
a component of the adsorbed phase mixture. It should be noted that the
fugacity of the fluid phase could be calculated with any model that might be
found appropriate to describe the fluid phase. The assumption of lattice for the

fluid phase is only made as general consistency between the two phases.

The RALF model has been originally derived starting from the Sanchez-
Lacombe equation of state (SL-E0S)'#2'43, which is used as EoS to model the
thermodynamics of gas sorption in polymers. Before describing RALF, it is

useful to briefly introduce the SL-EoS.

3.2.1 The Sanchez-Lacombe equation of state

The SL-EoS is a lattice fluid model which represents a system as a lattice of
elements called mers. For a pure substance i, each mer occupies a volume
v;. A molecule consists of more mers bonded together, such that a molecule
occupies a volume r2v;, where r° is the number of bonded mers in a molecule.
In addition to the volume occupied by the molecule, the SL-EoS takes into
account also the mer-mer interaction. Therefore, a pure fluid can be fully
characterised by the mer-mer interaction, ¢;, the average close-packed mer-
volume v; and the number of mers needed to form the molecule in the fluid,
r?. These parameters can be combined to derive macroscopic characteristic
parameters of an arbitrary i-th molecule, as in eq.(3.8):

T-*=E—;;P-*=Z—{andp{‘=% 3.8

2 rl vl

where T;" is the characteristic temperature, P;" the characteristic energy density
and p; the average characteristic close-packed density of the fluid. The SL-

EoS for a pure component is of the form:

- 1
,52+P+T[ln(1—ﬁ)+<1—r—o>ﬁl=0 3.9

i
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where P,T and p are the reduced pressure (or energy density), temperature
and density, respectively. The reduced quantities can be defined as in
eq.(3.10).
ﬁ=£*;7=1*;ﬁ=£*; 3.10
P; T; Pi

Pure component equilibrium data can be used, together with the SL-EoS, to
regress the characteristic parameters of a molecule. Sanchez and Lacombe 43
suggest to use vapour pressure data and the density at the normal boiling point
to regress either €/, v},r° or P/, T}, p; directly. Over the years many works
addressed the need of accurate parameters over broad ranges of pressure
and temperature’#4-148_ Simultaneous fits of multiple datasets of vapour
pressure and density have been attempted in order to accurately represent the
pure component behaviour'#4. Nevertheless, the approach proposed by
Sanchez and Lacombe remains a reliable method to quickly estimate the pure

component parameters.

For a mixture of N, components, Brandani'®® showed how to account for the

combinatorial term in the SL-EoS , as shown in eq.(3.11):

- 1 peT O Ne b
52 4 (1-8)5] =P (% 3.11
p +P+T[ln(1 p)+<1 r)p] r Zizlylln(y)

i

mi/p;

where ¢; = Lk Mi/ Py

and y; are the volumetric and molar fraction of the i-th

component in the lattice, with m; as mass of the i-th component. It is evident
from the SL-EoS that the average characteristic parameters of the mixture
P*,T*,p* and r need to be defined before deriving the scaled reduced
variables. To define the average characteristic parameters, mixing rules need

to be introduced.

In the next section, the discussion will focus on what mixing rules can be used
and how to derive the average parameters. Since RALF relies on the definition
of the residual Gibbs energy from the SL-EoS, the definition of the mixing rules
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and of the average characteristic parameters will focus on both a lattice for the
fluid phase and a lattice for the adsorbed phase which includes the adsorbent,

as well.

3.2.2 Average characteristic parameters of the adsorbed
phase

Following Sanchez and Lacombe'43, the first mixing rule to introduce is:
v =1y} 3.12

where 1 and v; are the properties of the molecule i if it was the only molecule
present, while r; and v* are the number of mers occupied by the i-th molecule
in the lattice and the average close-packed volume of mers in mixture,
respectively. This mixing rule preserves the volume at close packing of each
molecule. Both r; and v* are unknown and have to be calculated for the
adsorbed phase. Once v* is fixed, the mers occupied by the i-th molecule in

the adsorbed lattice can be calculated.

For the adsorbed lattice, as Brandani'®® pointed out, the volume occupied by
a molecule in the adsorbed phase at close packing, v;,, will be larger than the
volume occupied in a bulk phase, given confinement constraints. Hence,

Brandani'3® writes the volume of an arbitrary adsorbate at close packing as:
Via = v (1+$) 3.13

where ¢; is the confinement parameter, an adjustable parameter that takes into
account the lower volume that an adsorbed molecule occupies compared to
the volume occupied in a bulk fluid phase at close packing. The confinement
parameter mainly acts on the saturation capacity of the molecule in the
adsorbed lattice. The higher the confinement parameter, the higher is the
volume occupied in the adsorbed lattice by a molecule. Hence, the lower it is
going to be the saturation capacity of the molecule given a fixed volume for
adsorption. Having defined v;,, we can now derive the average v* of the

adsorbed phase as:
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-1
. <z ¢1> 3.14
iVja

where ¢; is the volume fraction of the j-th component in the adsorbed phase,

m;/p;
Xk M/ 0y,

previously defined as ¢; = . It should be noted that a different subscript,

Jj, has been introduced to define v* for the adsorbed lattice. As a reference, the
subscript i will denote the iterator over the adsorbates in the adsorbed phase
excluding the solid (or the molecules in the bulk fluid mixture), while j (and k)
will indicate the iterator over all the components of the adsorbed phase, i.e.

adsorbates and adsorbent.

The average number of mers can now be calculated as:

-1

r= (Z%‘) 3.15

where r; can be derived from eq.(3.12):

*
oVia _ Mw;

Tl’ = T‘l-

3.16

*_**
vt vTpy,

What said for v*, can be readily extended to the average characteristic density

of the adsorbed lattice at close packing, p*, which can be written as:

-1
p* = (Z th> 3.17
jPja

where w; = Zmril is the mass fraction of the j-th component, and pj, can be
kMK

written as in eq.(3.18).

ij:TEj 3.18

It should be noted that mass and volume fraction of an adsorbate i in the

adsorbed phase are related as in eq.(3.19).
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$i_»p 3.19

*
Wi  Dig

The last average parameter to be defined before writing the residual Gibbs
energy of the adsorbed phase is the characteristic energy density, P*.
Following the mixing rules proposed by Sanchez and Lacombe'*3, we can

write:

Pt = z .zk¢j¢k(1 — ki) | PPy 3.20
]

where k;; = 0, and k;; = k. The parameter k;; is the interaction parameter,

an adjustable parameter that is related to the adsorbate-adsorbent and

adsorbate-adsorbate interactions.

Once v* and P* are known, the average T* of the adsorbed phase is fixed by
eq.(3.21).

P*v* = R, T 3.21

Having defined all the average properties of the adsorbed phase, the residual
Gibbs energy, and the residual chemical potential of each adsorbate can be

now derived.

3.2.3 The residual chemical potential for the adsorbed phase

As shown by Brandani'?®, the residual Gibbs energy can be written, as:

G_ferl1_§+(1—ﬁ)lg(1—ﬁ)l

R,T
+ N [,5 — Ds (1 + lnp%)] Zixl-ln (G—Ldl)s)xl) 3.22
+ N(Z —-1- ln(z))

where GJ is the residual Gibbs energy of the adsorbed phase, N the total

number of moles in the adsorbed lattice and z = rﬁi; is the compressibility
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factor. The reuced density of the solid is equal to p; = %, where p; is the

density of the solid including the micropores, and p; is the skeletal density of
the solid. Compared to what presented in the original work of Brandani'3®, a
slight adjustment to the term multiplying the combinatorial term is reported.
This adjustment ensures that the combinatorial term goes to zero in the

absence of adsorbed molecules.

The residual chemical potential of the i-th component in the adsorbed phase,

uR, can then be derived from eq.(3.22). Its expression is reported in eq.(3.23).

w1 (66}5>
R;T ~ RT\ONe), .,

_ _gri<22j¢ipi*j_1)_I_[(l—ﬁ)lzl(l—ﬁ)_}_llro

i

P p
rN dps p In(1-p) 3.23
(o (-5 ]
l. — 17N dp
+(ﬁ—ﬁs)z_xilnﬂ+w>—ln(2)_z Tp_az
55 (1 Ti 1 Ti
+(p_p5)<nr(1—¢s)+ _r(l_d)s))

It can be noted that the density of the solid including the micropores, p;, is

allowed to change upon adsorption, since in eq.(3.23) the term dp,/dNy

appears. Indeed, the density of the adsorbed phase can be written as:
_msQigiMwi +1) Xjm _mr

— 3.24
v, v, my’*

where V; the volume of solid including the micropores. The value of V; can be
constrained to a fixed value, as for a rigid adsorbent, or allowed to vary upon
adsorption to model the thermodynamics of flexible adsorbents, as shown by

Verbraeken and Brandani'°.
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The amount adsorbed for each molecule of the system can be calculated with
the use of eq.(3.25), which represents the iso-fugacity condition between fluid

and adsorbed phase.
R f .
= N 3.25

where uf. is the residual chemical potential of the fluid phase, F. The residual
chemical potential in the fluid phase can be derived from an appropriate EoS
for the fluid phase. Brandani'®® presented the expression of uf. in the

assumption that the SL-EoS can be used for the fluid phase:

R p Py 1-p)In(1-p
/«ll=_€_prip 22k¢l*c ki q) 4 ( PF)~ ( pF)+1 ri%
RT Tr Pg Pr
- 3.26
T Pg - T T
+—|rp—=-1 —lnz+pp<ln—+1——>
TP\ PrlF Tr TF

where k =1,2,..,N.. The reduced fluid phase density can be directly
calculated from eq.(3.11) which is the EoS for the fluid phase. The average
properties of the fluid phase can be derived as the ones of the adsorbed lattice,
assuming that there is no solid and hence there is neither a confinement

adjustment for the molecules neither a molecule-solid interaction.

To summarise, the set of nonlinear equations to solve for a system of N,
components and a single adsorbate consists of N, iso-fugacity equations,
eq.(3.25), and the EoS to calculate the density of the fluid phase, eq.(3.11),

therefore, N, + 1 equations.

3.2.4 Parametrisation of the solid
So far, the parameters of the solid have been assumed to be known.

Brandani'3® discusses how to quickly derive the parameters of the solid.

The density at close packing of the solid, p;, corresponds to the skeletal
density of the adsorbate which can be experimentally obtained from helium

pycnometry. The density p, includes the micropore volume in its definition. It

72



The Rigid Adsorbent Lattice Fluid Model

can be derived from experiments according to the methodology suggested by

IUPAC0, or using mercury intrusion measurements™".

The energy density of the solid P, can be fitted to the energy of adsorption at
zero loading of several molecules. Indeed, the adsorption energy at zero
loading for an arbitrary molecule adsorbing on the adsorbent s can be written

as:
AUqy; = AHy; + RyT = =250, (1 — Kis)y/ Pi Py 3.27

where, as a first approximation, the parameters ¢; and k;; can be set to 0. As

can be seen from eq.(3.27), the only fitting parameter is P,".

Finally, the characteristic temperature T; can be obtained from the Henry’s law
constant of several molecules. The expression that can be derived from the

RALF model of the Henry’s law constant is:

1| 7?

L

In Ki

zpsr via(1— Kis)\/ Pi*P* (1-5s) ln(l —Ds) n
R,T
— 70 v_l* [_ ln(l——ps) - 1]
b g Ps

3.28

where the adjustable parameters ¢; and k;s can be set to 0 and a first
regression of Ty can be carried out. It should be noted that Ty can also be
adjusted to match the Henry’s law region of full isotherms of different

molecules where available.

Once the parameters of the solid are regressed, and the molecules’ parameter
known from literature or fitted on vapour pressure data, the only remaining

parameters which can be fitted to single component isotherms are ¢; and k.

3.3 Multi-RALF for a heterogeneous solid
The equations introduced in section 3.2 assumed that the solid is made of
equal adsorption sites. However, this is not the case for most of the adsorbents
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which are made of different sites. Hence, the homogeneous RALF model has

to be extended to include the heterogeneity of the adsorbent.

The simplest physical representation of a multisite RALF (multi-RALF) is of a
fluid in equilibrium with an arbitrary number of sites which are not related to
each other. Ideally, each site will be characterised by its own set of P, Ty, ps,
ps, and w as the mass fraction of the site out of the total structure. This
approach can work for adsorbents whose sites can be modelled as
segregated from each other. By contrast, there are adsorbents in which the
sites cannot be split and treated separately. Hence, the link between the sites

has to be transposed in mathematical form to be used in multi-RALF.

The theoretical treatment of both versions of multi-RALF is discussed in
section 3.4 and 3.5. In section 3.4, the multi-RALF model with segregated sites
is presented with reference to the adsorption of benzene and propene on
silicalite. This system presents azeotropic adsorption, which can be a good
case study for a thermodynamic model. The equations of multi-RALF which
are going to be presented and the strategy to parametrise multi-RALF are
generally valid for an arbitrary heterogeneous solid with no coupled sites. In
section 3.5, the adsorption of COz in the flexible adsorbent (Na,TEA)-ZSM-
2552 will be discussed. This case study highlights an example where the solid
is made of sites which cannot be de-coupled. Although the mathematical
treatment of the site connection is specific to the case study presented, the
parametrisation of multi-RALF and the inclusion of flexibility in the model can
help in outlining some general conclusion in the use of multi-RALF for such

cases.

For both studies, the strategy to parametrise multi-RALF starts with the
identification of the adsorbing sites. An educated guess can be made based
on the knowledge of the solid framework and the interaction that an adsorbent
can have within the solid. For instance, polar molecules will interact with
cations, or big molecules like branched hydrocarbons will more likely prefer
large cages rather than narrow channels. It is a preliminary assessment which

can guide the choice on the number of sites present in a solid. Molecular
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simulations can help to distinguish the main sites of a system if one looks at

the preferential location of the adsorbate upon adsorption.

Once the number of sites is established, the characteristic parameters of each
site can be determined. At this point, the strategy follows two paths:
parametrisation with molecular simulations and/or parametrisation with
experimental data. It would be ideal to couple the two parametrisations to
obtain a reliable description of the system’s thermodynamics. However, there
are systems for which either experimental data are not available, e.g. in-silico
synthetised MOF for a targeted separation, or molecular simulations are
difficult if not impossible to run since the solid structure is not known, e.g. gas
adsorption on activated carbons. The molecular simulations offer the great
advantage of de-coupling the contribution of the different sites'®3. However,
they are computationally expensive and heavily rely upon the force-field
chosen™4-1% which might not accurately describe the dynamics of the system.
Experimental data cannot provide the de-coupled information on each site. By

contrast, if run properly, they are reliable and can be used with confidence.

In section 3.4, the parametrisation of multi-RALF via molecular simulations will
be discussed for the case where the sites can be de-coupled. The
parametrisation with multi-RALF using experimental data will be presented in
section 3.5. Since the focus of the next sections is the equations for multi-
RALF and on how to parametrise it based on molecular simulations and
experimental data, the details of molecular simulations and experimental
techniques are only briefly discussed to keep focus on the parametrisation of
multi-RALF. Nevertheless, references and essential information of simulations

and experiments are provided.

3.4 Parametrisation of multi-RALF via molecular
simulations

The mixture benzene-propene is of interest for the synthesis of cumene, an
intermediate used in phenol and acetone production’®”-1%8, The synthesis of

cumene is carried out on solid acid catalysts in an excess of benzene which
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has to undergo a process of alkylation with the propene to produce cumene.
The excess of benzene helps to suppress undesired side reactions. The
production of cumene can be extensive with large units of reaction, separation
and recycle of the benzene. One way to overcome these limits is to carry out
the reaction on selective adsorbents where the excess of benzene is achieved
at the adsorbing sites, with a ratio of benzene to propene feed around unity'®.
This would scale down the size of the reaction unit and lead to lower costs of

production.

Ban et al.’®® analysed several zeolites for the task mentioned, and curiously
reported that the adsorption of benzene and propene on ortho-MFI silicalite,
hereafter called ortho-MFI, presents a reverse of the selectivity at 373 K and
100 kPa, for yc . ~ 0.5. The aim of this section is to parametrise and use

multi-RALF to study the azeotropic adsorption of benzene and propene on
ortho-MFI.

The strategy to parametrise multi-RALF is to firstly regress the solid’s

parameters with the following steps:

Identify the sites of the structure;
Calculate the mass fractions of the sites;

Derive the densities p; and p; of the sites;

W nNn =

Regress the P, of each site with adsorption energy at zero loading of
different molecules;

5. Regress T, with the Henry’s law constant of benzene and propene;

which are similar to the procedure discussed in section 3.2.4, with the extra
step of calculating the mass fractions of the sites. Next, the adjustable
parameters & and k; of benzene and propene will be fitted to the single
component isotherms at 373 K. Finally, the predictive capability of multi-RALF
with reference to the binary benzene-propene on ortho-MFI will be analysed.
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The details and methodology of the Grand canonical Monte Carlo (GCMC)
simulations carried out to produce the results in section 3.4.1 and 3.4.2 are

reported in Appendix B.

3.4.1 The adsorbent: ortho-MFI silicalite

The structure of ortho-MFl is presented in Figure 3.1. The structure consists of
interconnected straight and sinusoidal channels. Both channels’ openings
consist of an elliptical ring of 10 Si atoms whose size is 5.3 A x 5.6 A for the
straight channels, and 5.1 A x 5.5 A for the sinusoidal ones. The unit cell of
the ortho-MFI is 20.022 A x 19.899 A x 13.383 A!®’. The adsorbing sites are:
straight channels, sinusoidal channels, and the intersection between the

channels.

Figure 3.1: Highlight of the accessible pore network of ortho-MFI. In yellow the
accessible pore network, in black the solid framework, in dashed red the line passing
through the sinusoidal channel, and in solid light blue line the straight channel.

The intersection site is here defined as a sphere of 5 A whose centre is the
intersection of the straight and sinusoidal channel. A visual representation of
the solid’s breakdown in different sites is shown in Figure 3.2, where also
straight and sinusoidal channels are reported, as well as the inaccessible voids

of the framework.
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Figure 3.2: Breakdown of ortho-MFI in its sites. BIue circles are the intersections, light
blue lines are straight channels, red dashed lines are sinusoidal channels, and orange
squares are the inaccessible cages.

The mass fraction of each site can be estimated by calculating the number of

Si atoms for each site, and then dividing by the total number of Si atoms. The

procedure to do so follows:

—_—

. Calculate the total amount of Si atoms, ng; r;
Calculate the amount of Si atoms at the intersections, ng; ;,.;

Calculate the number of Si atoms in the straight channels, ng; s;

> N

Derive the number of Si atoms in the sinusoidal channels, ng; i, =

Ngi,r — Nsiint — Nsi,strs
5. Calculate the mass fractions as wg;;e = %
The choice of the Si atoms is given by the fact that they represent the centres
of the tetrahedral SiO4 which compose the structure of the solid. The mass
fractions of the sites are reported in Table 3.1. It should be noted that, even for
solids which cannot be split with the respective number of T-atoms of each
site, a preliminary guess on the relative weight of the different sites can be

made, and later adjusted if needed.

Once the mass fractions of the sites are fixed, the densities of each site have
to be assessed. It is reasonable to assume that the skeletal density of all the
sites is constant to the average value of ortho-MFI, ps = 2577 kg/m3'%0. To
then derive p,, the micropore volume of each site has to be calculated. This

task can be easily achieved using available open-source software like
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PoreBlazer'®6'. Poreblazer consists of a series of Fortran codes for the
characterisation of porous materials initially developed by Sarksiov and
Harrison®'. The specific micropore volume of each site, V,,;c size, is defined as
the volume enclosed in the accessible surface area (also known as Connoly
surface) of the site per mass of adsorbent. The Connoly surface is constructed
with reference to a molecule that “rolls” on the accessible framework of the
solid. The surface drawn by the center of the reference molecule while “rolling”
is defined as Connoly surface. For our purpose, the reference molecule has
been chosen to be He. The results are presented in Figure 3.3.

Figure 3.3: Pore volume characterisation of the full pore network (left), pore volume of
straight and sinusoidal channels (centre) and straight channels only (right). In black
the solid framework and in yellow the pore volumes.

The strategy is to calculate first the specific micropore volume of the total
structure, then the volume accessible in the channels blocking the
intersections with hard spheres of 5 A, and finally blocking the sinusoidal
channels so that the volume of the straight channels can be derived. Once the
micropore volume is known, the density p, of each site can be calculated from
eq.(3.29), which is a volume balance on the site. The densities of each site are
reported in Table 3.1.

Wgite Wgite
= Vmic,site +— 3.29
ps,site Ps

The procedure presented can be easily extended to any arbitrary solid, where
the different sites can be isolated using inert hard spheres and separately

analysed using PoreBlazer.
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The two remaining solid parameters to regress are P, and T,". As previously
presented, the characteristic energy density can be parametrised with the use
of the adsorption energy at zero loading of different molecules. To derive the
energy of adsorption of specific sites we use the same approach adopted to
characterise the pore volume. When molecular simulations can be run on the
system, we can take advantage of the artificial blocking of specific portions of

the pore volume and derive data on specific regions of the adsorbent.

In this work, the Widom insertion method'6? (see Appendix B) has been used
to calculate the Henry’s law constant of light alkanes from methane to butane
at 290 K, 300 K and 310 K. The strategy to calculate the Henry’s law constants
of the different sites is similar to what presented for the pore volume
characterisation. Firstly, the full solid is made available for adsorption. Then,
the intersections are made inaccessible with hard spheres. The difference
between the full structure results and intersection-blocked results provides the
Henry’s law constant of the intersections. Next, the sinusoidal channels are
made inaccessible with hard sphere, thus leading to information on the Henry’s
law constant of the sinusoidal channel. The difference between the full Henry’s
law constant and the one from intersections and sinusoidal channels gives the

Henry’s law constant of the straight channels.

The Henry’s law constants have been used to regress the heat of adsorption
at zero loading and 300 K, using the Van’t Hoff equation eq.(3.30).

AH,

K= Koexp <— Rg—T> 3.30

where K, is a pre-exponential factor. The results for the three sites of ortho-

MFI are presented in Figure 3.4.
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Figure 3.4: Heat of adsorption at zero loading for linear alkanes in ortho-MFI.
Diamonds is the heat of adsorption at the intersection, circles at the sinusoidal
channel, squares at the straight channel, and the solid line is multi-RALF.

The intersections show lower adsorption energy given the bigger void space
compared to the channels. Both channels show very similar values for the light
alkanes investigated, since their pore volume is similar. It should be noted that
alkanes of higher carbon number could not be used in this study because the
constraint of such process is that the molecule remains smaller than the site
investigated. The P, for each site is reported in Table 3.1.

Table 3.1: Values of the mass fraction, solid density, characteristic pressure and
characteristic temperature for each site of ortho-MFI.

Wsiee[~]  ps [kg/m®] P [kPa] Ts [K]

Intersection 0.4 1630 6x10° 1200
Straight 0.3 1844 6x10° 1250
Sinusoidal 0.3 1846 5.9x10° 1300

The last parameter to fit remains T, which has been fitted to the single
component isotherms of benzene and propene that are discussed in the next
section. For completeness, the T, values of each site are reported in Table
3.1.
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3.4.2 Isotherms of benzene and propene at 373 K

As previously stated, both single component isotherms and binary adsorption
data have been generated using GCMC simulations. The details of the GCMC
are reported in Appendix B.

The results for the single component isotherms from GCMC simulations are
presented in Figure 3.5. In addition to the overall isotherm, the contribution of
the sites is reported. It can be noted how the benzene preferentially adsorbs
at the intersection of the channels, since the higher void space is able to better
accommodate the benzene molecule. Only at higher pressures, the benzene

is forced to move in the channels.
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Figure 3.5: Adsorption isotherms at 373 K of benzene (left) and propene (right) on
ortho-MFI. Circles are the results of GCMC simulations, the dashes line is the amount
adsorbed at the intersections, and the dashed-dotted line is the amount adsorbed in
sinusoidal and straight channel.

This behaviour can be easily visualised in Figure 3.6 which reports the
snapshots of the GCMC simulations of benzene at three different pressures.
Up to a pressure or roughly 3 kPa the benzene only adsorbs at the intersection,

for a maximum of 4 molecules per unit cell (each unit cell has 4 intersections).
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The snapshot at 100 kPa shows how the benzene is then forced into the

channels with no real preference between the two.
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Figure 3.6: Snapshots from GCMC simulations of benzene adsorption on ortho-MFI at
373 K and 0.1 kPa (left), 3 kPa (centre), 100 kPa (right). In black the solid framework of
ortho-MFI and in red the molecules of benzene.

By contrast, the propene homogeneously fills the whole void space of the
framework without any particular preference, as shown in Figure 3.5 and from
the snapshots of the GCMC simulations in Figure 3.7. This is given by the
smaller size of the propene molecule. It should be noted that in Figure 3.5 the
contribution of the two sites is summed given their very similar behaviour.
However, if split, they would almost overlap with the isotherm of propene at

the intersections.
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Figure 3.7: Snapshots from GCMC simulations of propene adsorption on ortho-MFI at
373 K and 3 kPa (left) and 100 kPa (right). In black the solid framework of ortho-MFI
and in blue the molecules of propene.

The fitting of multi-RALF to the isotherms of benzene and propene at each site
is presented in Figure 3.8. The fitted parameters are reported in Table 3.2, and
the Ty in Table 3.1. Before commenting on the fitting procedure, it is useful to

review the effect of the adjustable parameters on the isotherm shape.
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As previously introduced, the confinement parameter ¢ can be used to lower
the saturation capacity of an arbitrary molecule. Indeed, the higher &, the lower
will be the volume occupied by the molecule at close packing (see eq.(3.13)),
i.e. the saturation capacity. The interaction parameter k;; describes how strong
is the interaction between the adsorbate and the solid. Negative values of the
interaction parameter will lead to higher affinity (see eq.(3.20)), hence higher
Henry’s law constant. On the contrary, if k;, is positive, the affinity will be lower,

leading to a lower Henry’s law constant.

It is interesting to point out from Figure 3.8 that with the only use of T, the
propene isotherms at the channel can be reasonably fitted, so that both
confinement and interaction parameter can be left zero. The values of the Ty
fitted is not far from what Brandani'®® presented in his work on hydrocarbon
adsorption on ortho-MFI, Ty = 1060 K. The slightly higher values fitted in this
work (see Table 3.1) can be attributed to the discrepancy between
experimental data and molecular simulations. However, the difference
between the values of the T, from experimental data and the ones fitted to

molecular simulations is not dramatic.

As can be seen from Figure 3.8, the benzene in straight and sinusoidal
channels exhibits linear behaviour. This trend can be matched by fitting only
one of the two adjustable parameters, i.e. ¢ and k. Since the isotherms are
linear, and we are far from saturation, it is reasonable to use only the
adjustable parameter k;,, which mainly acts on the Henry’s law region of an
isotherm. The interaction parameter fitted to both channels is positive, as
shown in Table 3.2, meaning that the affinity between benzene and the solid
is lower to what multi-RALF would predict. If compared with the interaction
parameter fitted at the intersection for benzene, it is evident the preferential
affinity of the benzene with the intersections, where the higher pore volume
allows an easier fit of the molecule in the free space. It should be noted that

the value of Ty for the channels is kept constant at that fitted for propene.
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The fitting of benzene and propene at the intersection requires all the
adjustable parameters. As good practice to limit the number of parameters to
adjust, a first fit of the parameters can be done on the Henry’s law constants
and the saturation capacities using only characteristic temperature and
confinement parameter. Once a preliminary fitting is carried out, then the
interaction parameter k;, at the intersection for each molecule can be adjusted

to match the isotherm.
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Figure 3.8: Fitting of RALF to the single adsorption isotherms of benzene and propene
at 373 K on ortho-MFI. Circles are results from GCMC simulations, solid line is RALF
and dashed line is Langmuir isotherm, eq.(3.31).
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The intermediate region between Henry’s law region and saturation of the
benzene isotherm is not very well captured from multi-RALF. Indeed, RALF
struggles to match almost rectangular isotherms. The reason might lie in the
effect of the mixing rules on the isotherm shape. An analysis of a different set
of mixing rules should be carried out in future works to overcome this limitation.

Table 3.2: Fitted &; and k; at the single component isotherms in Figure 3.8, and
Sanchez-Lacombe parameters for benzene'*? and propene'®:.

Int. sin. Str. P'[kPa] T'[K] p’[kg/m3]

Benzene | ¢ =04 §=0.0 | £=0.0 |4.44x10°| 523 994
k =0.085 | k =043 | k =0.5

Propene | & =0.6 §=0.0 | £€=0.0 | 3.79x10° | 356 755
k=0.09 | k=0.0 | k=0.0

In Figure 3.8 the GCMC results have also been fitted with a Langmuir type

isotherm of the form:

b site P;

i = QS,sitem 3.31

q

where the saturation capacity for each site has been kept constant among the

two molecules. The fitted parameters for eq.(3.31) are ¢, = 0.7 mol/kg,
Gssin = qsstr = 0.62mol/kg, and the b; ;e parameters are reported in Table
3.3.

Table 3.3: b; ;. parameter, eq.(3.31), for benzene and propene at each site.

b;in: [1/Pa] b;sin [1/Pal] bisr [1/Pal]
Benzene 0.02714 2.632x10° 6.576x107
Propene 3.589x10° 4.11x10° 2.85x10°
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3.4.3 The binary benzene-propene on ortho-MFI

The GCMC simulations for the binary benzene-propene adsorption on ortho-
MFI at 373 K and 100 kPa are presented in Figure 3.9. The binary shows a

reverse of the selectivity around yc y, ~ 0.5. At yc y, < 0.5 the benzene

occupies all the intersections of the unit cell, given the higher affinity at the

intersections compared to propene. Propene can only fill the channels, which

have lower pore volume if compared with the intersections. This behaviour,

which can be observed from the snapshot in Figure 3.9, explains the

preferential adsorption of benzene in the overall solid.
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Figure 3.9: xy-plot for the system benzene—propene adsorption on ortho-MFI at 373 K
and 100 kPa. The circles are results from GCMC simulations. Two snapshots are
shown fory. z, = 0.1 and 0.9. In black the solid framework, in red the benzene

molecules, and in blue the propene molecules.

By contrast, when y. = 0.5, the benzene does not move in the channels

given that its fugacity is not enough to push the benzene molecules in the

tighter channels. Instead, the propene fills rapidly the channels leading to a

reversal of the selectivity. The azeotrope presented can hence be attributed to

a geometrical hindering of the benzene in the channels. Therefore, the

azeotrope is not caused by the interaction between the adsorbates, but from

88



The Rigid Adsorbent Lattice Fluid Model

their packing at the sites. From the GCMC simulations, the energy of
interaction between the adsorbates is quantified to less than 5% of the total
energy of the system. This further proves that the azeotrope is mainly caused

by entropic effects more than enthalpic ones.

The results of the predictions of multi-RALF and the extended tri-site Langmuir

model are presented in Figure 3.10.

The equation used to calculate the amount adsorbed at each site with the

extended Langmuir model is:

bi siteP;
N,
1+ Zkil bk,sitepk

qi = Qs,site 3.32
and then the total amount adsorbed in the solid is calculated as sum of the
three sites. The approach of calculating the amount adsorbed with an
extended Langmuir model at each site and then sum the contributions is

equivalent to the use of HIAST.

It should be noted that multi-RALF has an additional fitting parameter common
to all the three sites: the interaction parameter between benzene and propene,
i.e. K¢ n,—c,m,-This parameter has been fixed to 0 given that the energy of
interaction from the GCMC simulations has been proved to be negligible.
Ideally, one could fix this interaction parameter fitting vapour-liquid equilibria
of the binary benzene-propene or leave it as a free adjustable parameter for
the binary adsorption data. As can be seen from Figure 3.10, if multi-RALF is
properly trained on the information from the molecular scale, it can
successfully reproduce the binary data in a purely predictive form. It should be
mentioned that also the extended Langmuir model provides reasonably good
results. However, multi-RALF is better able to capture the trend of amount
adsorbed of propene at low mole fraction of the benzene, which the extended

Langmuir model tends to overestimate.
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Figure 3.10: xy-plot (top) and absolute amount adsorbed for benzene and propene at
different mole fraction of benzene (bottom) at 373 K and 100 kPa on ortho-MFI. Circles
are GCMC results for benzene, squares for propene, solid line is multi-RALF and
dashed line is the extended tri-site Langmuir model.
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3.5 Parametrisation of multi-RALF via experimental
data

The capture of carbon dioxide from natural or biogas feeds, or from effluent
streams in power plants can potentially lead to a reduction in the emission of
greenhouse gases'04106.164 ~ Among the promising materials under
investigation for this application, zeolites offer great potential in terms of high
CO2/CHj4 selectivity'8%166_ In particular, Rho-type zeolites have been studied
for their particular structure which offers high CO2 capacity'¢”:168, The structure

of a Rho zeolite is shown in Figure 3.11.

Figure 3.11: Unit cell of Rho-type zeolite. In black the solid framework, in red the
position of extra-framework cations.

The structure comprises large cages connected by six double eight-membered
rings which act as windows between cages. Extra framework cations are

located at the windows between cages.

The adsorbent of interest for the parametrisation of multi-RALF via
experimental data is (Na,TEA)-ZSM-25"%2169 which is part of the Rho-type
zeolites family. The acronym TEA stands for tetraethylammonium cations,
which remain trapped in the framework during the synthesis process. The
structure of this adsorbent consists of interconnected cages as the one shown
in Figure 3.11. (Na,TEA)-ZSM-25 has shown the peculiarity of expanding its
volume upon adsorption and a peculiar adsoprtion behaviour towards CO2 17°
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that it will be investigated in the following. The flexibility of an adsorbent is
generally observed upon adsorption in metal-organic frameworks (MOFs) such
as Mil-53(Al)'49, Nevertheless, the flexibility showed by zeolites, like (Na, TEA)-

ZSM-25, which are often assumed “rigid”, has gained interest recently’”1-173,

Usually, the flexibility in MOFs such as MIL-53 is caused by a stress level
induced by adsorption that lets the structure of the solid breath'4. The flexibility
of the solid is mainly related to the chemical nature of MOFs, where organic
linkers are easily distorted by weak interactions with the adsorbates. This
phenomenon shows an inflection at a critical stress level, and generally tends
to show hysteresis in the isotherm of MOFs'4°. By contrast, the more rigid
structure of zeolites can present flexibility that is caused mainly by Coulombic
interactions'”5176. The interaction of polar molecules with the framework
cations of the solid causes the movement of the cations. If the cations are
positioned at a window that links two pore volumes, the movement of the cation
upon interaction with a polar molecule can lead to a “gating” effect. The
movement of the cations can also lead to a relaxation of the solid framework,

which might experience a “breathing” as the one shown in MOFs.

Aim of this section is to understand the nature of the flexibility of (Na,TEA)-
ZSM-25, and parametrise multi-RALF based on experimental data of
(Na,TEA)-ZSM-25. Given that the interest is to show the potential of multi-
RALF in the modelling of such complex systems, the experimental

characterisation and the techniques will only briefly outlined.

The material synthesis of (Na,TEA)-ZSM-25 is reported by Guo et al.'®”. The
structural characterisation with the use of powder X-ray diffraction, scanning
electron microscopy and thermogravimetry of the sorbent is presented in
Verbraeken et al.’® and it will not be reported in this work. The results which
are of interest for the parametrisation of multi-RALF are the isotherms of COz2
at different temperatures on (Na,TEA)-ZSM-25 and the change of the volume

of solid upon adsorption.
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The volume change upon adsorption can be obtained with the use of Variable-
Pressure X-Ray Diffraction (VP-XRD) technique. The COzisotherms at 268 K,
288 K, 308 K, and 328 K have been obtained with a volumetric system, the
Autosorb iQ system (Quantachrome instruments). The sample mass used for
the isotherm experiments was of 0.1041 g. Prior to the isotherm acquisition,
the sample was regenerated overnight under vacuum at 473 K. Both

adsorption and desorption experiments were carried out.

The experimental data for the material characterisation have been generated
by Prof. P.A. Wright and his co-workers at the University of St. Andrews, while
the COz2 isotherm experiments have been carried out by Dr.Verbraeken, with
whom the author of this work has developed the model of multi-RALF to
describe CO2 adsorption on (Na,TEA)-ZSM-25.

3.5.1 Flexibility of (Na,TEA)-ZSM-25

The results from VP-XRD experiments, and the CO:2 isotherms at different
temperatures are shown in Figure 3.12. It should be noted that the
experimental points presented in Figure 3.12 (left) are both from adsorption

and desorption runs, and no appreciable hysteresis is detected.

All the isotherms shown in Figure 3.12 (left) present an inflection at constant
amount adsorbed, between 0.6 mol/kg and 2 mol/kg. This behaviour shows
that the inflection does not occur at a given pressure of CO2, but rather at a
constant amount adsorbed, between 0.6 mol/kg and 2 mol/kg, independent on
the temperature of the system. From Figure 3.12 (right), itis interesting to point
out that the solid experiences a sharp increase in its volume only after reaching
almost 2 mol/kg. Hence, the increase in solid volume cannot explain the
inflection seen in the isotherms around 1 mol/kg. Indeed, at roughly 2 mol/kg,

none of the isotherms show any inflection.
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Figure 3.12: Adsorption isotherms of COz20n (Na,TEA)-ZSM-25 (left), and variation of
the specific solid volume upon adsorption (right). The isotherms are at 268 K(cirlces),
288 K (squares), 308 K (diamonds), and 328 K (triangles).

The data presented tend to exclude a flexibility behaviour as explained for
MOFs. Indeed, if the flexibility was caused by the adsorbate-adsorbent
interaction at a given chemical potential of the fluid phase, the inflection would
happen at the same point where the VP-XRD data show the change in volume.
Moreover, the isotherm data do not show hysteresis, which is usually a clue of

internal mechanical stresses of the adsorbent structure.

An isotherm which shows an inflection can be ideally matched assuming the
solid to be made of two sites. It should be noted that RALF has already proven
its ability to predict stepped isotherms using only one site. This behaviour has
been observed for adsorbents of large porosity and if the adsorbate-adsorbate
interactions are much stronger than the adsorbate-adsorbent ones'®.
Nevertheless, in the CO2 adsorption on (Na,TEA)-ZSM-25 a strong interaction
of the adsorbate with the cations is expected. Hence, only one site of RALF
should not be able to match the isotherms in Figure 3.12. Since the structure
of (Na,TEA)-ZSM-25 consists of highly interconnected cages, it would be
impossible to segregate the sites and analyse them. Hence, a model with only
2 sites is the simplest multisite model that can be used. It should be noted that
a multi-RALF model consisting of 2 sites contains several degrees of freedom
which can be tuned to a great variety of experimental data. It is, therefore,
reasonable to say that a multi-RALF model with 2 sites can potentially cover

several equilibria without the need of introducing further sites. Nevertheless,
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the number of sites to fit has to be always decided on a case by case analysis
and one should use the minimum number of sites that represents correctly all

available data.

It should be noted that attempts to model the adsorption dynamics of CO2 on
(Na,TEA)-ZSM-25 using only one site have been made by Dr.Verbraeken
without any successful outcome. The results are available in the work of

Verbraeken et al.’® and will not be reported here.

In the following, a multi-RALF model with two sites will be used. It will be
assumed that the characteristic parameters of the solid for each site are the
same since no molecular simulations can be run to split the different
contributions. Instead, the confinement and interaction parameter of each
molecule in the two sites will be allowed to be different. As a first

approximation, the mass fraction of both sites can be assumed w, = wz = 0.5.

Then, once the fitting of the solid parameter is carried out, this assumption can

be relaxed for a better fit of the isotherms.

To correctly capture the trend of the single component isotherms, both
adsorbates parameters, i.e. k;s and &;, and the volume change have to be
simultaneously fitted to both VP-XRD and the isotherms data. In the following,
the solid parameters P;", p; and pg are regressed first. T is left as adjustable
parameter for the isotherm data. The volume change will be modelled as

shown in section 3.5.3.

3.5.2 Parametrisation of the solid parameters
The characteristic energy density, P, can be fitted to the heat of adsorption at
zero loading of CO2 on (Na,TEA)-ZSM-25 calculated using the Clausius-

Clapeyron equation:

alnP
) 3.33

—AH, =R TZ(—
0™ "y oT

qco,—0

from which the enthalpy of adsorption at zero loading is |AH,| = 46.1k]/mol,
and the fitted P = 1.25 x 10° kPa.
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The skeletal density is derived from He pycnometry, p: = 2640 kg/m3, and

ps = 2020 kg/m?3 is derived from the XRD measurements in-vacuo.

The characteristic temperature, Ty, is fitted in section 3.5.4 to the Henry’s law
constant of the isotherms in Figure 3.12 (left), together with the interaction and

confinement parameters.

The summary of the regressed solid parameters is presented in Table 3.4.

Table 3.4: Characteristic parameters for (Na, TEA)-ZSM-25

Parameter Unit Site & Site #
P [kPa] 1.25x10°
Ps [kg/m?] 2640
Ps [kg/m?] 2020
ws(ilt)e [—] 0.5 0.5
T, [K] Fitted to single component
isotherms (section 3.5.4)

(Starting guess

3.5.3 Modelling the solid volume flexibility
Once a preliminary fit of the solid parameters is obtained, two steps remain for
the full parametrisation of multi-RALF: the modelling of the solid flexibility, and

the final fit of the single component isotherms.

The model proposed by Verbraeken et al.’®? to explain the data presented in
Figure 3.12 comprises two sites: site a« which is always available for
adsorption, and site B which becomes available only when the amount
adsorbed in site a reaches the critical value of 0.6 mol/kg. The site g gradually
opens up to roughly 2 mol/kg, when it becomes fully available. Once the
cations are repositioned, at around 2 mol/kg, the solid framework relaxes,
leading to an increase in the solid volume. At zero loading, only site a can be

accessed from the adsorbate since the cations are blocking the windows which
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allow the adsorbate to move in site f. Upon adsorption, the cations of the
system are solvated with adsorbate molecules, allowing them to move and
open the window between site « and £. During the desorption, the g site is
emptied first, the cations come back to their original position at the window,
and finally the adsorbate molecules leave site @. The mechanism here
presented does not include internal stresses of the adsorbent since the
experimental isotherm shows only one equilibrium condition between a

fugacity in the fluid phase and the adsorbed amount.

This mechanism is similar to what already observed in Na-Rho zeolites'®,
which also present a distortion of the lattice, and where cations move from
cage opening to allow adsorption on different sites. Synchrotron experiments
carried out by Prof. Wright and co-workers have shown that at low partial
pressure of CO2 the solid framework possesses a cubic distorted structure with
small lattice parameters, and only upon adsorption the structure relaxes to a
more regular one with larger lattice parameters. These observations tend to
confirm that the volume change after the uptake at 2 mol/kg is caused by a
relaxation of the solid framework upon cation movement, rather than

interaction between CO2 and the solid framework.

Multi-RALF is a model that is based on the volume occupancy of adsorbates
in the void pore volume. To transpose the physical phenomena of site
blocking, a strategy similar to what used in the characterisation of ortho-MFI
can be used (see section 3.4.1): it can be assumed that the g-site is initially
blocked from an inert rigid sphere that occupies its entire pore volume.
However, the porosity of the site 8 is function of the adsorbed amount of the
site a, so that when the critical amount adsorbed is reached, site § becomes

available.

The porosity of site g will go from zero up to the value of the porosity of site a.

The expression of the porosity of site f is reported in eq.(3.34):
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Vsg — 1/ps
€p = sﬁ—/ps 334
Vs,

where Vs is the volume of the solid in site § including the micropores. This

volume goes from the skeletal volume only when the site is blocked with an
inert rigid sphere, up to the volume of site « when the site is unblocked thanks

to adsorption. The expression for Vg 4 is:

_(1=f@)

Vs,ﬁ - * + f(c_l)Vs,a 3.35
Ps

where f(q) is a switching function as in eq.(3.36).

f@ =

N =

[tanh(W(q — @frans)) + 1] 3.36

where w and q/,.4,s are adjustable parameters. The volume of site a is
modelled with a quadratic function fitted to the VP-XRD data, as shown in
Figure 3.13. The quadratic equation is reported in eq.(3.37), with a and b as

fitting parameters.

1
Vs(@) =a-(G@+b)*+ P 3.37

N
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Figure 3.13:Solid specific volume of (Na,TEA)-ZSM-25 as function of the amount

adsorbed at 328 K from VP-XRD data. Circles are experimental data and solid line is
eq.(3.37)

The plot of the porosity of site 8, together with the porosity of the other site, is
reported in Figure 3.14. As it can be seen, site § starts to open up around 0.6

mol/kg to then arrive at the same porosity of site a at around 2 mol/kg.
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Figure 3.14:Porosity of (Na,TEA)-ZSM-25 against average amount adsorbed of CO:.
Cirlces are experimental data from VP-XRD at 328 K, solid line is the porosity of site a
and dashed line is the porosity of site 3.

The fitted parameters of eq.(3.36) and (3.37) are reported in Table 3.5.
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Table 3.5: Fitted parameters of eq.(3.36) and (3.37) to model the flexibility of (Na,TEA)-

ZSM-25
Parameter Unit Value
w [—] 2.75
Atrans [mol/kg] 1.62
a [m3kg/mol?] 2.77x106
b [mol/kg] 0.3
Ps [kg/m3] 2020

The parameters a and b are fitted to the data in Figure 3.13, while p; is fixed
by XRD experiments (see section 3.5.2). It should be noted that the
parameters w and q;,,»s have been fitted to the single component isotherms
together with T, and the molecule parameters at each site. However, the
values of w and qi,.,s have been constrained so that the porosity of site g
would change in the range of amount adsorbed between 0.6 mol/kg to 2
mol/kg, to represent the physical movement of the cations while the amount

adsorbed is in that range.

3.5.4 Fitting of the CO: isotherms

The results of multi-RALF in fitting the CO2isotherms on (Na, TEA)-ZSM-25 are
presented in Figure 3.15. The COz2 characteristic parameters are taken from
De Angelis et al.’*': P* = 6.3 x 10° kPa, T* = 300 K and p* = 1515 kg/m3.

The fitting strategy, as previously discussed, firstly fixes the mass fractions to
0.5. Then, the T is fitted to the Henry’s law region together with the volume
changing parameter w to approach the experimental data. Next, the interaction
and confinement parameters are adjusted to match the experimental data.
Finally, a gradual refinement process is carried out to allow for a better match
adjusting all the parameters simultaneously from the estimate made in the

previous steps.
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Figure 3.15: CO: isotherms on (Na,TEA)-ZSM-25 from experimental data. Circles are
data at 268 K, squares at 288 K, diamonds at 308 K, triangles at 328 K and the solid
line is multi-RALF.

The final result of the fitting is quite satisfactory, since the inflection that starts

at around 0.6 mol/kg (highlighted in Figure 3.15) is correctly described,
together with the Henry’s law region.

1072 10° 102
Pressure [kPa)
Figure 3.16: CO: isotherm on (Na,TEA)-ZSM-25 at 308K. Diamonds are experimental

data, solid line is multi-RALF; dashed line is the adsorption isotherm of site a and
dash dotted line is the isotherm of site f.
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The fitted interaction and confinement parameters to the isotherms are
reported in Table 3.6. The final fitted T* = 2050 K, and the mass fractions are
slightly adjusted to w, = 0.48 and wg = 0.52.

Table 3.6: Fitted interaction and confinement parameters for the CO: isotherms in

Figure 3.15
Kiqa ga Kiq EB

CO: -0.085 ‘ 0.087 ‘ -0.14 ‘ 0.0

To show the behaviour of the two sites, the isotherm at 308 K is split in the
contribution from both sites, in Figure 3.16. As it can be seen, the Henry’s law
region is fully dominated by site @ which is the only site available for adsorption.
Once the cations that block the windows are solvated by COz2, the adsorption

in site B takes place, which causes the inflection seen in the isotherms.

The results presented for the thermodynamics of CO2 on (Na,TEA)-ZSM-25
will be used in the next chapter to obtain information on the diffusion

mechanism of the system.

3.6 Conclusions

Aim of this chapter was the derivation of a novel multisite version of the RALF
model, multi-RALF, to model both the multicomponent adsorption on
heterogeneous solids, and the adsorption of CO2 on (Na,TEA)-ZSM-25.

The multi-RALF model, if one considers that the RALF model is a special case
of multi-RALF, can handle a huge variety of systems making use of a single
thermodynamic framework based on the assumption that the solid can be
modelled as a lattice made of the adsorbent and the adsorbates, which occupy

different volumes according to their nature.

Multi-RALF relies on the definition of average properties of the adsorbed lattice
which have been introduced in section 3.2.2 and the definition of a residual

chemical potential for each adsorbate, as presented in section 3.2.3. It is
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implicit in the definition of the residual chemical potential for an adsorbate that
multi-RALF can handle non-ideal adsorbed lattices, without the need of
empirical activity coefficients. The non-ideality taken into account in multi-
RALF relies on the modelling of the interaction of the adsorbed molecule with
the adsorbent and the other adsorbates, and on the confinement volume that

the molecule occupies in the lattice.

A simple procedure to derive the characteristic parameters of the solid is
presented, which uses He pycnometry and mercury intrusion to obtain the
characteristic densities, and on heat of adsorption at zero loading and Henry’s

law constant of different molecules for P and Ty, respectively.

The case study used to introduce the equations of multi-RALF in case the solid
is composed of segregated sites is the azeotropic adsorption of benzene and
propene on ortho-MFI silicalite at 373 K and 100 kPa. Both single and
multicomponent data have been generated with GCMC simulations. The solid
parameters are derived in section 3.4.1, together with a presentation of the
solid structure of ortho-MFI silicalite. Then, the confinement and interaction
parameters are fitted to the single component isotherms together with 7. Once
the single component isotherms of benzene and propene on each site are
fitted, the binary benzene-propene adsorption on ortho-MFI is correctly
predicted. The molecular simulations show that the reverse in selectivity at 373
K and 100 kPa is caused by the steric hindrance of benzene which adsorbs
preferentially at the intersections between straight and sinusoidal channels. By
contrast, the propene adsorbs uniformly in the solid framework without any

preference.

Multi-RALF is also used to model the adsorption of CO2 on (Na,TEA)-ZSM-25,
a zeolite of the Rho family which shows flexibility upon adsorption. The model
proposed for this adsorbent consists of two sites, site @ which is always
available, and site § which is blocked at low pressures from cations located at
the windows between site a and site 5. Unlike MOF flexibility, the flexibility of

this adsorbent is caused by solvation of the cations from CO2. The solvated
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cations move away from their position, the windows between the sites, opening
up the structure and leading to a higher uptake of the adsorbate. The model
proposed reproduces the experimental data from CO2 adsorption at different
temperatures, as well as the volume change of the solid upon adsorption.
Despite the specificity of the equations to this case study, the inclusion of
flexibility in the multi-RALF model shows the capability of such a general
model. Indeed, multi-RALF has been proven to be a “flexible” model, able to

adapt at both segregated sites and coupled sites with solid volume change.

It is likely that soon adsorbents which present flexibility, and complex
multicomponent mixtures adsorption on heterogeneous solids, will become
increasingly relevant in the adsorption field. Therefore, it is paramount to have
sophisticated macroscopic models which can be parametrised using
microscopic information from the system under analysis. Multi-RALF can be
considered a step towards the development of lattice fluid theories for

adsorption thermodynamics which address this challenge.

104



Kinetics in porous solids

Chapter 4 Kinetics in porous solids

4.1 Introduction

The work on the modelling of monoliths in the first chapter highlighted the
importance of reliable kinetic parameters in order to correctly predict the
performance of a certain structure. While this might seem a trivial conclusion,
the process of acquisition of kinetic information on a system adsorbate-

adsorbent is far from being trivial.

Measurement techniques of diffusion in porous materials can be divided in two
main categories: microscopic and macroscopic techniques''®'77. The
microscopic techniques study the random movement of the molecules to then
derive a diffusion coefficient from Einstein’s relation'’®179, By contrast,
macroscopic measurements study the diffusion of a fluid phase in a porous
adsorbent to derive an average diffusion time constant of the system'”’. The

focus of this chapter will be on macroscopic measurements.

From the late 30s, transient uptake measurements were considered the means
of measuring diffusion in porous solids, mainly zeolites and carbon materials.
Transient uptake measurements can be divided in two categories: gravimetric

and volumetric experiments'77:180,

Gravimetric experiments follow the change in the adsorbent’s mass upon
contact with a gas phase that contains adsorbing molecules. The change in
mass can be correlated to the moles of adsorbate that have adsorbed at a
specific pressure and temperature 182, This technique requires very accurate
balances, correction for buoyancy effects'8 and attention to produce a uniform

gas phase in the chamber where the adsorbent is placed'e°,

Volumetric experiments relate the amount of moles adsorbed to the expansion
of a gas between a dosing cell and an uptake cell (where the adsorbent is
placed)'8.184.185 'which are divided by a valve. The valve is closed when the

gas is dosed in the dosing chamber, and at the start of the experiment is

105



Kinetics in porous solids

opened. The shape of the dosing pressure profile in time can be related to the

kinetics of the adsorbate-adsorbent system77.186,

Until the early 70s, gravimetric and volumetric systems were the main
techniques for kinetic measurements. It was only after the advent of PFG-NMR
experiments (microscopic technique) pioneered by Karger and co-workers'”®
that the scientific community posed great attention to the development of novel
measurement techniques'’. This was mainly driven by the inconsistency
between the results of macroscopic and microscopic measurements
evidenced by PFG-NMR results'””:'87. The techniques developed after this
‘event’ are numerous and all have advantages and disadvantages in the kinetic
characterisation of porous materials. Nevertheless, it is worth to discuss
chromatographic and frequency response techniques, which will be the focus

of this chapter.

Chromatography can be defined as a flow system, compared to transient
uptake measurements which can be classified as batch systems.
Chromatography makes use of an adsorbent packed bed to carry out
measurements. Either a step or a pulse injection of adsorbent is used at the
start of the experiment and the outlet profile of adsorbent concentration is
monitored. From the shape of the outlet profile, so called breakthrough profile,
information on kinetics (and equilibrium) can be derived''°. Chromatographic
measurements are extensively used to characterise single component
equilibrium, as well as multicomponent mixture adsorption®%188-190_ However,
the analysis of the results can be somehow convoluted and lead to misleading
conclusions if one does not take into account the heat generated upon
adsorption, non-linearity of the system, and axial dispersion as additional
resistance to the kinetics'?7-191-193 Indeed, a packed bed of adsorbent can
generate considerable heat from very strong adsorbing compounds which
might not be dissipated fast enough to consider the bed isothermal'®. The
main disadvantage is the study of the temperature and breakthrough profiles
with both mass and energy balances, which introduce a consistent number of
parameters that cannot be de-coupled from each other. Nevertheless, a recent
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review from Wilkins et al.'% points out how different checks can be made in
order to make sure that the system isothermality and linearity are achieved or
at least assessed. Wilkins et al.’® show that chromatographic techniques can
provide results as good as conventional transient uptake measurements if the

experiments and analysis of the results are properly conducted.

To overcome the limitations of the adsorbent packed bed, Eic and Ruthven'9®
introduced in the late 80s the zero-length-column (ZLC) technique. The ZLC
consists of a very small column filled with a monolayer of adsorbent material,
generally placed between two sinter discs. The column is equilibrated with a
feed at constant adsorbate concentration. At equilibrium, the column feed is
switched to pure inert gas to purge the column and the desorption profile of
the targeted adsorbate is monitored’®. The arrangement in a small column
with monolayers of solid aims at reducing bed-effects, such as the resistance
given by axial dispersion. Moreover, the constant flow of fresh feed and the
small adsorbent quantity reduce the non-isothermality of the system. Indeed,
the improved gas-solid contact ensures high heat transfer, leading to
isothermal conditions. It should be noted that models have been developed to
take into account non-isothermal'®’, non-linear'®® conditions, and crystal size
distribution of the adsorbent'®®, as well. Its main advantage is the small
quantity of adsorbent needed, usually in the order of milligrams'%2. Generally,
the ZLC is used for both equilibrium and kinetic measurements. At low
flowrates, the system approaches equilibrium and the outlet concentration
profile can be directly related to the shape of the isotherm of the adsorbate.
On the contrary, at fast flowrates, the systems tend to be controlled by the
kinetics of diffusion. Hence, from high flowrates, kinetic information can be
regressed. The ZLC will be the focus of section 4.2 where the kinetics of CO2
in (Na,TEA)-ZSM-25 will be investigated. The ZLC has been chosen as
technique for such a system given the small quantity of adsorbent needed and

given its rapidity for adsorbent screening.

The last technique to consider is frequency response (FR). This technique
derives kinetic information from the response of a system upon a periodic input
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perturbation. FR systems can be designed either in batch or flow mode. In
batch FR, the sorbent is placed in a chamber and equilibrated with a known
amount of gas at constant pressure and temperature, while small perturbations
of the chamber volume are generated?°-202, The perturbation is usually a
sinusoidal wave in time, but also square wave input perturbation can be found
in literature?°3204, The frequency of the perturbation is varied to investigate a
broad range of frequencies, so that different time constants can be detected.
Naphtali and Polinski?®® initially introduced batch FR to study hydrogen
adsorption on nickel catalyst. It became then widely used by Yasuda and co-
workers2%-20° who broadened it to study diffusion in zeolites. In the early
development stage of FR measurement, isothermal conditions were assumed
because of the small volume perturbation, which was usually between 1-2% of
the total volume. Sun and co-workers 202" investigated the effect of non-
isothermal conditions on FR experiments. As a result, they developed the
thermal frequency response (TFR) method?9':219 where the adsorbent
temperature is monitored. Furthermore, Sun et al.?'? analysed the data
presented by Yasuda et al.?’® on the diffusion of paraffins in 5A zeolite and
demonstrated that the assumption of isothermality led to an inaccurate
description of the mass transfer mechanism of the system. Several studies
have then developed further theoretical models for the study of FR
experiments including bidispersed sorbents?'3, non-isothermal conditions?'4,
multicomponent mixtures?'®216, non-linear conditions?°%2'” and higher order
frequencies®®. The main advantage of TFR measurements is the accurate
discrimination between mass and heat transfer time constants. The interest of
this chapter is on TFR for the study of air separation with lithium-low-silica X-
type zeolite (LILSX). Air separation using LILSX is an equilibrium driven
process, where the nitrogen is more strongly adsorbed thanks to the
interaction between the Li ions and the quadrupole moment of nitrogen.
Therefore, the kinetic time constants are very fast and difficult to detect with
commercial uptake systems, which are generally designed for equilibrium
measurements. Nevertheless, in the design of fast cycle units (cycle time of

few seconds), the kinetics of nitrogen in LILSX can become relevant.
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Therefore, it is important to detect with accuracy the diffusion mechanism of
air in LILSX if fast cycle processes have to be designed'8*.The main benefit of
TFR measurements is the effective decoupling and sensitivity to different time
constants at different range of frequencies®®'. Both mass and heat transfer
time constants can be detected, which makes this technique particularly

attractive for preliminary parameter estimation to design adsorption processes.

It is evident from the brief literature review that the choice of a measurement
technique is mainly driven by the information on the system under analysis, if

any information is available.

What follows can be divided into two main parts: the study of COz2 diffusion in
(Na,TEA)-ZSM-25 and the study of air separation on LIiLSX with the use of
TFR. These two particular systems highlight two challenges of macroscopic
measurements: the flexibility of an adsorbent material and the detection of
kinetics information of fast diffusing systems. The kinetics in flexible materials
has gained particular attention given the separation potential of such materials.
Air separation with LiLSX falls in the category of very fast diffusing systems,
for which conventional transient uptake measurements would be unable to

detect any kinetics at conditions relevant for process simulations.

4.2 Diffusion of CO: in (Na,TEA)-ZSM-25
The system CO2—(Na,TEA)-ZSM-25 has been introduced in the previous
chapter. This section aims at studying the kinetics of such system relaying on

multi-RALF for the modelling of its thermodynamics (see section 3.5).

Results from ZLC experiments at different conditions will be presented with the
aim of relating their trends to the physical description of the system given
during the equilibrium study: at zero loading only the « site is available for
adsorption while the g site is blocked at its windows by the cations. Upon
reaching a critical adsorbed phase concentration, the cations are solvated and

move, so that the g site becomes available for adsorption.
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A brief overview of the experimental apparatus and the experimental
procedure are presented in section 4.2.1 and 4.2.2. Then, the models used to
fit the experimental data are discussed in section 4.2.3. It should be noted that
the experimental work has been carried out by Dr.Verbraeken to which the

author would like to express his gratitude for the help.

4.2.1 The Zero-Length-Column apparatus

Detailed description and analysis of a ZLC apparatus can be found in the
recent review from Brandani and Mangano'®. The main features of a ZLC
apparatus are presented in Figure 4.1: the feeding lines are connected to mass
flow controllers which are linked to either rotary or switching valves. The valves
direct the flow to the ZLC placed inside an oven, and the outlet stream of the
ZLC is then sent to a detector. As noted in Figure 4.1, a pre-heating coil in the

oven allows the feeding gas to be equilibrated at the temperature of the oven.

Detector

Oven

ZLC column

Pre-heating ¢
coil I:
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— Switching
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controllers

Figure 4.1: Schematic diagram of a ZLC apparatus
The apparatus used for the kinetic study of CO2 on (Na,TEA)-ZSM-25

consisted of a 1/8” stainless steel union (Swagelok, UK) as column where the
powder of adsorbent is placed between two porous metal discs to hold it in
place. The column and the pre-heating coil are placed in a Carbolite oven with
thermostatic control (Eurotherm). For experiments which require the cooling of
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the column, a cooling jacket is used, which is connected to a thermostatic bath
(Julabo F-25). The feed lines are controlled with mass flow controllers (Brooks
Instrument), which are connected to solenoid valves to direct either the pure
helium stream or the CO2-He mixture in the column. The detector used for this
study is a mass spectrometer (Dycor Residual Gas Analyzer, Ametek Process
Instruments). The dry mass of adsorbent used for the ZLC experiments is 4

mg.

It should be noted that the apparatus used for this study is also equipped with
four vessels of 1 L each used to prepare the CO2-He mixture mixtures for the
experiments. The vessels are placed in a Carbolite oven with thermostatic

control (Eurotherm) set at the temperature of the experiment.

4.2.2 Experimental procedure

Before each experiment, the ZLC is regenerated in-situ under vacuum
overnight at 473 K. Meanwhile, a mixture of CO2 and He is prepared at the
desired partial pressure of COz2 for the experiments. This mixture is prepared
in advance to make sure that a homogeneous mixing is achieved. Once the
mixture is ready and the ZLC is cooled at the temperature of the experiments,
either 288 K or 308 K, the mass flow controllers are calibrated with a bubble
flow meter. The flow is allowed to vary in a range of 0.9 Nml/min up to 20
Nml/min. The actuation of the solenoid valves which link the dosing lines to the
ZLC and the collection of the data from the mass spectrometer are carried out
with a LabVIEW interface.

To take into account the extra-column effect, a deconvolution of the raw signal
from the mass spectrometer is carried out, as shown in Verbraeken et al.?'®,
This procedure enables the isolation of the concentration profile of CO2 that
comes out directly from the ZLC from the total raw signal. In essence, the
deconvolution of the mass spectrometer signal considers each component of
the ZLC apparatus as a unit having a characteristic transfer function. Assuming
linearity, the signal from the mass spectrometer can be seen as sum of the

single contributions from the different units of the system.
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4.2.3 Model

This section outlines the equations used to fit the experimental data from ZLC

experiments, making use of the multi-RALF model presented in the previous
chapter as equilibrium model. In addition, a brief introduction of the analytical
solution of the isothermal and linear ZLC model originally developed by
Brandani and Ruthven?'® is reported. The analytical model will be used for a

preliminary fit of the experimental data.

4.2.3.1 Numerical ZLC model with multi-RALF
The assumptions of the model are:

¢ |sothermal and isobaric conditions;

e The gas phase is ideal;

e The column is saturated with an initial concentration ¢, of COz2 in inert
He;

e The feed consists of pure inert He;

e The diffusion is controlled by the micropores with no surface barrier;

e The adsorbent is (Na,TEA)-ZSM-25 and it is assumed rigid and

spherical;

Despite the breathing behaviour of the solid, the model assumes rigid
adsorbent because the breathing does not lead to a dramatic change of the
solid volume. Hence, the simplifying assumption of assuming it rigid suits the

purpose of a simple model to derive kinetic properties from ZLC experiments.
The mass balance on COz2 in the ZLC is:

dqco dceo
ms dt 2 + Vf dt 2 = _FCCOZ 41

where m is the mass of solid, g, the average amount adsorbed in (Na, TEA)-
ZSM-25, V; the volume of fluid in the ZLC, F the outlet flowrate, and c(, the

concentration of COz2 in the fluid.
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The outlet flowrate can be calculated from an overall mass balance on the

system:

ms dqco,

— 4.2
Cror dt

F =Fyu—

where F;, is the inlet flowrate of carrier gas, and c;,; is the total concentration

of gas in the system.
The differential mass balance on the adsorbent is:

aq_COZ — li _rzj) 43

at  r2or
where ] is the molar flux, and r is the radial coordinate. The flux can be written

as:

acIco2

o %co, 44
] D(qco,)T o

dco, 9Uco,

is the Darken
RgT 6q(;02

where D(qco,) is the corrected diffusivity, and T' =
correction factor, which can be obtained from the multi-RALF expression of the

chemical potential, uco,-

The boundary conditions of the differential mass balance, eq.(4.3), are of zero-

flux at the centre of the sphere

ddco,|  _ 45
dr o
and equilibrium at the surface:
CIcozlr=Rp = qrarr(Cco,) 4.6

where qra.r(cco,) is the amount at equilibrium from multi-RALF and R, is the

particle radius. This value can be calculated as presented in the previous
chapter.
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The average amount adsorbed can be calculated from an overall mass
balance on the solid, as shown below:

dqco, 3

ar _R_p]|T=Rp 4.7
Since the ZLC is fully saturated with a feed of CO2 and He, the initial condition

or the desorption experiment is that cc,, = ¢o and that q¢co, = qrarr(co)-

The system of equations is solved with the method of lines in MATLAB with
the function odel5s, where the radial coordinate is discretised using the
orthogonal collocation of finite elements method. The equations of multi-RALF
for the equilibrium properties are solved together to the differential equations,
so that the system consists of a differential-algebraic system (DAE). The initial
condition for multi-RALF at time 0 is provided solving multi-RALF for the
concentration of CO2 at which the system is equilibrated. Then, the initial
condition at arbitrary time t’ will be automatically provided by the previous time
step t' — At. This procedure assures a fast convergence of the system to a

solution within reasonable tolerances.

It should be noted that multi-RALF could be solved as a sub-routine, which is
called when needed. This would reduce the size of the DAE system and reduce
it to a system of differential equations only. However, modern DAE solvers, as
the routines developed in MATLAB or open-source libraries like SUNDIALS,
use sophisticated techniques to interpolate the solution over the time steps
taken, so to provide an initial condition for the time integration and a solution
technique faster than conventional sub-routines which use root-finding
methods. Hence, the solution of the whole DAE model should be preferred to

the sub-routine approach.

4.2.3.2 Standard ZLC model
The model so far presented makes use of a non-linear isotherm (the multi-
RALF model) to characterise the thermodynamics of the system. Conventional

ZLC experiments are generally run in linear regime, or slightly non-linear. In
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the following, the analytical solution of a ZLC model in isothermal conditions
will be used for a preliminary assessment of the diffusion behaviour of COz in
(Na,TEA)-ZSM-25. The analytical model has been developed by Brandani and
Ruthven?'® assuming spherical adsorbent, Fickian diffusion, isothermal and

linear conditions. The gas phase concentration can be written as:

- 2L - %Et
«® = Z e g Rp 4.8
o YBi+L—1+BE+(L—1-yRD?

n=

where the parameter L and y are defined as:
2
L=Lﬂ; and y=i 4.9
3KVs D 3KV

the parameter L can be seen as the ratio between the diffusion time constant
of the system, D/R2, and the wash-out of the solid phase. The parameter y is
the ratio of the accumulation in the fluid and solid phase, where K is the
equilibrium constant of the system. The higher the L parameter, the more likely
the system will be under kinetic control. Generally, L > 10 should be sufficient
to ensure kinetic control. However, it is always a good precaution to analyse
the data on a case-by-case study. A graphical check to discriminate between

equilibrium and controlled ZLC experiments is discussed in the next section.
Finally, B, are the roots of eq.(4.10).
Brcot(By) —1—yB2+L =0 4.10

4.2.4 Results and discussion

The results of ZLC experiments at 308 K,100 kPa and 20% CO: in He at
different flowrates are presented in Figure 4.2. The aim of running experiments
at different flowrates is to move from an equilibrium controlled system to a
kinetically controlled one. The higher the flowrate, the more the system will
approach kinetic control. As it can be seen from Figure 4.2, all the curves show
an inflection, which can be linked to the inflection in the isotherms (Figure 3.15)

and the moving of the cations from the windows between sites. Conventional

115



Kinetics in porous solids

rigid materials typically show an exponential decay as trend, with no inflection.

By contrast, this type of signal is generally detected with flexible materials.

0 200 400 600
Time [s]

Figure 4.2: Experimental data at 20% CO: in He at 308 K and 100 kPa on (Na,TEA)-
ZSM-25 at 0.90 Nmi/min (squares), 1.77 Nml/min (circles), 4.88 Nml/min (diamonds)
and 10.64 Nml/min (triangles).

To study the kinetics of COz2 in this material, it is crucial to prove that the system
is under kinetic control. In order to discriminate between equilibrium and kinetic
controlled curves, it is useful to plot the same data as c/c, vs. Ft, as done in
Figure 4.3. The area under the experimental curve in the so-called “Ft-plot”
yields to the uptake capacity at each experimental run. From the different
flowrates, the total uptake at 308 K, 100 kPa and 20% COz is q.,, = 2.82 +
0.05mol/kg, which is consistent with the isotherm from volumetric
experiments. The Ft-plot is also a quick visual tool to determine if an
experimental run is in kinetic control regime??. Indeed, all the runs which are
under equilibrium control will overlap in an Ft-plot. By contrast, kinetic
controlled profiles will present a diverging trend initially, to then intercept each
other. The results presented in Figure 4.3 are initially overlapping up to ¢/c, =
0.15, and then they start diverging. This behaviour suggests equilibrium control
between c/c, =1 and c/cy, = 0.15, and then a transition to a kinetically
controlled regime at lower gas concentrations. Since the inflection around

c/c, = 0.15 corresponds to g = 0.6 mol/kg, it is reasonable to assume that the
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inflection in the isotherms causes the transition in the ZLC regime. Indeed, at
0.6 mol/kg the inflection in the isotherm starts. At this amount adsorbed, the
site B starts to become available for adsorption, as discussed in the previous
chapter. Hence, when both a and g sites are available, the diffusion of COz in
the adsorbent is so fast to lead to equilibrium control. On the contrary, once
passed the inflection, the f site starts to become inaccessible, with the cations
moving back at the opening between a and g sites, and the system

approaches kinetic control, as shown by the divergent curves in Figure 4.3.
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Figure 4.3: Ft-plot for the experimental data at 20% CO: in He at 308 K and 100 kPa on
(Na,TEA)-ZSM-25. Solid line is 0.90 Nml/min, dashed line is 1.77 Nml/min, dash-dotted
line is 4.88 Nml/min, and dotted line is 10.64 Nml/min.

Once it has been confirmed kinetic control at different flowrates, the value of
diffusional time constant can be estimated from both the standard ZLC model
and the numerical one. Since the diffusion model has to reflect the gate
opening of site g at a fixed loading, it would be somehow difficult to start fitting
directly the numerical model to the full curves in Figure 4.2. Instead, the
equilibrium part of the data can be “cut-out” so that the standard ZLC model
can be used to preliminary assess the value of D/R} for the kinetically
controlled part of the experimental data. The results of fitting the standard ZLC
model to the cut data is presented in Figure 4.4. It should be noted that the
data have been re-normalised to start from c/c,=1. This cut and

normalisation procedure can be safely applied to remove the equilibrium
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controlled region since, for its all duration, the concentration profile of the
adsorbate in the adsorbent is completely flat, i.e. at equilibrium with the fluid

fugacity.

0 200 400 600 800
Time [s]
Figure 4.4: Analysis of the "cut" experimental data using the standard ZLC model (see
section 4.2.3.2). The diffusional time constant fitted is % = 3.4 x 10~*s71, Circles are

14
data at 1.77 Nml/min, diamonds at 4.88 Nmil/min, and triangles at 10.64 Nmi/min. The
solid line is the standard ZLC model.

The fitting of the standard ZLC model provides satisfactory results, proving that
the diffusion process at low concentrations follows a conventional desorption
profile from a ZLC experiment where the system is linear. The fitted
parameters are reported in Table 4.1. It should be noted that the L parameters
for the three flowrates are not independent from each other: the ratio between
two L parameters at two different flowrate is the same as the ratio of the
flowrates. Hence, only one L parameter has to be fitted (typically the highest
flowrate), and then the other two predicted from it.

Table 4.1: Fitted parameters of the standard ZLC model to the cut and renormalised
experimental data for 20% CO: in He at 308 K and 100 kPa.

Flowrate (Nml/min) L [-] v [-] D/R: [s]
1.77 9.5 0.18 3.4x10*
4.88 26 0.18 3.4x104
10.64 57 0.18 3.4x104
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The value of fitted diffusion time constant at zero loading is much higher than
similar Na exchanged Rho zeolites, which exhibit a diffusion time constant of

roughly 1 x 107°s~1 in similar conditions68.

The preliminary results presented suggest that, when both a and g sites are
available, the diffusion process is so fast to lead to equilibrium controlled
curves. Then, once the adsorbent contracts its lattice due to the low amount
adsorbed, the diffusivity decreases to a constant value which can be related to
the diffusivity of the system «a site — COs2. It is worth to mention that synchrotron
experiments showed that at low CO:2 partial pressures the adsorbent
possesses a cubic distorted structure with small lattice parameters. During
adsorption, with the cations moving from the cage opening, the framework
relaxes to a more regular structure with larger unit cell parameters. Although
this modification in the framework structure is small compared to the breathing
behaviour of MOF materials such as MIL-53, it can still have a considerable

impact on the transport properties of the system CO2 — (Na,TEA)-ZSM-25.

The model here proposed for the corrected diffusivity of COz in (Na, TEA)-ZSM-
25 aims to reflect the physical behaviour explained above: fast diffusion when
the structure is fully available, and slow diffusion when the g site is blocked,
leading to kinetic control in the ZLC experiments. Using the adsorbed phase
concentration as variable upon which the diffusivity depends, the model for the

diffusivity of CO2 in the adsorbent can be written as:
D(qco,)/R = Do/Rj + AeB@=dtrans) 411

where D, is the corrected diffusivity of COz2 at zero loading, G;qns IS the critical
adsorbed concentration at which the diffusivity starts increasing, and A and B
are fitting parameters. The second term of the right hand side of eq.(4.11)
represents a Buckingham-like potential to model the increase of the diffusivity
at increasing loading. It can be noted that in eq.(4.11) the value of g;4ns Can
be fixed a priori at 0.6 mol/kg. Indeed, it is known that the adsorbent shows
inflection in the isotherm at g;,.,s = 0.6 mol/kg, which is the critical adsorbed

concentration at which also the g site starts to become available for diffusion.
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Moreover, the value of Dy/R; is fixed by the fitting of the standard ZLC model

to the kinetically controlled region of the experimental data (see Figure 4.4).

Hence, only A and B remain to be fitted to experimental data.

The fitting of the model in section 4.2.3.1, together with eq.(4.11), yields to a
good fit of the experimental data, as presented in Figure 4.5. The lowest
flowrate, 0.90 Nml/min, is completely equilibrium controlled. As it can be seen
from Figure 4.5, the isotherm from the previous chapter leads to a correct

prediction the ZLC curve.

0 200 400 600
Time [s]

Figure 4.5: ZL C desorption of 20%CO: in He at 308 K and 100 kPa on (Na,TEA)-ZSM-
25. Symbols are experimental data at 0.90 Nml/min (squares), 1.77 Nml/min (circles),
4.88 Nml/min (diamonds) and 10.64 Nmil/min (triangles). Solid line is the ZLC

numerical model (see section 4.2.3.1)

The model is able to capture the transition between equilibrium-controlled at
high partial pressure of CO2 and kinetic controlled regime at low partial
pressures of CO2. The fitted values for the free parameters are A =
3.6 x 10~*s~! and B = 8.3 [kg/mol]. The trend of the diffusivity with respect

to the adsorbed phase concentration can be seen in Figure 4.6.
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1 2 3

q [mol/kg]
Figure 4.6: Corrected diffusivity vs total amount adsorbed. The dashed line marks q =
0.6 mol/kg, the amount adsorbed at which the B site becomes accessible.

At low adsorbed amounts, the g site is blocked and the diffusivity is constant

at R% = 3.4 x 10~*, as shown by the standard ZLC model. Once the cations are
14

solvated by the adsorbate, the S site becomes available, the framework
relaxes, and the diffusivity starts to increase up to such fast values that the

ZLC curves become equilibrium controlled.

At this point, a comment should be made on the proposed model: the model
for the diffusivity proposed in eq.(4.11) shows an asymptotic limit at low
adsorbed concentration, while diverging upon adsorption. While
mathematically the function in eq.(4.11) would exponentially rise to infinity, the
adsorbate will eventually reach a saturation loading and the diffusivity will
reach a constant value as well. It should be possible, in principle, to detect the
upper limit of the diffusivity when both sites are available, by running ZLC
experiments at very fast flows. These experiments should reach a value of the
flow by which also the full adsorbent becomes kinetically controlled and hence
the value of diffusivity for the two sites can be assessed. Nevertheless, the
flowrates required would be so high that the limit of detection of the system will
be approached. Therefore, our model aims to describe what can be reliably
said from the experimental data. For a more thorough investigation of the
kinetics of the full adsorbent other experimental data, and possibly another

experimental apparatus, would be required.
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To validate the fitted parameters at 308 K, a second set of data at 288 K 100
kPa and 10%COz2 in He has been used. With the knowledge of the adsorption
isotherm, and the A, B and g4, parameters for the diffusivity, the only fitting

parameter left is the limiting diffusion time constant D,/R;. The results of the

fitting at 288 K can be seen in Figure 4.7.
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Figure 4.7: ZLC desorption of 10% CO: in He at 288 K and 100 kPa on (Na,TEA)-ZSM-
25. Symbols are experimental data at 3 Nml/min (squares), 4.68 Nml/min (circles) and
9.82 Nml/min (diamonds). Solid line is ZLC numerical model (see section 4.2.3.1)

The fitted limiting diffusivity is % = 1.8 x 10~*s~ L. From the two diffusivities at

D

different temperatures an activation energy for diffusion can be estimated to
be 24 kJ/mol. Ideally, at least another temperature should be used for a reliable

estimate of the activation energy.

The results presented so far tend to confirm that the inflection in the isotherm
and the unusual kinetic behaviour are not directly correlated between them
and strongly dependent on the cations movement between the cages. It is
interesting to note that ZSM-25 zeolite fully exchanged with other ions, i.e. Li*
and K*, does not present inflection in the isotherm. Min et al.'’® presented
similar results, with the conclusion that the only ions presenting an inflection in
the isotherm are Na* and Cs™. This leads to the conclusion that the inflection
in the isotherm and the unusual kinetics is caused by a delicate balance

between ion exchanged zeolites and size of the ion.
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4.3 Thermal frequency response

This second part of the chapter deals with the study of air separation with
LILSX using TFR technique. LiLSX is one of the most commonly used
adsorbents for the on-site production of oxygen'84221.222" which is crucial to
many applications, e.g. cutting operations for the metal industry, mining

industry, wastewater treatment.

Commercial vacuum swing adsorption (VSA) processes are employed to
produce oxygen with a purity higher than 95% from an air feed???. The
separation is driven by the preferential adsorption of nitrogen over oxygen. The
Li ions have high affinity to the strong quadrupole moment of the nitrogen,

which leads to higher nitrogen adsorption, yielding high N2/O2 selectivity.

VSA separation of N2 from air is equilibrium driven, but accurate mass transfer
kinetics data remain crucial for the design of the separation unit. Although the
air separation on LiLSX is driven by the thermodynamic selectivity of the
adsorbent towards nitrogen, the design of fast cycle separation units will be
affected by the kinetics of the system, e.g. the design of a medical oxygen

concentrator??!, as well.

Numerous studies have investigated the thermodynamics of nitrogen and
oxygen on LiLSX185223-225 byt few analyse the kinetics of this system. Biilow
and Shen??%227 gnalysed the kinetics of nitrogen, oxygen and argon on beads
of LIiLSX containing rare earth metals. Blilow and Shen concluded that the
system is macropore diffusion controlled, and provided further information on
the activation energies for the diffusivity. Wu et al.??® analysed breakthrough
experiments of pure nitrogen and oxygen on pelletised LILSX with the use of
an isothermal-isobaric model. They concluded that nitrogen mass transfer is
mainly controlled by skin resistance at the surface of the pellet. In addition,
Todd and Webley?2%230 carried out experimental studies of N2 on pelletised
LILSX. Todd and Webley??®23° made use of two techniques, volumetric and
breakthrough experiments, analysing the results with the dusty gas model,
assuming macropore diffusion control. Todd and Webley???2% reported two
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different values of tortuosity for each transport mechanism, namely Knudsen
diffusion, 3.7, and viscous flow, 5.122°, Volumetric experiments have also been
carried out by Brandani et al.’® for the N2-LiLSX system. Brandani et al.'8
assumed macropore diffusion control, and derived a tortuosity of 3.13. Ju et
al.?3! also made use of a volumetric system to characterise equilibrium and
kinetics of several gases on pelletised LiLSX. By changing the size of the pellet
Ju et al.®*" proved the system to be macropore diffusion controlled, in contrast
to the findings of Wu et al.??8, that reported skin resistance. Similarities
between the works cited are the fast kinetics of nitrogen in LILSX and the

significant heat effects.

Heat effects are considered in the models of Ju et al.?*' and Todd and
Webley??%230, while Brandani et al.’® assume an isothermal case. This
assumption is justified by Brandani et al.’® as the sample is mixed with
stainless steel beads to avoid temperature changes during the experiment.
Moreover, Brandani et al.'® verified this assumption by carrying out
experiments with different masses of adsorbent, which is a check sometimes

neglected by other studies that assume isothermal conditions.

Since the diffusion of N2 in LILSX is a fast diffusing system, the analysis of
kinetic data from commercial volumetric/gravimetric systems might lead to
inaccuracies. Commercial systems are designed for equilibrium
measurements and can be used only to study slow diffusing systems for which
their acquisition rate and valve dynamics are not the controlling mechanism.
Chromatographic experiments might be employed to study nitrogen diffusion
in LILSX. However, given the relatively high heat of adsorption, heat effects

will have to be included in the analysis.

TFR represents a valuable and flexible technique to study fast diffusive
systems like nitrogen on LIiLSX. TFR systems allow the measurement of
kinetics as well as heat transfer characteristics, given their different time

constants.
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In the following, the dual piston pressure swing adsorption (DP-PSA)
system?32-234 is presented, and its use for TFR measurements is discussed.
The DP-PSA was originally designed to assess the performance of an
adsorbent under realistic process conditions of rapid cycling and flow reversal
for a variety of experimental conditions. Here the DP-PSA is used for the first
time as a frequency response apparatus for the characterisation of very fast
mass and heat transfer parameters. Moreover, newly derived models for single
and multicomponent experiment analysis are presented in the limit of
macropore diffusion control. Main aim of this work is to study the air separation
on commercial LILSX beads in ranges of pressure and temperature relevant
to industrial applications. This choice aims at proving that TFR can be used as
a characterisation technique at conditions where commercial systems
(volumetric and gravimetric ones) might struggle to provide meaningful data.
Indeed, for time constants up to few seconds, volumetric and gravimetric
system will not provide reliable data to be analysed. Indeed, the blank
response time constant of this system is usually in the same order of
magnitude, which would pose a serious obstacle to the decoupling of blank

and system responses.

The experimental part of this work has been performed in collaboration with
Dr.Olkis and the MSc student Miss.Holtermann.

4.3.1 The Dual Piston Pressure Swing Adsorption (DP-PSA)
apparatus

The DP-PSA consists of a column connected to two pistons which can
cyclically move at frequencies up to 2 Hz. A picture of the system is reported

in Figure 4.8.
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Figure 4.8: The DP-PSA apparatus: 1) Column, 2) Pist, 3) Gas dosin cylinder, 4)
Oven, 5) Pressure display, 6) acquisition and control system.

The schematic diagram of the system is reported in Figure 4.9. A detailed
description of the system can be found in the work of Dang et al.?*2. In the
following, an overview of the system is presented. The main change to the
experimental set-up compared to the work of Dang et al.?%? is the use of thinner
thermocouples, with a much shorter delay time constant, and use of vacuum
coupling radiation (VCR) fittings for an effective vacuum seal of the column.

The details are provided below.

The apparatus consists of two main parts: a dosing side and the column side.
The two sides are connected by valve V8. During the dosing of the gas in the
adsorption column (AC in Figure 4.9) V8 is open. During the experiments V8

is closed, such that the column side acts as a closed system.

The pistons, the column, and the dosing cylinders are mounted in a Sanyo
MOV-112 oven, which can reach 533 K, to ensure that the parts of the system

are all at the same temperature.
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Figure 4.9: Schematic diagram of the DP-PSA apparatus.

4.3.1.1 The dosing system

The dosing system consists of drying columns (DC in Figure 4.9) connected to
main gas lines of N2, CO2, and He (F in Figure 4.9). An additional line is
connected to a cylinder of dry air. The DCs are connected via valve V3 to 4
dosing cylinders of 1 L each, where mixtures can be prepared prior to
experiments. For single component experiments, the gas is directly fed from
the DCs to the adsorbing column via valve V1-V3-V8, closing the dosing
cylinders with their respective valves (from V4 to V7). A vacuum pump is
connected to the dosing system via valve V2 in order to evacuate the system
both during experiments and during regeneration of the system. To measure

the amount of gas dosed into the column side, a Druck PDCR 5010 pressure
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transducer is mounted (P3 in Figure 4.9) with a working range of 0-350 kPa

and accuracy of 0.35 kPa.

4.3.1.2 The piston assembly

The AC is directly connected to the pistons (P1 and P2 in Figure 4.9) which
are moved by motors through a linear motion gearbox (Bosch Rexroth AG,
R156030000). The motors are controlled through a compact RIO 9022 real-
time computer from National Instrument (RT in Figure 4.9) connected to
ACSM1 drives from ABB (D in Figure 4.9). Their movement is independent,
hence, the two pistons can be moved both in- and out-of-phase. The ABB
drives are interfaced with a LabVIEW code with which the user can set up the
cycle time, the starting and ending position of the pistons, the starting phase
angle of the pistons and the total experiment time. The sealing of the pistons
is designed such that the working pressure can span from 0.1 kPa up to 2000
kPa, and up to 533 K.

4.3.1.3 The adsorption column

The AC is placed between the pistons. The AC’s dimensions can be tuned to
accommodate different sample masses, or to generate the desired
compression ratio during experiments. Pictures of the column used in this work

can be seen in Figure 4.10, where also the dimensions are reported.

The AC column used in this work consists of VCR fittings with copper seals
(Swagelok, UK) and inside it is equipped with four 0.25 mm type K
thermocouples (TC, UK). The thermocouples are inserted in 1/16 in. pipes
welded at the base of the column, and an epoxy resin is used to achieve a
complete seal at the bottom of the AC. On top of each thermocouple an
adsorbent bead is mounted. Hence, the thermocouple will read the
temperature at which the solid is at each time. Only the thermocouple T1 (see
Figure 4.10) is left without adsorbent bead to monitor the temperature of the
column. The absolute pressure is monitored with a Druck PDCR 4701
pressure transducer (Pl in Figure 4.9), with a working range of 0-350 kPa and

accuracy of 0.1 kPa. A Druck PDCR 4701 differential pressure transducer is
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also connected to the column (Pl in Figure 4.9) with a working range between
-50 kPa to 50 kPa and a precision of 0.02 kPa.

The pressure transducers and the thermocouples are connected to the
Compact RIO 9022 which records the data. The piston position is also

monitored during the experiments.
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Figure 4.10: a) Assembled column from commercial VCR fittings, b) Thermocouple

support for the adsorbent beads, c) Schematic diagram of the column and the pistons

4.3.2 Experimental procedure

The adsorbent used is a commercial type of LIiLSX beads (Zeochem), with a
binder content between 10% and 18%. The 3 beads chosen to be mounted on
the thermocouples had an average diameter of 1 mm, measured with a Spi 15-
997-0 digital calliper, with a resolution of 0.01 mm and an accuracy of 0.02
mm. The characterisation of the adsorbent is presented in Brandani et al.'®*
which used mercury porosimetry to derive the pore size distribution, the solid
density, average pore radius and pellet porosity. A summary of their results

will be presented in section 4.3.4.

To characterise the equilibrium properties of nitrogen on LiLSX, four
equilibrium isotherms at 258 K, 278 K, 293 K, and 303 K have been measured
using a Quantachrome Autosorb iQ-2™. The equilibrium isotherms are
needed in order to regress the equilibrium parameters that will be used in the
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mathematical model later presented in section 4.3.3 to fit the TFR experiments.
Prior to the equilibrium measurements, the sample is regenerated at 663 K for
10 hours under vacuum. The dry sample mass used during the experiments

was of 91.8 mg.

For the TFR experiments, at the start of each experiment the column is firstly
regenerated. The regeneration procedure consists of constant heating with
heating tape of the adsorption column at 2 K/min from room temperature up to
383 K. Next, the column is left at 383 K for 2 hours. After the 2 hours, the
heating of the column starts again at a heating rate of 2 K/min up to 673 K,
temperature at which is left overnight. Then, the heating tape is turned off and
the column is allowed to cool at the temperature of the experiments. The whole

regeneration procedure is carried out under vacuum.

After regeneration, blank experiments with He (BOC, CP grade, 99.999%
purity) are run in order to assess the blank response of the system and the
eventual time-lag introduced by the thermocouples inserted in the beads of
solid. Next, single component experiments with nitrogen (BOC, 99.998%
purity) are run at different conditions to measure mass and heat transfer
properties. Finally, experiments with dry air (BOC, Industrial Grade, 21%+0.5%
oxygen, balance nitrogen) are run to assess the separation performance of the

adsorbent. The experimental conditions analysed are given in Table 4.2.

Table 4.2: Experimental conditions for blank, single and multicomponent experiments

Unit He N2 Air

Cycle time [s] 1-15 1-64 1-64
Temperature [K] 303, 328 303, 328 300
Pressure [kPa] | 25, 50, 100 50, 75, 100 90
Stroke amplitude | [mm] 10 12, 3,44, +5 15

For blank and nitrogen experiments, only one piston is moved with the second

remaining static. For the binary both pistons were allowed to move in-phase.
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It will be shown in the following that both approaches are suitable for TFR
experiments with the DP-PSA. The average volume for blank and nitrogen
experiments is V, = 1.05 x 10~* m3, while for the air experiments the average
volume is reduced to V, = 8.4 x 10~°m3, in order to increase the temperature

swing.

Each experiment is run until cyclic steady state (CSS) is achieved. Hence, the
total time of each experiment is adjusted with the LabVIEW interface. Once
each experiment is over, the raw data are visually checked to make sure the

CSS is clearly visible, and the next experiment is run.

The raw data from each experiment are processed using fast Fourier transform
(FFT) to extract amplitude and phase lag of the signal, as shown in Figure

4.11.
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Figure 4.11: FFT analysis used to extract amplitude and phase lag. The top left plot
shows the raw data from thermocouple 4 from which the CSS is identified with the
blue dashed-lined box. The top right plot shows the FFT analysis carried out on the
CSS raw data, and the bottom plot presents the fitting from FFT. The data plotted refer
to He experiment at 303 K, 100 kPa and cycle time of 3s.
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Firstly, the CSS is identified, so that the raw data can be cut and analysed.
The fft function of MATLAB is used to produce the top right plot in Figure 4.11
from which the amplitude and phase lag at the fixed frequency of the
experiment can be extracted. Finally, the amplitude and phase lag from the
FFT analysis are used to plot the predicted temperature against the raw data

to make sure the fit is correct.

For the temperature, the thermocouple T4 always showed the highest
amplitude for all the experiments. This can be explained by the complete
isolation of the adsorbent on thermocouple T4 from the 1/16” metal guides
where the thermocouples are inserted (see Figure 4.10(b)). Hence, the

temperature from T4 is chosen as signal to analyse for all the experiments.

4.3.3 Model for single component system
The model for the single component TFR experiments consists of mass and
energy balances on both the volume chamber and the solid. The assumptions

are:
e The gasisideal;

¢ Diffusion in the solid is macropore controlled;

e Conduction in the solid is sufficiently fast to assume a uniform
temperature distribution inside the adsorbent;

e The temperature of the wall of the column is constant at T;

e The specific internal energy change of the gas in the macropores is
negligible;

e The change of the specific internal energy of the adsorbed phase is
embodied in an effective thermal capacity of the solid;

e The thermocouple delay response is considered and assumed
independent of the gas;

e The pressure drops in the system are neglected;

The overall mass balance can be written as sum of the moles in the volume

chamber, the moles adsorbed, and the moles of gas in the macropores:
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dc dv, dc, dq
g
Voo + o, + Voo, 2+ v(1- ep)ps 7 =0 4.12
where ¢, is the concentration of the gas in the column, ¢, the average
concentration in the macropores, g the average adsorbed concentration, V,
the volume of the column, ¢, the average concentration of gas in the column,
V; the total volume of the solid, V, the column volume, €, the porosity of the

adsorbent bead and p, the density of the solid including the micropores.

The mass balance on the adsorbent is:

6
dc dq +Dpa [  ac

P 9 (2% 413
e t(1- )P g ot 12 or (r 6r>

T'Z

where c, is the gas concentration in the macropores, g the amount adsorbed,
D, is the macropores diffusivity, 7 the tortuosity, and r the radial coordinate in
the bead. The initial condition for c,, and g is equal to their average value at a

given pressure and temperature, c, and g, respectively.
The boundary conditions for eq.(4.13) are:

%
or

r=0

414

(& =Cy

p|T=Rp

where R, is the radius of the bead. The average gas phase concentration in

the macropores can be calculated from eq.(4.15).

Cp = —j; cpridr 4.15

g=—| gqr2dr 4.16
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where the amount adsorbed at each point in the adsorbent can be calculated

from a dual site Langmuir isotherm of the form:

417

1= TR TR
1+ qg1 bige R9\T Tref/P 1+ qg, byge R9\T Tref/p

Where q,; and g, are the saturation capacities, b, and b,, the pre-

exponential factors, AH; and AH, is the heats of adsorption and T,., the

reference temperature.

While eq.(4.17) is used to fit the isotherm data for nitrogen adsorption on
LiLSX, a linearised form of the isotherm can be used to analytically solve the

model for the TFR experiments. The linear isotherm can be written as:
(9 —qo) = K. (cp — o) + Kr(Ts — Tp) 4.18

where T, the temperature of the solid, T, the average temperature of the

system, and K, and K; are the derivative of the isotherm with respect to

. . P,
concentration and temperature at given ¢, = ﬁ and T,.
glo

The values of the derivatives can be written as:

KC = KPRgTO

4.19
_ AHgp)

T — 2 Coli¢
R,T§

where K, is the derivative of the isotherm with respect to the pressure. The

heat of adsorption at a given temperature and pressure is calculated by
eq.(4.20).

2 2
AH1Qs1b1(T)(1 + bZ(T)P) + AI'Izqszbz(r)(l + bl(T)P)

_ - 4.20
CIs1b1(T)(1 + bZ(T)P) + qSZbZ(T)(l + bl(T)P)

AH(T’p) =
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_ﬂ<1_ 1 > Aﬂ(i_;)
where byry = byge "9 \" Tref) and byry = bye "9 \" Tref/ In what follows

AH = AH(TOJPO)'

For the energy balance on the column, we need to account for the internal

energy accumulation in the gas phase, U,, the heat exchange between gas

and walls, gas and solid, and the work of compression, as shown in eq.(4.21):

du av,
g g
- + P, s + hysAs(Ty — Ts) + hy Ay (T, — Tp) = 0 4.21

where P, is the average pressure in the column, hy the heat transfer
coefficient between adsorbent and gas in the column, A, the surface area of
the solid, T, the temperature of the gas in the column, h, the heat transfer

coefficient between gas in the column and wall, and 4,, the surface area of the

wall.

The internal energy can be written as:

dUg dug dng darT, drT,

— ~ g g
@ " Moq TYoge < VeCotva gy ™ Vocotvs gy 422

where u, is the specific molar internal energy of the gas in the column, n, the
moles of gas in the column and ¢y, the heat capacity of the gas at constant
volume. From eq.(4.22) the term ug‘%“’ has been neglected since its
contribution is small compared to ng‘%g. Including eq.(4.22) in the energy

balance in eq.(4.21), the simplified energy balance in eq.(4.23) can be
obtained.

dT, dv,
VoCoCryg d—f + P, d—f + hysAs(Ty = Ts) + hyAy (T, = To) = 0 4.23

For the adsorbent, the energy balance has to take into account the
accumulation of internal energy of the solid, U, the heat exchange with the

gas in the column, and the enthalpic flux coming from the gas in the column:
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au dn
S+ h,—2

at 97 qr hgsAs(Tg —T) =0 4.24

where h, is the specific molar enthalpy of the gas in the column. The term %

can be written as:

dUs T, u dn, iy dn,
dr sy TlUsg T Ty
= dTs 4.25
= msCps——+ (hsg — R,T. ) 2+ (hsy + AH) — :
dT n n
=~ msCs dt + (hsg R To) + (hsg + AH) -

where m; is the mass of the solid, ¢, the heat capacity of the solid, ug, the
specific molar internal energy of the gas in the macropores, u, the specific
molar internal energy of the adsorbed phase, and hg, the specific molar
enthalpy of the gas in the macropores, 7, the average moles of gas in the

macropores and n, the average moles adsorbed.

Combining eq.(4.12),(4.24) and (4.25):

dTs dq de
MyCps——+ AHV,(1 — 6”)”5% — hysAs(T, — Ts) — RyToVie, d—tp =0 4.6

dt

where it has been assumed that hg, ~ h, given that the temperature

fluctuations are very small during TFR experiments.

The initial condition for the mass and energy variables assume that each
variable X is at equilibrium with the initial pressure P, and temperature T,
hence X = X,,.

The linearised set of equations (LSE), eq.(4.12-4.16,4.18,4.23,4.26), can be

rewritten in terms of dimensionless deviation variables. A dimensionless

deviation variable can be defined as AX = XX
0

where X is an arbitrary variable.

The initial condition for each dimensionless deviation variable will be AX(;—q) =

0. The dimensionless LSE is:
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ddc,  dAg ddc, day,

= 4.27
(Sldt+2dt+dt+dt 0

. d4Ac, N (1—€,)ps qo 0Aq _ 15! 9 (,,04c 4.8
T Co ot~ &2 9E\’ 9¢ '
dAc
T3 ™ 0 ;Achc:l = Ac, 4.29
1
A6, = 3] Ac,£2dE 4.30
0
1
Ag = 3[ Aqé?dE 4.31
0
Aq = ycAcy, — yrAT; 4.32
dAT, R, dAV,
g , Rg adlg
— AT, — AT, AT, = .
o +ch - + apBs(AT, s) + awAT,; =0 4.33
dAT. dAG R, Toe, dAG
— 4 Ban— = Bs(4Ty = AT;) — g2p LA 4.34

dt (1 —€p)pscps dt

where ¢ =r/R,. The dimensionless parameters appearing in the

dimensionless LSE are reported in eq.(4.35), which are fixed by the system,:

Vsep. Vs(l_ep)pSQO_ Kcco, KTy,
S1=— 0 =——————Yc=—Vr=—")
VO V(]CO do do
4.35

_ Ps(l_fp)cp,s_ ﬁ __AHqy .
VococCryg » PAH Cp,sTo ’

a

and the parameters in eq.(4.36) are the ones which are fitted to the

experimental data.

hww . Rp . hgsas
Ay = ’TDZE_pDMBS: 436
T p

CoCvg ps(1—€p)cps

The set of equations eq.(4.27-4.34) is transposed in the Laplace domain,
where each equation is then divided by AV to obtain a new set of equations

where the variables are the transfer functions with respect to the volume
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perturbation. The transfer function is defined as G,y = i_);’ where the tilde

indicates the variables in the Laplace domain. Hence, the new set of equations

is:
81Gaz; + 02Gag + Gacy, = —1 4.37
(1—€,)ps90 1 0 0Gy,
G P56, = ——| €2 £ 4.38
EpS Acp + R S Aq EZ af af
0Gacy -0 - _
af £=0 0 ’ GAcp - GAcg 439
1
GAE = 3] GAcpfzdf 440
0
1
GAq = 3f GAqEZdE 441
0
Gag = YcGac, = Yrlar, 4.42
Rg
(S + ay + aﬁs)GATg - aﬁSGATS = _;S 443
g
RyTye€,

_ﬁSGATg + (S + ﬁS)GATS - SGAE + SﬁAHGAq = 0 444

(1 - ep)pscp,s
The variable s is the Laplace variable, which is equal to s = 2miw at CSS, with
w being the frequency of the experiment. The mass balance in eq.(4.38),
together with its boundary conditions in €q.(4.39) can be analytically solved.

The solution is:

] ) 1sinh(\/x¢) 6 4.45

Gp. = (G -G |z~ 2
acp = \acg Ty AT JE Sinh (V) x4
where 9 = (1 — Ep)SPs Z_ZVTTD and y = (eps + (1 — Ep)SPs Z_ZVC) Tp-

The average gas phase concentration in eq.(4.40) can be now computed:
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Gr— =
Acp

0( cosh(\/x) 1 1)

0 11 ( cosh(\/x) 1
X

—\/7 SIh(VT) - )—() Gac, 446

Vxsinh(\[y) 3

and also the average adsorbed amount can now be written as:
Gaq = YcGac, + Vrlar, 4.47

the linear set of €q.(4.37),(4.43-4.47) can be finally solved numerically. In this
work, the function midivide of MATLAB has been used to solve the linear set
of eq.(4.37),(4.43-4.47) at each pressure, temperature, and frequency. Since
the thermocouple response is the experimental signal that has to be analysed,
the transfer function of the thermocouple signal with respect to the volume
perturbation has to be computed from the solution in MATLAB. This can be

done using eq.(4.48):

Gar,

TS’Z’TC = ReTC + iImTC 448

Garc =
where 11 is the time constant of the thermocouple. From G,r¢ the amplitude
ratio and phase lag of the thermocouple signal with respect to the volume
perturbation can be calculated as AR = |Gar | and ¢ = atan2(Imy¢/Rerc).
The in- and out-of-phase values are then derived from amplitude ratio and
phase lag as 6;, = |Gr¢|cos (¢) and 8,,: = |Gr¢|sin (¢). In the following, the
property of amplitude ratio, phase lag and in- and out-of-phase functions will
refer to the thermocouple 4 signal since it is the targeted signal from

experiments.

4.3.4 Results of structural characterisation and N2 isotherms
on LiLSX

The results from the mercury porosimetry analysis from Brandani et al.'8* are

summarised in Table 4.3.
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Table 4.3: Mercury porosimetry analysis from Brandani et al."3

Parameter Unit Value
€p [—] 0.362
Ps [kg/m®] | 1537
Tpore [m] 6.5x1078

The results from the nitrogen adsorption isotherms at 258 K, 278 K, 293 K and
303 K are reported in Figure 4.12. The data have been fitted using eq.(4.17)
using the “fitting procedure 3” discussed in Farmahini et al.’3. The reference
temperature T,.r = 258.15 K.

q [mol/kg]

20 40 60 80 100
Pressure [kPa]

Figure 4.12: Nitrogen isotherms at 258 K (squares), 278 K (circles), 293 K (diamonds),
and 303 K (triangles) on LiLSX. Solid line is eq.(4.17) with the parameters in Table 4.4.

The fitted parameters are reported in Table 4.4.
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Table 4.4: Dual site Langmuir isotherm parameters for nitrogen adsorption on LiLSX

Parameter Unit N2

qs1 [mol/kg] 1.698
s2 [mol/kg] 1.208
b1o [1/Pa] 7.213e—6
by [1/Pa] 5.012e-5
AH, [J/mol] -21570
AH, [J/mol] -28060
Trer [K] 258

4.3.5 Results from blank experiments with He
The parameters fixed by the system for the He TFR experiments are reported

in Table 4.5.

Table 4.5: Parameters of the experimental system for blank and nitrogen experiments.

Parameter Unit Value
R, [m] 5x107
v, [m3] 4mR; /3
A [m?] 4mR}
as [1/m] 3/Ryp
Cp,s [J/kg/K] 1000
Vo [m?] 1.05x10~
Ay [m?] 0.022
a,, [1/m] Ay /Vo
Co [mol/m?3] Py/(RT),)
Crg [J/mol/K] | NIST webbook?3®

141



Kinetics in porous solids

The He experiments aim at assessing the time constant of the thermocouple,
Trc, such that it can be fixed while fitting the heat and mass transfer
parameters during nitrogen experiments. Indeed, it is reasonable to assume
that the time response of the thermocouple will be independent from the gas

chosen.

The assumptions used to fit the He is of a non-adsorbing gas with very fast
diffusion. These assumptions reduce the dimensionless parameters
&2, Ve, Y1) Bapg @nd tp to infinitesimal small values. A first estimate of the heat
transfer coefficient of the solid can be made using the Nusselt number, Nu =
2hysRy, /K. Where Ky, is the thermal conductivity of the He. For a sphere in a
stagnant fluid Nu — 2. From this limit, the heat transfer coefficient of the solid

can be estimated to be hys = 300 W /(m?K), using a value of kyel101kpa303 k =

0.15 W/(mK).

Once a first estimate of h,, is given, the remaining parameters to fit are
thermocouple time constant and the heat transfer between the gas in the

column and the column’s walls.

The single component model is fitted to the amplitude ratio for each set of data.

The results are show in Figure 4.13.
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Figure 4.13: Amplitude ratio for He experiments at 303 K (left) and 328 K (right).
Squares refer to 100 kPa, circles to 50 kPa and diamonds to 25 kPa. The solid line is
the fitted single component model.

The fitting parameters used are reported in Table 4.6.
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Table 4.6: Fitted parameters for He blank experiments.

P T 1 hgs hy,
[kPa] [K] [s] [w/m?/K] [W/m?/K]

100 | 303 | 0.6 385 203
50 | 303 | 0.6 367 173
25 | 303 | 0.6 317 137
100 | 328 | 0.6 412 204
50 | 328 | 0.6 370 180
25 | 328 | 0.6 342 140

As it can be noted from the fitted values of hys from Table 4.6, the initial
estimate from the Nusselt number of hys = 300 W /(m?K) is a reliable initial
estimate. Hence, the same procedure of estimating initially h,; from the

Nusselt number can also be used for the nitrogen experiments. The heat
transfer coefficient decreases with pressure given that the convective
contribution to heat transfer decreases as well. By contrast, an increase in
temperature causes an increase in the heat transfer coefficient. It should be
noted that all the He experiments have been fitted using only one
thermocouple time constant, as previously discussed. The effect of the
thermocouple time constant can be seen in Figure 4.14 where the
experimental data and the model are plotted together fixing ;- = 0. As it can
be noted from Figure 4.14, the experimental data between 0.2 Hz and 1 Hz
tend to decrease. However, this behaviour can be attributed to the system
approaching the time constant of the thermocouple. Indeed, if 7, is set to 0O,
the model cannot match the experiments under any set of chosen heat transfer

parameters.
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Figure 4.14: He experiments at 303 K, and 100 kPa (squares), 50 kPa (circles) and 25
kPa (diamonds). The solid line is the single component model where h,, and h,, are
taken from Table 4.6 and t;; = 0.

4.3.6 Results from nitrogen on LiLSX
Before running TFR experiments with nitrogen, the system is tested under
different stroke length displacements to check for linearity. The results are

presented in Figure 4.15.
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Figure 4.15: Amplitude ratio (left) and phase lag (right) at 303 K and 100 kPa for
different stroke length displacement: ¥2 mm (squares), +3 mm (circles), ¥4 mm
(diamonds), and 5 mm (triangles).

Both amplitude ratio and phase lag exhibit the same behaviour under different
stroke displacements. This indicates that the linearity is confirmed under the
conditions analysed. In the following, the highest stroke displacement will be

used in order to produce the highest temperature swing in the solid’s
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temperature, so that the signal to noise ratio of the raw data is of the best

quality.

Once the check for linearity is carried out, the nitrogen TFR experiments follow.
The relevant mass and heat transfer properties are the diffusion time constant
7p, the heat transfer gas to solid h,; and the heat transfer gas to column walls
h,,. The heat transfer parameter of the solid can be estimated from the Nusselt
number, as done for He. Similar considerations to what presented for He lead
to an initial estimate of the solid heat transfer of h,; ~ 50 W /(m?K). The heat
transfer parameter h,, and the diffusion time constant are left as free fitting
parameter. Finally, the time constant of the thermocouple is kept constant at
0.6 s. The amplitude ratio of the nitrogen experiments together with the fitted

single component model are reported in Figure 4.16.
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Figure 4.16: Amplitude ratio for nitrogen experiments. Squares are experimental data
and sold line is the fitted model.

The fitted parameters are reported in Table 4.7.
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Table 4.7: Heat and mass transfer parameters extracted from nitrogen experiments.

Run P T Tp Tpeff hgs hw
[kPa] [K]  [s] [s] [W/m?/K] [W/m? /K]

1 100 |303|0.1485| 1.53 60.0 19

2 75 | 303|0.1393| 1.90 56.0 15.1
3 50 |303|0.1467 | 2.44 42.6 8.5
4 100 |328|0.1253 | 1.19 69.1 46.9
5 75 | 328 |0.1333| 1.39 60.4 32.3
6 50 |328|0.1368 | 1.66 51.9 30.6

In Table 4.7 also the effective diffusion time constant is included. This is the
actual diffusion time constant of the system, which considers also the effect of
adsorption on diffusion. It is defined as:

RZ
P 4.49

Tperr = Tolép + (1 — €p)psKc] = D
eff

As it can be noted from the value of 7, ¢, the diffusion of nitrogen in LiLSX is

fast at the conditions analysed. This time constant would be difficult to detect

with commercial systems where the effective time constant would be of the

same order of the system’s time response and data acquisition.

Once the amplitude ratio is fitted, the in- and out-of-phase functions can be
derived. The predicted in- and out-of-phase diagrams from the model, together

with the experimental data, are shown in Figure 4.17.
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Figure 4.17: In- and out-of-phase functions for nitrogen experiments. Squares are
experimental in-phase, diamonds are experimental out-of-phase, sold line is the
model in-phase, and dashed line the model out-of-phase.
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It can be noted from Figure 4.17 that the match of the low range of frequencies
is very well captured from the model. The parameter that can modulate the in-
and out-of-phase function in that region is the heat transfer coefficient between
gas and column walls. The heat transfer coefficient between gas and solid
influences the magnitude of the peak for the in-phase function (and of the
amplitude ratio). The right branch of both amplitude ratio and in- and out-of-
phase functions is controlled by the diffusion of nitrogen in the solid. The
reason why the amplitude ratio (Figure 4.16) can be effectively matched from
the model while the in- and out-of-phase functions show only a qualitative
agreement has to be attributed to the mismatch of the phase lag. While the
FFT analysis can accurately capture the amplitude of the temperature signal
at the fast frequencies, the phase lag is somewhat difficult to detect accurately,

as it can be noted from Figure 4.18.
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Figure 4.18: FFT analysis for nitrogen experiment at 303 K, 100 kPa and 1.05 Hz.

Compared to the FFT analysis presented in Figure 4.11, the amplitude
spectrum in Figure 4.18 presents a clear peak at the frequency of the
experiment, while also other peaks can be now noted at the noise frequencies.
By contrast, the phase lag in Figure 4.18 has a less clear trend compared to
the phase lag in Figure 4.11. The fitted raw data with amplitude and phase lag

from the FFT analysis in Figure 4.18 can be seen in Figure 4.19. It is evident
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that also visually it would be difficult to match a phase lag to the raw data. The
amplitude might look higher if one had to fit the data manually. However, the
amplitude detected by the FFT removes the background noise, acting as a sort

of filter. Hence, the FFT can be trusted more than a manual fit.

%1073

0 2 4 6 8 10
Time [s]
Figure 4.19: Signal of thermocouple 4 for nitrogen experiment at 303 K, 100 kPa and
1.05 Hz. Black line is the experimental signal, red line is the extracted sinusoidal
function from FFT analysis in Figure 4.18.

Despite the only qualitative agreement between model and experimental data
for the in- and out-of-phase functions, this way of plotting the experimental data
can still provide useful information on the system under analysis. The crossing
of the in-phase function at the maximum of the out-of-phase one indicates a
surface barrier mechanism for the heat transfer, as assumed in the model. The
minimum shown by the out-of-phase function happens at the effective diffusion
time constant of the system. Hence, a preliminary plot of this functions prior to
the fitting of the data can help in the initial estimate of the fitting parameters. It
should be noted that the model, despite the quantitative difference, correctly
reproduces the minimum of the out-of-phase function at the same frequencies
shown by the experimental data at the different conditions (see Figure 4.17).
The sensitivity of both amplitude ratio and in- and out-of-phase functions upon

the diffusion time constant is presented in Figure 4.20.
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Figure 4.20: Effect of variation of the diffusion time constant for nitrogen at 303 K and

75 kPa for amplitude ratio (top) and in- and out-of-phase functions (bottom). Solid line
is the fitted time constant t;, dashed line is 1.25t,,, and dotted line is 0.75t),.

The discrimination between the correct diffusion time constant and the higher
or lower value is clearly visible. As pointed out before, the left branch of both
plots is not affected by the diffusion mechanism since it is fully governed by
heat transfer. By contrast, the right side of both plots is clearly the region where

the diffusion dominates. The plot of the in- and out-of-phase functions (Figure
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4.20 (bottom)) shows how the frequency at which the minimum of the out-of-
phase function changes when the diffusion time constant is changed. Despite
the quantitative disagreement, the diffusion time constant can still be reliably
estimated if the amplitude ratio is correctly matched, and then the out-of-phase

function minimum is checked to be at the same frequency of the experiments.

4.3.6.1 Estimation of tortuosity
From the expression of the diffusion time constant, the tortuosity can be

calculated from eq.(4.50).

T=-"Lq, 4.50

The values of the regressed tortuosity for each run of experiments are shown

in Figure 4.21.
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Figure 4.21: Fitted tortuosity to each experimental run. Circles are fitted tortuosity,
solid black line is average value, red line is the value derived from Brandani et al."?,
and the grey band is 10% uncertainty from the average value of this work.

The average value from this work is T = 3.3 + 5%. The average value is in
good agreement with what derived by Brandani et al.'® of 3.13 from volumetric
experiments at 258 K. Since the measurements using TFR were carried out
using a single bead, and given the slight difference of binder content and

arrangement between beads, the tortuosity here derived and the one reported
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by Brandani et al.'® can effectively be seen as the same result. It should be
noted that Brandani et al.'® carried out experiments at 258 K to slow the
diffusivity and manage to detect kinetics with a commercial volumetric system
(Quantachrome Autosorb-iQ2™). The rate of data acquisition of this
instrument is comparable to the diffusion time constants derived in this work at
room temperature. Hence, Brandani et al.' lowered the temperature so that
the rate of data acquisition would allow a clear signal to be analysed. Instead,
TFR experiments allowed the estimation of a similar tortuosity at process
conditions. The pore diffusivity for a single component experiment can be

calculated as sum of a Knudsen and viscous contribution, as in eq.(4.51).
Dp = DK + Dvis 451

The Knudsen diffusivity, as shown in chapter 1, can be calculated as:

o _9 (2 8R,T 450
K= 13|37 [iMwy, '

The equation of the Dy already considers the Derjaguin’s correction factor
introduced by Levitz'%%, equal to 9/13. The viscous term can be written as in
eq.(4.53).

2
_ Prpore

Dus =g 4.53

The single contributions of Knudsen and viscous flow are reported in Table
4.8.
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Table 4.8:Values of viscous flow and Knudsen contribution for the different
experimental conditions.

Pressure [kPa] Viscous flow [m?/s] Knudsen diffusion [m?/s]

303 K 328 K
50 1.47E-6
75 2.20E-6 1.44E-5 1.50E-5
100 2.93E-6

Assuming that the diffusion is an activated process, the effective diffusivity can

be written as:

Defr = D'exp (— g—;) 4.54
where D' is a pre-exponential factor and E, is the activation energy. The
effective diffusivity from this work at 303 K and 328 K at 0.8 kPa are calculated
and used with the value of effective diffusivity of Brandani et al. at 258 K and
0.8 kPa, to estimate the activation energy of this system. The results are shown
in Figure 4.22.
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Figure 4.22: Arrhenius’ plot for nitrogen on LiLSX. Triangles are effective diffusivities
at 303 K and 328 K at 0.8 kPa calculated in this work, square is the value from
Brandani et al.'® at 258 K, and diamonds are values reported by Bulow and Shan®?’.
Solid line is eq.(4.54) with E, = 26 k] /mol.
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The fitted value of activation energy is E, = 26 kJ/mol, which is close to what
Bulow and Shen??” reported for a similar sample of LILSX and nitrogen of E, =
26.38 kJ /mol.

4.3.7 Model for multicomponent system

The main assumptions of the multicomponent model are the same as for the
single component one. The mass transport between species is modelled using
the Dusty-Gas model?%°-2%6:237 The multicomponent model is specialised for a
binary mixture where nitrogen will be denoted as component 1 and oxygen as

component 2.
The overall mass balance for each i-th component is:

dq, de,,  dcy; dv, 4.55
(1= ep)ps—= +Voep— =+ Vo— =t co— > =

The differential mass balance, written in matrix form, is:

oq _[Dy] o <r28&> 4.56

ac
9% (99 _|Dp| 0
P G L v ™ Ui s

where the diffusion matrix [D,] can be derived from the Dusty-Gas

model?38.239_ |ts expression is reported in eq.(4.57).

_ -1 _ [P Diz 457
[D,] = Z1arte) =2 [ ]

The expressions for the matrices [4] and [B] are:

1
B the h |
[4] = ' 1 4.58
I S 7Y
D12 DK,Z D12
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1+ Dvis v, Dvis Vs
_ Dk 1 D 1
Bl=| p b 4.59
vis 1+ vis y
Dz Dz

where y; is the mole fraction of the i-th component in the gas phase, and where
D;, is the molecular diffusivity calculated using the Chapman-Enskog

equation, as shown in eq.(4.60).

2 301 1
_i\/E(RgTO) (—Mw1+—Mw2) 4.60
12716 N,Pc?,0;,

where N,is the Avogadro’s number, 2, is the collision integral and o;, the

average kinetic diameter.
The boundary conditions, in vector of components form, for eq.(4.56) are:

c

Cp(’”:Rp) ~ ‘s
4.61
acp(rzo) .\
or

The linearised isotherm for the multicomponent is of the same form shown for

single component:
(@—qo0) = [Kc] (Cp — ¢o) + [Kr](Ts — To) 4.62
where [K.] and [Ky] can be expressed as:

Ki1 K12] KTI] 463
K. | = IKr] =
[ c] K21 K22 [ T] KTZ

where K;; is the derivative of the isotherm of component i with respect to the

concentration of component j. Combining eq.(4.56) and (4.62):
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dc, dc, 0T, _[Dp) @ ([ ,dc,
—Pi(1- —Pi(1- sl Z (22P) 464
g + (1= e)pslKl 5o+ (1= & )pslKrl 5 = =550 7 5
which can be rearranged as
ac, , 0T, _[D']a [ ,0cp
E+(1_Ep)[KT]E_T'_Za r W 4.65

where [K;'] = ps[K']"*[K7] and [D'] = [K']"[D,], with

4.66

(K] = €p T 1- ep)psKll 1- Ep)psKlz l

1- Ep)psK21 €p t 1- Ep)Pusz

The average quantities in the solid can be calculated as in eq.(4.15) and (4.16)

for each component.

The energy balance on the gas in the chamber is similar to what reported for

the single component model, and it is reported below.

dT, dv,
VoCo,totCrg d_tg + Potot d_f + hysAg (Tg - TS) + hWAW(Tg — TO) =0 4.67

where cq ¢+ and Py, are the total concentration and pressure in the column,

respectively. The energy balance on the solid is:
dT. & da.
q
i=1

it should be noted that in eq.(4.68) the accumulation of energy of the gas phase
in the macropores (see eq.(4.26)) has been omitted since its contribution can

be proved to be negligible compared to the other terms.

4.3.7.1 Solution of the differential mass balance
Upon rearranging eq.(4.65) with the dimensionless variable ¢ = r/R,, and the
deviation variables, the mass balance in the solid in the Laplace domain can

be written as:

157



Kinetics in porous solids

— , 1 o _[D"]0 04'c,
sAcp+(1—%MKTkan::fzggffj%— 4.69

it should be noted that the multicomponent model is written in terms of
deviation variables A'X = X — X,. The matrix [D"] = [D']/R;. The coupled
system of mass balances can be solved with the use of the decoupling
technique presented by Toor?¥?. Making the change of variable 4’c, = [A]¢,
and multiplying eq.(4.69) with [A]~! on both sides:

o _ AITMD"I[A] @ ¢ ,0¢\ [T D (,,0¢
st + (1= )KilsdTs = ——5 5 (5 af> 5t G 6%’) 4.70

where [I] is the diagonal matrix of the eigenvalues of [D”], and [K7] =

[A]7! [K{']. The matrix [I'] and the modal matrix [A] have the form of:

I[ 1 Ay — Délz]l
_[A 0], A= D3
Dy
where the eigenvalues are
g, =Yt Dt V (D”112_ D"3,)? +4D" D"y 472
The boundary conditions can also be rearranged as:
P =" =[A]"'A'c,
4.73
0P¢=0) _
9

The solution for eq.(4.70), together with its boundary conditions, eq.(4.73), is:

b = (¢ g'. >1smh(\/_f) B—IiA"‘T -
l " § smh(\/_-) Xi '
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where 6'; = s/A; and x'; = (1 — €,) K7 ;s/4;.

With the solution of the differential mass balance, the average gas phase in

the solid and the amount adsorbed can be calculated for the i-th component:

1~ 1
e =3 fo I, £2df = 3 jo (b + Ay)) E2dE

_.9 cosh(2)) 1 1)\
X,i X’i Slnh(\/)(_,l) 3 X,i

(2T 1Y,
Jxisinh(fx) X))

o' cosh( /)('j) 1 1

+34;; = ———— | 4T,
. 3 .
X /)('jsinh< /)(’j) X

cosh( )(’j) 1
+ 34y - —|¢;

/)(’j sinh( /)(’j) X

the average amount adsorbed for the i-th component is:

—_— —

A'g, = KiiA’CpT + KijA’Cp'] + KT’iATTS 4.76

4.3.7.2 Linear system of equations
As done for the single component model, a system of equations whose
variables are the transfer function of the mass and heat variables with respect
to the volume perturbation can be written. The system of equations is reported
below.

Co,i

6164% + 6IZGACTL + GAcg,i = _7' 477
0
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o [ cosh(NX7) 1 1
Gaey, = 3;77 T N\ 3 y
i \/)(_l-smh(\/)(_i) Xi

cosh( )(’j> 1 1 ]
—z 7o ||Garr
/)('jsinh( /)(,j> 3 ‘

N 3/17.1( cosh(\/)(_’l.) _i)
A\ sinh(Yx7) X

~

+3Al-jX—,j

-

478
cosh( /X’j> 1
+ 34451 - seys
/)(’,-sinh( f)(’j) J
[ 9 cosh(\/x";) 1
| s ()
/ cosh( /)(’j> 1
+ 34,45 == ||Ga'c,;
I o / X] ’
\/)(jsmh(/)”) J
Garq = [KclGare, = [Kr]Garn, 4.79
Nc
SGurp, + Z ﬂ,AHi SGyrq, — Bs (Ga’rg - GA,TS) =0 4.80
i=1
R, T,
(S + ay + a:BS)GA’Tg - a,BSGA,TS = — v S 4.81
0Cvyg
where §'; =—V5(1;ep)ps and B'ay, = CAHi. The above system of equations is
0 .S

solved in MATLAB, and the transfer function of the thermocouple is calculated
using eq.(4.48). The amplitude ratio is calculated as AR = |Gprr¢|Vy /Ty, Where

Garre 1S @s in eq.(4.48).

160



Kinetics in porous solids

4.3.7.3 Parameters for the air experiments
To fit the multicomponent model to the air experiments several parameters are
needed. However, some of them can be appropriately fixed in order to reduce

the degrees of freedom of the model.

The air mixture used for the experiments is a binary mixture of nitrogen and
oxygen in the ratio of 79/21. The equilibrium of nitrogen on LiLSX has been
already presented. Since at room temperature the nitrogen isotherm can be
approximated to linear, and that the oxygen will exhibit a lower affinity with the

LiLSX, we can reduce the matrix [K ] to:

_ Kc,NZ 0
[Ke] = [ 0 KC,NZ/SNZ/OZ] 4.82

where K, y, is the derivative of the nitrogen isotherm with respect to nitrogen
concentration, and Sy, 0, = K. n,/Kc,0, is the selectivity of LILSX towards the
binary nitrogen-oxygen. The selectivity has been expressed as ratio between
the Henry’s law constants since the shape of the isotherm is almost linear.
Hence, the derivative of the isotherm can be approximated to the Henry’s law
constants of the two gases on LiLSX. In eq.(4.82) K.y, is known from the
isotherm of nitrogen (see section 4.3.4), and the selectivity is left as fitting
parameter. The additional thermodynamic parameter to be considered as
unknown is the heat of adsorption of the oxygen on LiLSX. This parameter has
been fixed at half of the nitrogen, since it provides a reasonable estimate from

similar samples of LiLSX?23.241,

The multicomponent model considers three diffusion mechanisms: Knudsen,
viscous, and molecular diffusion. The three terms are appropriately accounted
in the expression of eq.(4.57-4.60). The tortuosity is not a free parameter but

is now fixed at the value regressed from nitrogen experiments, 7 = 3.3.

The thermocouple time constant has been fixed with blank helium

experiments, and it will be kept constant at ;. = 0.6s.
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The heat transfer parameter gas-to-solid and gas-to-column walls could be left

as fitting parameters. However, given that the binary is mostly composed of

nitrogen and that the conditions of the air experiments are similar to what

investigated for the nitrogen ones (see Table 4.2), the heat transfer parameters

will be kept constant to the ones used for nitrogen at 303 K and 100 kPa.

Therefore, the only parameter left to fit is the selectivity Sy, ,o,. The remaining

constants of the system are reported in Table 4.9.

Table 4.9: Parameters of the experimental system for air experiments.

Parameter Unit Value
R, [m] 5x104
Vi [m3] 4mR; /3
Ay [m?] 4mR}
as [1/m] 3/R,
Cps [J/kg/K] 1000
Vo [m3] 8.4x10°
Ay, [m?] 0.020
a,, [1/m] A,V
Co [mol/m?3] Py/(RT,)
Cyg [J/mol/K] NIST

webbook?3°

4.3.8 Results from air experiments
The results from the fitting of the model to the experiments is shown in Figure

4.23. The selectivity fitted to the data is Sy, 0, =6 £ 1.
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Figure 4.23: Air experiments at 300 K and 90 kPa. Circles are experimental data and
line is the fitted multicomponent model.

The effect of the selectivity on the model can be seen in Figure 4.24. The
selectivity alters the peak of the amplitude ratio. The higher the selectivity, the
lower will be the peak. This can be explained by the fact that a higher selectivity

will leave out oxygen from adsorbing, generating less heat.
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Figure 4.24: Sensitivity of the amplitude ratio with respect to the selectivity. Circles
are experimental data, dashed line is Sy, ,o, = 8, solid line is Sy, o, = 6, and dotted line
iS SNZ/OZ = 4

It should be noted that the sensitivity of the model upon the selectivity is
appreciable. However, the error on fitting the sensitivity is relatively large
compared to its value. Nevertheless, the TFR technique can be used to

preliminarily assess the selectivity of the binary on LILSX.
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It is worth pointing out that independent measurements from AirLiquide
laboratories have shown that the selectivity of this LiLSX is close to 6.1, not far
from what can be estimated from the results presented. In addition, Wu et al.?%3

also report a selectivity of roughly 6.5 in similar conditions.

4.4 Conclusions
This chapter aimed at discussing possible strategies for the kinetic study of

flexible adsorbents and fast diffusing systems.

Flexible materials can be finely tuned to increase the uptake performance of
adsorbents towards certain adsorbates. The interest of the scientific
community is mainly devoted to MOF materials, although even zeolites can
exhibit such behaviour. It is the case for (Na,TEA)-ZSM-25, zeolite of the Na-
Rho family. The complex framework structure, the cation movement and the
framework relaxation upon adsorption offer complex challenges to its
modelling. The solid undergoes a structural change from a distorted structure
at zero loading to a more regular and open structure at higher partial pressures
of COz2. This behaviour leads to a transition between an equilibrium controlled
to a kinetically controlled regime in the ZLC experimental data. To capture this
behaviour in a mathematical model, a dependence of the diffusivity upon the
amount adsorbed has been postulated. The dependence of the diffusivity upon
adsorption is taken into account by two terms: the Darken correction factor and
a corrected diffusivity which changes according to the adsorbent’s framework.
The second term accounts for the different interaction between solid and
adsorbate at changing unit cell parameters. The second term follows the
experimental behaviour of faster kinetics at higher loadings. A possible
explanation of such behaviour might be the increasing void space available for
diffusion at opening of the solid framework. Nevertheless, this diffusion
mechanism is not fully disclosed yet, and it might be interest for future works.
The model captures the kinetics of such system and it is able to correctly
predict the transition from equilibrium to kinetically controlled regime shown by
the ZLC data. Although a complete understanding of the complex kinetic
mechanism of CO:2 diffusion in (Na,TEA)-ZSM-25 would require additional
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work, a preliminary conclusion can be drawn on the system: compared to other
ion exchanged Rho-zeolites, the studied (Na,TEA)-ZSM-25 has fast kinetics
and similar uptakes to other ion exchanged Rho zeolites. It is also worth to
mention that, at the best of the author knowledge, this is the first work to
combine an equilibrium model that deals with both adsorption and flexibility of
the adsorbent within a kinetic analysis. This highlights the great advantage of
using multi-RALF for such complex systems. Its use could be further

developed if included in process simulators.

The other topic addressed in this chapter is the study of fast diffusing systems
such as air separation with LiLSX. The capability of the TFR technique to
discriminate between mass and heat transfer time constants makes it
particularly suitable for this kind of application. Provided that the experimental
apparatus can span over an adequate range of frequencies, the mass transfer
mechanism can be detected properly. This work presented for the first time the
use of the DP-PSA as apparatus for TFR experiments, for both single
component experiments, i.e. N2-LIiLSX, and then the binary N2/O2 on LiLSX.
The results for single component measurements provide information on the
tortuosity of the material which is in agreement with literature data. It should
be noted that, while the TFR experiments have been carried out at room
temperature and in a range of pressures of industrial interest for N2/O2
separation, the results presented in literature have used properly tuned
experimental conditions to slow down the kinetics of the nitrogen in LiLSX and
detect with accuracy the tortuosity. The benefit of TFR experiments is the
analysis of the diffusion mechanism in a range of conditions which is of interest
for the air separation application and the direct measurement of binary kinetics.
This work also presented mathematical models by which TFR experiments can
be analysed in the assumption of macropore diffusion control. The model for a
binary system allows for an estimate of the selectivity of LiLSX for the binary
N2/O2. The value derived is in agreement with literature although a sensitivity
analysis of the model reveals some uncertainty on its estimate. As this is an
equilibrium property that can be measured independently, the DP-PSA as a

TFR experiment can provide an important validation for binary kinetic models.
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It is likely that in the near future conditions such as flexibility of the adsorbent
and fast diffusing systems will become increasingly relevant in the adsorption
field. Great effort is put in developing sophisticated apparatuses for the
determination of the relevant parameters which can be used for process
simulation and design. Techniques such as ZLC and TFR highlighted how
these systems can be characterised macroscopically with the analysis of the
data with novel models. It is worth pointing out that the kinetic study here
presented can also be applied to monoliths. The monolith can be fitted in the
DP-PSA column, and a thermocouple carefully inserted in the walls of the
monolith. Future works could be carried out to analyse the use of TFR on
monoliths compared to conventional chromatographic systems, for the

detection of mass and heat transfer time constants.
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Chapter 5 Conclusions and future works

The aim of the thesis was the detailed analysis of straight-channel monoliths
as an alternative to conventional packed beds for adsorption processes. More
specifically, the analysis included both the definition of correlations to estimate
the HETP and pressure drop for a given monolith, but also the derivation of
numerical models to be used in the simulation of an adsorption column.
Furthermore, given the importance of reliable equilibrium and kinetic
parameters for the simulation of adsorption systems, the thesis has further
analysed a novel thermodynamic model for multicomponent adsorption on
heterogeneous solids, i.e. multi-RALF, and also two experimental techniques,

ZLC and TFR, for the regression of mass transfer properties.

The work in Chapter 2 presented simple design correlations for the HETP and
pressure drop in several monoliths relevant to adsorption processes.
Moreover, the procedure to derive such correlations was presented. The
equations can be applied to any monolith and their use could hence be
extended in future to monoliths not analysed in this work. The use of such
correlations is still limited to gas systems, and validation of such correlations
for liquid system would prove (or not) their general application to any
adsorption system. It should be noted that the framework of equations
presented highlights a strong connection between the physics of the system
and the mathematical representation of it: few parameters accurately derived
are able to predictively describe the full dynamics of a monolith. It comes
natural to ask weather this methodology could be applied to structures which
are not of extruded form. Indeed, structured adsorbents built with 3D printing
could (and have already) unlocked a great potential in terms of geometry
optimisation for adsorption monoliths. Although the mathematical description
might become more convoluted, it would still be worth to adapt the procedure
here presented to describe such structures in terms of HETP and pressure
drop correlations. This process would allow fast screening of potential
geometries for a given application, not limited to conventional monoliths. The
numerical approach presented for the corrugated monolith might be the easier
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route to pursue, given the modelling agility of commercial software to handle

complex structures.

If design correlations are an effective way to quickly assess the performance
of a monolith, numerical models are fundamental for careful design of
adsorption monoliths. The numerical reduced order models derived in the
second chapter are of practical interest when it comes to the accurate
simulation and design of an adsorption unit. They do not require any adjustable
parameter, but only the knowledge of the physics and geometry of the system.
The comparison between full 3D simulations and reduced order models shows
excellent agreement between them, making the reduced order models a
suitable candidate for process simulations. Ideally, once implemented in a
process simulator, the user should only input the physical parameters and

choose the cross-section of interest.

The development of robust adsorption simulators cannot overlook the use of
sub-routines for the calculation of the equilibrium between fluid phase and
adsorbed phase. The equations presented for both RALF and multi-RALF
could become in the near future an additional thermodynamic package which
could be used as alternative to adsorbed solution theories. In particular, its
handling of flexible solids makes it an important alternative to the empirical
description of adsorbent breathing. The results presented for the CO:2
adsorption on (Na,TEA)-ZSM-25 highlight such feature, showing accurate
description of both adsorption and solid flexibility using the least amount of
fitting parameters embedding all available experimental information. The
kinetic study of COz2 diffusion in (Na,TEA)-ZSM-25 has also presented how
multi-RALF can help in the kinetic description of such complex system.
Nevertheless, the implementation of multi-RALF in a process simulator has to
overcome two main difficulties: the initialisation and the solution of the set of
nonlinear equations constituting multi-RALF. The initialisation has to make
sure that, regardless of the initial guess provided, the model will always
converge to the correct solution. The solution of multi-RALF has been briefly
discussed in section 4.2.3.1. It is highly recommended to solve the set of
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nonlinear equations together with the DAE system describing the dynamics of
an adsorption column. This would allow a better integration in time, and less

chances of possible failure of the solver.

If multi-RALF would surely benefit of its implementation in a process simulator,
further development of its theory could possibly allow its use for challenging
multicomponent systems. Multi-RALF has been proven to correctly predict the
azeotrope benzene—propene—ortho-MFI without the need of additional
mixture fitting parameters, which provides by itself a good test-case for an
adsorption model. However, several additional mixtures still provide a fruitful
challenge for thermodynamic theories. Mainly, adsorption of water, or mixtures
where the molecules present large differences in polarity and size adsorbing
in heterogeneous solids. Since multi-RALF relies on the definition of the
residual Gibbs energy to derive the chemical potential in the adsorbed phase,
one could use non-random hydrogen bonding theories, rather than the
Sanchez-Lacombe EoS, to derive it. Non-random hydrogen bonding models
have been successfully used to model hydrogen bonding in lattice fluid
theories?#2 and systems where a non-random mixing might more realistically
represent the physics of the system. Another interesting analysis could be
carried out on mixing rules for multi-RALF, and on group-theories to describe
the adsorption of a single molecule on multiple sites. The possibilities of
improvement of multi-RALF are endless. This is the great advantage of such

a “flexible” theory.

The discussion on thermodynamics is closely followed by an equally relevant
topic: adsorption kinetics. This work tried to outline possible strategies in the
detection of mass transfer mechanisms in flexible adsorbents and fast diffusing
systems. It is likely that this type of systems will increasingly appear as
alternative to traditional zeolites or carbonaceous materials. Therefore, it is
important to understand how to tackle the challenge of deriving correct mass
transfer time constants to be used in process design. ZLC and TFR are quite
established characterisation techniques in the adsorption field, and their

adaptability to a wide variety of systems make them particularly suitable for the
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screening and characterisation of novel adsorbents. It is of course challenging
to design such systems to targeted materials, especially when specific
properties want to be extracted. Nevertheless, the results presented in this
thesis highlight how effective their use can be, especially if compared to
commercial systems which are not meant to tackle complex kinetic processes,

yet.

To conclude, this work aimed at providing a framework of models and tools
which could be a solid base in the deployment of monoliths for adsorption
processes. This work has posed more questions than it actually answered,
which is a good outcome for a PhD project. The further development of
thermodynamic theories, experimental systems for kinetic measurements, and
development of models for process simulations have been challenging topics
in the adsorption field well before this work and they will be in the foreseeable

future?.
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Appendix A Correlations to calculate the g;(a)

functions for an hex-hex channel
A.1 Hex-hex channel with a;; > 0

The function g, (a;) is:
91(a15) = P1(@re) s + P2 (@re)afs + p3(@rec) s + Pa(@rec)
where:
P1(rec) = 0.0482a,0.~ 3% — 0.05545
D2 (@rec) = —0.70.7%° — 0.9801a,,.°°°7%7 + 0.3262
P3(@pee) = 0.60440,,.2 — 1.458a,. + 0.9418
Pa(@rec) = —0.08782a%,, + 0.6716a,,, — 0.08075

The function g,(a;) is:

8p1 (aTeC)a?S + 4p2 (arec)alzs + 2p3 (arec)als + p4(arec)

(i) =
9z s ais + q1 (arec)

where:
p1 (o) = 0.02639a3,, — 0.02133a2,. + 0.01868a,,. + 1.256

—0.45a2,, + 0.3162a,,, — 0.4356
Qo + 0.073

D2 (arec) =

D3 (o) = —2.169a3,. + 5.307a?,. — 3.164a,,. + 1.89
4(Qrer) = 121203, — 34972, + 3.196a,0, — 0.5109

—0.5323a2,. + 0.8912a,,. — 0.1591
Apoe — 0.1357

q1 (arec) =

The fuction g;(a;) is:

A1

A2

A3

A4

A5

A.6

A7

A.8

A.9

A10

A1
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I3 (als) =P (arec)a;}s + P2 (arec)a?s + ps3 (arec)alzs + p4(arec)als

A.12
+ Ps(@rec)
where:
D1(Ayec) = —526.972305arec — 1 228¢~3-586rec A13
9y (dyas) = —0.6994a2,. + 0.7064a,,. + 0.09567 A4
Qyec — 0.2136
p3(@rec) = 0.1561e2378%rec — 103,77 12410rec A.15
pa(@ras) = —1.4180:53022-C 1_505262(;2 —0.2615 A16
Ps(®yec) = —0.1187 a2 + 1.175a,... — 0.1184 A7
A.2 Hex-hex channel with a,, > 0
The function g, (ay,) is:
91(@ss) = P1(Arec) s + P2 (@rec) Ags + D3(Arec) A.18
where:
p1(@rec) = —1.898a2.1433 + 2.433 A.19
Do (@) = 1.021%4145 — 0.8321 A.20
D3 (@rec) = —16.66a203363 + 17.15 A.21
The function g, (as) is:
92(ass) = p1(@rec)ass + P2 (Arec)ss + P3(Arec) A.22
where:
p1(@rec) = —4.505a3,, + 8.463a?,, — 6.129q,... + 6.938 A.23
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Do (@ree) = 10.65a3,, — 22.59a2,, + 16.87c — 5.944 A.24
p3(@roe) = 7.701a3,, — 3.871a2, — 8.375ae, + 7.591 A.25

The fuction g;(ag;) is:

93(@ss) = p1(@rec) ads + P2(Arec) Ass + D3(@rec) A.26
where:
p1(@rec) = 0.6039a2,, — 1.619a,o + 2.727 A.27
po(@rec) = 1.021a2,. + 0.4145a,,. — 0.8321 A.28
p3(@rer) = 2.526a2,, — 5.05a,4. + 3.557 A.29

Appendix B

B.1 Adsorption energy from Widon insertion method

To calculate the heat of adsorption at zero loading from molecular simulations,
the method of Widom insertion'®? has been used, selectively blocking sites
with hard spheres to derive information on specific sites. The Widom insertion
method can be qualitatively described as a fast technique to measure the
energy of interaction between a probe molecule and the solid framework. The
Widom method randomly inserts a probe molecule in the simulation cell of
ortho-MFI and computes the interaction between molecule and solid, hence
providing information on the Henry’s law constant of the molecule in the solid.
Once the interaction energy between molecule and solid is calculated, the
molecule is ejected from the simulation cell and the same molecule is inserted
in another random position. The statistical average of the energies calculated
gives the overall Henry’s law constant of the molecule in the solid. The Widom
insertion is performed with RASPA?*3, an open-source code for molecular

simulations.

B.2 Grand Canonical Monte Carlo simulations
The simulations to produce both the single component isotherms and the
binary adsorption are carried out in RASPA?*3 via Grand Canonical Monte
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Carlo simulations. This type of Monte Carlo simulations keeps the
temperature, volume and chemical potential of the components constant while
the system attempts trial moves such as insertion of a molecule, deletion of a

molecule, rotation or translation of a molecule, and others.

Each point of the isotherms and the binary data have been run as a separate
simulation. The convergence of the results has been checked monitoring the
number of molecules after each cycle of trial moves. Once the simulation
convergences reaching a plateau in the number of molecules present in the
system, the statistical average of the properties is computed. The number of
cycles per simulation is changed accordingly to each simulation point for both
single component isotherms and binary at 373 K and 100 kPa to make sure

that the simulation reached a reliable statistical average.

The rigid framework is modelled with chargeless Si atoms and charged oxygen
atoms. The interaction between adosrbates and MFI framework is
concentrated at the oxygen atoms of the MFI, leaving the Si atoms as inert
atom sites. The inaccessible pockets of the MFI structure (see Figure 3.2) have
been blocked with inert rigid spheres to avoid unnecesessary attempts of
insertion, and improve the convergence performance. The force field used
employs a united atom approach as the one presented by Ban et al'®®. The
adsorbate-zeolite atoms interactions are modelled with a Lennard-Jones (L-J)
potential. The cut-off length of the intermolecular interactions is set to 12 A and
the potential shifted. Jorgensen mixing rules are used for non-identical united
atoms interactions. The Culombic interactions between the charged sites of
the benzene and the oxygen atoms of the MFI are modelled by means of Ewald
summation. The benzene is modelled with the 9-site model described by Wick
et al.?*4, It considers the 6 CH chargeless sites of the benzene ring, and 3 extra
charged sites, to correctly represent the m bonding system. The L-J

parameters and the MFI size details are presented in Table B.2.1.
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Table B.2.1: Lennard-Jones parameters and MFI framework used in this work.

Molecule United-atom o [A] g/ky, [K]
Propene CH3 3.76 108.0
CH2(sp2) 3.68 92.5
CH(sp2) 3.73 52.0
Benzene CHoenzene 3.74 53.5
Guest-Host CH3-0 3.48 93.0
interactions CH2(sp2)-O 3.50 82.6
CH(sp2)-O 3.43 69.0
CHbenzene-O 3.38 73.0
Framework Unit cell size [A] Number of unit Space
cells group
Ortho-MFI 20.022x19.899x13.383 2x2x3 Pnma
(ortho)

To split the overall isotherm in the contribution from the sites, the number of
carbon atoms per site is counted during post-processing. Once the number of
carbon atoms for each site is obtained, it can be divided by 6 for the benzene,
or by 3 for the propene to obtain the number of molecules per site at each

simulation point.
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