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ABSTRACT

ABSTRACT

Replacing fossil fuels with cleaner, more sustainable energy/chemical resources is
key in tackling the current global challenges. Plant-based biomasses are an abundant
resource offering direct access to a set of various fuels and platform chemicals.
However, amongst many reasons, the lack of maturity of the available biomass
processing techniques has hindered this sector from arriving at the envisaged industrial

scales.

This thesis is concerned with biomass-solvent extraction, a process which returns
high value-added components from plant-based biomass. Microwave heating is widely
thought to enhance this process, but the cause of the enhancement is still unclear as
the underpinning mechanisms are yet to be thoroughly described and quantified.
Without such fundamental mechanistic understanding, it will not be possible to
industrialise the process despite its promising prospects. The aim of this thesis is to
characterise the influence of microwave heating on biomass-solvent extraction,
thereby understanding whether/how microwaves enhance the process. A mathematical
model is developed to quantify extraction at the cellular scale (i.e., <1 mm),
delivering an unprecedented level of detail on how the various physical parameters

affect the process.

Initially, a heat transfer model was developed, through which microwaves were
shown to induce unique temperature gradients between biomass and solvent at thermal
steady state. The magnitudes of these gradients depend on the size of the biomass-
solvent system as well as the magnitudes of the various heating parameters.
Furthermore, the model reasonably predicts the timeframes required to achieve
thermal steady state, for a wide range of input microwave powers used in a variety of

biomass processes, such as solvent extraction and liquid pyrolysis.

The relationship between temperature gradients and mass transfer was investigated
using relevant principles of statistical mechanics and thermodynamics. It was deduced
that temperature gradients act as a driving force for diffusion, where particles normally
flow towards higher temperature regions. As such, to enable analysing mass transfer
in systems exhibiting non-uniform temperatures, the diffusion driving forces including

gradients in activity, pressure, and temperature were collectively expressed in a single
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equation defining chemical potential (u). The current analysis on diffusion and

temperature gradients is useful in various fields and contexts, even beyond this thesis.

From this, the existing heat transfer model was expanded by introducing mass
transfer and cell expansion mechanics. The resulting framework is the first of its kind,
as it combines microwave heating, heat transfer, mass transfer, cell expansion
mechanics, and geometrical features. All these elements collectively describe whether
microwave heating improves the likelihood of cell rupture, a phenomenon widely
perceived as the rate-limiting step in enhancing biomass-solvent extraction. Two
hypotheses presented in literature, which describe how microwave heating enhances
cell rupture, were assessed using the new model. The popular Steam-Rupturing
hypothesis was investigated from a heat transfer viewpoint, showing that it only holds
true at the extreme fringes of realistic physical parameters. In contrast, the recently
proposed Temperature-Induced Diffusion hypothesis, entailing water diffusion
against a temperature gradient, was shown to be entirely reasonable as an underpinning
mechanism for enhanced cell rupture. This result alters many of the currently accepted

views on how cell rupture is achieved in biomass-solvent systems.

A critical empirical analysis was conducted to screen for evidence of cell rupture
influencing extraction trends. Pectin extraction from onion peels was investigated
under two microwave heating modes, yet the yield patterns attained were not fully
explicable with cell rupture. Therefore, the model developed earlier was further
modified to drive away from cell rupture as a rate-limiting step in extraction. The
resulting framework directly quantifies solute diffusion, showing that solutes
possessing low solubility cannot be extracted in large quantities from the biomass, due
to restrictions in mass transfer. However, microwave heating overcomes this limitation
by interfering with the diffusion patterns, thereby driving more solutes towards the
solvent phase. This mechanism is proposed for the first time in the current thesis, and
it is presented with a significant level of detail. VVarious scenarios underpinned by this
mechanism are demonstrated, to compare microwave and conventional heating but
also to understand the effects of a multitude of physical parameters. This newly
proposed mechanism describes extraction where cell rupture fails; hence, it challenges

the currently prevailing perceptions on how biomass-solvent extraction occurs.

KEYWORDS: Biomass-Solvent Extraction; Microwaves; Mathematical Model; Heat Transfer;

Temperature Gradient; Mass Transfer; Pressure; Chemical Potential.
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1.1 General introduction/background
In 2019, the global demand for liquid fuels (e.g., oil) had been expected to increase

slightly over the coming decades (BP, 2019); however, this shifted in 2020 to a more
negative outlook, entailing a ~70% drop in demand by 2050 in the worst-case
scenario for the sector, and a ~10% drop in the best-case scenario (BP, 2020). The
predicted decrease in demand is due to multiple factors, including the different global
events (e.g., COVID-19 pandemic (BP, 2020)), and the efforts towards substituting
fossil fuels with cleaner, more sustainable energy sources. Various countries have
introduced plans and legislation to accelerate their transition towards clean energy,
especially in light of the Paris Agreement for climate (UN, 2015). For example, in
2020 the UK Government set out a 10-point plan outlining its intention to end the sale
of new petrol/diesel cars/vans in the country by 2030 (UK Government, 2020). Such
plans and incentives will undoubtedly affect the demand on liquid fuels, given that

~50% of such demand currently originates from the transportation sector (BP, 2020).

Despite the currently envisaged reduction in oil demand, the need for this
commodity is generally expected to hold for non-combusted uses, such as in the
petrochemical industries. This has been pointed out uniformly in the annual BP Energy
Outlook reports 2016 — 2020 (BP, 2016, 2017, 2018, 2019, 2020), indicating that oil
is still expected to cover the global needs for chemicals and other products in the
coming decades. This is an interesting observation, as it stipulates a requirement for
significant research to be conducted, to develop unconventional chemical production
routes offering more sustainable alternatives to petrochemicals and fossil resources.
In this regard, such alternatives can be achieved through plant-based biomass, which
are considered a potential displacement to fossil reserves for the production of fuels
and platform chemicals (Zhang et al., 2016). These materials exist in various forms,
including both food-based products such as fruits/vegetables, and non-edible
lignocellulosic biomass like wood, grass, etc (Hu and Ragauskas, 2012; Paudel et al.,
2017). There is an abundance of biomass feedstocks, as the annual availability of
cellulosic materials was recently estimated at 180 billion tons (Demain, Newcomb and
Wu, 2005), and the wasted/lost fruits/vegetables were also estimated at ~50% of the
global production (FAO, 2011).

Plant-based biomasses can be converted into various products including both liquid
and gaseous fuels/chemicals (IEA, 2009a). It is often preferable to develop biomass
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processing techniques that complement the “biorefinery concept,” which is defined as
the “sustainable processing of biomass into a spectrum of marketable products and
energy” (IEA, 2009b). The biorefinery concept incorporates process synergy and
integration, thereby enabling many valuable products to be attained, such as
biomaterials, biofuels, waxes, acids, aromatics, proteins, fertilizers, and others.
Various intermediary platforms can also be produced, including biogas, syngas, C5/C6
sugars, etc; moreover, heat, electricity, and steam can be generated (IEA, 2009b; Jong
and Jungmeier, 2015; Kumar, Singh and Singh, 2008). Such biorefineries will
undoubtedly enhance the economic prospects of biomass processing, since they
combine the production of major fuels with further value-added by-products, thereby

rendering the overall process more competitive in the market (Huang et al., 2008).

Biomass processing techniques can be categorised into the following: (i)
thermochemical methods such as pyrolysis, gasification, and combustion; (ii)
biochemical methods where enzymes and micro-organisms are utilised, such as in
fermentation and anaerobic digestion; (iii) chemical methods involving the use of
reagents to alter the chemical makeup of biomass, such as in transesterification, acid
hydrolysis, etc; and (iv) mechanical methods like pressing, particle size reduction,
extraction, and some pre-treatment techniques (Cherubini, 2010; IEA, 2009b; Jong
and Jungmeier, 2015). Biorefineries should attempt to optimise production through
combining/integrating these methods. For example, incorporating a pre-treatment step
can upgrade feedstocks and overcome their recalcitrance, thus improving subsequent
processes such as enzymatic conversions, pyrolysis, and others (Duan et al., 2018;
Lynd, 1996; Puligundla, Oh and Mok, 2016; Wyman et al., 2005). This indicates the
importance of working diversely to develop various biomass processing techniques,

rather than focussing on a single processing method/route/form.

However, biomass processing still encounters various challenges that must be
overcome, before biorefineries can be implemented at the envisaged industrial scales.
For instance, notwithstanding their wide availability, biomass materials are naturally
rigid and resistant to attempts for their degradation (Alcantara et al., 2016; Ohmiya et
al., 2003). This is especially true for non-edible lignocellulosic materials, which
although are favourable to use over edible feedstocks, they still lack the appropriate
and mature technologies enabling their full utilisation (Cherubini, 2010; IEA, 2009a;

Wainaina, Horvath and Taherzadeh, 2018). Furthermore, biomass materials are very
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heterogeneous in nature, with features and compositions varying from one type of
material to another (Carpenter et al., 2014; Jawaid, Paridah and Saba, 2017). Also,
these materials are seasonally available (Clark and Deswarte, 2015), and their wide
geographic distribution and significant water content can dramatically increase their
transportation costs (Searcy et al., 2007). On the other hand, biomass processing gives
rise to an alternative set of chemical processing routes, which may currently be
unfamiliar to the petrochemical industries. This is due to the highly oxygenated and
functionalised bonds existing within biomass, which demand reduction or hydrolysis-
based reactions to arrive at the desired products, rather than the synthetic or
oxygenation routes currently implemented in petro-refineries (Clark and Deswarte,
2015; Farmer and Mascal, 2015). Furthermore, the compositions of some platforms,
like syngas, are very sensitive to feedstock properties and processing conditions
(Ramachandriya et al., 2016), which constitutes further challenges for downstream
operations. The challenges associated with biomass refining have rendered the
achievable products generally expensive compared with their fossil-derived
counterparts (Jong and Jungmeier, 2015). In turn, this stipulates the need for novel
processing techniques to be developed, and for the existing technologies to be
improved. These challenges should not only be addressed within the biorefinery itself,
but also in the various upstream/downstream industries, which may require further
capital investments to adapt to the new processes and chemical conversion routes. This
is essential for developing comprehensive supply- and value-chains that support the

envisaged biorefineries.

In light of the need to develop multiple novel biomass processing techniques, this
thesis investigates biomass-solvent extraction, which denotes immersing biomass into
a solvent (i.e., biomass-solvent system) and applying heat to facilitate the recovery of
biomass components (Huang et al., 2008; Lee et al., 2015). Extraction results in
various value-added products which can replace fossil-based compounds, but also
serve as feedstocks in the food, pharmaceutical, cosmetic, and other industries (Fl6rez,
Conde and Dominguez, 2015; Rodrigues et al., 2018; Tsubaki, Sakamoto and Azuma,
2010). However, despite the variety of valuable components achievable with
extraction, this technique generally suffers from low yields and demands significant
downstream separation steps (Farmer and Mascal, 2015). It is, therefore, vital to

develop novel extraction techniques or improve existing ones, in order to enhance the
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economic prospects and robustness of biomass-solvent extraction processes. In this
regard, microwave heating has been put forward as a promising technology to enhance
biomass-solvent extraction. Compared with conventional extraction techniques,
microwave-assisted extraction is thought to accelerate the process, increase yields,
reduce solvent consumption, and improve product quality/selectivity (Bagherian et al.,
2011; Pan, Niu and Liu, 2003; Pandey and Shrivastava, 2018; Xiao, Han and Shi,
2008). Nevertheless, despite the multitude of research publications and patent filings
made under this topic (Angiolillo, Del Nobile and Conte, 2015; Galan et al., 2017),
microwave extraction is yet to be implemented industrially (Galan et al., 2017). One
of the reasons for this shortage in large scale implementation, is a lack of fundamental
understanding of how microwave interact with biomass materials, and, in turn, why
they bring about enhanced extraction (Chapter 2; section 2.2). Such mechanistic
understanding is essential to allow outcome prediction in different biomass-solvent

systems, thereby enabling engineering design and process scale-up.

It is attempted in this thesis to develop a mechanistic understanding of the effect of
microwaves on biomass-solvent extraction. A mathematical model incorporating key
physical characteristics will be constructed, in order to understand microwave
interactions and extraction patterns at the cellular scale (i.e., the scale of a few plant

cells; < 1 mm).

1.2 Thesis aim and objectives

1.2.1 Aim
The aim of this work is to understand the influence of microwave heating on

extraction in biomass-solvent systems, and whether microwaves can fundamentally
alter the extraction patterns in these systems compared with conventional heating
techniques. This requires characterising the underlying link between electromagnetic
heating, heat/mass transfer, and biomass mechanical properties, which currently
constitutes a significant gap in knowledge. The intended link will be described through
developing a mathematical model for biomass-solvent extraction, aimed to be
constructed at the cellular scale (i.e., the scale of a few plant cells; < 1 mm). This
model will deliver unprecedented insight/details as to how the various physical
parameters influence extraction, which is currently extremely challenging (if at all

possible) through experimentation. This work is envisaged as a key first step towards
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enabling large-scale implementation of the microwave technology for biomass-solvent

extraction.

1.2.2 Objectives
The aim (section 1.2.1) is to be achieved through the following objectives:

e To construct a biomass-solvent model capable of depicting key geometrical
features of a cluster of biomass cells immersed in a body of solvent. This model is
to incorporate electromagnetic heating and heat transfer, and it should describe
temperature build-up/distribution in the system.

e To establish the link between heat transfer and diffusion, and to incorporate this
link into the existing heat transfer model, while also extending the model altogether
to include mass transfer and biomass pressure build-up. This shall yield a
sophisticated heat-mass-mechanical model for biomass-solvent extraction.

e To use the combined heat-mass-mechanical model for investigating the currently
accepted hypotheses as to how microwaves enhance extraction in biomass-solvent
systems. Such hypotheses claim enhanced microwave extraction to be caused by
structural alterations and cell rupture within the biomass (see Chapter 5), but
nonetheless, it will be necessary to understand which of these qualifies as the most
viable explanation for the observable phenomena.

e To conduct a brief empirical analysis, screening for any evidence for cell rupture
that may match the acquired model predictions. The model is to be further modified

based on the attained outcomes.

1.3 Thesis structure
This thesis comprises 8 chapters including the current one. The following

subsections summarise the goals of Chapters 2 — 8.

Note: Chapters 3 — 7 incorporate “thesis recap” sections to summarise the overall

progress so far in each case.

1.3.1 Chapter 2
This chapter will review relevant background information for the current thesis,

including aspects of the microwave theory, biomass-solvent systems, and thermal

extraction in such systems.
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1.3.2 Chapter 3
This chapter will develop a microwave heat transfer model for biomass-solvent

systems at the cellular scale. This model shall provide quantitative understanding of
the thermal patterns in these systems.

1.3.3 Chapter 4
This chapter will use relevant concepts of statistical mechanics and

thermodynamics to characterise the effect of temperature on mass transfer. To aid
readers from interdisciplinary backgrounds, a brief review of some relevant concepts

of statistical mechanics is also offered.

Moreover, chemical potential will be expressed mathematically in this chapter, so

it can be implemented later in kinetic mass transfer analyses.

1.3.4 Chapter 5
This chapter will validate and compare two of the most popular hypotheses

attempted at explaining why microwave heating improves cell rupture and extraction
in biomass-solvent systems. In doing so, the previously developed model (Chapter 3)
will be extended to incorporate water diffusion and cell pressure build-up. The
relationships between heat, mass, and pressure shall be defined here as per the

discussions in Chapter 4 (i.e., with the chemical potential).

1.3.5 Chapter 6
This chapter will empirically screen for evidence with which enhanced microwave

extraction can be attributed to cell rupture, as per discussed in Chapter 5.

1.3.6 Chapter 7
This chapter will propose a novel mechanism for understanding enhanced

microwave extraction away from cell rupture. The intended mechanism will be
incorporated into a modified version of the existing heat-mass-mechanical model
(Chapter 5), where numerous existing assumptions and limitations are to be
readdressed. As such, the existing model is to be further enhanced and made applicable
to a wider range of conditions, including both room temperature and thermal

extraction.

1.3.7 Chapter 8
This chapter will outline the conclusions of the current thesis, together with setting

out recommendations for future work.
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2 REVIEW: MICROWAVE THEORY AND BIOMASS
EXTRACTION

The aim of this chapter is to review fundamental aspects of microwave theory and
biomass-solvent extraction, thus providing context for the research carried out in this

thesis.

The format of this chapter is as follows:

2.1 Microwave theory 9
2.1.1  Introduction 9
2.1.2  Microwave heating 10

2.1.2.1  Heating mechanisms 11
2.1.2.1.1 Polarisation 11
2.1.2.1.2 lonic conduction 13

2.1.2.2  Dielectric properties 13
2.1.2.2.1 Relevant Maxwell’s equations 14
2.1.2.2.2 Complex dielectric permittivity 16
2.1.2.2.3 Parameters influencing dielectric properties 16

2.1.2.3  Microwave power dissipation 23

2.1.2.4  Microwave attenuation 27

2.1.3  Microwave heating instruments 29

2.1.3.1  Generators 29

2.1.3.2  Transmitters/waveguides 29

2.1.3.3  Applicators 30
2.1.3.3.1 Single-mode cavities 31
2.1.3.3.2 Multimode cavities 32

2.1.3.4  Further instruments 34
2.1.3.4.1 Circulator: safeguarding the power source 34
2.1.3.4.2 Stub & sliding short: tuning 35
2.1.3.4.3 Directional coupler: power detection 36

2.1.4  Section summary 36

2.2 Biomass-solvent extraction 37
2.2.1  Introduction 37
2.2.2  Biomass-solvent systems 38

2.2.21  Biomass 38
2.2.2.1.1 General description 38
2.2.2.1.2 Efforts to quantify cell expansion 44

2.2.2.2  Solvent 45

2.2.3  Thermal extraction in biomass-solvent systems 46
2.2.3.1  Microwave versus conventional extraction 46
2.2.3.2  Attempts to model microwave extraction 48

2.2.4  Section summary 52

2.3 Nomenclature 54
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2.1 Microwave theory

2.1.1 Introduction
Microwaves are electromagnetic radiation with frequency ranging from 300 MHz

to 300 GHz, which can be used in heating applications such as in drying, food
processing, and others (Menéndez et al., 2010). However, to avoid interference with
telecommunication, there are certain “available” frequencies for industrial, scientific,
and medical (ISM) applications, which include but are not limited to 0.915 GHz and
2.45 GHz (Osepchuk, 1984). Table 2.1 highlights some of the microwave bands
allocated for ISM use in Europe (Electronic Communications Committee; ECC) and
the USA (Federal Communications Commission; FCC). Relevant domestic and
international laws and official documentation should still be referred to for accurate

and up-to-date information.

ECC allocated (Europe)
(Electronic Communications Committee, 2020)

FCC allocated (USA)
(Federal Communications Commission, 2021)

433.05 - 434.79 MHz

902 — 928 MHz

2400 — 2500 MHz

2400 — 2500 MHz

5725 - 5925 MHz

5650 — 5925 MHz

24 —24.25 GHz

24 —24.25 GHz

59.3 - 64 GHz

59.3 - 64 GHz

Table 2.1 — Some ISM frequency band allocations. This is an indicative
highlight, and the relevant domestic/international laws and official
documentation should still be referred to for accurate and up-to-date
information

Microwave heating has gained interest in various biomass processing applications
including in the food industry, where the reported advantages incorporate higher
product quality and reduced heating times (Salazar-Gonzalez et al., 2012). These
advantages can be attributed to the unique heating characteristics of microwave
radiation, which include volumetric and selective heating. Volumetric heating refers
to the ability of microwaves to heat materials in bulk, bypassing the need for gradual
heat transfer from the surface inwards, which is a rate-limiting step in conventional
heating techniques (Kappe, 2004; Oliveira and Franca, 2002). Moreover, selective
heating denotes the tendency of microwaves to heat certain materials or portions
thereof based on the specific dielectric properties (Clark, Folz and West, 2000), thus
allowing preferential heating of “targeted” components. These unique microwave

characteristics can be useful in various contexts, as they enable both rapid and targeted
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heating which can overcome many of the existing process challenges. This is evident
given the numerous reported case-specific process improvements, which include, e.g.:
preserving some thermally fragile products of biomass pyrolysis, thus improving the
quality of the overall process (Robinson et al., 2015); enhancing polymer and ceramic
joining processes through selectively heating the joining interfaces (Thostenson and
Chou, 1999); and, potentially offering a low-energy alternative for extracting oil from
Oil Sands (Robinson et al., 2014). These examples clearly demonstrate a promising
prospect for large-scale industrial utilisation of the microwave technology. However,
this has not yet been attained as there remain numerous areas demanding further
research and improvement. For instance, understanding, attaining data from, and
reproducing microwave heating profiles can be challenging, because microwaves do
not heat materials uniformly, and the absorption dynamics often depend on
temperature (Mishra and Sharma, 2016). Furthermore, for biomass materials (which
are the subject of interest in this thesis) there is a general lack in the available dielectric
properties, coupled with a shortage of technical expertise, poor design of fit-for-
purpose microwave cavities, and limited understanding of the microwave-induced

heating trends (Kostas, Beneroso and Robinson, 2017).

Itis aimed in this section to review aspects of the microwave theory that are relevant
to the work presented in this thesis. This shall set the context and formulate the basis

upon which further analyses are to be conducted.

2.1.2 Microwave heating
In biomass processing and other industrial contexts, microwaves are normally

described using classical electromagnetism which is sufficient to underpin the
observable phenomena. Microwaves are, therefore, a transverse propagation of
alternating electric and magnetic fields, where the direction of wave propagation is
perpendicular to the peaks and troughs of the fields themselves, and additionally the
electric and magnetic components are orthogonal to each other (Figure 2.1).
Depending on the physical condition, such wave configuration may result in energy
dissipation when propagating through materials. This shall be expanded upon in the

following subsections.
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Electric field

Magnetic field
-V

—-—

Wave propagation

12
4———

Figure 2.1 — Electromagnetic wave

2.1.2.1 Heating mechanisms
Materials can be classified into three categories based on their response to

microwaves, namely conductors, which reflect any incident electromagnetic radiation;
insulators through which the waves effectively propagate without being absorbed; and
absorbers in which molecules interact with the propagating waves so as to absorb the
electromagnetic energy (Jones et al., 2002). Materials are susceptible to interaction
with both the electric and magnetic field components of a propagating wave (Figure
2.1). However, given that typical biomass materials (like foods) exhibit negligible
magnetic responses (Datta, Sumnu and Raghavan, 2005), this work is exclusively

focussed on interactions with the electric component.

As electromagnetic waves propagate through a material, the alternating electric
field component (Figure 2.1) triggers polarisation and ionic conduction effects, which
are responsible for heat dissipation in the material (Metaxas and Meredith, 1983). This

is expanded upon in the following subsections.

2.1.2.1.1 Polarisation
In response to the alternating electric field, bound charges (e.g., atomic

nuclei/electrons and molecular dipoles) get polarised, in that they abandon their
equilibrium configurations and rotate/readjust continuously. However, the
mechanisms by which polarisation effects induce energy dissipation (termed loss
mechanisms) depend primarily on the frequency of the electromagnetic wave, and on
the size/characteristics of the charged particles (Metaxas and Meredith, 1983). For

instance, under microwave frequency only two polarisation effects are relevant in
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inducing loss mechanisms, namely dipolar (reorientation) polarisation and interfacial
(Maxwell-Wagner) polarisation (Peng and Hwang, 2015). In contrast, loss
mechanisms due to atomic and electronic polarisations require higher frequency bands
such as the infrared and visible spectra (Metaxas and Meredith, 1983), which is

probably due to the smaller sizes of the particles involved.

Dipolar polarisation refers to a continuous readjustment of dipoles due to the
alternating electric field, and the rate of such realignment can be as high as 1012 s~1
(Peng and Hwang, 2015). However, as the microwave frequency is raised, the rotating
dipoles gradually fail to follow the rapidly alternating field, and this lag causes heat
dissipation as a substitute to the reduced effective polarisation (Metaxas, 1991). This
loss mechanism, amongst all others, is the most important for microwave heating,
which is because dipolar polarisation dominates beyond 1 GHz. Nevertheless, the
occurrence of such mechanism still depends on the existence of dipolar molecules and
their characteristics in a material. Hence, the resulting heat-dissipating phase lag
between polarisation and electric field, is usually characterised with a material-
specific “relaxation time,” a parameter also related to the microwave frequency at
which heat dissipation is at its peak (termed relaxation frequency). Beyond this peak
frequency, the dipoles lose their ability altogether to respond to the extremely rapid
field alterations, let alone lagging behind such changes; therefore, as frequency is
increased further, the dipoles gradually lose their ability to dissipate heat (Metaxas and
Meredith, 1983).

Loss mechanisms due to interfacial polarisation are less common than those
induced with dipolar polarisation. Nevertheless, interfacial polarisation occurs at the
interfaces of heterogeneous media, where charged particles could accumulate and
subsequently contribute towards heat dissipation due to field deformations (Peng and
Hwang, 2015). Interfacial polarisation usually takes place in heterogeneous dielectric
materials incorporating a conducting phase within (Metaxas and Meredith, 1983). This
may be relevant in some biomass materials especially given the existence of cell/cell
wall interfaces (section 2.2). However, dipolar polarisation and ionic conduction
(section 2.1.2.1.2) are generally regarded as the dominant loss mechanisms in biomass

materials like foods (Datta, Sumnu and Raghavan, 2005).
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2.1.2.1.2 lonic conduction
Free ions present in a material are subject to movement under the alternating

electric field, and this results in heat dissipation due to ohmic effects (i.e., electrical
resistance comprising molecular collisions) (Remya and Lin, 2011). Even small
amounts of embedded free charges can be sufficient to enable the ionic conduction
loss mechanism (Meredith, 1998), which is logical because ohmic resistance demands

small electric conduction in an otherwise non-conducting medium.

lonic conduction fades away with increasing microwave frequency, because given
the sizes of free ions, these tend to lose their mobility in response to the increasingly
rapid field alterations (Clark and Sutton, 1996). lonic conduction typically dominates
at frequencies below 0.1 GHz (Meredith, 1998); therefore, this mechanism is vital to
consider in low-frequency microwave heating of biomass materials (e.g., agricultural
products) (Jiang, Liu and Wang, 2018). On the other hand, the effectiveness of
microwave heating of water typically increases with salinity, as ionic conduction

further contributes towards heat dissipation (Datta, Sumnu and Raghavan, 2005).

2.1.2.2 Dielectric properties
Dielectric materials subjected to an electric field (E) experience charge

repositioning (i.e., polarisation), and such repositioning is often characterised with an
electric displacement vector (ﬁ). This displacement of charges depends upon the
intensity of the applied electric field (E), but also on the ability of the material itself
to respond to the field. The latter is characterised with a material property known as
the dielectric permittivity (¢), where ¢, E, and D are collectively expressed thus
(Huray, 2010; Sadeghi, Hassanzadeh and Harding, 2017):

D =¢E = ¢'¢,E (2.1)

g, is the permittivity of free space (a universal constant), and &' is a relative
permittivity defining € in terms of &,. Following common terminology, &' shall be

termed “dielectric constant” from this point forward.

Therefore, it can be deduced that the dielectric permittivity (&) is a measure of the
extent to which a material polarises in response to an applied electric field. Further

characterisation of ¢ is required to quantify interactions between microwaves and

Page 2-6 (13)



CHAPTER 2

materials, leading to heat dissipation in the latter. Relevant aspects of this

characterisation will be discussed in the following subsections.

2.1.2.2.1 Relevant Maxwell’s equations
Of the four Maxwell’s equations of electromagnetism, two are relevant in the

intended discussions on dielectric permittivity (¢) and microwave power density

(section 2.1.2.3). These equations are as follows (Huray, 2010):

\7><E——6_H (2.2)
ot
. ., OE
VXH=I+¢— (2.3)
ot

H is the magnetic field and b is the magnetic permeability (analogous to ¢).

Moreover, I is the electric current vector.

Equations (2.2) and (2.3) highlight the fact that magnetic and electric fields coexist
naturally, in that any change in the magnetic field induces a corresponding variation
in the electric field, and vice versa. Put simply, the rate of change of a magnetic field
passing through a plane is proportional (at constant b) to the induced electric field
rotating around the plane (Equation (2.2)). Similarly, an electric current and the rate
of change of an electric field passing through a plane, are collectively proportional (at

constant €) to the induced magnetic field rotating around the plane (Equation (2.3)).

The alternating electric and magnetic fields of a microwave (Figure 2.1) can be
described mathematically as sinusoidal functions (Metaxas and Meredith, 1983).

Hence, the following can be written (Huray, 2010):

E = E cos(wt — Bp) € (2.4)

H = H cos(wt — Bp) h (2.9)

E cos(wt — Bp) and H cos(wt — fp) are the magnitudes of the electric and

magnetic fields, respectively, as functions of time (t) and location along the wave
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propagation axis (p). w is the wave angular velocity and £ is a displacement factor. £

and H are the peak intensities of the electric and magnetic fields, respectively. € and

R are unit vectors pointing in the directions of the electric and magnetic fields,

respectively.

However, Equations (2.4) and (2.5) can be written as complex quantities
incorporating real and imaginary parts (Ayappa et al., 1991; Huray, 2010; Metaxas
and Meredith, 1983). As will be shown, this treatment simplifies further mathematical
operations. Equations (2.4) and (2.5) can be expressed as follows:

E = Re{E[cos(wt — Bp) + jsin(wt — Bp)] €} = Re{Ee/(«@t=FP) g} (2.6)
H = Re{H[cos(wt — fp) + jsin(wt — Bp)] 7{} = Re{He/(@t=FP) Ti} (2.7)
Re{ } refers to the real part of the complex number enclosed within the brackets.

Also, j = +/—1.

Differentiating E and H with respect to time yields the following:

2% = ReljwEei @47 g} = Re{juE) (2.8)
T — Refjoffe @~ F) = Re{juH) (29)

Dropping the Re{ } notation (since both E and H are now complex vectors), and
substituting Equations (2.8) and (2.9) into the original Maxwell’s expressions
(Equations (2.2) and (2.3)), yields the following:

VxE = —jwbH (2.10)

VxH-= 7+ja)sE (2.11)
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Equations (2.10) and (2.11) are known as the time-harmonic forms of the relevant
Maxwell’s equations (Datta, Sumnu and Raghavan, 2005; Huray, 2010). The complex
form is a mathematical treatment that simplifies further operations, and this is evident
given that Equations (2.10) and (2.11) do not incorporate time derivatives any longer.

2.1.2.2.2 Complex dielectric permittivity
Equation (2.11) can be rewritten as shown in Equation (2.12), where the electric

current (7) is expressed in terms of E (Metaxas and Meredith, 1983), which is

analogous to Ohm’s law.

VxH=(ky + jwe'ey)E (2.12)

k, represents ohmic losses, and similarly, a term kz can be introduced to represent

polarisation losses like those caused by dipolar polarisation. Introducing this term and

rearranging Equation (2.12) yields the following (Metaxas and Meredith, 1983):

ko + kg

Wwe

Vx H = jwe, (8’ —j >E = jwey(e' — je"E = jweyéE (2.13)

Equation (2.13) defines the complex dielectric permittivity é = &' — je'’, whose
real part quantifies the polarisability of a material in response to an electric field, and
whose imaginary part describes the material’s ability to dissipate electromagnetic
energy as heat. The dielectric constant (¢') and dielectric loss factor (¢'’) are together

known as “dielectric properties” (Chandrasekaran, Ramanathan and Basak, 2012).
Clearly, defining E as a complex vector demands the dielectric permittivity also be
defined as a complex number, where heat dissipation characteristics get isolated in the
imaginary part.

2.1.2.2.3 Parameters influencing dielectric properties
Microwave frequency is perhaps the most relevant factor influencing dielectric

properties, as it dictates the dominant loss mechanisms in a dielectric material. Section
2.1.2.1 briefly discussed the effect of frequency, stating that dipolar heating is
introduced as polar molecules fail to follow the applied high-frequency waves, and

that this heating peaks at a frequency corresponding to the material’s relaxation time.
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Additionally, ionic conduction was stated to dominate at lower microwave

frequencies, dissipating heat in dielectric materials incorporating free ions.

Nevertheless, these concepts can be further illustrated quantitatively, thus
highlighting the effects of various parameters on dielectric properties. The Debye
equation, for instance, relates the dielectric properties to frequency and relaxation time
(Metaxas and Meredith, 1983):

€dc ~ €wo €dc ~ €wo . (gdc - goo)w.f

o + = = g + - — .. (2.14)
1+ jwt ¢ 1+ w22 )7 1+ wif?

E=¢

£, and g4, are permittivity values at very high and static frequencies, respectively,
and t is the relaxation time. &;4. occurs at frequencies lower than those needed to
induce dipolar losses, whereas &, occurs at very high frequencies also incapable of
inducing any further dipolar losses. Therefore, it is logical to have &, < g4, for

materials exhibiting dipolar loss mechanisms.

Differentiating the imaginary part of Equation (2.14) (i.e., loss factor) yields the
following:
"’ _ (€ac — Soo)f 2(&4c — EOO)wzfg’

= — 2.15
ow 1+ w?t? (1 + w?t?2)2 (2.15)

Equating Equation (2.15) to zero reduces it to the form wt = 1, showing that &"
and, thereby, heat dissipation peak at a wave angular velocity equivalent to the
reciprocal of the material’s relaxation time. As stated earlier, the frequency
corresponding to this w value is termed “relaxation frequency.” Equation (2.14) can

be expressed graphically as shown in Figure 2.2.
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Figure 2.2 — Debye representation of (A) dielectric constant and (B) dielectric
loss factor as functions of frequency (Equation (2.14)). Concept inspired by
Metaxas et al. (Metaxas and Meredith, 1983). £4. = 70, £, = 10,and £ =
10~ 5. These properties may describe pure water as this has a relaxation
frequency of the order of 10 GHz at room temperature (Kaatze, 1989), and a
dielectric constant close to 70 (Datta, Sumnu and Raghavan, 2005)

As seen in Figure 2.2, &' drops from its low-frequency value ;. = 70 to its high-
frequency value ¢, = 10, starting at some threshold frequency amounting to 1 GHz
in this case, which matches the frequency at which dipolar polarisation starts to
dominate (Metaxas and Meredith, 1983). The drop in &' represents dipoles gradually
lagging behind the alternating electric field, as they lose their ability to follow the ever-
increasing wave frequency. The lag, indicating a reduction in the overall polarisation,
enables energy to be dissipated as heat, which is why &’ increases simultaneously with

decreasing &'. Eventually, ¢" peaks at the relaxation frequency of the material and
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drops thereafter, as the dipoles lose their ability altogether to follow the extremely
high frequency electric field (Metaxas and Meredith, 1983). The data used in Figure
2.2 may resemble pure water, as this possesses a relaxation frequency of the order of
10 GHz at room temperature (Kaatze, 1989), and a static &’ value close to 70 (Datta,

Sumnu and Raghavan, 2005).

The events of Figure 2.2 demonstrate a significant dependence of dielectric
properties on frequency. This is evident given that, dipolar heating is generally
possible within a narrow frequency band, where molecules start to lose their
polarisability in response to the applied electric field. This loss in polarisability (i.e.,
reduction in ') causes heat dissipation in the material (i.e., increase in &), where the
extent of such dissipation (i.e., peak value of £'") depends on the overall reduction
experienced in &'. The decrease in polarisability is mathematically represented by the
difference between ¢,. and &, (Equation (2.14)), which simply communicates the
change in the material’s &' from its low-frequency value to its high-frequency value.
Figure 2.3 shows that, a wider gap between &4, and &, results in a larger peak value

for £'" and, therefore, more heat dissipation in the material.
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Figure 2.3 — Debye representation of (A) dielectric constant and (B) dielectric
loss factor as functions of frequency (Equation (2.14)). &4, is variable while
£, =10andi=10"1g

On the other hand, as expected from Equation (2.14), dielectric properties also
depend on the material’s relaxation time (t). Decreasing ¢ shifts the overall dielectric
response towards higher frequencies (Figure 2.4). This is because, in such a case the
dipolar molecules realign more efficiently (i.e., faster) with the alternating electric
field, thereby requiring higher wave frequencies before they show any lag in their

response.
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Figure 2.4 — Debye representation of dielectric constant (A) and dielectric loss
factor (B) as functions of frequency (Equation (2.14)). t is variable while g4, =
70 and £, = 10

A material’s relaxation time () depends on the intermolecular forces within, which,
in turn, are strongly related to temperature. As temperature increases, dipoles
overcome the intermolecular forces holding them together, which enables them to
respond faster and more efficiently to the alternating electric field. As a result, ¢
decreases with increasing temperature, and the overall dielectric response shifts to
higher wave frequencies (Figure 2.4) (Gabriel et al., 1998). However, an increase in
temperature also indicates higher kinetic energy acquired by the molecules, which can
suppress their polarisability in return for more pronounced Kinetic vibrations

(Dinulovic” and Rasuo, 2011). Therefore, the influence of temperature rise on
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dielectric properties could comprise a combination of Figure 2.3 and Figure 2.4,

entailing a shift to higher frequencies but also a reduction in the peak value of &”.

Considering Figure 2.4, it can be seen that &" varies differently with temperature
(through t) depending on the applied wave frequency. If the latter is lower than the
relaxation frequency at the initial temperature, then & decreases with increasing
temperature. However, if the opposite is true then &' could increase with temperature
up to a given temperature threshold, before pursuing a declining path as the
temperature increases further. Such varying behavioural trends are important to
understand in the case of biomass materials, which potentially incorporate different
moisture contents exercising variable influences on the dielectric properties. At room
temperature, the relaxation frequency of pure water is of the order of 10 GHz (Kaatze,
1989); therefore, ' is expected to decrease when heating pure water at 2.45 GHz, for
instance. Thus, many biomass materials with significant moisture contents (such as
foods) show a reduction in &"” with increasing temperature (Datta, Sumnu and
Raghavan, 2005). However, this is not always true, as in some cases the mobility of
water molecules is suppressed due to binding, dissolution, adsorption, etc within the
biomass matrix; hence, water’s relaxation frequency is lowered and &" could increase
with temperature (Venkatesh and Raghavan, 2004). In fact, the forms of water binding,
dissolution, adsorption, etc differ from one material to another; therefore, it is
inherently challenging to describe dielectric properties collectively for all materials
from a single theoretical ground (Trabelsi and Nelson, 2006). Nevertheless, it is still
accepted that the presence of bound water (as opposed to free water) in biomass
materials like foods, generally contributes towards increasing " with temperature
(Datta, Sumnu and Raghavan, 2005).

The Debye model (Equation (2.14)) is quite useful in characterising dielectric
properties generally; however, it still lacks the ability to fully depict dielectric
responses. For instance, low-frequency losses due to ionic conduction (section
2.1.2.1.2) are not incorporated, yet they can be significant in some cases. As discussed
previously, ionic conduction dominates at low microwave frequencies, meaning that
€' would decrease with increasing frequency, before increasing once again as dipolar
polarisation becomes effective (Metaxas and Meredith, 1983). On the other hand,
increasing temperature generally improves the mobility of free ions, thus increasing

heat dissipation due to ionic conduction. This is evident given that, " increases with
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temperature in salt solutions even though it decreases in pure water, and that £ also
increases with temperature in foods containing high salt contents (Datta, Sumnu and
Raghavan, 2005).

Further to frequency, temperature, and moisture content, dielectric properties are
also influenced by other material properties. For example, higher bulk density can
result in larger permittivity, since a smaller volume within the material will be
occupied by microwave-transparent voids (Nelson, 1994). Dielectric properties of
food materials are also influenced by the chemical makeup and physical attributes
(Ryynanen, 1995).

2.1.2.3 Microwave power dissipation
Understanding dielectric properties is a significant step towards quantifying

microwave power dissipation; nonetheless, the relationship between power and field
magnitude should also be established.

The Poynting theorem describes electromagnetic power flux through a closed
surface in terms of the propagating electric and magnetic fields (Metaxas and
Meredith, 1983):

—

G —F xH (2.16)

6,“ (Wm™?2) is the Poynting vector describing power dissipated per unit area of

closed surface. As can be seen, 6,“ is orthogonal to both E and H; hence, it is parallel

to the direction of wave propagation.

Q4 is variable with time since E and H are alternating fields; therefore, a time-

averaged power dissipation (6,,) can be defined as follows (Sadeghi, Hassanzadeh and
Harding, 2017):

:

- 1(-

G =7 Gueat @.17)
0

t = 2m/w is the wave periodic time.
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However, since E and H have been defined here as complex vectors (Equations

(2.6) and (2.7)), 6),, can be expressed thus (Ayappaet al., 1991; Metaxas and Meredith,
1983; Sadeghi, Hassanzadeh and Harding, 2017):

L, y
Q4= —ERe{E x H*} (2.18)

Equation (2.18) is yet another demonstration of the simplification offered upon

utilising complex notation. E* and H* are the complex conjugates of E and H,

respectively, and they can be defined as follows:

E* = Re{Ee/fr-o0) g} (2.19)
H* = Re{He/(FP=00) 1} (2.20)

Hence, it can be shown that the vectors ¥ x E* and V x H* equate to the following:

v x B = jwbH" (2.21)
v xH* = —jweyd B (2.22)

& =¢&'+ je" is the complex conjugate of the complex permittivity ¢ defined in
Equation (2.13).

To quantify the total absorbed power, 6,4 should be integrated with respect to area;
therefore, the final integral power expression can be written as follows (Metaxas and
Meredith, 1983):

A A
—_— 1 — —
Qu = jﬂ Q,.dd = _E?Q Re{E x H'} .dd (2.23)
0 0
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Q) is the dissipated microwave power; A is the total area of the closed surface; and

a describes an infinitesimal surface area. d is defined as a vector here to exclusively

capture the (_jA component normal to the surface.

Equation (2.23) describes the power dissipated as microwaves propagate through a
closed surface. The divergence theorem can be used to equate this to the power
dissipated within the volume enclosed by the surface (Huray, 2010; Metaxas and
Meredith, 1983):

N =

A 14 14

Qu :jéa,,.da:f(v.a,,) dv = — fRe{v.(Exﬁ*)} dv (2.24)
0] 0 0

7 is the volume enclosed by surface A, and v is describes an infinitesimal volume.

Further to Equation (2.24), the term V.. (E x H*) can be re-expressed using basic

vector identity, as follows:

V.(ExH)=H".(VXE)—E.(VxH) (2.25)

Based on the previous definitions of E and H and their respective complex
conjugates, the terms in Equation (2.25) can be expressed thus (Metaxas and Meredith,
1983):

H .(VXE) = —job(H* .H) = —jwbH? (2.26)
E.(VxH) = —jweé*(E.E*) = wepe E? — jweye'E? (2.27)
Substituting Equations (2.26) and (2.27) into Equation (2.25) yields the following

(Ayappa et al., 1991; Metaxas and Meredith, 1983):

V.(Ex H) = —wege E? + jw(eoe'E?* — bH?) (2.28)
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In turn, substituting Equation (2.28) into Equation (2.24) yields the following,

assuming that E does not change much within small volumes amounting to the plant-
cell scales intended in this thesis (section 2.2) (Metaxas and Meredith, 1983):

14
1 - 1 -
Quy = EJ. wepe''E? dv = Ea)eoe"EzV (2.29)
0

The electric field intensity (£) can be expressed as a root-mean-squared value (|E|)
where E? = 2|E|?, and this yields the final expression for microwave power

dissipation in a given volume (Metaxas and Meredith, 1983):

Qu = wepe”|EPV (2.30)

From this point forward, electric field intensity will be represented with the value

|E|. The per-volume form of Equation (2.30) is as follows:

Qu = wee|E|? = 2nFeye”|E|? (2.31)

Q, is the dissipated microwave power per unit volume.

Equation (2.31) is widely reported (Altarawneh et al., 2021; Robinson et al., 2009;
Thomas-Hillman et al., 2018; Whittles, Kingman and Reddish, 2003), as it
demonstrates the dependence of power dissipation on the loss factor, which matches
the earlier definition of & (section 2.1.2.2.2). Moreover, Q,, also depends on the
characteristics of the imposed wave, including frequency and intensity of the electric
field.

It is assumed in Equations (2.30) and (2.31) that w, £", and |E| are independent of
the sample volume (i.e., as indicated in the integration step; Equation (2.29)).
Effectively, therefore, w and &" will be assumed homogeneous/constant throughout
any given phase, as they will only vary from one phase to the other if controlled by an
external parameter (e.g., phase type, water activity, temperature, etc). Given the small
scale of the model intended in this thesis, this is seen as a valid and reasonable

simplification. On the other hand, as will be discussed in section 2.1.2.4 |E| will be
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assumed to follow Lambert’s law, thus waiving the need to consider the volume
dependence of this parameter. Future developments of the intended model may require
more detailed electromagnetic analysis depending on the desired scale, heating
equipment/cavity considerations (section 2.1.3), and the required level of precision in
the modelling of heat.

2.1.2.4 Microwave attenuation
Microwaves polarise materials and dissipate heat in them, and this energy transfer

is coupled with an attenuation in the propagating waves, in adherence to the energy

conservation principle.

Microwave attenuation is commonly described as an exponential decay in the
amplitude of the propagating wave, which is expressed below and represented in
Figure 2.5 (Metaxas and Meredith, 1983):

H = Re{He e/ (@t=FP) ﬁ} (2.33)

« is an attenuation factor for the electric and magnetic fields.

AElectric field
|
|

| Magnetic field
-V

i

Wave propagation

|
|
AP I
v

Figure 2.5 — Attenuating electromagnetic wave. Concept inspired by Metaxas et
al. (Metaxas and Meredith, 1983)

Considering the electric field component exclusively, Equation (2.30) indicates a

proportionality between microwave power dissipation (Q,,) and the squared electric

Page 2-20 (27)



CHAPTER 2

field intensity (]E|?). Based on this, and given that E decays exponentially (Equation
(2.32)), Q, is considered proportional to e~2%P (Metaxas and Meredith, 1983). The

latter enables Q,, to be estimated thus (Ayappa et al., 1991; Yang and Gunasekaran,
2004):

Qu = Quye > (2.34)

Qu, Is the power incident upon a material.

Equation (2.34) is otherwise known as Lambert’s law, and it typically applies where
the microwave wavelength is much smaller than the dimensions of the material
(Ayappa et al., 1991; Oliveira and Franca, 2002).

Penetration depth (6,) is the distance within a medium that a wave should travel to
reduce Q,, to e™! (i.e., 36.8%) of its original value at the incidence point (Qmy)-

Hence, Equation (2.34) can be rewritten thus (Meredith, 1998):

Qu = Qupe (235)

Furthermore, &,, can be expressed in terms of the dielectric properties, as follows

(Meredith, 1998; Metaxas and Meredith, 1983):

-05
C g'"\2
_ ’ s _ 2.36
6p_a) 28’ <1+<€'>> 1] ( )

c is the speed of light, and w represents the wave angular velocity in free space.

8, is a material property as it depends on &' and &”. Therefore, the higher the
dielectric properties the lower the value of §,,, meaning that the wave attenuates more

readily.

Attenuation is vital to consider in microwave systems comprising significant scales.
High attenuation could result in non-uniform heating of the material, as microwaves
get absorbed at quite shallow depths from the surface. Therefore, optimal microwave

heating is governed by a trade-off between the desire for high dielectric properties,
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and the need to ensure appropriate microwave penetration (Beneroso et al., 2016;
Meredith, 1998).

Although microwave attenuation will be considered in this work, its effects should
remain minor due to the plant-cell scales of the intended model (Chapter 3 onwards).
For instance, the penetration depth of water, a strong microwave absorber (Meredith,
1998), is of the order of 1 cm (Pueschner, 2015) which is larger than the scales
intended for most numerical investigations. Nevertheless, it is intended to incorporate
microwave attenuation in this work through the use of Lambert’s law, thereby offering
a more comprehensive definition of microwave heating, but also enabling future uses

of the model that demand access to larger scales.

2.1.3 Microwave heating instruments
This section offers a brief discussion of the main equipment required for microwave

heating in typical settings.
2.1.3.1 Generators

Generators convert source energy into electromagnetic waves, and they can be
classified either as power-tube devices (e.g., magnetrons and klystrons) or solid-state
amplifiers. Magnetrons are perhaps the most common amongst generator types, with
cost, efficiency, and high power-related advantages, and with numerous industrial
applications (Brace, 2009; Meredith, 1998).

Magnetrons comprise a cylindrical cathode surrounded by a circular wheel
entailing radial slots/openings which collectively act as the anode. The whole chamber
IS maintained at vacuum conditions and is subjected to a strong magnetic field
orthogonal to the circular plane. The cathode heats up upon applying high-voltage
power, releasing electrons which assume a spiral pathway as they approach the anode,
due to the presence of the magnetic field. The radial slots/openings of the anode are
designed to acquire natural frequencies matching the desired microwave frequency;
therefore, as these structures resonate, microwaves are generated at the desired
frequency and, subsequently, these waves get delivered to a waveguide through a
transmission probe (Meredith, 1998; Thostenson and Chou, 1999).

2.1.3.2 Transmitters/waveguides
Transmission devices are required to transfer microwaves from the generator to the

load, and waveguides are commonly used for this purpose. A waveguide is a hollow

metallic tube commonly with a rectangular cross-section. It transmits high-frequency
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waves (e.g., microwaves) while also minimising energy losses incurred from such
transmission. Therefore, waveguides are a more suitable means of microwave
transmission compared to coaxial probes/cables, which are used in transmitting lower-

frequency waves (Metaxas and Meredith, 1983; Thostenson and Chou, 1999).

Unlike plane waves travelling freely, waves transmitted in waveguides are confined
to small spaces. This induces numerous wavefront interferences and off-surface
reflections which ultimately give rise to certain guided propagation “modes”, hence
the terminology “waveguide”. These modes are controllable by the design of the
waveguide, which dictates certain orientation and angle for wave propagation. This
induces electric and magnetic field components in multiple dimensions within the
waveguide, including in the direction of wave propagation itself. This aspect is
different from plane waves travelling freely, where the electric and magnetic fields
remain orthogonal to each other and to the direction of wave propagation (i.e.,
transverse electromagnetic or TEM waves; Figure 2.1). In contrast, due to reflection
and interference patterns, the propagation modes assumed in waveguides can either be
transverse-electric (TE) or transverse-magnetic (TM), as only one of the two fields
remains fully orthogonal to wave propagation. In TE modes, all nonzero electric field
components are transverse to the direction of wave propagation, whereas in TM
modes, it is the magnetic field components that remain completely orthogonal. Further
classification of TE and TM modes is conducted through defining the mode numbers
“m” and “n” (i.e., TEmn and TMmn), which represent the number of sinusoidal half-
cycles of the fields in directions normal to wave propagation. For example, the
simplest and most common TE mode obtainable in a conventional rectangular
waveguide is TEio, where one electric field component and two magnetic field
components are sustained. The wave patterns and field maxima, minima, and zero-
points can be predicted based on knowledge of the wave properties and waveguide
design, and such patterns are well-established for the TEio mode for example
(Meredith, 1998; Metaxas and Meredith, 1983; Thostenson and Chou, 1999).
2.1.3.3 Applicators

Applicators are metallic-walled closed chambers where microwave energy is
received into the load (Bykov, Rybakov and Semenov, 2001). Although multimode
cavities are the most common type of applicator, single-mode cavities and travelling

wave applicators are also fairly common. Additionally, several other
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types/hybrids/modifications with special designs exist to serve more specific purposes,
and some of these include helix, radiator, rectangular TEM, ridged, and other
applicators (Metaxas and Meredith, 1983).

Both single-mode and multimode cavities support resonant wave patterns, thereby
sustaining high field intensities and enhancing heat dissipation into the load (Meredith,
1998). This is because, resonance entails a continuous passing of the waves within the
cavity as they are reflected off the metallic boundaries, which leads to constructive
wave interferences and ultimately higher field intensities. Yet, it should be noted that
resonant patterns are only established upon applying waves with certain frequencies,
which match the natural frequencies of the cavity resonator (Bykov, Rybakov and
Semenov, 2001). The potential for high energy dissipation with single-mode and
multimode cavities makes these popular for material processing (Thostenson and
Chou, 1999); therefore, the following subsections further expand upon these two

applicator types.

2.1.3.3.1 Single-mode cavities
As the name suggests, single-mode cavities are designed to accommaodate a single

resonant wave pattern. A given mode arises in the cavity when the applied wave
frequency matches one of the natural frequencies of the resonator; hence, it is vital to
design/select cavities based on the intended working frequency, and to maintain a
narrow frequency band about this intended value during heating (Mehdizadeh, 2015;
Thostenson and Chou, 1999).

For a given input microwave power, single-mode cavities generally sustain higher
electric field intensities compared to other applicators, which is a key advantage when
processing low-loss materials (Metaxas and Meredith, 1983). Such feature is available
because, these cavities are purposely designed to concentrate the applied field into
certain areas, which can then be occupied by the load thus optimising its power
absorption, but also inducing a uniform electric field across the heated material
(Chandrasekaran, Ramanathan and Basak, 2012; Mehdizadeh, 2015). However,
acquiring an effective single-mode configuration demands small-scaled cavities,
typically in the order of the intended microwave wavelength (Thostenson and Chou,
1999) (i.e., a size equivalent to half the wavelength). This is necessary to efficiently
couple the field intensity maximum with the heated load, yet it poses a limitation as

only small load volumes can be treated at any given time (Bykov, Rybakov and
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Semenov, 2001). The size-related shortcomings of single-mode cavities have limited
their industrial utilisation; however, where these cavities are feasible to use, they have
proven effective (Clark and Sutton, 1996). Single-mode cavities are carefully designed
to sustain quite specific wave patterns that are also uniform across a heated load,
thereby allowing more efficient heat dissipation and enabling more predictable heating
profiles (Mehdizadeh, 2015). Therefore, it is logically inferable that single-mode
cavities are ideal to use in many experimental-scale processes. Nevertheless, every
experiment will likely require case-specific coupling of the wave frequency with one
of the natural frequencies of the cavity resonator, which is because the latter does not
only vary with the cavity’s design, but also with the dielectric properties of the load
(Bykov, Rybakov and Semenov, 2001). The constraints suffered by single-mode
cavities, including limited processing volumes and the need for detailed

understanding/tuning, are largely overcome in multimode cavities.
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Figure 2.6 — Single-mode cavity setup

2.1.3.3.2 Multimode cavities
Increasing the size of a cavity enables it to accommodate multiple resonant wave

patterns at the same time, yielding multimode cavities which are the most common
type of applicator (Mehdizadeh, 2015; Meredith, 1998). Multimode cavities are used
in domestic heating and in many continuous and batch processes (Chandrasekaran,

Ramanathan and Basak, 2012). Unlike single-mode cavities where strict
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understanding of wave patterns is required, designing multimode cavities tends to
follow a more empirical approach, involving probing, experience, etc (Thostenson and
Chou, 1999). Nevertheless, central to designing these cavities is the need to identify
the natural frequencies of the cavity resonator corresponding to the intended modes,
and then to pack as many of these modes as possible around the operating frequency
(Metaxas and Meredith, 1983). This is key because, although an empty cavity
constitutes very narrow natural frequency bands capable of exciting given modes,
these bands tend to dilate upon introducing a load into the cavity. This means that,
many of the modes initially packed around the operating frequency now get to overlap;
hence, they can be excited and sustained in the cavity simultaneously under the same
operating frequency, leading to improved heating conditions (Mehdizadeh, 2015;
Metaxas and Meredith, 1983).

Multimode cavities are often regarded as simple and robust, with the ability to
process a wide range of material types (Mehdizadeh, 2015; Meredith, 1998; Metaxas
and Meredith, 1983). It is, therefore, unsurprising that these cavities lack the need for
sophisticated tuning or specialised operating personnel (Mehdizadeh, 2015), and when
this advantage is coupled with the larger cavity size, it becomes understandable why
multimode cavities are in many cases preferable over their single-mode counterpart.
However, this preference does not indicate superiority at every instance, for there
remain some advantages in using single-mode cavities as described in section
2.1.3.3.1. For example, single-mode cavities sustain higher field intensities than other
applicators for the same input power, allowing for more efficient heating (Metaxas
and Meredith, 1983). In fact, multimode cavities are notorious for their non-uniform
heating of the load, due to interfering wave patterns that induce local field maxima
and minima across the cavity (Mehdizadeh, 2015). Such non-uniformity can be
minimised either by enlarging the cavity hence increasing the number of overlapping
modes, or by operating at higher wave frequencies thus narrowing the separation
between field maxima and minima. However, the former option may contravene
practical size limitations, and the latter can suppress volumetric heating due to
increased microwave attenuation (Equation (2.36)) (Thostenson and Chou, 1999).
Furthermore, as stated in section 2.1.1 there is a limitation in the frequencies available
to utilise for industrial, scientific, and medical (ISM) applications of microwave
heating. Instead, heating homogenisation is commonly attempted by introducing a set
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of practical solutions into the cavity, such as turntables which mobilise the load across
various field maxima and minima, and mode stirrers whose rotating blades agitate the
standing modes by reflecting the input waves, thereby improving heating uniformity
(Chandrasekaran, Ramanathan and Basak, 2012; Thostenson and Chou, 1999). These

practical solutions emphasise the experiential aspect of multimode cavity design.
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1 Transmission probe connected to generator 4 Mode stirrer with rotating blades
2 Multimode cavity 5 Turntable
3 Waveguide

Figure 2.7 — Multimode cavity setup

2.1.3.4 Further instruments
2.1.3.4.1 Circulator: safequarding the power source
The power generated within a microwave heating system is not always fully

absorbed by the load, which gives rise to reflected power. Circulators direct the
reflected power towards a dummy load (e.g., water), thereby safeguarding the
generator against damage. Circulators typically consist of a three-port junction
enforcing directional bias in the power flow. For example, the generated power flows
from port A (generator side) to port B (applicator/load side); however, any reflected
power is diverted towards port C (dummy load side) instead of port A, thereby

protecting the power source (Meredith, 1998; Metaxas and Meredith, 1983).

Besides circulators, other devices can also be used to achieve the same goal of
safeguarding the generator from reflected power. However, circulators are usually
preferred due to their cost and practicality-related advantages (Metaxas and Meredith,
1983).
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2.1.3.4.2 Stub & sliding short: tuning
In some applicators like single-mode cavities (section 2.1.3.3.1), achieving optimal

heating requires coupling the generated waves with the intended load. This is because,
changing the heated material may alter the natural frequencies of the cavity resonator
(Bykov, Rybakov and Semenov, 2001), thereby altering the resonant wave patterns
together with the locations of electric field maxima/minima/zero points within the
cavity. As such, tuning is necessary to induce appropriate resonant wave patterns at
the operating wave frequency, and to ensure the electric field maximum overlaps with

the physical location of the load, thus optimising power absorption.

A sliding short is a piston installed at a termination point in the waveguide. It
constitutes a short-circuit whose position can be altered to adjust the resonant
frequencies of the loaded cavity, and match one of them with the desired operating
frequency, thus optimising power absorption. Further matching can also be achieved
with stub tuners, whose vertical lengths are adjustable so as to refine the wave patterns
and optimise power absorption by the load. Some heating configurations comprise
multiple stub tuners, while others feature automated tuners which readjust
continuously based on the magnitude of the reflected power (Steer, 2008; Mehdizadeh,
2015; Meredith, 1998; Metaxas and Meredith, 1983).
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1 Transmission probe connected to generator 4 Stub tuner
2 Single-mode cavity 5 Sliding short

3 Waveguide

Figure 2.8 — Single-mode configuration with stub tuner and sliding short
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2.1.3.4.3 Directional coupler: power detection
It is vital to measure the input and reflected powers in a microwave heating system,

and this is achievable with directional couplers. These devices typically comprise a
four-port junction enforcing directional bias in the power flow; hence, small quantities
of the incident and reflected waves get isolated in independent ports. These waves are
then used to measure the incident and reflected powers, through dedicated power
meters (Meredith, 1998; Thostenson and Chou, 1999).

2.1.4 Section summary
This section discussed aspects of the microwave theory that are relevant to this

thesis, including fundamental heating mechanisms, dielectric properties, heat
dissipation, wave attenuation, and key components of a typical microwave heating

apparatus.

Materials interact with microwaves based on their dielectric permittivity, a quantity
measuring the extent to which a material polarises under the influence of
electromagnetic radiation. Due to their frequency range, microwaves induce dipolar
polarisation whereby dipoles exercise continuous reorientation to match the
alternating electric field. However, raising the microwave frequency causes these
dipoles to lag behind the increasingly fast field alterations, causing heat dissipation in
the material as a substitute for the reduced effective polarisation. Another means of
microwave heating is delivered through ionic conduction, where free ions embedded
within a dielectric material flow under the influence of an applied electric field. This
arises even with small concentrations of free ions, and occurs especially at low
microwave frequencies, causing heat dissipation due to ohmic effects. Although other
mechanisms like interfacial polarisation can also dissipate heat in some cases, dipolar
polarisation and ionic conduction are typically regarded as the primary mechanisms
for heating biomass materials like foods.

Dielectric permittivity can be defined as a complex number, whose imaginary part
(dielectric loss factor; €'") describes the ability of a material to dissipate microwave
energy as heat. In fact, microwave power dissipation is proportional to the dielectric
loss factor as seen in Equation (2.31), and it also depends on the properties of the wave
including frequency and electric field intensity. However, heat dissipation causes the
propagating microwaves to attenuate, posing a limitation to the homogeneity of
heating. This is key to consider especially in large-scale processes, where a trade-off
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exists between the desire for rapid heating through high dielectric properties, and the
resulting amplification in microwave attenuation quantified as a reduction in the

penetration depth of the material.

Microwave heating requires a generator, a waveguide to transfer the waves to the
load, and an applicator where the load is subjected to radiation. Additional elements
are also incorporated to support the heating setup, amongst which are circulators,
stub/sliding short tuners, and directional couplers. Magnetrons are the most common
type of generator, due to advantages related to cost and efficiency. Furthermore,
waveguides sustain certain wave propagation modes based on their design, where
these modes could either be transverse-electric (TE) or transverse-magnetic (TM).
Concerning applicators, although multimode cavities are more widespread, single-
mode cavities sustaining one mode of wave propagation are also fairly common.
Although single-mode cavities demand detailed design/tuning and limit the allowable
processing volume, they finely match the load to the field maximum, thereby
maximising the imposed electric field intensity. This enhances heating compared to
multimode cavities, in which the load can suffer from non-uniform heating, even
though the disadvantages related to limited processing volume and detailed

design/tuning are overcome.

Microwave heating is clearly a well-established field both theoretically and
practically. However, as discussed earlier there remain some key challenges limiting
the ability to employ microwave heating in large-scale biomass processing. Hence,
this thesis attempts to utilise the available knowledge of the microwave theory to better
understand microwave heating trends of biomass-solvent systems, and whether it can

induce unique extraction phenomena.

2.2 Biomass-solvent extraction

2.2.1 Introduction
Biomass extraction is a physio-chemical process involving the recovery of certain

components from biomass materials. Many of these components are of high added-
value (Rodrigues et al., 2018), and they can serve as renewable chemical feedstocks
substituting fossil-based compounds (Tsubaki, Sakamoto and Azuma, 2010), but also
in the food, pharmaceutical, and cosmetic industries (Flérez, Conde and Dominguez,
2015), and in other applications. Therefore, biomass extraction is well suited to the

bio-refinery concept, an idea concerned with developing processes enabling efficient
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conversion of biomass feedstocks into numerous value-added products and biofuels
(Herrero and Ibafiez, 2018).

This thesis is concerned with extraction in biomass-solvent systems, which
comprise plant-based biomass immersed in a body of solvent. Extraction entails the
liberation of biomass components into the solvent phase, and such a process involves
(i) penetration of the solvent into the biomass; (ii) solubilisation of the solute into the
solvent; (iii) diffusion of the dissolved solute into the biomass-solvent boundary and
then into the bulk solvent (Flérez, Conde and Dominguez, 2015; Mao, Robinson and
Binner, 2021).

It is aimed in this section to review relevant background information on biomass-
solvent systems, including structure, solvents, and mechanical expansion of cells. The
general perception that microwaves enhance extraction compared with conventional
heating will also be highlighted, with an emphasis on the general lack of mechanistic

understanding as to why such enhancement is observed.

2.2.2 Biomass-solvent systems

2.2.2.1 Biomass
2.2.2.1.1 General description
The microstructure of plant-based biomass consists of cells, cell walls, and middle

lamellae. Plant cells are eukaryotic (i.e., with fully developed nuclei) and they
incorporate various organelles performing different functions. Each cell is contained
within its respective cell membrane, consisting of a phospholipid bilayer that defines
the cell boundary and regulates inward and outward diffusion of components
(Williams, 2000). The intracellular area consisting of nucleus, cytoplasm, and other
organelles, is collectively termed the protoplast, and it is well adapted to host cellular
functions and processes. On the other hand, the external area running between cells is
occupied by cell wall components (Devlin and Witham, 1983). Cell walls surround
cells and adjoin them, providing mechanical support and uniformity to the biomass.
For example, the tendency of cells to expand upon water uptake is resisted by the
surrounding cell walls, inducing high intracellular pressures and, thereby, contributing
towards structural stability (Williams, 2000). High biomass pressures can also
improve extraction by forcing components outwards, or even by damaging cells in
some extreme cases. The ability of microwave heating to induce/enhance such

mechanisms is a key subject of study in this thesis, from Chapter 5 onwards.
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The main constituent of a cell wall fragment is cellulose, while other key
components also exist including hemicelluloses, pectic polysaccharides, lignin,
suberin, and some enzymes and proteins (Devlin and Witham, 1983). However, the
compositions of the various biomass constituents are very much case-specific, often
depending on factors related to geography, age, type, etc (Carpenter et al., 2014;
Jawaid, Paridah and Saba, 2017). It is, therefore, unsurprising that biomass materials

are very heterogeneous in their chemical makeup and physical traits.

Nevertheless, cell walls are typically distinguishable into primary and secondary
walls, together with a segment known as the “middle lamella” (Figure 2.9). The latter
is the first to form upon biomass growth, as pectic polysaccharides get deposited into
the exterior of growing/dividing cells thus cementing these together. As cells grow
further, they produce and deposit cellulose, hemicelluloses, and some glycoproteins,
forming a 1 — 3 um layer between the cell boundary and middle lamella known as the
primary wall. In addition to this, some cells also deposit an inner-most secondary wall
whose thickness is typically 5 — 10 um. The chief constituent of secondary walls is
lignin, whose presence enhances the structure’s rigidity and can even restrict any
further growth of the biomass (Devlin and Witham, 1983).
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Figure 2.9 — Biomass microstructure

The primary walls are distinguishable by their unique architecture, consisting of
many long cellulose-based fibres known as microfibrils (Devlin and Witham, 1983).
It is commonly accepted that these microfibrils are held together with xyloglucan
crosslinks; however, this remains open to experimental scrutiny (Cosgrove, 2014,
2016; Park and Cosgrove, 2012b), indicating that the exact cell wall structure is yet to
be firmly established. In any case, for mechanical characterisation the primary wall
can be envisaged as an amorphous matrix reinforced with cellulose microfibrils
(Cosgrove, 2016; Salmén, 2004; Wu et al., 1985), resulting in a structure whose
strength is comparable even to some building materials (Chaplain, 1993).
Nevertheless, the primary walls remain tensile in nature, allowing them to play a key
role in dictating cell growth (Bashline et al., 2014). In fact, it is often vital to
characterise the structure of primary walls to understand cell properties related to
growth, mechanical aspects, and water-related characteristics (Park and Cosgrove,

2012a). In this regard, a common hypothesis describing the formation and orientation
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of microfibrils and how these complement the intended growth pattern, is the Multinet-
Growth hypothesis (Roelofsen and Houwink, 1953). This hypothesis suggests that
newly formed microfibrils get deposited onto the inner-most layer of the primary wall,
in an orientation that is orthogonal to the growth axis of the cell. Therefore, the cell
expands primarily in a given direction, and grows to assume a certain shape. However,
as new microfibril layers form, the older ones see a gradual reorientation towards the
growth axis as they are pushed outwards, resulting in an outermost layer whose
microfibrils are parallel to the growth axis, and intermediate layers with microfibrils
oriented in an oblique fashion (Figure 2.10). This passive reorientation of microfibrils
gradually enhances the resistance to expansion in the growth axis, eventually stopping
further cell growth upon maturity. This hypothesis attempts to explain why cells grow
to occupy certain shapes (i.e., incorporating major and minor growth axes), and it has
generally been supported by some experimental findings (Anderson et al., 2010;
Green, 1960). Furthermore, this hypothesis allows the assumption that, for practical
purposes, fully grown cells only expand in one direction upon experiencing high
pressure/stress. This is a useful simplification employed in cell expansion analysis in
the current thesis (Chapters 5 and 7), as it makes possible a meaningful and practical
method to quantify cell expansion. However, it should be noted that the Multinet-
Growth hypothesis does not necessarily apply in every situation. For instance, in many
plants where cells exhibit variable shapes and assume a wide range of growth
dynamics, it may be that the organism undergoes mechanisms to actively remodel
growth, instead of depending solely on the reorientation of microfibrils (Baskin,
2005). Hence, the mechanical aspects of cell growth are likely to follow complex
phenomena, and the reorientation of microfibrils may be one of the contributing
factors. Nonetheless, the concept of microfibril reorientation offers a useful and

meaningful simplification to quantifying cellular mechanics.
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Figure 2.10 — Graphical representation of the Multinet-Growth hypothesis.
Concept inspired by the description of the hypothesis (Roelofsen and Houwink,
1953). (A) microfibrils (black) are deposited orthogonal to the main growth
axis; (B) a second layer of microfibrils (orange) is deposited while the former
layer (black) gets pushed into the page and readjusted to an oblique
orientation; (C) a third layer (green) is deposited while the former two layers
are further pushed into the page, where the black microfibrils become
tangential to the major growth axis and the orange microfibrils assume an
oblique orientation
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The structural features of biomass do not cease to alter on achieving maturity, but
rather they continue to change/remodel based on the various conditions/needs of the
material throughout its lifecycle. Such changes do not necessarily incorporate adding
strength/complexity to the structure, but instead they could entail loosening of the cell
walls by enzymatic and non-enzymatic processes, which are triggered to aid various
biomass functions (Fry, 1998). For example, some cells undergo programmed death,
which could result in structural alterations to the extracellular matrix (Jones, 2001),
including cell wall components like cellulose, hemicelluloses, pectic polysaccharides,
and others (Gunawardena, Greenwood and Dengler, 2007). This process is
advantageous in the growth and shaping of some biomasses, but it also aids in other
functions such as in reproduction and resisting pathogenic attacks (Greenberg, 1996;
Gunawardena, Greenwood and Dengler, 2004; Jones, 2001). Another example
entailing structural alterations in biomass is fruit ripening, which is a key mechanism
known to occur widely. Although the nature and extent of ripening processes are

variable amongst different fruits, such processes generally incorporate an overall
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loosening of the fruit material due to modifications to the cell wall structure and
composition (Bartley and Knee, 1982; Prasanna, Prabha and Tharanathan, 2007).
Degradation of cell wall constituents including cellulose, hemicelluloses, pectic
polysaccharides, and others, is key in fruit ripening as it softens the texture of the
biomass (Prasanna, Prabha and Tharanathan, 2007). The cell wall constituents may
experience hydrolysis, solubilisation, depolymerisation, de-esterification, and other
enzymatic/non-enzymatic processes (Prasanna, Prabha and Tharanathan, 2007). These
examples highlight the tendency of biomasses to show different structural and
mechanical features based on their shelf-lives, which is important to consider when
processing these materials. Weakened cell walls enable cell rupture to be achieved
more readily, which is advantageous as it can enhance extraction from biomass
materials (Chapter 5). However, where rupture is not required to enhance extraction,
cell wall weakening could deliver the opposite outcome, as it lowers the turgor
pressures attainable in the material, thereby suppressing the driving force for solute
extraction (Chapter 7). On the other hand, structural alterations in biomass may alter
the amounts of extractables present within the material. For example, the quantities of
phenolics, flavonoids, and antioxidants available in fruit peels, are generally reduced
with fruit ripening (Vu, Scarlett and Vuong, 2019). As such, understanding the
lifecycles of biomasses is necessary to predict extraction, as this influences the
availability of extractables as well as the mechanical features of the containing

materials.

As opposed to the elasticity of primary walls and their significant contribution
towards dictating cell growth and in various other functions, the secondary walls do
not offer such flexibility, and they bring about loss in the elasticity of the biomass.
With lignin as their main constituent, the secondary walls inhibit cell
elongation/extension and can even cause death to the intracellular organelles (Devlin
and Witham, 1983). This is useful for some plant tissues like in the stem, as it aids
such tissues in their water transport function through providing additional strength,
and creating hollow tubes as the respective cells die (Williams, 2000). Lignocellulosic
biomasses are often described as complex and recalcitrant, requiring additional pre-
treatment steps before they can be effectively processed (Dotsenko et al., 2018;
Mulakhudair, Hanotu and Zimmerman, 2016). Hence, this thesis will concentrate on
non-lignified biomass, i.e., where the secondary wall has not formed and, therefore,
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cells retain their elasticity. Lignified materials are the subject of future work, as they
probably demand special mechanical treatment and extreme processing conditions

compared to those intended in this work.

2.2.2.1.2 Efforts to quantify cell expansion
This thesis attempts to characterise the effect of biomass pressure on extraction;

therefore, it is important to understand how the mechanical properties of primary cell
walls dictate expansion and pressure build-up in cells. This section reviews some of
the attempts to attain data and understanding of cell expansion and mechanical

properties of the primary wall.

Although there is a general lack in the available methodologies for quantifying
cellular mechanical properties, atomic-force microscopy is a notable advancement in
the field enabling such quantifications to be made (Guo et al., 2012). This technique
has allowed measuring stress-strain data for some cell wall fragments (Zamil et al.,
2013; Zamil, Yi and Puri, 2014, 2015), and such data can be quite useful in assessing
existing models and hypotheses, and in guiding future ones. For example, wall
fragments tangential to the cell’s main growth axis were found in some cases to be
weaker than fragments obtained from elsewhere in the cell (Zamil et al., 2013). This
could lay the basis for future studies aiming to support the Multinet-Growth hypothesis
(section 2.2.2.1.1) with quantitative evidence, thereby generating more sophisticated

models for cell growth.

However, efforts to understand and model cell expansion have long existed, even
before introducing sophisticated experimental techniques like atomic-force
microscopy which, as explained, could greatly aid any future attempts. Many existing
cell expansion models are centred around establishing a cell pressure-volume
relationship, where if the cell volume is known its pressure can be quantified, and vice
versa. Early on, cell expansion modelling was attempted analytically, which is
understandable given the limited numerical modelling tools that would have been
available. Yet, analytical solutions often require simplifications when attempting
complex mathematical problems, and in the case of cell expansion, one of these has
been to assume a linear cell elastic modulus and, thereby, a linear cell pressure-volume
relationship (Philip, 1958). Nevertheless, this assumption was disregarded in some
later studies, where the cell pressure-volume relationship was attempted with
nonlinear mechanics (Chaplain, 1993; Wu et al., 1985; Wu, Spence and Sharpe, 1988).
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Additionally, some models even differentiated the mechanical responses of cellulose
microfibrils from those of the wall matrix, thus demonstrating matrix-regulated and
microfibril-regulated phases in the extensibility of cell walls (Chaplain, 1993; Wu,
Spence and Sharpe, 1988). These advances were highly notable, especially given that
they were mainly attempted analytically. However, due to the reliance on analytical
frameworks, further assumptions persisted such as simplified cell geometry and

regular arrangement of microfibrils.

Recent models have utilised technological advances to improve the microscale
mechanical characterisation of plant-based biomass. For instance, coupling
microscopic imaging with computational/numerical techniques has not only enabled a
more accurate representation of the cell geometry, but has also widened the analysis
framework to incorporate tissues instead of single cells (Pieczywek and Zdunek,
2014). Elsewhere, it has even been attempted to represent cell walls with more detailed
three-dimensional features, and to distinguish the middle lamella mechanically from
the rest of the fragment, thus investigating its effect on the overall mechanical response
(Zamil, Yi and Puri, 2017). Backed by evolving technologies, efforts to better
understand the mechanical behaviour of biomass are clearly growing, which indicates
a promising prospect for this field. It will be attempted in this thesis to characterise
biomass mechanics with relevant pressure-volume relationships (Chapters 5 and 7).
The intended framework will incorporate reasonable levels of complexity, delivering
meaningful results but also enabling smooth integration into the overall biomass-
solvent extraction model.
2.2.2.2 Solvent

Appropriate solvent selection is of utmost importance in extraction, and it normally
follows an understanding of the relevant mass transfer patterns entailing how well the
solvent penetrates into the biomass, and whether it effectively dissolves the desired
extractables (Spigno and De Faveri, 2009; Veggi, Martinez and Meireles, 2013).
Extraction employs a wide range of solvents, where some examples include using
methanol and acetone in the extraction of flavonoids (Routray and Orsat, 2012); using
water-ethanol mixtures in the extraction of coffee-based antioxidants (Pavlovic¢ et al.,
2013); and using acidic/alkaline solutions in the extraction of pectic polysaccharides
(Mao et al., 2019). Even non-polar solvents such as hexane are used in some cases
(Veggi, Martinez and Meireles, 2013).
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In addition to practical aspects, it is vital when selecting a solvent to consider the
implications on sustainability, including the relevant economic, environmental,
societal, and other impacts (Soh and Eckelman, 2016). In this context, water is
arguably the most desirable extraction solvent, due to its obvious sustainability-related
advantages. However, as detailed above, numerous other solvents are still being used,
to accommodate for case-specific extraction requirements (Florez, Conde and
Dominguez, 2015). Nevertheless, according to literature microwave heating offers its
own enhancement to extraction (Adetunji et al., 2017; Zheng et al., 2013); moreover,
water is a good absorber of microwave radiation in extraction settings (Proestos and
Komaitis, 2008). This, among other reasons, has prompted numerous microwave-
extraction experiments to be conducted in water (Gonzalez-Nufiez and Cafiizares-
Macias, 2011; Tan et al., 2011; Tanongkankit et al., 2013), in an attempt to develop
clean and efficient water-based extraction processes. Should microwave heating
enable a more effective use of water as an extraction solvent, this technology will
deliver enormous benefits compared to other extraction techniques. However,
achieving such a goal demands an understanding to be formulated around the relevant
microwave-induced phenomena responsible for enhanced extraction in biomass-
solvent systems. This is the main goal of the current thesis; therefore, water will be

used as the extraction solvent (Chapter 3 onwards).

2.2.3 Thermal extraction in biomass-solvent systems

2.2.3.1 Microwave versus conventional extraction
Biomass-solvent extraction is classically conducted with heating and/or agitation

(Lee et al., 2015), where heat is delivered conventionally by providing energy to the
solvent which, in turn, passes it on to the biomass (Figure 2.11). Conventional
extraction has been used for a long time and is implemented in various forms, such as
Soxhlet extraction, hydro-distillation, and maceration (Wang and Weller, 2006).
Extraction can yield various components spanning a wide range of categories,
including lipids, polysaccharides, proteins, phenolics, vitamins, pigments, aromas,
antioxidants, and others (Florez, Conde and Dominguez, 2015; Li et al., 2013). Some
of these extractables exist in cells and may require cell disruption to be liberated (Lee
et al., 2016), while others originate from the cell walls (e.g., pectic polysaccharides
and hemicelluloses). Heating logically improves extraction as it generally accelerates

diffusion, reduces liquid viscosity, and improves solute solubility.
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(A) (B)

Microwave
heating

Solvent
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Biomass

# Conventional heat transfer
Lower temperature

. Higher temperature

Figure 2.11 — Difference between microwave and conventional heating sources
in terms of energy delivery to the biomass. (A) Conventional heat transfer
incorporates the solvent as an intermediary phase, hence solvent temperature is
higher than that of the biomass. (B) Microwaves deliver energy directly to the
biomass, bypassing the solvent and constituting heat transfer in the opposite
direction

Despite their availability, conventional extraction techniques reportedly suffer from
low yields, long processing times, high energy demand, and significant solvent
consumption (Rombaut et al., 2014; Wang and Weller, 2006). As such, there is an
increasing need to adopt novel technologies offering higher efficiency and better
environmental considerations (de Castro and Garcia-Ayuso, 1998; Wang and Weller,
2006). Microwave-assisted extraction has attained a multitude of research interest as
a novel, more efficient alternative to conventional extraction techniques (Chan et al.,
2011). Several advantages have been attributed to microwave heating in various
reports and experimental studies, including faster extraction, higher yields, reduced
solvent consumption, and improved product quality/selectivity (Bagherian et al., 2011,
Pan, Niu and Liu, 2003; Pandey and Shrivastava, 2018; Xiao, Han and Shi, 2008).

Although microwave heating is widely reported to improve extraction, the
mechanistic underpinnings of such improvement are yet to be thoroughly understood.
Much of the currently available explanations are qualitative, describing the envisaged
mechanisms of microwave action rather than attempting to quantify them. Enhanced
extraction is often attributed to the ability of microwaves to heat the biomass rapidly

through direct radiation (Figure 2.11), which is then used to qualitatively describe how
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improved vyields could be attained. Some of these descriptions include thermal
disintegration of the wall matrix, thus improving extraction (Florez, Conde and
Dominguez, 2015; Le&o et al., 2018; Maran and Prakash, 2015); and, vaporisation of
the intracellular moisture, thereby inducing high pressures and causing cell rupture
(Chanetal., 2011; Kalaet al., 2016; Letellier and Budzinski, 1999). These descriptions
may match the theoretical characteristics of microwave heating (section 2.1.2), but as
they stand, they do not offer any quantitative explanations as to how microwaves
interfere with mass transfer patterns in biomass-solvent systems, bringing about
enhanced extraction. The lack of such mechanistic understanding significantly hinders
the efforts towards an efficient industrial utilisation of the process (Kostas, Beneroso
and Robinson, 2017), because it limits the ability to predict extraction outcomes given
a range of conditions, which poses challenges onto process design, optimisation, and
scale-up.

2.2.3.2 Attempts to model microwave extraction
As discussed previously, the ability to understand microwave extraction and predict

its outcomes, is key for a successful large-scale implementation of the technique. To
this end, numerous experimental studies have been conducted to compare microwave-
assisted extraction to its conventional counterpart (section 2.2.3.1). However, due to a
lack of quantitative reasoning as to why microwaves enhance extraction, the technique

struggles to advance towards large-scale implementation.

This challenge can be overcome through mathematical modelling which, if
developed with an understanding of the relevant physical underpinnings of the
process, may reduce the demand on experimental studies and improve outcome
predictability. Some of the currently available models are summarised in Table 2.2,
where numerous examples can be seen to have implemented empirical approaches.
Such approaches are heavily reliant on experimental data, as their goal is to correlate
process inputs and outputs through prior trends obtained experimentally. Although
such models enable predicting additional processing outcomes through interpolation
(hence, without further experimentation), they are still not constructed upon an
understanding of the fundamental phenomena underpinning the process. This poses a
major disadvantage to these models, because any outcomes relying on experimental
data are only applicable to the specific experiments and scales in question, meaning

they cannot be extended to further situations (Chan et al., 2016). This is due to the
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heterogeneity and complexity of biomass materials (section 2.2.2), which constitutes

a wide range of variables influencing any extraction processes.

Nevertheless, the challenges associated with empirical modelling have been
identified, and further modelling efforts have attempted to reduce the dependence on
prior experimental knowledge. As shown in Table 2.2, some of the proposed models
aim to reduce the reliance on experimental data input (although remaining empirical
in nature), while others adopt more mechanistic approaches entailing heat/mass
transfer and other relevant concepts. However, despite the advances in driving away
from empirical models and instead adopting mechanistic ones, there is still a need to
develop comprehensive frameworks incorporating all relevant concepts, such as
microwave heating, heat/mass transfer, expansion mechanics, and biomass
microstructural features. Developing such a model will provide a clear quantitative
insight based on theoretical reasons, as to why microwaves enhance extraction. This
will be a key step towards extending the predictability of extraction trends to cover a
wide variety of systems, while incorporating multiple conditions and scales. This will,
undoubtedly, tackle much of the present challenges that prevent industrial

implementation of microwave extraction.

On the other hand, despite the present challenges there have been notable
improvements in the efforts to understand/model microwave extraction from a
fundamental basis. For example, a fist-principles’ model has been developed to
quantify cell pressure under microwave heating (Chan et al., 2016), and a novel
mechanism has been proposed for the effect of microwave heating on cellular scale
diffusion (Lee et al., 2016). These concepts will be discussed and assessed in Chapter

5, using the model intended in this thesis.
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Reference

Some features

Some drawbacks

(Kumar, Sivakumar and
Ruckmani, 2016; Sinha,
Saha and Datta, 2012;
Sinha et al., 2013; Tran et
al., 2018)

Models constructed to
optimise microwave
extraction of certain

components from specific
biomass materials, using
computational techniques
like
response surface
methodology, and
artificial neural network.

Empirical frameworks

aiming to correlate input

and output parameters

through fitting with prior

experimental data. Hence:

e Lack of fundamental
mechanistic
understanding of the
process.

e Framework
inapplicable to
situations and scales
other than the
experiment in question.

(Amarni and Kadi, 2010)

Implements a previous
empirical extraction
Kinetics model, to predict
microwave extraction for
a given system.

e Empirical framework
relying on
experimental data
input.

e Framework does not
incorporate heat
transfer, biomass
microstructure, or
expansion mechanics.

(Gujar, Wagh and Gaikar,
2010)

Implements a previous
diffusion model based on
Fick’s law, to determine
the diffusion coefficient

of a component under

microwave heating.

e The relationship
between microwave
heating and mass
transfer is still unclear.

e Framework does not

incorporate heat
transfer, biomass
microstructure, or
expansion mechanics.

(Xiao et al., 2012)

Model proposing a
chemical kinetics
approach to quantify
extraction in a system.

e Model still relies on
prior experimental
data.

e Model does not
incorporate heat/mass
transfer, biomass
microstructure, or
expansion mechanics.

(Chan, Yusoff and Ngoh,

2013; Chan et al., 2015;

Chan, Yusoff and Ngoh,
2015)

Model constructed to
simulate microwave
extraction based the
microwave energy
absorbed by the system.
This approach is better
suited for process scale-
up, as it can

e Model still does not
explain the phenomena
responsible for
enhanced extraction
under microwave
heating.

e Model still relies on
some experimental
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accommodate a range of
processing conditions, as
well as demanding less

experimental data input.

data input, due to its
empirical nature.

(Chumnanpaisont,
Niamnuy and Devahastin,
2014)

Model constructed to
simulate the distribution
of temperature and solute

concentration in an
extraction sample, using
Maxwell’s equations and

heat/mass transport
expressions (hence, the

model can run
independently of

experimental data input).

Modelling conducted at
the experimental scale;
hence:

e Microstructural details
of biomass cells/cell
walls are absent, thus
limiting the attainable
understanding.

e Biomass pressure was
not considered, even
though it can affect
solute concentration.
The absence of
microstructural details
inhibits quantifying
biomass pressure.

e Also due to the lack of
microstructural details,
any unigque microwave
effects felt at the
cellular scale, are
unlikely to be
demonstratable in this
model.

Table 2.2 — Examples of available microwave-assisted extraction models
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2.2.4 Section summary
For the purposes of this thesis, biomass-solvent systems comprise a plant-based

biomass material immersed in a body of solvent. Biomass consists of cells surrounded
by cell walls, which can be distinguished into middle lamellae, and primary/secondary
walls. The middle lamella mainly consists of pectic polysaccharides, whereas the
primary wall is constructed of numerous cellulose microfibrils embedded in an
amorphous matrix. Due to their remarkable strength but also elasticity, primary walls
play an important role in dictating cell mechanics and growth, as newly developed
microfibrils are thought to get deposited so as to enhance the structure’s rigidity in
certain directions but not in others. This promotes cell elongation in preferential
outlooks, allowing cells to grow into specific shapes, but also to show certain
mechanical characteristics. One way to describe this process of microfibril
deposition/reorientation is through the Multinet-Growth hypothesis, which can also be
used to assume that fully grown cells only expand in one direction when experiencing
pressure/stress. This simplification will be employed in Chapters 5 and 7 of this thesis,
where cell/cell wall expansion frameworks will be attempted. Cell mechanics have
been the subject of numerous modelling efforts, aiming to understand how cells
expand in response to force, through knowledge of the mechanical properties of the
primary walls. Backed by recent technological advances, these models have become
increasingly more sophisticated, and further experimental studies have been conducted

to directly acquire certain mechanical data of some cell walls.

The current thesis will be focussed upon non-lignocellulosic biomass, i.e., where
the secondary walls have not formed. The main constituent of secondary walls is
lignin, which adds significant rigidity to cells and recalcitrance to the biomass.
Lignocellulosic materials probably require special mechanical treatment and extreme
processing conditions; therefore, they are a subject of future work. Regarding solvent
selection, this should follow sustainability considerations as well as practical aspects,
which is why water is arguably the most desired solvent to use. However, while other
solvents are still utilised to meet specific process requirements, this thesis will focus
on water given that it is a good microwave absorber, and that microwave heating can
offer its own enhancement to extraction. Attempting to develop an efficient water-
based extraction process will be a very useful endeavour in the biomass extraction
field.
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Biomass-solvent extraction is often conducted with heating; however, conventional
heating techniques incorporate practical disadvantages that have necessitated
searching for novel extraction methods. Among these methods is microwave
extraction, which has been widely reported to accelerate the process, increase the
yield, and lower solvent consumption. Nevertheless, upscaling this technology has
been hindered by a lack in fundamental understanding of how microwaves enhance
extraction. Without such understanding, it is not possible to predict extraction
outcomes given a range of systems, conditions, and scales, which, in turn, does not
allow process design, optimisation, and scale-up. This gap is evident given the various
available microwave extraction models which, in many cases, are based upon
empirical approaches relying on prior experimental trends. There is a need to develop
comprehensive mechanistic models based on fundamental physical principles,
incorporating microwave heating, heat/mass transport, microscale geometrical
aspects, and mechanical responses of cells/cell walls. The key intention of this thesis
is to develop such a model to propose an explanation as to how microwave heating

enhances extraction.
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Symbols

=~ ol o= ml

Ql

-1

%]

88 °

msF lrad-1
msF lrad=1

Wm2s1

Electric field vector

Magnetic field vector

Electric displacement vector

Electric current vector

Peak electric field intensity

Peak magnetic field intensity
Root-mean-squared (average) electric field intensity
Dielectric permittivity

Relative permittivity/dielectric constant
Dielectric loss factor

Permittivity of free space

Complex dielectric permittivity
Permittivity at static frequency
Permittivity at very high frequencies
Magnetic permeability

Wave attenuation factor

CHAPTER 2

Displacement factor along the direction of wave propagation

Angular velocity

Time

Relaxation time

Wave periodic time

Direction of wave propagation

Direction of electric field polarisation
Direction of magnetic field polarisation

Unit vector in the electric field direction

Unit vector in the magnetic field direction
Real part of a complex number

Factor representing ohmic losses in a material
Factor representing polarisation losses in a material
Poynting vector

Time-averaged microwave power dissipation
Total microwave power dissipation
Microwave power density

Surface area

Volume

Infinitesimal surface area vector

Infinitesimal volume

Penetration depth
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c ms~1 Speed of light in vacuum

Subscripts and superscripts

0o Incident/initial value

O* Complex conjugate of a complex number/vector

Note: symbols denoting vector quantities are written in bold and supplemented

with an arrow above them (e.g., E).

Page 2-48 (55)



CHAPTER 3

3 MICROWAVE HEAT TRANSFER IN BIOMASS-

SOLVENT SYSTEMS

The aim of this chapter is to present the steps and methods applied in the

construction of a microwave heat transfer model dedicated to biomass-solvent systems

at the cellular scale. This model will subsequently be used to provide quantitative

understanding of the thermal patterns in biomass-solvent systems.

This chapter has contributed towards publishing Taqi et al. (Taqi et al., 2020). The

format of this chapter is as follows:
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Predicted temperature distribution
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3.3.1.2  Effect of penetration depth (Jp)
3.3.1.3  Effect of thermal conductivity (k)
3.3.1.4  Effect of specific heat capacity (Cp)
3.3.1.5  Effect of solvent-to-solid ratio (Sr)
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3.1 Introduction
As discussed in Chapter 2 (section 2.1), the extent to which microwave energy gets

converted to heat upon interacting with a material, depends on the material’s dielectric
properties. Conversion into heat is a function of the imaginary part of the permittivity
value, which is otherwise known as the dielectric loss factor of the material (&'")
(Metaxas and Meredith, 1983). The dissipation of power in a material (per unit

volume) is described in Equation (2.31).

Given that permittivity is a material property, different heating rates are to be
expected in different materials, as they absorb microwaves up to variable extents.
Furthermore, irregular heating is also to be expected in heterogeneous materials (i.e.,
with multiple constituents), where this heterogeneity leads to variable dielectric
properties across a material’s matrix. In such a case, different parts of the heated
material experience different heating rates, which is commonly referred to as selective
heating (Kappe, Stadler and Dallinger, 2012).

The variability in heating rates within a material experiencing selective heating,
can induce non-uniform temperature distribution. As such, it has been hypothesised
that temperature distribution in a microwave-heated biomass-solvent system is
proportional to the distribution of dielectric properties within the system (Lee et al.,
2016; Galan et al., 2017). This means that, if the biomass possesses a higher dielectric
loss factor than the solvent its temperature will be higher, and vice versa. However,
the quantitative basis upon which this link has been established is unclear, due to the
lack of heat transfer modelling in this regard. Heat transfer is logically expected to
demonstrate profound influence on temperature distribution, regardless of the method
of heating. Elsewhere yet more commonly in literature, even the role of dielectric
properties and the concept of temperature distribution have been neglected, and
instead microwave heating is only highlighted for its ability to induce direct and rapid
heating. This is then employed qualitatively to explain the enhanced extraction
observed under microwave heating (Chan et al., 2011; Flérez, Conde and Dominguez,
2015; Ledo et al., 2018).

There is a clear lack of quantitative understanding of microwave heating in
biomass-solvent systems. A prior step to understanding extraction is to characterise
how these systems heat up with microwaves, which is the aim of this chapter.
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3.2 Methodology

3.2.1 System geometry
The system under investigation incorporates a biomass material immersed in a body

of solvent (Figure 3.1).

Biomass

A J

Solvent

v

Figure 3.1 - General model structure

In defining the constituents of biomass, it was aimed to replicate the structure of
some real-world materials as far as was reasonably practical. As discussed in Chapter
2 (section 2.2), biomass incorporates cells and a network of adjoined cell wall
fragments. Cells were estimated here as cuboids, thus approximating biomass cell
types such as onion epidermal cells, which are well characterised in terms of their
mechanical behaviour (Zamil et al., 2013). Such an approximation also enables
thermal characterisation to be conducted with Cartesian coordinates. On the other
hand, cells were also assumed to have an identical geometry to each other and a regular
arrangement, entailing adjacent cells within the matrix that possess the same length,
width, height, and wall thickness.

While the size of the biomass is specified with the number and size of its cells and
the thickness of its cell walls, the amount of solvent is defined by its volume. The
solvent-to-solid ratio (Sg, in mLg~1) is a user-input parameter defining the volume of

the solvent based on the mass of the biomass.

Figure 3.2 shows a single cell constructed with the geometry specified above, while

Figure 3.3 shows a 2-dimensional representation of a multicellular biomass geometry.
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(A) (B) (C)

Figure 3.2 - The geometry of a single cell; (A) XY cross-section; (B) XZ cross-
section; (C) YZ cross-section

(A) (B) (C)

Figure 3.3 - The geometry of a multicellular biomass cluster; (A) XY cross-
section; (B) XZ cross-section; (C) YZ cross-section

3.2.2 The heat equation
Temperature distribution in the biomass-solvent system is influenced by

microwave radiation and conventional heat transfer. A heat equation was derived to

quantify temperature within the system, as follows.

Consider an infinitesimal unit in space, whose bottom-left-front corner is located
at Cartesian coordinates (X, y, z), and whose top-right-back corner is located at (x+0x,
y+oy, z+6z) (Figure 3.4). Energy is delivered into the unit in the x-direction, y-
direction, and z-direction at flux rates Qy_in, Qy—in, and Q,_;,, respectively, and
energy is removed at flux rates Qy_out, Qy—out, aNd @4y through the respective
directions. The unit is also being heated volumetrically through microwave radiation

at a per-volume rate Q.
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Figure 3.4 - Differential heat transfer element. Directions of heat flow are
arbitrary and used for demonstration purposes

The energy conservation principle dictates the following:

Energy accumulated = Energy input — Energy output (3.1)

The output energies can be expressed in terms of the input energies (excluding the

input microwave heating term; Q,,). By considering the x-direction only, the following

can be written:

a .
Qumcu8¥52 = (Qucin + 2t ) 8y62 (3.2)

Therefore, the input and output energies (excluding microwave heating) can be

expressed collectively as follows:

(3.3)

00y

Qx—in5y5z - Qx—outdy(sz = —T_in(SxSySZ

Fourier’s law of heat transfer (Coulson et al., 1999) can be used to write the input

and output energies as follows:

o°T 3.4
Qy—in0y0z — Qy_out6y6z = kxﬁéxdydz (3:4)
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Summation over all input and output energies in the 3 directions yields the
following:
’T  9°T  9°T

Energy input — Energy output = |ky— + ky,— + k, — [ 6x8ybz (3.5)
0x dy 0z

By assuming thermal conductivity is equal throughout the unit (k = k, =k, =

k,), and with reintroducing the microwave heating term, the expression can be

rewritten as follows:

Energy input — Energy output = kV>T8x8y8z + Qu6x8ydz (3.6)

Energy accumulated in the unit is proportional to the temporal derivative of

temperature, as follows:

oT
Energy accumulated = p,C, T 5x8y8z (3.7)

Substituting Equations (3.6) - (3.7) into the initial energy conservation expression
(Equation (3.1)) yields the following:

aT
i BV2T + §2nFeos”|E|2 (3.8)

B = k/p,C, is the heat transfer coefficient.

Equation (3.8) is the heat equation describing temperature in the biomass-solvent
system at any given location and time. It is a partial-differential equation (PDE) which
should be solved to yield the desired temperature distribution. Numerical solution to
the heat equation is described in section 3.2.3.

In addition to the heat equation, microwave attenuation (see Chapter 2, section 2.1)
was also considered using Lambert’s law (Ayappa et al., 1991). As shown in Equation
(3.9), the square of the electric field intensity, which is proportional to the input

microwave power, decays exponentially as the wave propagates through the system.
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For simplicity, and due to the small scale of the model, it was assumed that

microwaves propagate through the system parallel to the x-direction only.

BI? = 1Elo* exp (= ) 39)

3.2.3 Numerical solution to the heat equation
This work employs a finite-difference time-domain (FDTD) technique, known as

the method of lines, to solve the partial-differential heat equation (Equation (3.8)).
While finite-difference methods are undemanding to understand and implement, they
are also well-adapted for regular geometries. These features make finite-difference
methods more attractive to newly developed models compared with other alternatives,
especially where complex geometrical characteristics are absent. As such, it has been
reported that FDTD methods are amongst the most widely used numerical techniques
in microwave heating models (Yakovlev, 2006).

Applying the method of lines to Equation (3.8) incorporates approximating the
spatial second derivatives of temperature as finite values. This allows the partial-
differential equation (PDE) to be estimated as an ordinary-differential equation (ODE)
with a single time domain, which can then be solved numerically. Approximating the
spatial second derivatives of temperature was achieved through dividing the
geometrical domain of the model into discrete points, and subsequently applying a
second-order Taylor series expansion (sections 3.2.3.2 and 3.2.3.3).

3.2.3.1 Initial and boundary conditions
The initial temperature of the system (Tipiiq;) 1S @ usSer input. A saturation

temperature (Ts,turation) ShOUld also be defined, and this is recognised by the model

as the maximum temperature achievable in the solvent.

Due to the small scale of the model, the boundary condition was set to reflect
perfect insulation from the surroundings. This assumption does not affect the system’s
temperature distribution at steady state, because in such a case the solvent acts as a
heat sink (i.e., it maintains Tsrurarion regardless of any further heating); hence, the
biomass will also have to maintain a specific temperature distribution regardless of
whether heat is lost from solvent to the surroundings. Therefore, the effects of
negligible heat loss can be summarised in two points: firstly, the predicted time needed

to increase the temperature from Ti,itiar 10 Tsaruration COUld be smaller than it is in
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reality; secondly, with negligible heat loss all energy delivered to the solvent after
achieving Tqruration WoUld be used in boiling which, in any case, is not considered
in this work.

3.2.3.2 Model discretisation
Dividing the model into discrete points means to assume that each cell and cell wall

fragment is a distinct phase, represented by a discrete finite point (Figure 3.5). The
properties of any given phase (such as temperature) are assumed to be homogeneous
throughout the phase and equal to the properties computed at the location of the
discrete point. Also, the displacement between any two adjacent phases is assumed
equal to the separation between their respective discrete points. Due to the cuboid
shape of cells and the regular geometry assumed previously (section 3.2.1), the mesh
of discrete numerical points within the biomass can be represented using a Cartesian

system of coordinates.

The solvent was assumed as one homogeneous phase described by a single
numerical point. This avoids the need for complex analysis of the solvent phase which
firstly is a fluid, and secondly is likely to possess homogeneous temperature at thermal
steady state (section 3.3.1.1). The homogeneous solvent phase surrounds the biomass;
hence, the various cell wall phases at the edge of the biomass are in direct contact with
the solvent. Therefore, the numerical point describing the solvent cannot be denoted a
fixed location, but rather it should “move” continuously alongside the biomass-solvent
boundary, so that all biomass phases at the edge are in the same proximity to the
solvent phase (Figure 3.5). With this in place, the method of lines adopted here to
solve the heat equation still applies to biomass phases adjacent to the solvent, even
though the solvent is homogeneous and represented by a single numerical point.
However, solvent temperature cannot be determined by the same method, due to the
absence of discretisation as carried out with the biomass. Instead, solvent temperature
was computed here through applying a heat balance with all the adjacent biomass

phases (section 3.2.3.3).
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Figure 3.5 — 2-dimensional representation of model discretisation for heat
transfer. Biomass phases are discretised with the method of lines, while the
solvent is denoted a single mobile numerical point

3.2.3.3 Taylor series approximation
Discretisation of the model’s geometry (specifically biomass) enables

approximating the spatial second derivatives of temperature in Equation (3.8) as finite
values. The following steps demonstrate the method by which the Taylor series

expansion was applied to estimate these derivatives.

Consider three adjacent points in space (Figure 3.6), whose unidimensional
distances from the origin point are x;_;, x;, and x;,,, and whose temperatures are
T;_,, T;, and T;, ;, respectively. The points are separated by a displacement equivalent
to 6x.

ox ox
Q- >@<
Xi

Xi—1
Ti—1 = T(xi-1) T; = T(x;) Tiv1 = T(Xi4+1)

>
xl-l-l

Figure 3.6 — Taylor expansion framework for 3 unidimensional points

It is required to estimate the second derivative of a function T'(x) at the point x =
x;. Since the exact expression of T(x) is unknown, the function can instead be

expressed using Taylor series expansion about the point x = x;, as follows:

Page 3-9 (64)



CHAPTER 3

o)

—x.]" 4"
T(x)|x=x; = Z %W [T(x)] (3.10)

n=0

Equation (3.10) gives temperature in terms of location; hence, it can be used to
estimate temperatures T;_;, T;, and T;,,, which are shown in Figure 3.6. When x =
x;, the high order terms are eliminated and Equation (3.10) gets reduced to the

following:

Ty =T () |x=x, = T(x) (3.11)

When x = x;_4, the following can be written:

Ty = TGl = D o) 312

n! dxm
n=0

Similarly, when x = x;,4, the following can be written:

Mo = TCuleor, = D o 2 (1) 319

dx™

n=0

Observing Equations (3.11) — (3.13), the second derivative at the point x = x; is
obtained upon adding up T;,, and T;_; and subtracting 2T;, thus eliminating the
zeroth-order term together with all odd-order terms. Due to the small scale of the
model, all terms beyond the second-order term can be considered as truncation, and
an expression for the second derivative can be written as follows:

d? Tiv1 + 11 — 2T,

_ N = 4 3.14
2z 1T ()] = 52 + 0(6x*) (3.14)

Equation (3.14) can be generalised into the three dimensions, thus approximating
the heat equation (Equation (3.8)) as a time-domain ODE shown in Equation (3.15).
Numerical points arranged in the x-direction, y-direction, and z-direction are denoted
the letters i, j, and k, respectively.
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dT
dt

~
~

[T(i+1)jk + T-vjr — 2Tk N Tigi+vr + Tigi—vr — 2Tijk
y Ox? oy?
ijk y (3.15)
Ticesn + Tiioeeny — 2Ti] B
(k+1) (k-1) k .,
+ (;]ZZ J ]+E27TF$0£ |E|?

The heat equation has been approximated using the method of lines. The spatial
second derivatives of temperature at any discrete point can be approximated using
Equation (3.15), which requires knowledge of the temperatures of the current,
previous, and next points in space. The displacements between points should also be
known. As explained in section 3.2.3.2, this is applicable to all numerical points within
the biomass including those adjacent to the solvent phase; however, Equation (3.15)
cannot be used to determine solvent temperature due to the mobile nature of the
numerical point representing this phase. Instead, solvent temperature can be obtained
through a heat balance applied between the solvent and all adjacent biomass phases
(Equation (3.16)).

dr . 3
a " Nty £ 3.16
dt |l sorvent Nsolventh 2 ijk—solvent ( )

Qijk-sowent 1S the heat exchanged between a boundary phase ijk and the solvent.

3.2.3.4 Solution framework
Equation (3.15) was generated using the method of lines to approximate the heat

equation as an ODE. From there, the ODE was then solved numerically over a
predefined domain of discrete time values, separated by a finite step (6t). For example,
solving over 100 s with 6t = 1 s, is analogous to solving in a stepwise manner over
a time domain of 0,1, 2, ...,100 s. The smaller the time-step (6t) the more accurate
the result, but also the more computationally intensive the simulation. Moreover, too
large 6t values cause instability to the computation and can lead the results to diverge

towards infinity. Hence, the chosen §t should neither be too small nor too large.

At first, a set of input geometrical and heating parameters must be chosen, including
the initial and saturation temperatures (Tinitiq; aNd Tsqruration). AS Shown in Figure
3.7, Equation (3.15) was solved at every spatial numerical point in the biomass in a

stepwise manner, to yield a temperature distribution for every consecutive value in the
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time domain. Solvent temperature was also computed at every consecutive time value

using Equation (3.16). Key model validation steps are presented in APPENDIX A.

Input parameters,
initial temperature
& input time
domain

For every
point in
the time

domain

Heat equation,
biomass - Eqn. (3.15) [€
solvent — Eqn. (3.16)

l

New temperature
distribution

Final
point in
the time
domain?

Completed

Figure 3.7 — Numerical framework for the heat model

3.3 Predicted temperature distribution
The heat equation was solved for a range of input parameters, thus yielding a series

of temperature-time relationships. To characterise the unique effects of the different
microwave heating parameters, a single independent parameter was varied for each
analysis, while all other parameters were kept constant. Outputs are presented

according to the key independent parameters varied.
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The investigated parameters were classified as either system-related (describing
system properties) or heating-related (describing manipulatable heating parameters).
Table 3.1 summarises the typical value ranges and selected baseline values for all
parameters. Results are shown in the following subsections.
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Table 3.1 — Typical value ranges and selected baseline values for the various

model parameters
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3.3.1 System-related parameters

3.3.1.1 Effect of dielectric loss factor (¢)
Initially, a single-cell system was considered where €"' p;,mass Was fixed at 25, and

€' somene Was varied from 0 (Ae” = 25) to 50 (A" = —25). This is not intended to

represent a particular physical condition, but it will span the full range from a
microwave transparent solvent to one that absorbs much more strongly than the
biomass itself. Figure 3.8 shows the temperature increase with time for both the single

cell and the solvent for the two extreme cases of As”’.

100.5 1005

— Cell — Cell
Solvent — Solvent d
100.0

100.0

Temperature (degrees Celsius)
Temperature (degrees Celsius;

(A =™ (B)

5.0 51 52 53 5.4 55 56 049 050 DiSI 052 D.;B DEI~4 0.55
Time (s) Time (s)

Figure 3.8 — Temperature-time profile for a single-cell biomass-solvent system;
(A) Ag" = 25; (B) (A) Ag" = —25

Figure 3.8A shows that the cell is at a higher temperature than the solvent during
the heat-up period, which is to be expected given that the solvent is microwave-
transparent, and only heats indirectly due to heat transfer from the cell. The solvent
temperature plateaus at the boiling point (Tsgiuration) OF 100 °C and the cell
temperature continues to increase. The cell temperature plateaus shortly after the
solvent temperature, when equilibrium is established between the input energy due to
microwave heating and the output energy due to conventional heat transfer to the
surrounding solvent. Under the conditions applied here, a cell temperature of around
100.4 °C is required to obtain a balance between the input and output energies, thus

achieving a comprehensive thermal steady state in the cell-solvent system.

For the microwave-absorbent solvent, Figure 3.8B shows that the solvent
temperature is higher than the cell temperature during the heat-up period, which is to
be expected since the solvent absorbs more microwave energy than the cell. The
solvent attains its Tsq¢yuration 1IN @round 0.5 s in this case, compared to 5 s for the case
incorporating a microwave-transparent solvent. However, the cell temperature

continues to rise beyond 100 °C in Figure 3.8B, even though it absorbs less microwave
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energy than the solvent here. In fact, the cell temperature at steady state is higher in
this case than that of the solvent, despite the fact it had been lower during the heat-up
phase. Interestingly, the steady state cell temperatures in Figure 3.8A-B are the same
(around 100.4 °C), which could be illogical initially, but it results from a constant
€' piomass» Which, in turn, yields the same input microwave energy to the cell in both
cases. It is, therefore, seen that the temperature distribution at thermal steady state and

given input power, is only a function of €" j;omass DUt NOt of € ) 1pent-

This observation was further validated through analysing multicellular biomass.
When multiple cells are considered, there is a gradient in temperature with a maximum
around the centre of the cluster and a minimum at the biomass-solvent boundary. The
maximum temperature does not occur exactly at the centre due to microwave
attenuation (section 3.2.2), but nonetheless it is very close in this case. Figure 3.9
shows an example of temperature distribution at steady state for a biomass system
consisting of 1000 cells, with € p;omass = 20 and &" oene = 5. In this case, the
temperature difference between the centre of the cell cluster and the surrounding

solvent is around 1 °C.

100.2 100.4 100.6
Temperature (degrees Celsius)

Figure 3.9 — Steady state temperature distribution of an XZ cross-section of
1000-cell biomass-solvent system. Dielectric loss factors of biomass and solvent
are 20 and 5, respectively

Table 3.2 summarises the maximum temperature difference between the biomass
and the solvent at thermal steady state (AT,,.), for different-sized biomass cell
clusters and different values of € };omass and € coent- Table 3.2 also presents the
time required in each case, to achieve 95% of the steady state temperature distribution

(tos—7). All other parameters are fixed as shown in Table 3.1.

Number of cells
€" piomass 1 cell 125 cells 1000 cells

0 0.000 / 0.000; 0.000 / 0.000; 0.000 / 0.000;
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5.72511.432 5.742 1 1.452 5.828 /1.525
10 0.012/0.012; 0.138/0.138; 0.461/0.461;
3.990/1.292 4.033/1.315 4.111/1.388
0.024/0.024; 0.276 / 0.276; 0.922/0.922;
20 3.062/1.176 3.110/1.202 3.185/1.276
- 0.030/0.030; 0.345/0.345; 1.153/1.153;
2.743/1.126 2.792/1.152 2.867/1.226
AT pax (°C); tos_7 ()
(&"sotvent = 51 €"sotvent = 20)

Table 3.2 — Maximum temperature difference between biomass and solvent at
thermal steady state, and time required to achieve 95% of steady state, for
variable dielectric loss factors and cell cluster size

It is clear from Table 3.2 that, AT,,,, only increases with the cluster size and with
€' piomass, bUt it is independent of " ¢, ene- In this analysis, the largest AT, ., Was
just below 1.2 °C for a 1000-cell cluster and €"};,mass Of 25. At steady state and
regardless of " ¢, vent, the biomass temperature will be higher than that of the solvent
given that €"};,mass 1S larger than zero, and that the biomass saturation temperature
is higher than T,urarion. The saturation temperature of the biomass is likely to be
higher than T :uration, Which is due to the presence of solutes, but also the tendency
of biomasses to resist any expansion due to internal boiling, thereby inducing high
pressures within their structures (Chapter 5). On the other hand, AT, increases with
cell cluster size due to the decrease in surface area-to-volume ratio of the biomass,
which limits its contact with the solvent, and introduces further resistance to heat

transfer that can only be overcome through raising the temperature gradient.

On the other hand, tys_ is also influenced by the different parameters, as it
increases with the cell cluster size and decreases with raising "' ,;omass and € sorvent-
A larger cell cluster indicates larger and heavier biomass material immersed in a
solvent of a larger volume (due to constant solvent-to-solid ratio); hence, it is intuitive
that tys_ should increase with the cell cluster size. On the other hand, increasing
€ piomass aNd €"' ¢owense INdicates an increase in the extent of microwave volumetric
heating in the system; therefore, the system approaches steady state much faster.
Nevertheless, tqs_ remains within the order of seconds for all investigated conditions,

which is well within the frame of empirical studies using an input microwave power
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corresponding to |E|, = 10* Ym™! (Adam et al., 2017; Beneroso et al., 2017
Shepherd et al., 2018) (see section 3.3.2.2).

The observations made here question the link established in literature between
dielectric properties and temperature distribution, where it is proposed that
microwaves always induce higher temperature in the phase possessing higher
dielectric loss factor (¢'). It is shown here that, the temperature distribution is only
proportional to the distribution of dielectric loss factor (¢'") during the heat-up phase.
However, when the system is at thermal steady state, the biomass attains a higher
temperature than the solvent provided &"};omass > 0. As such, the influence of
dielectric property distribution (i.e., whether &"piomass > € sowent) 0N the
temperature distribution during an extraction process, depends on how fast thermal
steady state can be achieved compared with the diffusion rate in the system. If the
heating and diffusion rates are comparable as with some empirical studies (Amarni
and Kadi, 2010; Calinescu et al., 2017), then temperature distribution during
extraction will depend on the distribution of dielectric properties. However, if thermal
steady state is achieved much faster than the time needed for diffusion (Mao et al.,
2019; Nkhili et al., 2009), then the biomass is likely to possess a higher temperature
than the solvent for most of the extraction process, evenif €” ,;omass < €' soment- THis
leads to an important conclusion, which is that enhanced extraction under microwave
heating when thermal steady state is achieved rapidly, is unlikely to be caused by the
distribution of dielectric properties as suggested by some studies (Galan et al., 2017;
Lee et al., 2016). According to these studies, microwaves enhance biomass extraction
when the condition € ;pmass = €' somene 1S Satisfied, and this would typically occur
beyond some threshold extraction temperature. As demonstrated here, this is a
reasonable hypothesis when the heating and diffusion rates are comparable, but if
heating is much faster, then the biomass will likely possess higher temperatures even
if € piomass < € sowene (Provided &"piomass > 0). Therefore, future empirical
studies should investigate the effect of dielectric property distribution on extraction at
variable input microwave powers. This has not been addressed sufficiently in

literature.

3.3.1.2 Effect of penetration depth (dp)
Microwave penetration depth (6,) was varied to understand its effect on the

magnitude and distribution of temperature in biomass-solvent systems. Table 3.3
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presents ATy, and tos_r for different-sized biomass cell clusters and different &,

values. All other parameters are fixed as shown in Table 3.1.

Number of cells
D, (cm) 1 cell 125 cells 1000 cells

0.011; 0.110; 0.297;

o 4.074 4.323 4.647
0.012; 0.138; 0.461,

! 3.990 4.033 4111
0.012; 0.142; 0.483;

> 3.983 4.005 4.055

AT pax (°C); tos—1 ()

Table 3.3 — Maximum temperature difference between biomass and solvent at
thermal steady state, and time required to achieve 95% of steady state, for
variable microwave penetration depths and cell cluster size

ATpnqx decreases and tqs_r increases as 4, is decreased. Smaller penetration depths
indicate reduced ability of microwaves to penetrate the system and induce volumetric
heating; hence, smaller biomass temperatures and a delayed approach to steady state
are observed. This effect is more pronounced with larger cell clusters, due to the
increased size of the biomass-solvent system which the microwaves need to penetrate.

Nevertheless, tys_ remains well within the timeframes reported in empirical studies
(section 3.3.2.2).

In addition to its effect on AT,,,, altering &, also affects the steady state
temperature distribution in the biomass. Figure 3.10 shows that, lowering &,, decreases

AT, ., (as also shown in Table 3.3), but it also dislocates this maximum temperature

towards regions closer to the biomass-solvent boundary.

The effects exercised by &,, are more important to consider in large biomass-solvent
systems; however, the effect of §,, is small here given the scale of the current model,

especially given that &, of water is typically within the order of 1 cm (Pueschner,
2015).
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(A)

100.05 100.10 100.15 100.20 100.25
Temperature (degrees Celsius)

(B)

100.1 100.2 100.3
Temperature (degrees Celsius)

(C)

T T
100.1 100.2 100.3 100.4
Temperature (degrees Celsius)

Figure 3.10 - Steady state temperature distribution of an XZ cross-section of
1000-cell biomass-solvent system; penetration depth = (A) 0.1 cm; (B) 1 cm; (C)
5cm

3.3.1.3 Effect of thermal conductivity (k)
Table 3.4 summarises AT,,q, and tqs_p for variable thermal conductivity (k) and

different-sized biomass cell clusters. All other parameters are fixed as shown in Table
3.1.

Number of cells
k(WmlK™) 1 cell 125 cells 1000 cells

0.144; 1.656; 5.533;
0.050

4.009 4.338 5.294

0.096; 1.104; 3.689;
0.075

4.002 4.219 4.838

0.072; 0.828; 2.766;
0.100

3.998 4.162 4.618

0.036; 0.414; 1.383;
0.200

3.993 4.081 4.302
0.300 0.024; 0.276; 0.922;
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3.991 4.056 4.203

0.018; 0.207; 0.692;
0.400

3.991 4.044 4.156

0.012; 0.138; 0.461;
0.600

3.990 4.033 4111

0.007; 0.083; 0.277;
1.000

3.990 4,024 4.076

ATmax (OC); t95—T (S)

Table 3.4 — Maximum temperature difference between biomass and solvent at
thermal steady state, and time required to achieve 95% of steady state, for
variable thermal conductivity and cell cluster size

tys_p Increases with smaller k values and with larger biomass cell clusters, due to
the increased resistance to heat transfer that the changes in these two parameters bring
about to the system. Once again, tqs_ remains in the order of seconds, well within

the timeframes reported in empirical studies (section 3.3.2.2).

However, it is evident from the results that, AT,,,,, is also influenced by changes in
k, although thermal conductivity is typically only concerned with the rates of/
resistance to heat flow. Therefore, to validate this outcome shown in Table 3.4, the
heat equation (Equation (3.8)) was written to represent the steady state condition, as

follows:

1.
V2T + Q) =0 (3.17)

At steady state, the microwave volumetric heating term in Equation (3.17) depends
on thermal conductivity, as it gets larger with lower k and smaller with higher k. A
larger microwave volumetric heating term requires larger temperature gradients to
balance the expression as needed. Furthermore, if the biomass-solvent system is
heated conventionally but not with microwaves (i.e., Q,; = 0), then k is dropped from
Equation (3.17), and the expression would, thereby, represent a classical steady state
condition independent of thermal conductivity. Therefore, unlike the case with

conventional heating, k affects the steady state temperature under microwave heating.

In Table 3.4, for a 1000-cell cluster a AT,,,,, Of over 5.5 °C is apparent when k =

0.05 Wm~1K~1, compared to just 0.28°C when k = 1.00 Wm K™t AT,
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increases nonlinearly as k is decreased, with the effect being more pronounced for
larger cell clusters, due to the increased thermal insulation brought about by the larger
number of cells, but also the reduced contact area between the biomass and the solvent.
When k is low, volumetric heating occurs much faster than conventional heat transfer;
in other words, each phase in the system tends to heat volumetrically in a more intense
fashion than the rate at which it loses heat to the adjacent phases. Therefore, energy
distribution becomes less even in the system, eventually leading to larger temperature

gradients at thermal steady state.

Compared to the effects of dielectric loss factor (¢") shown in Table 3.2, the
magnitudes of AT,,, In the current analysis are much higher as they increase
nonlinearly with decreasing k. This shows that k possesses a strong effect on the
temperature gradients in biomass-solvent systems. This effect is likely more important
to consider than that of ¢", due to the already large differences in AT,,,, observed at
the current cellular scale. However, the effects of k on temperature distribution and,
thereby, on microwave extraction in biomass-solvent systems, have not been discussed
widely in literature. Instead, focus has been drawn exclusively on parameters such as
dielectric properties and penetration depth, both in theory and in
experiments/modelling (Chan et al., 2016; Kostas, Beneroso and Robinson, 2017; Lee
et al., 2016; Meredith, 1998). This reaffirms the lack of understanding of thermal
patterns induced in biomass-solvent systems with microwave heating. Future studies
in this field should consider thermal conductivity as a key parameter with significant
potential impacts.

3.3.1.4 Effect of specific heat capacity (Cp)
Table 3.5 summarises AT,,q, and tqs_r for variable specific heat capacity (C,) and

different-sized biomass cell clusters. All other parameters are fixed as shown in Table
3.1.

Number of cells
C,Jg 'K 1 cell 125 cells 1000 cells
0.012; 0.138; 0.461;
g 1.995 2.016 2.055
0.012; 0.138; 0.461;
4 3.990 4.033 4.111
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0.012; 0.138; 0.461;
5.985 6.049 6.166
AT jax (OC); tos_r (S)

Table 3.5 — Maximum temperature difference between biomass and solvent at
thermal steady state, and time required to achieve 95% of steady state, for
variable specific heat capacity and cell cluster size

Asseenin Table 3.5, only tqs_r is affected by C,, while AT, remains independent
of this parameter. C, is concerned with the amount of energy needed by the system to
achieve its steady state temperature. The higher the energy required by the system at
a fixed input power, the longer the system would take to approach steady state,
although its steady state temperature remains unchanged. This analogy is consistent
with the results seen in Table 3.5, but nonetheless it should be noted that to<_ remains

within the timeframes reported in empirical studies for all investigated conditions
(section 3.3.2.2).

3.3.1.5 Effect of solvent-to-solid ratio (Sr)
Table 3.6 summarises AT,,,, and tys_p for variable solvent-to-solid ratio (Sz) and

different-sized biomass cell clusters. All other parameters are fixed as shown in Table
3.1.

Number of cells
Sg (mLg™") 1 cell 125 cells 1000 cells
50 0.012; 0.139; 0.469;
3.610 3.651 3.726
0.012; 0.138; 0.461;
100
3.990 4.033 4111
0.012; 0.136; 0.451;
200
4.282 4.321 4.399
ATmax (OC); tos_T (S)

Table 3.6 — Maximum temperature difference between biomass and solvent at
thermal steady state, and time required to achieve 95% of steady state, for
variable solvent-to-solid ratio and cell cluster size

Sy dictates the volume of solvent surrounding the biomass; hence, with larger Sy
the biomass-solvent system is larger, and vice versa. Therefore, the results shown in
Table 3.6 are to be expected for both AT,,,, and tqs_r. With larger Sg, AT qx

decreases slightly due to an increase in microwave attenuation, as the size of the
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system increases. Also, with larger Sy the system takes longer to approach steady state
due to its larger volume. Nevertheless, all tos_; values reported here remain within

the timeframes reported in empirical studies (section 3.3.2.2).

3.3.1.6 Effect of density (pL)
Table 3.7 summarises AT,,,, and tqs_r for variable density (p,) and different-sized

biomass cell clusters. All other parameters are fixed as shown in Table 3.1.

Number of cells
p. (kgm™3) 1 cell 125 cells 1000 cells

0.012; 0.139; 0.469;
500

1.805 1.825 1.863

0.012; 0.138; 0.461;
1000

3.990 4.033 4111

0.012; 0.136; 0.451;
2000

8.564 8.643 8.798

ATmax (OC); tos_T (S)

Table 3.7 — Maximum temperature difference between biomass and solvent at
thermal steady state, and time required to achieve 95% of steady state, for
variable density and cell cluster size

Increasing p; signifies an increase in the masses of the biomass and the solvent,
and a further increase in the volume of solvent due to the constant solvent-to-solid
ratio (Sgz) imposed on the system. Therefore, as seen in Table 3.7 AT,,,, decreases
slightly at larger p,, due to an increase in microwave attenuation, as the size of the
system increases. Furthermore, tq5_, increases with p; due to the larger volume of the

system, but it remains within the timeframes reported in empirical studies (section
3.3.2.2).

3.3.1.7 Effect of cell dimensions
Table 3.8 summarises AT,,,, and tys_r for variable cell dimensions and different-

sized biomass cell clusters. All other parameters are fixed as shown in Table 3.1.

Number of cells
Cell length;
width; height 1 cell 125 cells 1000 cells
(pm)
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0.004; 0.048; 0.161;
50; 25; 5

4,129 4,165 4.187

0.012; 0.138; 0.461;
100; 50; 10

3.990 4.033 4111

0.040; 0.452; 1.473;
200; 100; 20

3.750 3.873 4173

ATmax (OC); t95—T (S)

Table 3.8 — Maximum temperature difference between biomass and solvent at
thermal steady state, and time required to achieve 95% of steady state, for
variable cell dimensions and cell cluster size

AT, increases with cell volume, which occurs due to an increase in the cell
cluster size and a decrease in its surface-area-to-volume ratio. This suppresses heat
transfer between the biomass and the solvent; hence, larger temperature gradients are
required between the various phases, to balance the input microwave power with

conventional heat transfer, thereby achieving thermal steady state.

On the other hand, tys_ generally decreases with increasing cell volume, due to
the larger temperature gradients induced which accelerate conventional heat transfer,
allowing a faster approach to steady state. However, this trend does not always hold
in larger biomass cell clusters, where significantly high AT,,,, values are required,
which may take long to be achieved. This could result in tq5_7 increasing with the cell
volume, even though increasing the volume is normally expected to accelerate
conventional heat transfer, thereby allowing steady state to be achieved faster. An
example of this from Table 3.8, is where cells in a 1000-cell cluster see an increase in
their length from 100 um to 200 um. Here, tys_ increases from 4.111 s to 4.173 s,
unlike all other cases presented, where tqs_; decreases with increasing the cell

volume.

Nevertheless, all to5_r values reported here remain within the timeframes reported
in empirical studies (section 3.3.2.2).

3.3.2 Heating-related parameters

3.3.2.1 Effect of microwave frequency (F)
Table 3.9 summarises AT, and tys_ for variable microwave frequency (F) and

different-sized biomass cell clusters. All other parameters are fixed as shown in Table
3.1.

Page 3-25 (80)



CHAPTER 3

Number of cells
F (GHz) 1 cell 125 cells 1000 cells

0.007; 0.082; 0.273;
1.45

6.741 6.799 6.887

0.012; 0.138; 0.461;
2.45

3.990 4.033 4.111

0.017; 0.194; 0.649;
3.45

2.834 2.870 2.945

ATmax (OC); tos_T (S)

Table 3.9 — Maximum temperature difference between biomass and solvent at
thermal steady state, and time required to achieve 95% of steady state, for
variable microwave frequency and cell cluster size

The input microwave power density (Q,,) is proportional to F (Equation (2.32));
hence, as seen in Table 3.9, AT,,,, increases and tqs_r decreases as F is increased.

All tys_7 values reported here remain within the timeframes reported in empirical
studies (section 3.3.2.2).

Although the input microwave power can be adjusted by changing F, this is not
usually a preferred method in real-world situations. There are several reasons for this
(Metaxas and Meredith, 1983), including the dependence of &” on F, which dictates
the need to select a value for F to maximise €'’; the inability of microwave generators
and applicators/cavities to support wide ranges of F values; the limitation on F values
allowed for industrial, scientific, and medical (ISM) use, to avoid interference with
frequencies used in other applications. Due to this, the input microwave power is
commonly characterised with the electric field intensity (|E|,) instead of F. |E|, is
investigated in the next section.

3.3.2.2 Effect of incident electric field intensity (|E|o)
Table 3.10 summarises AT, and tys_1 for variable incident electric field intensity

(IEl,) and different-sized biomass cell clusters. All other parameters are fixed as
shown in Table 3.1.

Number of cells

[Elo (Vm™)

1 cell

125 cells

1000 cells

0

0.000

0.000;

0.000;
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N/A N/A N/A
0.000; 0.006; 0.018;
2000
99.741 100.364 100.886
0.004; 0.050; 0.166;
6000
11.083 11.166 11.270
0.012; 0.138; 0.461;
10000
3.990 4.033 4111
ATmax (OC); t95—T (S)

Table 3.10 — Maximum temperature difference between biomass and solvent at
thermal steady state, and time required to achieve 95% of steady state, for
variable electric field intensity and cell cluster size

|E|, is the primary parameter representing the input microwave power (Equation
(2.31)). Therefore, it is intuitive that AT,, ., increases with |E|, as seen in Table 3.10,
because more microwave energy dissipation within the biomass requires higher
temperature gradients with the solvent phase, to increase heat transfer and achieve
thermal steady state. In fact, the relationship observed between AT, and |E|, is
nearly quadratic, due to the proportionality between power density (Q,,) and |E|? in

the microwave power density expression (Equation (2.31)).

On the other hand, tys_7 is clearly much more sensitive to |E|, than it is to cell
cluster size, € piomass: K, and other parameters investigated. As seen in Table 3.10
tos_7 Vvaries in multiple orders of magnitude within 0 < |E|, < 10*, which is the
likely range for single-mode microwave cavities (Robinson et al., 2010). As |E|,
increases from 0 Vm™! to 2 x 103 Vm™?! and onwards to 10* Vm™1, tes_r falls
dramatically from infinity to an order of 100 s, and then to an order of 1 s. This shows
that |E|, is the primary parameter representing microwave power input and the heating

rate.

Despite the wide range of tqs_; values reported here, a key observation made is
that these values match those reported in literature. Q,, in microwave extraction
studies is typically maintained at low values, usually within the order of 106 Wm™3.
However, other biomass processing techniques such as pyrolysis require much higher
Qy values, probably as high as 107 Wm™3. With Q, = 10° Wm~2 and Q, =
107 Wm™3, |E|, is quantifiable at 2 x 103 Vm~1 and 10* Vm™1, respectively, for a

dielectric loss factor (¢'') of 5, and this nearly spans the full range of |E|, values
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investigated in Table 3.10. The 100 s order of magnitude reported here for |E|, = 2 X
10° Vm~' and Q,, = 10° Wm™3, agrees entirely with microwave extraction studies
using similar Q,, values (Galan et al., 2017; Mao et al., 2019). Furthermore, the 1 s
order of magnitude reported for |E|, = 10* Vm~! and Q,, = 107 Wm™3, is also in
close agreement with pyrolysis studies using similar Q,, values (Adam et al., 2017;
Beneroso et al., 2017; Shepherd et al., 2018). This key observation shows that, the
predictive capability of the current model extends beyond microwave extraction
studies to cover many other applications. This is especially important given the recent
advances in biomass processing within solvent media, such as microwave-assisted
liquid pyrolysis (Shepherd et al., 2018). According to the author’s knowledge, this is
the first biomass-solvent model to predict microwave heating and temperature
distribution within the full range of physically realistic |E|, values for single-mode

cavities.

3.3.3 Temperature-time plots for selected heating parameters
This section presents a series of temperature-time plots for generated with varying

3 key microwave heating parameters, namely €' piomass: K, and |E|y. All other
parameters are fixed as shown in Table 3.1, and the biomass cell cluster consists of
125 (5 x 5 x 5) cells. Plots with variable €" ;o mass» k, and |E|, are shown in Figure

3.11, Figure 3.12, and Figure 3.13, respectively.

100.4 — Middle cell 1004 — Middle cell
— Solvent — Solvent
5 1002 $ 100.2
g ki [
& 100.0 © 100.0
8 ' ¥
g 9.8 o %8 |
= | =
v v
5 99.6 £ w6 |
8 | ©
g 994 g %4
g ‘ i

9.2 9.2

(A) \ (B)
9.0 : ' . ' 9.0 : . , ,
3 4 5 6 7 3 4 5 6

Time (s) Time (s)

9.6 ‘

Temperature (degrees Celsius)
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(C) ‘ Solvent
3 H 5 6 7
Time (s)

Figure 3.11 — Temperature-time plots for a 125-cell biomass-solvent system with
variable biomass dielectric loss factor. Temperatures are shown for the solvent
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and a cell located at the middle of the cluster. Dielectric loss factor = (A) 0; (B)

10; (C) 25
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Figure 3.12 — Temperature-time plots for a 125-cell biomass-solvent system with
variable thermal conductivity. Temperatures are shown for the solvent and a
cell located at the middle of the cluster. Thermal conductivity = (A) 0.05 Wm-

K1; (B) 0.2 WmiK?L; (C) 0.4 Wm Kt
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Figure 3.13 — Temperature-time plots for a 125-cell biomass-solvent system with

variable incident electric field intensity.

Temperatures are shown for the solvent

and a cell located at the middle of the cluster. Electric field intensity = (A) 2000
vm?; (B) 6000 Vm?; (C) 10000 Vm™?

3.4 Summary

In this chapter, a new model was developed to describe microwave heating and heat

transfer in biomass-solvent systems at

the cellular scale. The model explains
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quantitatively how temperature gradients arise within clusters of biomass cells, due to

competing effects of microwave volumetric heating and conventional heat transfer.

At thermal steady state, a temperature gradient is established in the biomass with a
maximum around the centre and a minimum at the biomass-solvent boundary.
Different parameters were found to affect the magnitudes of these gradients and the
timeframes required to achieve thermal steady state. These parameters include
& piomass: € sowent: Ops K, Cp, Sg, pr., cell dimensions, cell cluster size, F, and |E|,.
This is the first model dedicated to microwave extraction in biomass-solvent systems
at the cellular scale, which incorporates heat transfer alongside microwave heating,

but also enables a wide variety of heating parameters to be manipulated.

It has been shown that, regardless of whether €" j;,mass 1S larger or smaller than
€' sowent» the biomass temperature will be larger than that of the solvent at thermal
steady state. This is always true given that the biomass absorbs microwaves, and that
its saturation temperature is higher than that of the solvent. Therefore, during an
extraction process, the distribution of dielectric properties (i.e., whether € ;omass >
e soment) does not affect whether the biomass possesses higher temperature than the
solvent, unless the rates of heat and mass transfer are comparable (Chapter 7). On the
other hand, k has been shown to significantly affect the temperature gradient
magnitudes at thermal steady state, perhaps even more significantly than "} mass-
This is a key conclusion given that, under conventional heating k only affects the heat
transfer rate rather than the steady state temperature magnitudes; hence, k has rarely
(if at all) been considered in microwave extraction studies. Furthermore, while |E|,
also affects the temperature gradient magnitudes, its effect on the time required to
achieve steady state is more significant than any other parameter. This is because, |E]|,
describes the input microwave power which, in turn, dictates the heating rate in the
system. Although the timeframes required for thermal steady state vary in orders of
magnitude with |E|,, it has been shown that these timeframes match those reported in
literature, both when |E|, is low as it is in microwave extraction studies, and when
|E|, is high as it is in microwave pyrolysis studies. This agreement in the wide range
of timeframes predicted here and reported in empirical studies, shows that the model
can be used in many applications where biomass-solvent systems are processed with

microwaves.
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This model will be used/further developed in the rest of this thesis to further study

microwave extraction in biomass-solvent systems.

3.5 Thesis recap
Chapter 2 discussed the need to develop a first principles’ model to conceptualise

biomass-solvent extraction, combining various physical elements like heat/mass

transfer and cell expansion mechanics.

In the current chapter, a microwave heat transfer model was developed at the
cellular scale, which was used to understand temperature distributions in biomass-

solvent systems heated with microwaves.
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3.6 Nomenclature

Symbols
Qu

Qijk—solvent
F

€o

&

Ag"

|E|

k

T

Tinitial
Tsaturatian
ATnax

t

tos—r

ot

Subscripts

Obiomass

Osolvent

0o
Ox
Oy
0z
Oijk

Wm™3 Microwave power density

w Heat exchanged between the solvent and an adjacent phase ijk
Hz Microwave frequency

Fm™! Permittivity of free space

- Dielectric loss factor

rn r
€ biomass — € solvent

Vm~1 Electric field intensity

Wm 1K1 Thermal conductivity

K Temperature

K Initial temperature

K Saturation temperature of the solvent

K Maximum temperature difference at steady state

s Time

s Time required to achieve 95% of thermal steady state
s Time-step for the numerical heat analysis

kgm™3 Density

Jg k1 Specific heat capacity

m?s~1 Thermal diffusivity/heat transfer coefficient; § = k/p,C,
m Penetration depth

mol Molar quantity

mLg~! Solvent-to-solid ratio

Biomass property

Solvent property

Incident/initial value

Applicable parallel to the x-direction
Applicable parallel to the y-direction

Applicable parallel to the z-direction

Property of the spatial numerical point ijk, i in the x-direction; j in the y-direction; k in the

z-direction
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4 MASS TRANSFER UNDER TEMPERATURE
GRADIENT

The aim of this chapter is to characterise the effect of temperature on mass transfer,
specifically how temperature gradient affects the equilibrium condition. This is a key
step towards understanding how microwave heating influences extraction patterns in
biomass-solvent systems compared with conventional heating. This chapter will utilise
relevant concepts of statistical mechanics and thermodynamics to characterise mass
equilibrium, offering a novel approach in the biomass extraction and processing fields.
Furthermore, chemical potential will be expressed mathematically so it can be

implemented later in kinetic mass transfer analyses.

This chapter has contributed towards publishing Robinson et al. (Robinson et al.,

2019). The format of this chapter is as follows:

4.1 Introduction 89
4.2 Review: statistical interpretation of thermodynamic systems 91
4.2.1  Basic concepts and assumptions 91
4.2.2  Microstates and macrostates 91
4.2.3  Equilibrium from a statistical viewpoint 94
4.2.3.1  The microcanonical ensemble 94
4.2.3.2  The condition at equilibrium 95

4.2.4  Validation against classical thermodynamics 99

4.3 Equilibrium under a temperature gradient 101
4.3.1 Modified microcanonical ensemble 101
4.3.2  Temperature-induced volume and mass transfer 105
4.3.3  How transfer phenomena increase entropy 111

4.4 Chemical potential 114
4.4.1 The Gibbs-Duhem argument 115
4.4.2  Derivation for impure components 115

4.5 Summary 119
4.6 Thesis recap 120
4.7 Nomenclature 121
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4.1 Introduction
It has been shown in Chapter 3 that, in biomass-solvent systems heated with

microwaves, a thermal steady state condition comprises temperature gradients
between the biomass and the solvent. This is due to the unique microwave heating
patterns with which energy is delivered directly to the biomass through radiation,
bypassing the solvent phase. As a result, the balance constituted between microwave
volumetric heating and conventional heat transfer brings about a constant, but not
necessarily uniform, temperature distribution in the system (i.e., temperature

gradients).

As discussed in section 3.1, although enhanced extraction observed under
microwave heating is commonly attributed to the unique heating patterns, this is rarely
done quantitatively, and so the physical mechanisms underpinning these observations
are poorly understood. Chapter 3 has presented, for the first time, a detailed
quantitative insight of microwave heating in biomass-solvent systems at the cellular
scale. However, to establish the link between thermal patterns and extraction, there is
still a need to understand an underlying link between temperature and mass transfer.
The aim of this chapter is to characterise such a link which, if understood at
equilibrium, can then be used in kinetic mass transfer analysis, to characterise the
differences between microwave and conventional heating techniques on extraction
patterns. Such a link can be envisaged from concepts like the Ludwig-Soret effect, a
widely discussed mechanism in which temperature gradients are deemed responsible
for inducing diffusion in convection-free settings, thereby separating mixtures as
lighter components migrate more readily towards higher temperature regions
(Kishikawa et al., 2012; Koyama and Tsukada, 2021; Rahman and Saghir, 2014).
Furthermore, the link between temperature and mass transfer has also been attempted
in some biomass-solvent extraction studies. A notable example is the attempt to
establish such a link through a thermodynamic parameter known as the chemical
potential (u) (Lee et al., 2016). This is arguably the most fundamental approach to
explaining mass transfer, given that the chemical potential (u) adjoins different
diffusion drivers (i.e., gradients in activity, pressure, and temperature) into a single
mathematical expression (Wijmans and Baker, 1995). It follows that, concepts like
Fick’s Law, osmotic pressure, and the Ludwig-Soret effect, merely represent special

cases in mass transfer obtainable from a principal chemical potential (x) expression
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(see Chapter 5, section 5.3.1.1.1). Despite the work by Lee et al. (Lee et al., 2016),
other attempts to describe a link between temperature and diffusion using the chemical
potential (i) are rare generally, but more importantly, they are very scarce (if any
exist) in the biomass processing and biomass-solvent extraction fields. Therefore, this
work attempts to characterise the relationship between temperature gradients and mass
transfer from a fundamental perspective, using principles of statistical mechanics and
thermodynamics. This will be attempted here with specific emphasis on biomass-
solvent extraction, where the need is imminent to understand diffusion under
microwave heating, but such understanding is yet to be formulated. As explained in
Chapter 2 (section 2.2), developing such understanding is vital to attain the ability to
predict the performance of microwaves, which would then enable effective process
industrialisation. Nonetheless, it is also hoped that this work will benefit numerous
other fields, which also may require to formulate an understanding of the fundamental

link between temperature and mass transfer.

Statistical mechanics is arguably the most fundamental study in classical physics
concerned with particle dynamics; therefore, using this to achieve the required
understanding does not only enable validating the existing attempts in literature (e.g.,
(Lee et al., 2016)), but it also provides a logical inference of the underpinning
processes beyond mere mathematical derivation. Furthermore, should such basic
understanding be thoroughly described for mass transfer, it might then be possible to
predict various diffusion scenarios beyond those that are currently known (e.g., Fick’s
law and osmotic pressure), which would undoubtedly be of huge benefit to many
scientific fields. As discussed above, the field of biomass-solvent extraction still lacks
basic characterisation of mass transfer mechanisms, which adds to the importance of
the current work as a first endeavour, attempting to introduce systematic
understanding of mass transfer under temperature gradients, induced by microwave

heating.

This chapter is divided into three sections: section 4.2 introduces/summarises basic
concepts of statistical mechanics used in this work; section 4.3 discusses the likely
condition for mass equilibrium under temperature gradient; section 4.4 derives an

expression for the chemical potential quantity (u).
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4.2 Review: statistical interpretation of thermodynamic systems
This section summarises basic concepts of statistical mechanics relevant to this

work. These concepts include the fundamental assumptions; the idea of microstates
and macrostates; a description of equilibrium as depicted in the microcanonical
ensemble; and finally, a mathematical validation of the arguments presented against

classical thermodynamics.

4.2.1 Basic concepts and assumptions
Consider a thermodynamic system completely isolated from its surroundings. The

system is large enough for individual particles to be observed and counted, and for a
finite total number of particles to be identified (Reif, 1965). Furthermore, the total
energy of the system can be made equal to the summation of the energies of any
envisaged subsystems; in other words, non-ideal behaviour or any interactive energies

(e.g., potential energies) can be neglected (Chandler, 1987; Reif, 1965).

From the two assumptions above, the system contains numerous particles
collectively incorporating a given total energy. An average energy can be described
for the system, but this value does not apply to each individual particle. Instead, this
value represents a collection of particles at a macroscopic scale, while individual
particles may still occupy different energy levels and exhibit variable momenta. To
understand why certain average values are observed macroscopically at given
conditions, particles should be treated statistically to characterise the probability
distributions of the different possible states of the system. This is the fundamental

purpose of statistical mechanics.

This work will investigate probability distributions at thermodynamic equilibrium,
which is a condition of the system where all macroscopic parameters are independent
of time (Bowley and Sanchez, 1999). Such parameters include average kinetic energy,
temperature, pressure, average momentum, etc, but not necessarily the states occupied
by individual particles. When the average macroscopic parameters are constant, it is
intuitive that the probability distribution functions describing the system are also

independent of time.

4.2.2 Microstates and macrostates
Any given thermodynamic system has a range of accessible states, meaning that

there exists a finite number of ways in which the constituents can be arranged. For
instance, if the total energy is a finite value, all individual particles are bound by this
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upper limit, as none can possess a higher energy than the total. Also, if the total volume
is a given value, no individual particle is permitted to occupy a volume larger than the

limit imposed onto the system.

The accessible states of a system are described by its microstates and macrostates.
As discussed in literature (Bowley and Sanchez, 1999), a microstate is a measure of
the different possible outcomes (for instance, energy distribution amongst particles)
while accounting for the alternative ways/arrangements in which each outcome can be
achieved (i.e., permutations). On the other hand, while a macrostate is also a measure
of the different possible outcomes, it disregards the alternative ways in which each
outcome can be achieved (i.e., combinations). For example, consider an exercise
where a fair coin is tossed twice, and the outcomes are observed. Denoting a heads’
outcome as “H” and a tails’ outcome as “T”, the four possible outcomes of this
exercise are HH, HT, TH, and TT. These four outcomes are microstates where not
only the overall result is observed, but also the arrangement in which H and T appear
Is considered. On the other hand, the macrostates of the exercise are either two H’s,
two T’s, or one H and one T, disregarding the ways in which the outcomes can be
arranged. Given that both coin tosses are independent events, all microstates are
equally probable, yet the macrostate with one H and one T is more probable than the
other two macrostates, because it incorporates two contributing microstates rather than
one. This is analogous to a fundamental postulate of statistical mechanics, which states
that all microstates accessible to a system are equally probable at thermodynamic
equilibrium, yet the most probable macrostate is that which incorporates the largest
number of contributing microstates (Bowley and Sanchez, 1999).

Consider N particles in a system, each of which can occupy energy states within a
range of discrete integer values from 1 to €. The number of particles occupying a given
energy state e (i.e., 1 <e < ¢) is N,, while all other particles occupy energy states
other than e. The total number of accessible microstates of the system is, therefore,
equal to £V, and given that all microstates are equally likely, the probability of any
given microstate is €. Since it is assumed that occupying a state is independent of
all other possible outcomes, the probability of any given macrostate follows a binomial
distribution function, shown in Equation (4.1) (Eastman, 2019; Reif, 1965). In this
expression, the macrostate probability in question describes the likelihood of

achieving N, particles in the system each occupying energy state e, where it does not
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matter which particles exactly occupy this energy state (i.e., arrangement is indifferent
to the observer). This probability (p(N,)) is a function of the probability of achieving
any given microstate incorporating N, particles (i.e., e™V), but also the probability of
obtaining N — N, particles with any energy state other than e. This is then multiplied
by a binomial factor (NCNe) representing the number of combinations in which this
microstate can be repeated in different arrangements.

o= (B (13

&

N-N,

(4.1)

The binomial factor NCNe can be expressed as shown in Equation (4.2), and for

large values of N and N,, Stirling’s approximation can be used to estimate the
factorials in N and N, (Bowley and Sanchez, 1999), although this has not been applied
here.

|
New. = N (4.2)
e N,/ (N —=N,)!

Figure 4.1 shows the probability distribution of N, where 0 < N, < N, for variable
e and N. In all cases presented, the most probable macrostate depends on the value of
€; when ¢ = 2, 50% of all particles occupy the energy state e (i.e., N, = 0.5N), which
IS to be expected since there are two accessible energy states per particle. Similarly,
with e = 3 the most probable macrostate comprises N, = 0.33N, whereas with ¢ =
1.5 the most probable macrostate is where N, = 0.67N. However, as seen in Figure
4.1, it is possible to attain macrostates other than the most probable one, but this
deviation from the most probable macrostate (the mean) shrinks considerably as N
increases from 50 to 10000. Therefore, at large scales where the number of particles
is at least of the order of Avogadro’s constant, variations about the mean are extremely
small and the most probable macrostate is overwhelmingly more probable than any
other macrostate. Hence, at experimental scales the measurable average quantities
describing the system are reproducible, explaining why the laws of classical

thermodynamics hold true in real-world situations.
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Figure 4.1 — Binomial distribution for variable € where (A) N =50; (B) N =
10000. Concept inspired by Eastman and Reif (Eastman, 2019; Reif, 1965)

4.2.3 Equilibrium from a statistical viewpoint

4.2.3.1 The microcanonical ensemble
An ensemble is a collection of thermodynamic systems designed to be identical in

certain respects. Microcanonical ensemble (following conventional nomenclature)
denotes a collection of systems that together maintain constant total energy, volume,
and number of particles (Chandler, 1987). However, since these properties can still be
different from one system to another, the accessible states and probability distributions
remain variable in the individual systems. Therefore, the microcanonical ensemble
aims to identify the most probable macrostate governing the overall collection of

systems at thermodynamic equilibrium.

Consider two thermodynamic systems (A and B) separated by a boundary (Figure
4.2). The two systems interact according to the microcanonical ensemble, as their total
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energy (E7), volume (V7), and number of particles (Ny) remain fixed. Moreover, these
total quantities are assumed to be equivalent to the summations of the respective

properties in the two subsystems (Chandler, 1987; Reif, 1965).

Er = Ejy + Eg = constant
Vy = Vy + Vg = constant
Ny = Ny + Ng = constant

Figure 4.2 — Microcanonical ensemble
Since all microstates accessible to the ensemble are equally probable at
thermodynamic equilibrium, the probability of system A being at E4, V4, and Ny is
equal to the number of microstates accessible to the ensemble such that system A is at
the desired values (21(E4, V4, Ny)), divided by the total number of microstates
accessible to the ensemble (2, (E7, Vr, Nr)) (Reif, 1965). This is shown in Equation
4.3).

07 (Ep, Vo, Np) (4.3)
Q7 (Er, Vr, Nr)

P(Ea, Va,Ny) =

Moreover, since achieving a given microstate is an independent event, the
parameter 0r(E4, V4, Ny) is equal to the number of microstates in system A
corresponding to E4, V4, and N, (24(E4, V4, Ny)), multiplied by the number of
microstates in system B not corresponding to E,, V4, and Ny (25([E7 — E4l, [V —
V41, [Ny — NyD)) (Chandler, 1987). As E;, V-, and N are assumed equivalent to the
summations of the respective properties in the two phases, 25 can be defined as

Ng(Eg, Vg, Ng). Equation (4.3) is, therefore, rewritten as follows:

QA(EA: VA’NA) Qg (EB’VB’NB) (4,4)
Qr(Er,Vr, Nr)

P(Ea, Va,Ny) =

4.2.3.2 The condition at equilibrium
Consider the dual system described in section 4.2.3.1, whose probability

distribution function is characterised by Equation (4.4). At thermodynamic
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equilibrium, the most probable macrostate must satisfy the conditions described in
Equations (4.5) — (4.7), because this state is represented by a maximum point in the
probability distribution function (Reif, 1965).

ap (EAJ VA» NA) =0 (4.5)
0E, VAN

ap (EAJ VA» NA) =0 (4.6)
avy EoN4

ap (EAJ VA; NA) — 0 (47)
JdN, EaVa

It follows that Equations (4.8) — (4.10) also hold true for the most probable

macrostate.

d[In p(Ea, Va, Nyl

_ (4.8)
9E, 0

a [lTL p(EA, VA' NA)]

= (4.9)
v, 0

d[In p(Ea, Va, Nyl

- (4.10)
aN, 0

EaVa

In Equation (4.4) the total number of microstates accessible to the ensemble
(2 (Er, Vr, Np)) is a constant, because E, Vi, and Ny are constants. Therefore, upon

substituting Equation (4.4) into Equations (4.8) — (4.10), the following can be written:

d[In 2,]
0E,

d[In 2]

- (4.11)
dE, 0

VaNg

VaNa
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~0 (4.12)
V4 EaNa OVa EaNa
d[ln 0] d[ln 2] —0 (4.13)
ONy EaVa ONy EaVa

Given that E, = E; — Eg, V4 =V — Vg, and Ny = Ny — Np, it then follows that
dE, = —dEg, dV, = —dVy, and dN, = —dNjy. Therefore, Equations (4.11) - (4.13)

can be rewritten as follows (Reif, 1965):

d[ln 0,]

_ 0lin 5] (4.14)
aEA VaNg aEB VB,Np
d[ln 4] _ 0lin 2] (4.15)
V4 EaNg 0Vg Ep,Np
a[in 2,] _ 9[in 2] (4.16)
ONy EaVa ONg EpVp

Equations (4.14) — (4.16) demonstrate the most probable macrostate at
thermodynamic equilibrium. The differentials of In 2 (natural logarithm of the
number of microstates) with respect to E, VV, and N are the same in both systems. These
differentials can be further defined as follows (Eastman, 2019) (to be validated in

section 4.2.4):

d[In 2] 1 (4.17)
oE ~ kgT
V.N
olinn]] P (4.18)
v ~ kgT
E,N
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d[ln n] __r (4.19)
ON . kgT

kg 1s Boltzmann’s constant, a universal value acting here as a conversion factor

from units of energy to units of temperature.

Equations (4.17) — (4.19) define temperature (T), pressure (P), and chemical
potential (1), a set of parameters that are merely descriptive of how the number of
microstates (£2) varies when changing energy, volume, and number of particles in the
system, respectively. At equilibrium, the most probable macrostate comprises equal
rates of change in the two systems, and this equivalence is not compromised by any
exchange of energy, volume, or particles between the two systems.

Although the definitions of T, P, and u are yet to be validated against classical
thermodynamics, substituting Equations (4.17) — (4.19) into Equations (4.14) — (4.16)
yields the following outcomes:

=T, (4.20)
Pa_Ps (4.21)
T, Tp
Ha _Hs (4.22)
Ty, Tg

Equations (4.20) — (4.22) set out the most probable conditions defining thermal,
mechanical, and mass equilibria, in terms of temperature, pressure, and chemical
potential, respectively. As expected, the most probable condition at thermal
equilibrium between two systems, is such that they exhibit equal temperatures.
Interestingly, however, mechanical equilibrium and mass equilibrium are not
characterised by equal pressures and chemical potentials amongst the two systems, but
rather they are characterised by equal ratios of these parameters to temperature. This
demonstrates that temperature does not only drive heat transfer, but it is also influential

on diffusion and pressure-volume relationships. Nevertheless, this effect of
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temperature is unlikely to be observed many real-world situations, because in most
cases, conventional heating is employed with which temperature gradients are not
sustained. If two phases possess equal temperatures, their pressures and chemical
potentials must also be equal at equilibrium.

Since mass equilibrium is characterised by equal u/T, it can be summarised that
that mass transfer is proportional to spatial gradients in u/T. This is the most
fundamental relationship between temperature and mass transfer, but it is usually
investigated under constant temperature, thus eliminating T from the picture. As seen
in Chapter 3, microwaves induce temperature gradients in biomass-solvent systems,
indicating the importance of characterising mass and mechanical equilibria under non-

uniform temperature, and this will be carried out in section 4.3.

4.2.4 Validation against classical thermodynamics
Equations (4.20) — (4.22) define temperature, pressure, and chemical potential as

mere derivatives of the logarithmic number of microstates (In £2), with respect to other
extensive properties of a thermodynamic system such as energy, volume, and number
of particles. This definition is to be validated here against classical thermodynamics,

thus bridging the gap.

The first law of thermodynamics is a statement of energy conservation. The general
form of this law is shown in Equation (4.23), where the energy supplied to a system
(6Q) is either stored as internal energy (dE) or lost to the surroundings as a result of
mechanical work, mass transfer, etc (i.e., ).; A;dx;, where A is a generalised force
variable like pressure, and dx; is a generalised field variable like volume (Chandler,
1987)).

dE = 6Q — Z A;dx; (4.23)
i

E in this case is analogous to the average energy of a system as described in the

previous sections.

Assuming that the system undergoes quasi-static and reversible processes, 6Q is,
by virtue of the second law of thermodynamics, equivalent to TdS (Huang, 1963; Reif,

1965). On the other hand, the forms of energy exchange with the surroundings
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(3; A;dx;) are confined here to mechanical work and mass transfer. Therefore,

Equation (4.23) can be rewritten as follows:

dE = TdS — PdV + udN (4.24)

S denotes the system’s entropy.

Rearranging Equation (4.24) to make dS the subject, yields the following:

1 P U (4.25)

dS—TdE+TdV TdN
It follows from Equation (4.25):

s _1 (4.26)
dElyy T
i _P (4.27)
WVlgy T
951 _ _H (4.28)
ON|gy T

Equations (4.26) — (4.28) are analogous to Equations (4.17) — (4.19), and since kg
is a universal constant, entropy (S) and the number of microstates (£2) can be related

as shown below:

S = kpln(2) (4.29)

Equation (4.29) is Boltzmann’s definition of entropy (Bowley and Sanchez, 1999;
Chandler, 1987; Huang, 1963; Reif, 1965), which argues that this parameter is merely
a statistical concept providing a measure for the number of microstates accessible to a
system. This expression demonstrates that the earlier definitions of T, P, and u are

analogous to classical thermodynamics and adherent to the laws thereof; hence, the
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underpinning statistical arguments and concepts are also reliable means of
investigation. These arguments will, therefore, be used in section 4.3 to understand

equilibrium under a temperature gradient.

4.3 Equilibrium under a temperature gradient
The classical two-system microcanonical ensemble discussed in section 4.2.3

comprises fixed total energy (E7), volume (V;), and number of particles (N). The aim
of this isolated ensemble is to determine the most probable equilibrium distribution of
energy, volume, and particles amongst the two systems it contains. The most probable
equilibrium distribution was shown to satisfy the known conditions for thermal,
mechanical, and mass equilibria, comprising equal temperatures, pressures, and
chemical potentials, respectively, amongst the two systems (Equations (4.20) —
(4.22)).

4.3.1 Modified microcanonical ensemble
The classical two-system ensemble is compatible with biomass-solvent systems

heated conventionally; firstly, such systems constitute a batch setting (i.e., V- and N
can be assumed constant), and secondly, beyond the heat-up phase E; is also likely to
be conserved (assuming negligible heat loss or rapid replacement of any lost energy).
In other words, biomass-solvent systems only attain energy as they are heated, but
once the desired temperature is achieved, no further energy gets introduced
deliberately to these systems except to account for lost energy; therefore, E; is
conserved beyond the heat-up phase. However, this analogy is not necessarily
applicable under microwave heating where, for instance, energy can be delivered
directly from the environment to the biomass through microwave radiation, but the
biomass does not deliver energy except to the surrounding solvent, which, in turn,
loses energy back to the environment. As shown in Figure 4.3, this constitutes a cycle
whereby energy delivery to the biomass bypasses the solvent phase, but energy
removal from the biomass still requires the solvent medium. This cycle essentially
means that, unlike V- and N, E is not conserved within the biomass-solvent system;
therefore, the system only exhibits batch setting characteristics partially (i.e., with

respect to V- and Ny, but not E;).
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(A)

(B)

(B) (B)

(B)

Figure 4.3 — Biomass solvent system under microwave heating. Energy cycle is
induced where (A) biomass is heated directly with microwave radiation, and (B)
energy is lost conventionally from biomass to solvent and then back to the
environment

This unique situation is arguably only achievable with unconventional heating
methods such as microwave heating, due to the unique heating patterns induced. The
present situation requires a novel statistical treatment to account for the fact that, batch
characteristics are only exhibited partially in the biomass-solvent system (i.e., V; and
Ny are conserved but E7 is not). This unique heating situation is important to analyse,
because as shown in Chapter 3, it could result in unequal temperatures within the
biomass-solvent system, possibly altering the conditions for mechanical and mass
equilibria (section 4.2.3.2). To statistically understand whether temperature gradients
can be established in biomass-solvent systems heated with microwaves, consider a
modified ensemble comprising three thermodynamic systems (Figure 4.4).
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Biomass-solvent system

Er = E4 + Eg + E- = constant
Vp = Vy + Vg = constant
N =~ Ny + Ny = constant

Figure 4.4 — Three-way microcanonical ensemble comprising energy cycle. (1)
direct energy delivery from C to A by microwave radiation; (2) conventional
heat transfer from A to B; (3) energy removal from B back to C either by
conventional heat transfer or through reflux (i.e., evaporation and
condensation)

In Figure 4.4, systems A and B can be envisaged as biomass and solvent,
respectively, whereas system C is the surrounding environment. Systems A and B are
much smaller than system C, but all still incorporate large degrees of freedom such
that T, P, and u can be defined for each (these will be hypothetical in system C due
to the very complex nature of the environment). As seen in Figure 4.4, energy flows
in cycle from A to B then C, and then back to A; therefore, this setting is compatible
with biomass-solvent systems heated with microwaves (Figure 4.3). As volume and
particles are contained within the biomass-solvent system, V- and N, are conserved
within systems A and B. However, E; can only be conserved within the full ensemble
comprising all systems A, B, and C, signifying a conservation in energy within the
combined system-environment entity. This distinctiveness in defining the energy
conservation boundary is what makes this ensemble compatible with microwave
heating scenarios, and to express this mathematically, the probability distribution
function in energy (Equation (4.4)) has been modified to include system C. Assuming
that all microstates are independent, such a modification can be expressed as shown
in Equation (4.30). Note that V and N have been dropped from Equation (4.30) to draw

focuson E.

24 (E4) 25(Ep) ¢ (Ec) (4.30)
0r(Er)

p(E,) =
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Equation (4.8) holds at equilibrium, and the following is obtained on substituting
Equation (4.30):

a[ln .QA] N a[ln .QB] n a[ln -QC] _ (4.31)
0E, J0E, J0E,
Since E, + Eg + E; = Er = constant, the following can be written:
dEp  dEc . _ (4.32)
E + E +1=0
Substituting Equation (4.32) into Equation (4.31) yields the following:
0E,  0Ep 0Eg 0E. |dE,

Equation (4.33) describes the most probable condition for thermal equilibrium in
the three-way ensemble (Figure 4.4). As shown in Equation (4.17), d[ln 24]/dE, and
d[Iln Ngz]/0Eg directly represent temperatures T, and Ty, respectively. However,
defining d[In 2.]/0E; is non-trivial since system C (i.e., the environment) is a
complex entity. As such, there are many possible equilibrium conditions that satisfy
Equation (4.33), depending on the characteristics of system C. While system C
delivers energy to system A, it also extracts energy from system B to maintain thermal
equilibrium. This indicates numerous phenomena taking place in system C, enabling
the energy flow cycle of to be completed from the point of extracting energy from B
to the point of resupplying energy back to A. Although system C cannot be fully
understood in this context, useful deductions can still be made from Equation (4.33),
to draw conclusive insight on the most likely equilibrium temperature distribution in

systems A and B, as follows:

1- Under conventional heating, thermal steady state comprises d[In 2z]/dEg =
d[In 2]/0E;, meaning that Equation (4.33) gets reduced to the form shown
in Equation (4.14). This essentially reduces the ensemble to the original two-
way system isolated from its surroundings (Figure 4.2), where the most

probable macrostate comprises the condition T, = Tj.
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2- Under microwave heating (Figure 4.4), given that system B loses energy to its
immediate surrounding environment, it must follow that Tz > T, which, in
turn, means that d[In Qg]/dE < d[In N.]/0E,. Furthermore, dE./dE, = 1
here because any energy delivered directly to system A through microwave
heating, is eventually deposited back to system C. Therefore, it is clear that
d[ln N,]/0E, < 0[In 2g]/0Eg, in other words T, > Tj.

It can be summarised from the deductions above that, under microwave heating,
the most probable equilibrium temperature distribution amongst systems A and B
should satisfy the inequality T, > T. The magnitude of this temperature difference
depends on the characteristics of system C, including the input microwave power, the
rate of energy removal from system B, etc. This is in total agreement with the findings
made in Chapter 3, and the implication is that mass transfer in biomass-solvent
systems is likely to exhibit different trends under microwave heating than it does
conventionally. To characterise these trends quantitatively, it should be understood

how p and /T change with T, which will be expanded upon in the following sections.

4.3.2 Temperature-induced volume and mass transfer
Recall that, unlike E;, V and Ny are conserved within systems A and B only

(Figure 4.4), which means that mechanical and mass equilibria are still characterised
by equal P/T and u/T amongst the two systems (Equations (4.21) and (4.22)).
However, since T, # Ty (section 4.3.1), an interplay is generated between temperature
and other parameters, which fundamentally alters the most probable equilibrium
distribution of volume and number of particles amongst systems A and B. For instance,
although P, /T, should equal Pz /Ty at equilibrium, P, and Pz may not be equal to
each other (because T, # Tg), and this affects the most probable distribution of
volume. The same can be said regarding the most probable distribution of particles,
which would also be affected by unequal temperatures and chemical potentials.

To characterise the effect of temperature gradient, consider a system in space
(denoted the letter “i””) capable of expanding freely, but cannot exchange particles with
its surroundings (denoted the letter “5”). If the system is heated with microwaves, its

temperature (T;) gets higher than that of the surrounding environment (T;) (i.e., T; >

T;). As the system (denoted the letter i) gets heated selectively, and it simultaneously
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attempts to achieve mechanical equilibrium with its surroundings (denoted the letter

), one of the three scenarios summarised in Table 4.1 would take place.

. Direction of Example OT
Scenario P;/T; occurrence in
volume transfer
nature
As T; is raised
beyond T, P; From | Most fluids (if not
increases to a much Increases surroundings *3” | 4y expand when
higher extent than T; (tfe.s?"iﬁtg:anjs) heated
(disproportionately) ’
As T; is raised .y | Water below 4 °C
beyond T;, P; From system *1 (atmospheric
increases to a much Decreases to surroundings pressure)
lower extent than T; (ic. “i,,JcomractS) contracts when
(disproportionately) ’ heated
Water at 4 °C
Py increases Remains No volume préigl?roeipz;anr(i:z it
proportl%hallv with constant transfer is at the boundary
‘ between the two
scenarios above

Table 4.1 — VVolume transfer scenarios when a system “i” possesses higher
temperature than its surroundings “j”

The three qualitative scenarios in Table 4.1 also apply to mass transfer situations,
where P is replaced with g and volume with number of particles. For example, taking
the first scenario: as T; increases beyond T;, the chemical potential magnitude |u;|
increases to a much higher extent than T; (disproportionately), prompting mass
transfer from surroundings 5> (lower temperature and potential magnitude) to system
“i” (higher temperature and potential magnitude), so as to lower the surplus |u;| and
achieve the required p; /T; ratio. Note that unlike P, u is conventionally defined as a
negative quantity (Equations (4.19) and (4.28)); hence, mass transfer is strictly
analogous to volume transfer only when considering magnitudes in u rather than the

absolute values (i.e., |u| instead of p).

All three in Table 4.1 above are possible, yet from an observatory perspective, the
first scenario occurs more widely. In real-world situations, fluid systems are known to
expand upon heating due to an increase in their pressures, and this is explicable
through the first scenario in Table 4.1. Expansion is essentially a process of volume
transfer whereby a system receiving volume ends up occupying a larger portion of the

available space. This is a commonly observable phenomenon, and while an analogous
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mechanism for mass transfer could also be inferred, this is usually less understood. In
mass transfer, particles could also diffuse under the influence of temperature gradient
from high potential areas (i.e., low |u|) to low potential areas (i.e., high [u]). This
would take place due to a disproportionate increase in |u| compared with increasing

T, just as P increases disproportionately with T in the first scenario of Table 4.1.

To characterise the most likely scenario in Table 4.1 from the viewpoint of
statistical mechanics, it should be roughly understood how In £ changes with E, V,
and N. This will provide an insight on how P and u are related to T in an ideal situation
(e.g., where no intermolecular forces exist between the particles). The following
analysis is divided into two parts, the first of which estimates In 2 as a function of E
and N, while the second estimates In 2 in terms of E and V. These estimations will
then be used to approximate d[In 2]/dN and d[In 2]/0V for ideal situations.

For the first part, consider a system comprising a fixed total number of particles,
N, where each can occupy discrete energy states up to a maximum of &. For the
purposes of this analysis, it can be assumed that the total energy of the system (E) is
shared equally amongst all particles, which is reasonable for sufficiently large
systems. Therefore, E can be estimated as Ne&, and this establishes a simplistic yet
satisfactory link between molecular-level energy states, &, and the total energy
imposed upon the system, E. An increase in E raises the value of &, indicating that the
molecules may access higher energy levels. The total number of microstates in the
system () is equivalent to £V; however, based on the assumption established here,
this can be estimated as (E/N)". Therefore, the parameters In 2, d[In 2]/9E, and
d[In 2]/0N can be approximated in terms of E and N as show in Equations (4.34) —
(4.36). These are approximations rather than exact expressions; therefore, the

relationships use “~” instead of “="to indicate approximated equivalence.

InQ~N({nE —InN) (4.34)
oln? N (4.35)
JE E
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dln N (4.36)
N ImME—-(InN+1)

For the second part of this analysis, envisage that the system described in the first
part occupies a space of volume V. Each particle can occupy discrete volume
quantities up to a maximum of ©; however, similar to energy, it is assumed here that
the total volume of the system (V) is shared equally amongst all particles, which is
reasonable for sufficiently large systems. Hence, V can be estimated as N7, thereby
establishing a simplistic yet satisfactory link between molecular-level volumes, 7, and
the total volume imposed upon the system, V. Based on this, the total number of
accessible microstates (£2) can be rewritten as (E#/V)Y/?, and the parameters In £,
d[In 2]/0E, and d[In 2]/dV can be approximated in terms of E, N, and V as shown
in Equations (4.37) — (4.39).

vV vV
ln.(2~5(lnE—ln E)EN(lnE—lnN) (4.37)
dimn V. N (4.38)
0FE vE FE
dinn 1 (4.39)

%4 1
37 ~5[lnE—(ln E+1) =5[lnE—(lnN+1)]

Equations (4.37) and (4.38) for estimating In 2 and d[in 2]/0E are identical to
Equations (4.34) and (4.35), respectively. Also, Equations (4.36) and (4.39) show that
d[In 2]/0V and d[In 2]/0N are interrelated through the parameter ©, which is a
molecular density parameter describing the volume occupied by each particle. This is
an expected outcome since, energy distribution in space depends on how particles are
distributed, because particles constitute the medium that carries energy in space.
Varying v results in a change in the number of ways for distributing particles in space,
which, in turn, alters the permutations of energy distribution. In real-world situations,
€ and © are complex functions of E, N, and V; however, these were assumed constant
and uniform here to preserve the simplicity of the current analysis. This is a reasonable

assumption for sufficiently large thermodynamic systems. Moreover, constant v has
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also been used in literature to derive the ideal gas equation (Bowley and Sanchez,
1999), which essentially describes the macroscopic behaviour of any ideal system.

Nevertheless, further analysis on v is a subject of future work.

The outcomes of this analysis are shown in Equations (4.53), (4.54), and (4.55),
and in Figure 4.5, which roughly summarise the likely trends of din2/0E,
d[In 2]/dN, and d[In 2]/0V with changing E.

In 0 1 (4.40)
E lyy E

dln 0

n ~InE (4.41)
aN EV

dln 0

e ~InE (4.42)
aV E,N

——(A)d(In Q) / dE
- - (B)d(InQ)/dV;d(In Q)/dN

.
>

d (In Q) (arbitrary units)

Y

E (arbitrary units)

Figure 4.5 — Rough representation of d[In 2]/0E, d[Iln 2]/0V, and
d[In 2]/0N as functions of E. (A) d[In 2]/0E ~ 1/E; (B) d[ln 2]/0V and
d[In2]/0N ~InE

As expected, d[In 2]/0E decreases with E; hence, temperature T increases as
energy is introduced to a system (Equation (4.17)). On the other hand, both
d[In 2]/0V and d[In 2]/0N increase with E, meaning that as energy is introduced to
a system, both P/T and |u|/T increase (Equations (4.18) and (4.19)). Given that T,

P/T,and |ul|/T are all likely to increase with E, it must follow that P and |u| increase
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more significantly than T in response to any increase in E, otherwise d[ln 2]/dV and

d[In 2]/0N cannot be increasing functions of E.

As can be seen, the first scenario in Table 4.1 comprising P/T increasing with T,
is most likely in near-ideal situations, which explains why many fluids expand when
heated. However, in other situations, factors governing the deviation from ideal
behaviour should be considered. Such factors may hinder the particles from behaving
independently of each other, which demands redefinition of the number of microstates
(). For example, water molecules exhibit significant hydrogen bonds; hence, below
4 °C any heating could increase the pressure, but the supplied energy would also be
used to overcome the intermolecular forces. The overall result would, therefore, entail

a contraction of water as it gets heated.

Like P, |u| also rises disproportionately with increasing T (Figure 4.5), and if T in
a system approaches higher values than in the surroundings, mass transfer would then
be induced against the established temperature gradient, to lower the surplus || and
achieve mass equilibrium by retaining the required |u|/T ratio. This mass transfer
scenario is likely to arise in batch settings being heated unconventionally. A prime
example of this is a biomass-solvent system under microwave heating, where mass
and volume are largely contained within the system, but energy is continuously
exchanged with the environment in the form of a cycle.

P —V — T relationships are well-established, but the existence of an analogous set
of |u| — N — T relationships clearly has not yet been investigated thoroughly. Mass
transfer is more challenging to observe compared with volume transfer. Even though
diffusion under the influence of temperature gradients has been observed (i.e., the
Ludwig-Soret effect) (Kishikawa et al., 2012; Koyama and Tsukada, 2021; Rahman
and Saghir, 2014), volume transfer is still more commonly observed. Furthermore, p
is not directly measurable, unlike P which is well known in various applications and
is measured with its own set of units. This poses a challenge in the current work for
two reasons; firstly, u must be known if any further mass transfer analyses are to be
conducted; secondly, given that i, P, and T are all measures of the same underpinning
property (number of microstates; ), they are interrelated and cannot be treated in
isolation. This means that, unlike the examples presented here where, for instance,

expansion is permitted but diffusion is not, in real-world situations all transfer
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phenomena take place simultaneously, and ultimately u, P, and T all affect these
phenomena collectively. For example, if water diffuses into a system, it does not only
alter the chemical potential of the system, but it can also induce pressure which, in
turn, causes expansion. This demonstrates the need to express u in terms of other

measurable parameters, namely P and T, and this will be carried out in section 4.4.

It is summarised from this section that |x| may rise disproportionately with T,
making |u|/T an increasing function of T, and meaning that diffusion should take
place against a temperature gradient to achieve mass equilibrium. The relationship
underpinning temperature and mass transfer has now been described, but u is yet to

be expressed in terms of P and T to enable full quantification of mass transfer.

4.3.3 How transfer phenomena increase entropy
This section summarises how mass and volume transfer against a temperature

gradient (section 4.3.2) match the second law of thermodynamics. The work presented
here is confined to the principles of classical thermodynamics.

In addition to Equation (4.24) describing energy gains and losses in a
thermodynamic system, it is further assumed that that the absolute average energy (E)
iIs a homogeneous first-order function of the other extensive properties including
volume (V), number of particles (N), and entropy (S). Therefore, E can be expressed

using Euler’s formula (Chandler, 1987), as follows:

E_SE)E
7 aS

+VaE +NaE
ON

— 4.43
V,N WVlsn (443)

SV

Based on the definitions of the three derivatives in Equation (4.43) presented in the

previous sections, the expression can be rewritten as follows (Chandler, 1987):

E =TS —PV +uN (4.44)

Equation (4.44) is the basic expression from which all thermodynamic potentials
are derived, including enthalpy (H = E + PV =TS + uN), Gibbs’ free energy (G =
E + PV —TS = uN), and Helmholtz free energy (F = E — TS = uN — PV).
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Enthalpy (H) can be used to determine how chemical potential (1) changes with T

and P. At constant moles, the differential entropy (dS) can be written as follows:

1 %
= —dH - — (4.45)
dS = = dH — - dP

The differential enthalpy (dH) can be expressed in terms of temperature using

specific heat capacity at constant pressure (C,), as follows:

NC, v
Bl 27 (4.46)
ds = —PdT — - dP

As can be seen, entropy (S) increases with increasing temperature (T') and decreases

with increasing pressure (P).

Similarly, a free energy parameter analogous to H can be defined for chemical

potential (u), as follows:

B=E—uN=TS—PV (4.47)

From this, the differential entropy (dS) can be written at constant volume as

follows:

1 N
- =X 4.48
dS ==dB + - du (4.48)

The differential B-free energy (dB) can be expressed in terms of temperature using

specific heat capacity at constant chemical potential (C,,), as follows:

4 N
u
_K — (4.49)
dT + =du

ds =
In this case, entropy (S) increases with increasing both temperature (7) and
chemical potential (u). However, since chemical potential is by convention a negative
quantity, entropy (S) can be seen to decrease with increasing the chemical potential

magnitude (|u]).
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Furthermore, the differentials aS/aE| : aS/aV| , and aS/a1v| vary with T,
N,V E,N E)V

P, and |u| as shown in Equations (4.26) — (4.28). An increase in these differentials
signifies a more pronounced increase in entropy (S) as E, V, or N are raised. This
results in a framework for heat, mass, and volume transfer summarised in Table 4.2.
As can be seen, all transfer phenomena occur such that the entropy increases in
accordance with the second law of thermodynamics. The occurrence of mass/volume
transfer against a temperature gradient are not an exception, as they are also justified
by the need to increase the overall entropy. At this level of analysis, the most
fundamental condition for heat/mass/volume transfer is that these should occur from

[13%4]

a system "1

[13%2]

comprising high entropy, to a system “j”” comprising low entropy, since
this ensures the overall entropy is increased. In other words, transfer phenomena take

place down an entropy gradient.
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How T changes (applicable to P and |u|)

increases non

increases non

T increases
(no mass/volume transfer)

proportionally incregses proportionally
proportionally )
to a lesser with to a higher
extent than extent than
parameter
parameter parameter
S Decreases Unchanged Increases
aS/ 6V|E N Increases Unchanged Decreases
= —
2 Direction of Towards the Away from the
8 S volume system None system
S 2 transfer y Y
SE Justification Volume flows towards the area where it generates
& ?3 most entropy, i.e., down an entropy gradient
= Flow against a _ Flow down a
S No flow;
= Impact temperature svsten temperature
P gradient; system y gradient; system
unchanged
expands contracts
S Decreases Unchanged Increases
= a5/ F) N|E v Increases Unchanged Decreases
(3] )
2 Direction of Towards the Away from the
w 8 None
5 mass transfer system system
o2 Particles flow towards the area where their presence
g § Justification generates most entropy, i.e., down an entropy
=3 gradient
S . No mass
B Flow against a Flow down a
S transfer as
Impact temperature ilibrium i temperature
radient equItibrium 13 gradient
g unaffected
S Increases
95/, E|1v ) Decreases
Direction of
heat transfer Away from the system

Justification

Heat flows towards the area where its presence
generates most entropy, i.e., down an entropy

gradient

Impact

Heat transfer down a temperature gradient

Table 4.2 — Summary of the framework for transfer phenomena (ideal system
where Cy = 0 JK~'mol~' and Cy = 0 JK~1m™3)

4.4 Chemical potential

Unlike P and T, u cannot be measured directly; hence, an expression is required to

thermodynamics.

infer u from other measurable parameters, and the aim of this section is to derive such

an expression. The work presented here is confined to the principles of classical
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4.4.1 The Gibbs-Duhem argument
Differentiating the energy equation (Equation (4.44)) yields the following:

dE = TdS + SAT — PdAV — VdP + udN + Ndu (4.50)

On comparing Equations (4.50) and (4.24), it is clear that SAT — VdP + Ndu

equals zero. Therefore, du can be expressed as follows:

S 1%
dy = —NdT + NdP = —sdT + vdP (4.51)

s and v are the specific entropy and volume of the system, respectively.

Equation (4.51) describes the differential chemical potential of a pure component.
This expression is a direct result of the initial assumption that E' is a homogeneous
first-order function of the extensive properties V/, S, and N (Equation (4.43)). This
assumption has led to the notion that, the sum of all thermodynamic conjugate pairs
or derivatives thereof not described in the first law of thermodynamics, is equal to
zero. Here, such terms include SdT, VdP, and Ndu. This mathematical treatment is
otherwise known as the Gibbs-Duhem argument (Chandler, 1987), and it provides a

pathway to defining u in terms of other measurable parameters.

To emphasise that Equation (4.51) describes a pure component, it is rewritten below

using a “hat” notation:

di, = —5,dT + D,dP (4.52)

4.4.2 Derivation for impure components
Equation (4.52) describes chemical potential of a pure component. The specific

volume (#,) can be expressed using the ideal gas law, but instead of pressure (P) the
term liquid fugacity (f) is used, indicating that the ideal gas law is used here to
describe solutions (potentially behaving non-ideally) instead of gas. The following can
be written:

dfi, = —5,dT + RTﬁ = —§dT + RTd[In(f)] (4.53)

1
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It is clear from the Gibbs-Duhem argument that, when a system with more than one
component is considered, the chemical potential of a given component is a function of
the chemical potentials of all other components; hence, the degrees of freedom do not
allow quantifying the chemical potential of a single desired component within a
mixture. Therefore, an alternative approach was considered where Equation (4.53) for
a pure component was still used, but with some modification introduced to the fugacity

3L
1

term to reflect that “i” does not exist in pure form in the system. Such modification
can be achieved by considering a form of Raoult’s law adapted for non-ideal behaviour
(Equation (4.54)). Raoult’s law relates the vapour pressure of a component in a
mixture to the vapour pressure of the same component if it were pure, using mole
fraction (Sahin and Sumnu, 2006). The same is done in Equation (4.54), but while
replacing pressure with fugacity (f) and mole fraction with activity (), to account for
non-ideal behaviour. Activity («) is a modified mole fraction used to account for non-

ideal behaviour in mixtures arising due to intermolecular forces.

fi=af (459

Substituting Equation (4.54) into Equation (4.53) yields the following:

dy; = RTd[In(f)] — s;dT + RTd[In(a})] (4.55)

A general differential expression has been derived for the chemical potential of a
component in a mixture (Equation (4.55)). This expression should be integrated to
give the absolute value of the chemical potential quantity.

;o
1

Chemical potential of a component “i” is to be determined at temperature T, pure
component fugacity £, and activity ;. If a reference/datum value of the chemical
potential is known at a set of reference conditions (T,; f.o; @;o), then integration can
be done in a stepwise manner to account for change in every parameter separately,
until the set of desired conditions (T; f;; a;) is approached (Equation (4.56)).
f
tilr7e, = Biolryfoa T f RTd[In(f)] (4.56)

fo

To,aio
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T
— f Sl'dT
To

ai

+ f RTd[In(a;)]

Tio T.f,

fuaio

The activity term in Equation (4.56) gives the following:

a;
f RTdlin(e)]| = RTin (=) (4.57)
Zio .1, 0

The temperature term in Equation (4.56) can be expanded based on entropy as a
function of temperature (i.e. dS = dE /T from Equation (4.26), so ds = C, dT/T).

The following can be expressed for small changes in temperature:

T T

Foaio To To (4.58)

= Sy (T —Tp) — G [(T —To) —Tin (Tlo)]

The fugacity term in Equation (4.56) gives the following:

fi -
j RTd[In(f)] = RTyln (i) (4.59)

2 10
fuo
To,aio

For liquids, fugacity can be related to the value at saturation and the pressure of the

condensed phase (Lee et al., 2016):

- —~ v .
Inf,=inf +ﬁ(PL — P (4.60)

Hence, the fugacity term can be rewritten as follows:
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RT,ln (%) = RT,ln ( ﬁ]éTi’) ) + V1) (P = Picry”) (4.61)

10 10

If the reference fugacity f,, is taken as equal to the saturation fugacity at
temperature T, (i.e. f,o = ﬁ(To)*), the fugacity term drops altogether and Equation
(4.61) can be rewritten as follows:

RT,l i) P, — Pyry* (4.62)
oln f: = UL(TO)( L — Fi(ty ) :

10

Therefore, an expression for the absolute value of chemical potential has been

developed as shown in Equation (4.63).
i = Hip T vL(TO)(PL - Pi(TO)*) - Si(TO)(T —To)

+ Gy [(T —Ty) —Tln (l)] + RTIn <&>

Ty 247

(4.63)

It is worthwhile to note here that, (T —T,) = Tln (TL) for a large domain of
0
temperatures. Therefore, a simplified version of Equation (4.63) can be devised where
wand T are linearly related (Equation (4.64)). Such an assumption has been reported
in literature (Job and Herrmann, 2006).

Hi = Ui + UL(TO)(PL — Pi(ry) ) - Si(To)(T —To) + RTln <a_L) (4.64)
i0

Furthermore, it can be shown from Equation (4.63) that u;/T is an increasing
function of T, which matches the analysis and arguments presented in section 4.3.2.
Since mass equilibrium is characterised with equal u/T amongst two systems, it can
be inferred that diffusion is proportional to spatial gradients in u/T. However, in cases
where the two systems possess equal temperatures, or where the temperature gradients
are small, mass equilibrium will then be characterised with equal u amongst the two
systems, and diffusion will be proportional to spatial gradients in u. In the subsequent

chapters analysing mass transfer under temperature gradient, diffusion will be made
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proportional to gradients in u/T to maintain consistency and precision. Nevertheless,
since diffusion patterns in this work can be altered greatly even with small temperature
gradients (see Chapters 5 and 7), it would be indifferent whether diffusion is

proportional to u/T or u.

4.5 Summary
In this chapter, it was aimed to understand the underpinning link between

temperature gradients and mass transfer. This is the first endeavour in the biomass
processing and extraction fields, attempting to characterise such a link using relevant
principles of statistical mechanics and thermodynamics. Furthermore, this is one of
the very few attempts to attain logical inference beyond mere mathematical derivation,
of the relationships between diffusion and temperature which have recently been

proposed in literature.

Initially, it was shown that the most probable equilibrium state of an isolated two-
system ensemble, is one where the two systems possess equal temperatures, pressures,
and chemical potentials. Nevertheless, it was also demonstrated that if temperature
gradient were to arise between the two systems, a more precise equilibrium condition
would then comprise equal pressure-to-temperature ratios (P/T) for mechanical
equilibrium, and equal chemical potential-to-temperature ratios (u/T) for mass
equilibrium. This means that, mass transfer between two phases possessing unequal
temperatures, would be driven by spatial gradients in u/T. While it is not very
common to observe scenarios comprising non-uniform temperatures, such condition
has been shown to be achievable in biomass-solvent systems heated with microwaves.
This is because, these systems exhibit batch characteristics partially, where only mass
and volume are conserved but energy flows in cycle from the environment into the
system and back to the environment. The continuous motion of energy was shown to
alter the condition of thermal equilibrium, where instead of having equal temperatures,
the inner phase (biomass) would possess higher temperatures than the outer phase
(solvent). This fully matches the findings made earlier in Chapter 3 through heat

transfer modelling.

The effect of temperature gradient on mechanical and mass equilibria was studied.
It was shown that, for a unit increase in temperature (due to increasing energy) a
system’s pressure and chemical potential may increase disproportionately, causing a

distortion in the equilibrium state. If a temperature gradient existed between the system
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and its surroundings, volume transfer and mass transfer would take place against this
gradient (i.e., towards the system) to lower the surplus P and |u|, respectively, and re-
establish mechanical and mass equilibria. While this matches common intuition in the
case of P —V — T relationships, it is a highly non-trivial description of mass transfer
and the analogous |u| — N — T relationships, and this should be further investigated

in literature and empirical studies.

Due to the inability to directly measure chemical potential, this parameter was
expressed in terms of other measurable parameters (including P and T), and in doing
so it was shown again that |u| increases disproportionately with T. Moreover,
expressing u in terms of P and T enables depicting real-world situations where u, P,
and T are interrelated, and they collectively represent all transfer phenomena taking

place simultaneously.

This chapter has achieved the link between temperature and diffusion needed to
quantify mass transfer in biomass-solvent systems under microwave heating (Chapter
5 onwards). Cellular-scale diffusion in such systems is mostly described qualitatively
in literature, indicating the lack of appreciation of mass transfer in the biomass
processing field, but also emphasising the importance of the current work. Very few
attempts have been made in the biomass-solvent extraction field to characterise mass
transfer under temperature gradient (e.g., (Lee et al., 2016)). Nonetheless, the current
work proceeds beyond any other in the field, in adopting a first principles’ approach
to understanding how microwave-induced temperature gradients can alter diffusion,
thereby extraction patterns. The fundamental description offered here for mass transfer
can benefit numerous fields beyond biomass-solvent extraction, as it lays a foundation
for predicting various diffusion scenarios beyond those that are currently known (e.g.,
Fick’s law, osmotic pressure, and the Ludwig-Soret effect). This contribution can,
therefore, be of huge significance.

4.6 Thesis recap
To address the gap in knowledge discussed in Chapter 2, a model was developed

in Chapter 3 to simulated microwave heat transfer in biomass-solvent systems at the
cellular scale. To further expand the model to incorporate mass transfer, it was vital to
understand the fundamental link between temperature and diffusion, and this was

conducted in the current chapter.
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4.7 Nomenclature

Symbols
€ — Number of accessible energy states per particle
e J A given energy state of a particle
E J Energy
N - Number of particles
N, - Number of particles occupying energy state e
4 m3 Volume
v m3 Specific volume
v m3 Volume occupied by individual particles
P - Probability
C - Binomial factor describing combinations of events
X0) - Number of accessible microstates
S JK1 Entropy
s Jmol 1K1 Specific entropy
kg JK1 Boltzmann’s constant
Jmol 1K1 Universal gas constant
K Temperature
bar Pressure
u Jmol ™! Chemical potential
6Q J Energy delivered to a thermodynamic system
A - Generalised force (intensive property) of a thermodynamic system
x - Generalised field (extensive property) of a thermodynamic system
H J Enthalpy
G J Gibbs’ free energy
F J Helmholtz free energy
B Ji E —uN
f bar Fugacity
a - Activity
Gy Jmol K1 Specific heat capacity at constant pressure
Cy Jmol 1K1 Specific heat capacity at constant volume
Cy, Jm3K1 Specific heat capacity at constant chemical potential
Cy Jm3K1 Specific heat capacity at constant molar quantity
Subscripts and superscripts
Quays/c Property of system A, B, or C
Or Total value over all systems
O: Property of a component i
0 Property of a pure component

Oo Baseline value
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O Property of a condensed state
O Property of a saturated vapour associated with the system
roperty at a given condition, e.g., v is specific volume at temperature
0 Property at a gi diti g., v(ry is specific vol p T
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5 TWO COMPETING HYPOTHESES TO EXPLAIN

CELL RUPTURE

The aim of this chapter is to validate and compare the two most popular hypotheses

attempting to explain why microwave heating improves cell rupture and extraction in

biomass-solvent systems. In validating one of the two hypotheses, the steps and

methods applied in including mass transfer and cell pressure build-up to the model

developed in Chapter 3, will be presented.

This chapter has contributed towards publishing Taqi et al. (Taqi et al., 2020). The

format of this chapter is as follows:

51 Introduction
5.2 Assessment of Steam-Rupturing hypothesis
5.2.1 Background and methodology
5.2.2  Results and discussion
53 Assessment of Temperature-Induced Diffusion hypothesis
5.3.1 Methodology
53.1.1 The mass equation
5.3.1.1.1 Link between mass transfer and chemical potential
5.3.1.1.2 Equation derivation
5.3.1.1.3 Assumptions on mass transfer
5.3.1.1.4 Assumptions on mass transfer coefficient
5.3.1.2  Cell expansion
5.3.1.3  Numerical solution to the mass equation
5.3.1.4.1 Initial and boundary conditions
5.3.1.4.2 Model discretisation and Taylor series approximation
5.3.1.4.3 Solution framework
5.3.2  Predicted pressure distribution
5.3.2.1  Heating-related parameters
5.3.2.1.1 Effect of dielectric loss factor (¢’
5.3.2.1.2 Effect of thermal conductivity (k)
5.3.2.1.3 Effect of incident electric field intensity (|E|o)
5.3.2.2  Other parameters
5.3.3  Threshold parameters needed for cell rupture

5.4 Summary
55 Thesis recap
5.6 Nomenclature

124
128
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133
133
133
133
135
138
139
139
144
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145
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151
154
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157
159
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5.1 Introduction
In biomass-solvent systems, the extraction of solutes is usually characterised as a

mass transfer process entailing the following: (i) penetration of the solvent into the
biomass; (ii) solubilisation of the solute into the solvent; (iii) diffusion of the dissolved
solute into the biomass-solvent boundary and then into the bulk solvent (Flérez, Conde
and Dominguez, 2015; Mao, Robinson and Binner, 2021). As shown in Chapter 3,
microwave heating induces unique heating patterns in biomass-solvent systems;
moreover, it is believed that these patterns promote rapid loosening of the cell wall
matrix and cause cell rupture (Maran and Prakash, 2015; Mandal, Mandal and Das,
2015; Osaili, 2012). In other words, the prevailing trend in literature accepts cell
rupture as the rate-limiting step to extraction, where such an event is thought to
improve the three mass transfer steps highlighted above, allowing for enhanced
solvent penetration into the biomass; better solute exposure inducing more rapid
solubilisation; and improved diffusion of the dissolved solute to the bulk solvent.
Although this idea of cell rupture has been discussed widely in literature, and some
authors have illustrated structural changes in biomasses treated with microwaves using
microscopic imaging (Ferhat et al., 2006; Kratchanova, Pavlova and Panchev, 2004;
Rodriguez-Jasso et al., 2011; Yanik, 2017; Zhongdong et al., 2006), almost all
discussions are qualitative. As such, there is still no clear quantitative evidence of how
microwave heating causes to structural modifications in the biomass, thereby leading
to enhanced extraction. Nevertheless, there have recently been two attempts to relate
microstructural modifications to microwave heating quantitatively and from a

fundamental perspective, and these are discussed below.

The first attempt relates to the common hypothesis that rapid and internal heating
under microwaves induces vaporisation within cellular structures, thereby quickly
increasing their internal pressures and causing them to rupture (Chan et al., 2011,
Chan, Yusoff and Ngoh, 2014; Kala et al., 2016; Letellier and Budzinski, 1999; Yan
etal., 2010; Yeoh, Shi and Langrish, 2008). This will be referred to in this work as the
Steam-Rupturing hypothesis. A quantitative model has been proposed by Chan et al.
(Chan et al., 2016) to link microwave heating with cell pressure through the idea of
intracellular steam generation. It is the first model of its kind, in that it couples
thermodynamic heating/vaporisation of intracellular moisture and the resulting
pressure build-up, with the mechanical properties of the cell wall to predict the time
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required for cell rupture. While this model appreciates microwave heating principles
through considering dielectric properties and microwave attenuation, it disregards heat
transfer and its effect on temperature patterns. This key limitation makes steam rupture
possible with any input microwave power since there is no other mechanism for energy
transfer within/from the biomass. The key features, strengths, and limitations of

Chan’s model are summarised in Table 5.1.

The second attempt to relate microwave heating to cell rupture has been proposed
by Lee et al. (Lee et al., 2016), through their Temperature-Induced Diffusion
hypothesis. This work proposes that the unique temperature gradients induced with
microwaves, could alter mass transfer patterns in biomass-solvent systems and,
thereby, cause cell rupture. At constant temperature, water flows between a biomass
cell and the solvent down its chemical potential gradient (Chapter 4), a quantity which
fundamentally depends on gradients in activity and pressure between the two phases
(Wijmans and Baker, 1995). It has been proposed by Lee et al. that, if the cell
temperature is higher than that of the solvent, then additional water diffuses into the
cell (i.e., Temperature-Induced Diffusion), which generates higher cell pressures and
increases the likelihood of cell rupture compared with the conventional heating case.
This matches the outcomes of Chapter 4, where it has been shown that, mass transfer
can occur against a temperature gradient between two phases within a closed system,
if such system is, for instance, heated with microwaves. Lee et al. demonstrated that,
in theory, even a temperature difference of 1 °C could raise the cell pressure up to
values large enough to infer cell rupture. However, this concept of Temperature-
Induced Diffusion has only been theorised within a hypothetical steady-state
paradigm, independent of kinetic aspects underpinning heat/mass transfer, cell
expansion, or system geometry/microstructural characteristics. Hence, it cannot be
understood whether cell rupture is possible within a realistic timeframe when using a
realistic set of input parameters. Another limitation of this hypothesis is the
assumption that diffusion is proportional to gradients in chemical potential rather than
chemical potential-to-temperature ratios. Although this is reasonable for small
temperature gradients, it does not allow expanding the scale of the system or applying
large input powers, because such aspects would likely raise the temperature gradients
beyond the order of 1 °C. These key limitations constitute the need for further detailed

analysis of the hypothesis, using a framework that incorporates kinetic aspects and
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other system characteristics. The key features, strengths, and limitations of Lee’s

hypothesis are summarised in Table 5.1.

Therefore, the aim of this chapter is to use and further develop the heat transfer
model from Chapter 3, to assess both the Steam-Rupturing hypothesis and the
Temperature-Induced Diffusion hypothesis, in terms of their ability to explain cell

rupture under microwave heating.
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Table 5.1 — Key features, strengths, and limitations of the existing microwave

cell rupture hypotheses

Page 5-5 (127)



CHAPTER 5

5.2 Assessment of Steam-Rupturing hypothesis

5.2.1 Background and methodology
Under this hypothesis, cell rupture occurs when steam is raised at sufficiently high

pressures to overcome the mechanical resistance of cells, thus causing structural
damage and rupture. Unlike what had been described in Chan’s Steam-Rupturing
model (Chan et al., 2016), steam generated within a cell is likely to be saturated rather
than superheated. This is because, as steam expands within the cell it eventually
experiences a resistant compressive force from the surrounding cell walls, causing it
to maintain its saturation state even as temperature increases. To overcome this
resistance, temperature should be increased to a value corresponding to the minimum
saturation pressure required for inducing rupture within the cell structure (Figure 5.1).
Therefore, validating the Steam-Rupturing hypothesis can be achieved through heat
transfer analysis of the biomass-solvent system, using the model developed in Chapter
3.

(A) Cell temperature =~ — — = Cell pressure
U] | (i)
Subcooled liquid heating Boiling liquid; pressure
up; cell pressure equals the | ° | remains constant and might
atmospheric value | cause cell rupture

Saturation

Te mperature; pressure

Time

Cell temperature ~ = = = Cell pressure

)

U]
g Subcooled liquid heating ! 0%
= S esSVe
2 up; cell pressure equals the e Rising PC°=
g atmospheric value ---"
r Cell rupture
2 | Atmospherfc pressure ~ T T T 2 -
| (i)
2, Liquid boiling; cell walls
5 | resist expansion, hence cell
= pressure increases until

* rupture is achieved

Time

Figure 5.1 — Demonstration of how cell pressure rises due to vaporisation when
(A) there is no cell wall; (B) there is a cell wall. In (A), boiling occurs at
atmospheric pressure, which might or might not be sufficient for cell rupture.
In (B), boiling is resisted by the surrounding cell walls, inducing pressure within
the cell. This pressure increases together with temperature as the saturation
condition, until cell rupture is achieved
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With incorporating a cellular-scale heat transfer element, and allowing a more
comprehensive set of heating parameters to be manipulated, the model developed in
Chapter 3 overcomes a key limitation in the Steam-Rupturing model available in
literature (Chan et al., 2016). A similar analysis approach to that shown in Chapter 3
was applied to this analysis, where a single independent heating parameter was varied
at a time while keeping all other parameters constant. A range of key parameters were
studied, including dielectric loss factor of biomass (¢" iomass), thermal conductivity

(k), and incident electric field intensity (|E|,).

It was intended here to investigate whether biomass cell temperatures sufficient for
steam-rupturing can be achieved with a realistic set of input heating parameters.
Hence, the physical limits of " p;,mass: k, and |E|, were considered to account for
the most extreme heating scenario. |E|, was fixed at a value of 10* Vm~! which is
the limit for single-mode microwave cavities (Robinson et al., 2010). Moreover, the
upper limit for " ,;,mass Was set at 35, since the largest reported value for some edible
materials between 0 °C and 100 °C, at a microwave frequency of 2.45 GHz, is around
30 (Sipahioglu and Barringer, 2003). Also, the lower limit for k was set at
0.1 Wm~1K 1 since values as low as 0.2 have been reported for fruits and vegetables
with 80% moisture, and k is known to increase with higher moisture levels (Nesvadba,
2005). Furthermore, the biomass geometry has been modified in this analysis, as the
number of cells in each dimension was defined to constitute a cubic cell cluster with
dimensions ranging from 0.1 to 0.5 mm (Figure 5.2). On one hand this better resembles
experimental situations, and on the other hand, the cubic shape decreases the surface
area-to-volume ratio of the biomass, compared to the previous cluster size definition
(equal number of cells in each dimension). This minimisation of the surface area-to-
volume ratio further increases the steady state temperature gradient, thereby ensuring

the most extreme of cases is being accounted for.
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Figure 5.2 — A cubic biomass cluster with 1x2x10 cells and particle size of 0.1

mm

Table 5.2 summarises the variables and constants for the current analysis, while all

other parameters were kept constant as shown in Table 5.5.

Figure/Table € piomass |Elo Vm™1) k(Wm™ k™)
Table 5.3A 35 10000 0.1,0.2,04
Table 5.3B 5,20, 35 10000 0.2

Table 5.2 - Input variables and constants for the Steam-Rupturing analysis

5.2.2 Results and discussion

Table 5.3 shows the maximum temperature difference between biomass and solvent

at thermal steady state (AT;,q), and the time required to achieve 95% of the steady

state temperature (tys_7), for variable thermal conductivity (k) and dielectric loss

factor of biomass (¢" piomass), and different-sized biomass particles.

(A)

snbiomass =35
Variable k (Wm™1K™1)

(B)
k=02wWm1lKk1

Variable €' piomass

Particle
0.1 0.2 0.4 5 20 35
size (mm)
5.374; 2.687; 1.344; 0.384; 1.535; 2.687;
0.1
1.790 1.635 1.563 4.841 2.405 1.635
0.3 34.397; 17.198; 8.599; 2.457; 9.828; 17.198;
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3.670 2.534 1.995 5.674 3.276 2.534
05 83.801; 41.901; 20.950; 5.986; 23.943; 41.901;
' 7.292 4.277 2.838 7.268 4,971 4.277

AT 10 (OC); tos_t (S)

Table 5.3 — Maximum temperature difference between biomass and solvent at
thermal steady state, and time required to achieve 95% of steady state, for
variable cell cluster size and (A) thermal conductivity; (B) dielectric loss factor
of biomass

The heating trends observed here match those obtained in Chapter 3, where at
thermal steady state a temperature gradient is established in the biomass, with a
maximum temperature around the centre of the cluster and a minimum at the biomass-
solvent boundary (Figure 5.3). As seen in Table 5.3 AT,,,, IS always positive given
€' piomass > 0, and it increases in magnitude as &' p;omass and particle size are
increased, and when k is decreased. On the other hand, tqs_; remains in the order of
seconds for all conditions investigated, which is well within the timeframes reported
in empirical studies applying similar input microwave powers (Beneroso et al., 2017;
Adam etal., 2017; Shepherd et al., 2018) Nevertheless, as observed in Chapter 3, tos_r

increases when particle size is increased, and when €”'p;,mass and k are decreased.

110 120 130 140 150 160 170 180
Temperature (degrees Celsius)

Figure 5.3 — Steady state temperature distribution of a YZ cross-section of a 0.5
mm cubic biomass within a biomass-solvent system. Dielectric loss factor of
biomass = 35; thermal conductivity = 0.1 WmK; incident electric field
intensity = 10000 Vm™
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The largest AT,,4, in Table 5.3 is around 84 °C, and it corresponds to the most
extreme values of &' piomass: k» |Elo, and particle size. Under more realistic
conditions, it is likely that a temperature difference of just 10 — 20 °C is achieved
which, as mentioned above, will only occur near the centre of the biomass, as lower
temperatures are expected closer to the edge of the material (Figure 5.3). As discussed
in section 5.2.1, if cell rupture is achieved through intracellular steam generation, then
the generated steam must exhibit the minimum pressure required to overcome
mechanical resistance of the cell walls surrounding the cell. Steam is highly unlikely
to be superheated within an intact cell due to the compressive force applied by the
elastic cell walls, which maintains the saturation condition as the cell temperature
increases. Therefore, cell rupture can only be achieved if the cell temperature is raised
to a value corresponding to a saturation vapour pressure, equal to the minimum
pressure needed for plastic deformation of the cell walls. As seen in Table 5.3, under
the most extreme heating conditions, the maximum temperature obtainable within the
biomass during an ambient-pressure extraction process is 184 °C (i.e., the solvent
temperature of 100 °C, plus a temperature difference of 84 °C). At 184 °C the
saturation steam pressure equals 10 bar (Rogers and Mayhew, 1995), which is
sufficient to cause rupture within some types of cell. However, for other cell types the
required pressure could be much higher, constituting the need for even higher
temperatures. For example, the rupture pressure of epidermal cells has been estimated
around 70 bar (Lee et al., 2016); hence, a temperature around 280 °C would be
needed to achieve cell rupture through intracellular steam (Rogers and Mayhew,
1995). Such unrealistically high temperatures are more likely to bring about
thermochemical degradation in biomass materials (e.g., cellulose decomposition),
rather than causing physical phenomena like cell rupture (Budarin et al., 2010).
Furthermore, even if such high temperatures are achievable in biomass without
inducing thermochemical degradation, these will be confined to the centre of the
biomass cluster rather than being evenly distributed. Therefore, away from the centre
of the biomass and under realistic physical and experimental conditions, the
temperature and pressure within the biomass cluster are expected to be much lower,
equating to values that are insufficient to underpin the steam-rupturing concept.
Nevertheless, enhanced extraction has been observed under microwave heating, in

studies investigating biomasses sized less than a millimetre (like Table 5.3) (Bagherian
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et al., 2011; Galan et al., 2017). This indicates that cell rupture is underpinned by an

alternative mechanism.

In summary, steam-rupturing of cells could occur at the extreme fringes of physical
and experimental conditions, but the physics of heat transfer at the cellular scale mean
that it is highly unlikely to be as widespread as previously proposed. Therefore, if cell
rupture does readily occur during microwave heating, then clearly an alternative

mechanism is responsible for this effect.

5.3 Assessment of Temperature-Induced Diffusion hypothesis
Under this hypothesis, cell pressure varies as water diffuses in and out of cells, and

this diffusion takes place in accordance with chemical potential gradients and
resistance to mass transfer. Therefore, to assess and validate the Temperature-Induced
Diffusion hypothesis, the heat transfer model developed in Chapter 3 must be extended
to include mass transfer and cell expansion, and section 5.3.1 below presents the steps
and methods applied for this purpose. The extended model is subsequently used in
section 5.3.2 to assess the Temperature-Induced Diffusion hypothesis with a set of

physical parameters.

5.3.1 Methodology
5.3.1.1 The mass equation

5.3.1.1.1 Link between mass transfer and chemical potential
Mass equilibrium between two phases is characterised by an equal chemical

potential-to-temperature ratio amongst them (Chapter 4). Therefore, it follows that
matter flows down a spatial gradient in u/T, which is analogous to Fourier’s law of
heat transfer where heat flows down a spatial gradient in temperature. Considering a
unidimensional case (i.e., the x-direction only), the molar flux of a species can be
expressed as follows:

d |
Ji = —Lia(u?) (1)

J; and L; are the mass flux and mass transfer coefficient of a component in phase

“1”, respectively.

Assuming uniform temperature, Equation (5.1) reverts to the form shown in
Equation (5.2), which is analogous to the classical conception that diffusion is
proportional to spatial gradients in chemical potential (Wijmans and Baker, 1995).
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j =l Al (5.2)
: T dx b dx

L, is the mass transfer coefficient per unit temperature.

If pressure is also assumed uniform, chemical potential (Equation (4.63)) can be

written as follows:

a.
Ui = Uig T+ RTIn <—L> (53)
Qio
Substituting Equation (5.3) into Equation (5.2) yields the following:
LiR Oai _ lTlRT Oai (54)

' a; 0x a; Ox

Equation (5.4) is analogous to Fick’s law of diffusion, but it uses activity instead
of molar concentration. Therefore, Fick’s law describes a special case in mass transfer,
where both temperature and pressure are held constant. On the other hand, if
temperature is uniform but pressure is variable, chemical potential (Equation (4.63))
reverts to a form analogous to the van’t Hoff osmotic pressure expression. This is
shown in Equation (5.5), where the osmotic pressure of a phase “i”” can be obtained by
equating the chemical potentials of phases “i”” and “j”, assuming they are separated by
a semi-permeable membrane, and that pressure can only rise in phase “i”. Applying
further assumptions on the purity and ideal nature of the mixtures involved, Equation

(5.5) can be transformed to the exact van’t Hoff expression.

m; = all In (ﬁ) (5.9)
VL) a;

[13%2]
1.

m; 1s the osmotic pressure of phase

A third example can also be demonstrated on assuming uniform pressure but
allowing activity and temperature to vary. In this case, Equation (5.1) can be expressed

as follows (assuming small variation in temperature):
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[L iR aal

L oT (5.6)
- [T_lz (si(TO)[TO(Ti -1) - Tiz] — Ui — vL(TO)[PL - Pi(TO)*]) a_xl
l

Equation (4.6) is analogous to a unidimensional case of the Ludwig-Soret effect, a
mechanism in which temperature gradients are deemed responsible for inducing mass
diffusion in convection-free settings, causing mixture separation as lighter particles
tend to migrate to the hotter region more readily. The Ludwig-Soret expression is a
two-term equation, where one term describes diffusion under activity/concentration
gradients, and the other describes diffusion under temperature gradients. Mass
equilibrium is, therefore, constituted through a balance between the two gradients
(Kishikawa et al., 2012; Koyama and Tsukada, 2021; Rahman and Saghir, 2014).

From the examples shown here, it is clear that the chemical potential expression
derived in Chapter 4 (Equation (4.63)) is in full agreement with the previously
proposed laws and arguments on mass transfer. In fact, this expression underpins the
other mass transfer laws, as these can be derived from the chemical potential

expression on applying certain assumptions.

As discussed in section 4.4.2, although diffusion is proportional to gradients in /T
(Equation (5.1)), the same modelling outcomes can still be drawn if diffusion was
instead made proportional to gradients in u (as carried out in literature (Lee et al.,
2016)). As will be seen, even temperature gradients as small as 1°C can cause
significant changes to diffusion, but with such small temperature gradients it can be
assumed for all practical purposes, that the biomass-solvent system possesses a
uniform temperature. Therefore, mass transfer can be reduced to Equation (5.2), where
diffusion is proportional to gradients in w instead of u/T. In the current work, u/T is
used to maintain consistency and precision.

5.3.1.1.2 Equation derivation
The steps presented below for deriving the mass equation are analogous to those

shown in section 3.2.2 for deriving the heat equation.

Consider an infinitesimal unit in space, whose bottom-left-front corner is located

at Cartesian coordinates (X, Y, z), and whose top-right-back corner is located at (x+0dx,
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y+oy, z+6z) (Figure 5.4). Some matter is being delivered into the unit in the x-
direction, y-direction and z-direction at flux rates J,_;,, Jy—in, and J,_;, respectively,
and some matter is being removed at flux rates J,_oy¢, Jy—oue» @Nd J;—oye through the

respective directions.

]z—out
']\ (x+ox, y+ay, z+oz)
7 ]y—out
Jx-in —> > - —1—>Jx-out
]y— in-"" ’ 4\
(x5 3 |
z ]z—in

Figure 5.4 — Differential mass transfer element. Directions of mass flow are
arbitrary and used for demonstration purposes

The matter conservation principle dictates the following (assuming no chemical

reactions take place):

(5.7)

Moles accumulated = Moles input — Moles output

The output moles can be expressed in terms of the input moles. By considering the

x-direction only, the following can be written:

a]x—in

Jx-out®ydz = (]x—in‘l' Ox 5X) 8yéz (58)

Therefore, the input and output moles can be expressed collectively as follows:

al._:
]xxm 5x8y52 (5.9)

Jx—in®0Y0Z — |y _out0y0z = —
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Substituting the chemical potential-diffusion relationship (Equation (5.1)) into

Equation (5.9) yields the following:

2

K 5.10
Ja-in8Y62 = Jx-out8y82 = Ly = () 6x8y82 (5.10)

Summation over all input and output moles in the 3 directions yields the following:

2

d 92 92
Moles input — Moles output = [Lx FP%) (%) +L, O_yZ (%) +L, 352 (%)] 6xbybdz (5.11)

By assuming the mass transfer coefficient is equal throughout the unit (L = L, =

L, = L), the expression can be rewritten as follows:

Moles input — Moles output = L6x8y5zV? (%) = L6VV? (%) (5.12)

6V = 6xdydz is the infinitesimal volume of the differential mass transfer element.

Matter accumulated in the unit is simply equivalent to the temporal rate of change
of the molar quantity, as shown below:

ON
Moles accumulated = — (5.13)

Jt

Substituting Equations (5.12) - (5.13) into the initial matter conservation expression
(Equation (5.7)) yields the following:

oN
== LSV V2 (%) (5.14)

Equation (5.14) is the mass equation describing molar quantity of any given species
in the biomass-solvent system in any given location at any given time. Like the heat
equation (Equation (3.8)), it is a partial-differential equation (PDE) that should be
solved to result in the desired molar distribution. Numerical solution to the mass

equation is described in section 5.3.1.3.
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5.3.1.1.3 Assumptions on mass transfer
In this work, the biomass-solvent system incorporates two species, namely water

and solute. The solvent phase comprises pure water while cells contain both water and
small amounts of solute (cell water activity, ay, > 0.95). Water activity (a,,) was

taken as equal to the mole fraction because it is always very close to unity.

This model evaluates cell rupture as a rate-limiting step to enhancing extraction,
which is a widely adopted and discussed assumption (section 5.1). Based on this, two
key assumptions were made here to remove unnecessary complexity from the mass

transfer framework, which are detailed below.

Firstly, it was assumed that only water is capable of diffusing between cells and the
solvent, which is because water is the constituent regulating cell pressure and dictating
the likelihood of rupture. Solutes get liberated upon cell rupture, but the physics of
rupture itself and the subsequent events were not included in the model, as they are
immaterial to this work. It was only intended here to infer the likelihood of cell rupture
through quantifying cell pressure, thereby maintaining the literature assumption that a
cell rupture event is required to enhance extraction. Therefore, this model is not
expected to apply in cases where mass transfer occurs readily at room temperature, or
at any other condition where cell rupture is not applicable. Nevertheless, this
assumption will be readdressed in Chapter 7, where both water and solute diffusion

are to be modelled independently of cell rupture.

Secondly, since cell rupture is the rate-limiting step here, it was assumed that the
most significant resistance to water flow within the biomass, is experienced across cell
boundaries (i.e., membranes). Hence, the time required to achieve cell rupture (if such
an event is possible) depends predominantly on how rapidly water flows through the
cell boundary and accumulates in the cell. Due to this, water diffusion through the cell
walls was ignored in this model, as this process was considered to take place much
faster than water diffusion into cells, which is supposed to dictate whether cell rupture
can occur fast enough. Considering this, the cell walls were treated in this model as
part of the solvent phase (section 5.3.1.4.2).

Both assumptions discussed above are to be readdressed in Chapter 7. Nevertheless,
for the current analysis addressing cell rupture as the rate-limiting step, only water

diffuses in the system, and it does so directly between cells and the solvent phase.
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5.3.1.1.4 Assumptions on mass transfer coefficient
The mass equation requires knowledge of the value of L, which describes the

resistance to mass transfer. However, this parameter is not commonly available in
literature; hence, an alternative means should be considered, such as expressing L in
terms of other known parameters. Given that Equation (5.4) is analogous to Fick’s law
of diffusion (Equation (5.15)), the mass transfer coefficient (L) can be related to

diffusivity (D) as shown in Equation (5.16).

dc; 5.15
Ji = —Dia—xl (5.15)
L= LT = D;';i (5.16)

Diffusivity (D) is more widely available in literature than the parameter L.
However, Equation (5.16) only holds true at uniform temperature and pressure since
Equation (5.4) (analogous to Fick’s law) has been derived on this basis. This means
that L should be defined separately for each phase in the system, and then, considering
diffusion between two phases “i” and “j”, the effective L can be assumed as the mean

average of L; and L;, due to the very small scale of the system.

5.3.1.2 Cell expansion
Mass transfer and pressure distribution are interdependent; on one hand mass

transfer is driven by pressure gradients, but on the other hand pressure build-up is
influenced by the quantity of matter accumulated due to diffusion (Equations (4.63)
and (5.1)). For instance, a biomass cell tends to expand upon receiving an influx of
incompressible liquid such as water, but this expansion is resisted by the surrounding
cell walls, inducing pressure within the cell structure which resists further inward
diffusion. In accordance with the principles underpinning osmosis (Devlin and
Witham, 1983), cell pressure is expected to increase with liquid influx until it is high
enough to completely resist inward diffusion (i.e. cell turgor pressure equals the

osmotic pressure). This series of events is demonstrated in Figure 5.5.
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—
Xsolvent Opiomass < Asotvent Step (A) 1

J,:—— Step (C)

Psolvent Pbiomass > Psol'uent Step (B)
—

(A) Water diffusion down an activity gradient;
(B) Pressure induced in cell, driving diffusion in the opposite direction;

(C) Activity and pressure diffusion balance each other, bringing about mass
equilibrium. Py;,,q55 In this case is equal to the osmotic pressure.

Figure 5.5 — Schematic demonstrating the interdependence between pressure
and diffusion, where water influx to cells induces pressure, which then drives
water to diffuse out of the cell

A quantitative expression for how pressure distribution affects mass transfer is
available through the chemical potential expression (Equation (4.63)). However, to
complete the cycle an expression is needed to define how the quantity of accumulated
matter affects cell pressure build-up. This section attempts to estimate a pressure-
volume relationship for biomass cells such that, under the geometrical constraints set
in section 3.2.1, the pressure of a cell is quantifiable given that its volume (hence,
molar quantity) is known. The methods and assumptions applied to achieve such cell

pressure-volume relationship are presented below.

As discussed in Chapter 2 (section 2.2), a primary cell wall fragment can be
envisaged as a polymer constituted of cellulose microfibrils embedded within an
amorphous matrix (Wu et al., 1985). Hence, cell walls exhibit mechanical behaviour
akin to reinforced rubber, and such behaviour has been demonstrated experimentally
for some types of hydrated cell wall (Zamil, Yi and Puri, 2015). The typical stress-
strain curve of rubber-like materials can be represented mathematically, and an
adequate example of this is the “MRS equation” (Wood, 1977) which has been further
developed for this work by introducing the parameter “Z” (Equation (5.17)).

O = (A +2Ze)™t — (1 +Ze)™?) exp 0.38((1 + Ze) — (1 + Ze) ™) (5.17)

Equation (5.17) gives stress (o) as a function of strain (e) for rubber-like materials.
W and Z are manipulated to dictate the strength of a cell wall fragment, as the product

of these two parameters is equal to the elastic modulus of the fragment at zero strain
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(Yp). For example, fixing Y, at a value of 800 MPa generates Figure 5.6, which
matches experimental stress-strain curves attained for some types of hydrated cell wall
(Zamil, Yi and Puri, 2015). This demonstrates the suitability of this framework, as it
Is meaningful on one hand, but also easy to incorporate within the overall extraction
model intended here. Nevertheless, future developments should consider further
approaches for the mechanical characterisation of cell walls, thereby improving the
model’s predictability and widening its applicability. Such developments may include
expanding the domain of stress-strain equations used; providing specific mechanical
data by conducting relevant experiments; and characterising the mechanical behaviour

of secondary cell walls.

120 4

100 -

Stress (MPa)

0.0 01 02 03 0.4 05 06
Strain

Figure 5.6 — Computational stress-strain behaviour with Yo = 800 MPa
(Equation (5.17))

When mechanical equilibrium exists between the forces acting on the cell and those
acting on the surrounding cell wall fragments, the cell pressure (P,) can be expressed
in terms of the cell wall stress (o). Quantifying such a balance requires understanding

the stress distribution in cell wall fragments and setting some simplifying assumptions.

Figure 5.7 demonstrates an example of the 3-dimentional stress distribution in a
cell wall fragment aligned parallel to the x-direction. Axial stress components are
denoted the letter sigma (o) while shear stress components are denoted the letter tau
(t). The subscripts indicate the orientation of the surface upon which the stress
component is acting, together with the direction of the component. For instance, 7,
is a shear stress component directed towards the y-direction and acting upon the

surface normal to the x-direction.
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Figure 5.7 — Stress components acting on a cell wall fragment

Two assumptions have been made here to simplify the analysis. Firstly, the cell
wall is a single, rubber-like fragment with no mechanical distinction between the
different layers such as the primary wall and the middle lamella (Chaplain, 1993;
Pieczywek and Zdunek, 2014; Wu, Spence and Sharpe, 1988). Therefore, the shear
stress components can be ignored since cell walls stretch unidirectionally and
elastically.

Secondly, cell wall fragments can only expand in one direction, namely, the x-
direction. This is because cells have grown to occupy their cuboid shape, and for this
to take place, the stiffness in the x-direction must be smaller than those applicable in
other directions. This analogy is based on the Multinet-Growth hypothesis (Roelofsen
and Houwink, 1953), which has been discussed in Chapter 2 (section 2.2). Based on

the assumption made here, all axial stress components other than o, can be ignored.

As a cell expands, its pressure is balanced by the axial stress (o,,) developed in its
cell wall (Figure 5.8). The force balance constitutes the relationship shown in Equation

(5.18) between stress (o,.) and cell pressure (Py).

PLyz = 2tew Oux (Y + Z + 2tcw) (5.18)

y and z denote the cell’s width and height, respectively. Also, ty, is the cell wall

thickness.
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Figure 5.8 — Force balance between a cell and its surrounding cell wall. Ac and
Acw are the cross-sectional areas of the cell and surrounding cell wall,
respectively, along the x-direction

Cell pressure can be expressed in terms of cell volume by solving Equations (5.17)
—(5.18) simultaneously. However, it should be noted that the cell wall thickness (tcw)
is not constant, but rather it shrinks as the fragment elongates. It has been suggested
that this shrinkage occurs to preserve the volume of the wall fragment as its length
increases (i.e., the cell wall fragment is incompressible) (Chaplain, 1993). This
assumption has also been made in the current work, and with it the cell wall thickness
(tcw) can be related to the strain (e,) by Equation (5.19).

_ tewo (5.19)
1+e,

tew

tew IS the resting/unstretched cell wall thickness.

While a pressure-volume relationship can be derived analytically with Equations
(5.17) — (5.19), a numerical approach has been adopted instead, to set a foundation
upon which further complexity can be introduced beyond the scope of this thesis. Such
complexity might be necessary for more complex geometry, but it would likely
complicate any attempts to solve the problem analytically.

Figure 5.9 describes the numerical framework. The required inputs are a set of
geometrical values (i.e., cell length, width, height, and wall thickness) and an input
array of discrete pressure values separated by a finite step (6P). For every pressure
value in the predefined domain, the stress (o,,) and strain (e,) are computed using
Equations (5.18) and (5.17), respectively. The strain (e, is then used to compute new

values for the cell volume, length, and wall thickness, which are subsequently used
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for the next pressure value in the array. The cycle is repeated for every consecutive

pressure value in the predefined domain.

The numerical framework computes a cell volume corresponding to every input
pressure value. Hence, a cell pressure-volume relationship is generated where, if the

volume is known the pressure can be interpolated, and vice versa.

Input geometry &
pressure array

For every
pressure
value in

the array

Compute:
Stress — Eqn. (5.18) €
Strain - Eqn. (5.17)

New cell length,
volume, and wall
thickness

Final
point in
the
pressure
domain?

Completed

Figure 5.9 — Numerical framework for cell expansion

5.3.1.3 Numerical solution to the mass equation
Like the heat equation (Equation (3.8)), the partial-differential mass equation

(Equation (5.14)) was solved using a finite-difference time-domain (FDTD) technique

known as the method of lines.
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5.3.1.4.1 |Initial and boundary conditions
The initial distribution of u/T in the biomass-solvent system depends on the initial

temperature, pressure, and water activity. Initial temperature (Ti,itiqi) 1S @ USEr input
applicable throughout the system, while initial pressure (P, ;,,;) equals the
atmospheric value in all phases. Water activity in the solvent always equals unity since
the solute does not diffuse in this model; however, the initial cell water activity

(Aw iriqe) 18 @ User input applicable to all biomass cells. On the other hand, initial

water-molar distribution depends on the user inputs for density (p,) and volume. In
the solvent phase, initial volume depends on the solvent-to-solid ratio (Sg), whereas
for cells a set of input dimensions (length, width, and height) defines the volume. Cells
are assumed to experience zero strain initially, but this condition can be achieved in
multiple ways, either by having cells that are empty, full, or partially occupied by
water. Therefore, a void fraction (®.) has been defined, which is a user input dictating

the percentage of cell volume that is initially empty from water.

The boundary condition has been set such that water cannot escape the biomass-
solvent system. In other words, the total molar quantity in the biomass-solvent system
is conserved.

5.3.1.4.2 Model discretisation and Taylor series approximation
The steps employed in approximating the mass equation (Equation (5.14)) as an

ODE using the method of lines, are the same are those used earlier in solving the heat
equation (section 3.2.3). Firstly, the model was divided into discrete numerical points
and, secondly, the spatial second derivatives in u/T were approximated using a
second-order Taylor series expansion. See section 3.2.3 for a detailed discussion of

the steps and methods applied here.

As previously done in section 3.2.3.2 for heat transfer, the biomass was discretised
into many finite numerical points, and the solvent was assumed as one homogeneous
phase described by a single numerical point. However, in accordance with defining
cell rupture as the rate-limiting step to enhancing extraction, water diffusion through
the cell walls had been ignored in the current model (section 5.3.1.1.3). Therefore, and
unlike the case presented in section 3.2.3.2 for the heat transfer analysis, the cell wall
fragments were taken here as part of the solvent phase. This means that, within the
biomass, only cells are distinct phases represented by discrete numerical points (Figure

5.10), whereas the cell walls are described by the numerical point representing the
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solvent. Like section 3.2.3.2, the numerical point describing the solvent (and cell wall
fragments) cannot be denoted a fixed location, but rather, it should “move”
continuously so that it is in the same proximity to all biomass phases. However, since
the cell walls are part of the solvent phase here, the discrete point representing the
solvent is not displaced alongside the biomass-solvent boundary, but instead, it moves
across the biomass to surround cells and enable direct mass transfer between the
solvent phase and each cell (Figure 5.10). As discussed in section 5.3.1.1.3,
incorporating cell walls as part of the solvent phase is an assumption intended to
remove complexity beyond the fundamental perception that cell rupture is the rate-
limiting step to enhancing extraction. This perception follows arguments in literature

(section 5.1) and, thereby, enables assessing these quantitatively.

N N\
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< . . .
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Figure 5.10 — 2-dimensional representation of model discretisation for mass
transfer. Biomass cells are discretised with the method of lines, while the solvent
and cell walls are denoted a single mobile numerical point

Following model discretisation, the mass equation (Equation (5.14)) was
approximated as an ODE using Taylor series expansion. The resulting expression is
shown in Equation (5.20), where numerical points arranged in the x-direction, y-
direction, and z-direction are denoted the letters i, j, and k, respectively. L. isa mean

average describing L values in the solvent and any given cell (Equation (5.21)).

d_N N (H/T) (i+1)jk + (H/T)(l—l)]k - Z(M/T)L]k
dt ’ijk = Have 6x2
4 W/ D + W/ Tigi—nyk — 2/ T) i (5.20)
8y?
T)i; + Diick—1y — 2W/T);;
n w/T) j(k+1) (H/&)z](k 1) w/T) jk 5Vijk,
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1 5.21
Lave = E (Lsolvent + Lijk) ( )

ijk denotes a discrete numerical point representing a cell.

The mass equation has been approximated using the method of lines. The spatial
second derivatives of u/T at any discrete point can be approximated using Equation
(5.20), which requires knowledge of the current cell phase and the solvent phase
surrounding the cell (solvent represents both the previous and next numerical points;
Figure 5.10). The displacements between the points should also be known. This
framework is applicable to all numerical points representing cells, but Equation (5.20)
cannot be used to solve for molar quantity in the solvent, due to the mobile nature of
the numerical point representing this phase. Instead, molar quantity in the solvent
phase can be obtained through a mass balance applied between the solvent and all

biomass cells (Equation (5.22)).

-y d_N| (5.22)
solvent ik dt ijk

dN
dt

ijk denotes a discrete numerical point representing a cell.

5.3.1.4.3 Solution framework
The heat transfer model from Chapter 3 has now been further developed to

incorporate mass transfer and cell expansion mechanics. The heat and mass equations
(Equations (3.8) and (5.14)) can both be solved in one simulation run using the same
input geometry and parameters, and through the same system of discrete numerical
points (although the cell walls are ignored for mass transfer). Chemical potential
(Equation (4.63)) is a single expression combining the various driving forces of
diffusion, which are gradients in activity, pressure, and temperature (Wijmans and
Baker, 1995). Furthermore, the cell pressure-volume relationship (Equations (5.17) —
(5.19)) relates the pressure of a cell to its volume (and the moles it contains), thus
completing the cycle of interdependence between mass transfer and pressure
distribution. The newly developed biomass-solvent extraction model is the first of its

kind, as it combines microwave heating, heat transfer, mass transfer (underpinned by
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the relevant thermodynamic concepts), and cell expansion mechanics; all these are

implemented at the cellular scale of biomass-solvent systems.

Figure 5.11 summarises the numerical framework of the model, where two stages
exist in the computational process. In the first stage, the model handles heat transfer
and cell expansion mechanics as described in sections 3.2.3.4 and 5.3.1.2,
respectively, using a set of input geometrical, heating, and mechanical parameters. As
a result, a steady state temperature distribution is achieved for the model, together with
a ready-to-use cell pressure-volume relationship. These outcomes, along with the input
mass transfer parameters, are used in the second stage of the simulation, in which the
mass equation is solved to give temporal changes in pressure and water-molar

distributions in the system.

Equations (5.20) — (5.22) were solved over a predefined domain of discrete time
values, which are separated by a finite step (6t). For example, solving over 100 s with
atime-step 6t = 1 s, is analogous to solving in a stepwise manner over a time domain
of 0,1, 2, ...,100 s. The smaller the time-step (&t) the more accurate the result, but
also the more computationally intensive the simulation. Moreover, too large 6t values
cause instability in the computation and can lead the results to diverge towards infinity.
Hence, the chosen &t should neither be too small nor too large.

For every value in the time array, u was computed for all spatial numerical points
using water activity, pressure, and temperature. New molar quantities were then
computed with the mass equation and, subsequently, new cell dimensions/volumes
and pressures were also achieved. The new molar and pressure distributions and
modified dimensions were then used in the next time step, and this was repeated for
every consecutive value in the time domain. Key model validation steps are presented
in APPENDIX B.

In the current work, it was intended to investigate the effects of microwave heating
on mass transfer at thermal steady state. Hence, although this model enables heat and
mass equations to be solved in a single simulation run, the two analyses are not
conducted simultaneously, but rather, mass transfer is initiated after heat transfer had
been completed (Figure 5.11). The heat transfer step results in a steady (but not
necessarily uniform) temperature distribution in the biomass-solvent system, which is

subsequently used for mass transfer. This approach matches the initial Temperature-
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Induced Diffusion hypothesis (Lee et al., 2016), in which mass transfer had also been
investigated at thermal steady state. Therefore, making this assumption allows a fair
assessment of the hypothesis, which, if validated, can then be extended to incorporate
simultaneous heat and mass transfer (Chapter 7).

However, note that the assumption discussed above limits the model’s
predictability to cases in which considerably high input power is used, where the
extraction temperature set-point is achieved much faster compared to extraction itself
(i.e., heat transfer is faster than mass transfer). Such an approach has been
implemented in numerous empirical studies (Galan et al., 2017; Mao et al., 2019;
Nkhili et al., 2009).
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Figure 5.11 — Numerical framework for the combined heat, mass, and
mechanical model
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5.3.2 Predicted pressure distribution
It was aimed here to observe whether the pressure-time relationships obtained

under microwave heating at thermal steady state, are consistent with the conditions
needed for cell rupture, when a realistic set of input heat, mass, geometrical, and
mechanical parameters are used. As such, this work shall assess the Temperature-
Induced Diffusion hypothesis (Lee et al., 2016).

For cell rupture to explain enhanced extraction, it is not enough to only achieve
sufficiently high cell pressures, but it is also necessary to obtain these within
reasonable timeframes matching empirical findings. Therefore, two modelling
outcomes will be presented and discussed in each analysis in the subsections below,
which are the maximum pressure achieved at mass equilibrium (P, ), and the time
required to achieve 95% of the molar and pressure distributions at mass equilibrium
(tos—p). Both outcomes should be of reasonable magnitude to conclude that cell

rupture is responsible for enhancing extraction.

Following the estimate by Lee et al. (Lee et al., 2016) on cell rupture pressure, and
the deducible rupture values from empirical stress-strain curves of some hydrated cell
walls (Zamil, Yi and Puri, 2015), 50-70 bar will be considered here as a reference cell
rupture pressure range. Hence, cell rupture will only be considered likely if P, lies
within or is larger than 50-70 bar. On the other hand, considering extraction times
reported in numerous studies, many of which (like this work) use biomass particles
sized within or less than the order of millimetres (Bagherian et al., 2011; Karabegovi¢
et al., 2013; Liu et al., 2010; Nomanbhay, Hussain and Palanisamy, 2013; Tsubaki,
Sakamoto and Azuma, 2010), a timeframe of the order of minutes will be considered
here as a reference for cell pressure build-up. In other words, cell rupture will only be
considered responsible for enhanced extraction if tqs_,, lies within or is smaller than

the order of minutes.

In the subsequent analyses, a single independent input parameter was varied at a
time to characterise the unique effects of each parameter. The key parameters
investigated are those responsible for microwave heating, including €' ;;ymass, k, and
|E|,, while other parameters were also investigated briefly. Table 5.4 summarises the
typical value ranges of the different model parameters, whereas Table 5.5 presents the
selected baseline values for these parameters used in the current work.
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Table 5.4 — Typical value ranges for the various model parameters
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Table 5.5 — Selected baseline values for the various model parameters
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5.3.2.1 Heating-related parameters

5.3.2.1.1 Effect of dielectric loss factor (&)
An initial comparison was conducted between the effects of microwave and

conventional heating for a single-cell system, where € },;,mass Was varied between 0
(i.e., conventional heating) and 35 (i.e., microwave heating). " 5, ven: Was fixed at 5
and all other parameters were fixed as shown in Table 5.5. The resulting pressure-time
relationships, and the corresponding cell and solvent temperatures, are shown in
Figure 5.12.
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Figure 5.12 — Pressure induced in a single-cell biomass-solvent system with
microwave and conventional heating. (A) Cell pressure against time; (B)
temperature against time under microwave heating; (C) temperature against
time under conventional heating

Observing Figure 5.12, microwave heating induces a temperature gradient between
the cell and the solvent at thermal steady state, whereas the steady state temperatures
of the two phases are equal under conventional heating. These observations match the
outcomes of Chapter 3 and section 5.2; however, the novel observation here is the
effect of temperature gradient on cell pressure, which can be seen in Figure 5.12A. It
is evident that a temperature gradient of around 0.5 °C between the cell and the solvent
under microwave heating, has raised the equilibrium cell pressure to ~50 bar from
its original ~30 bar under conventional heating. Temperature gradient has provided
an additional driving force for water to diffuse into the cell, resulting in a higher
pressure at mass equilibrium. These observations match the original hypothesis set out

by Lee et al. (Lee et al., 2016), in terms of the direction of mass flow against a
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temperature gradient, as well as the extent to which pressure is raised for a given

magnitude of temperature gradient.

Further to the single-cell scenario presented in Figure 5.12, it has been shown
previously in Figure 3.9 and Figure 5.3 that, multicellular biomass materials heated
with microwaves exhibit non-uniform temperatures at thermal steady state. Also, this
work has also assumed negligible resistance to mass transfer within the cell walls, as
these are considered part of the solvent phase (sections 5.3.1.1.3 and 5.3.1.4.2). Due
to these two aspects, a range of pressures is to be expected for multicellular biomasses
heated with microwaves, in which the maximum pressure develops around the centre
where temperature is highest, and the minimum occurs at the biomass-solvent
boundary where temperature is lowest. An example of such pressure distribution at
mass equilibrium is presented in Figure 5.13, for a 0.5 mm biomass cluster (number
of cells in each dimension matches the example of Figure 5.2). In this example, a
maximum pressure just below 500 bar occurs around the centre, whilst pressures on
the outer edges of the cluster are still of the order of 40 bar. Pressure distribution in
this case is primarily a result of the temperature gradients established under microwave

heating, which enhance mass transfer and cause an increase in the cell pressures.

0 100 200 300 400
Pressure (barg)

Figure 5.13 — Pressure distribution at mass equilibrium for a YZ cross-section
of a 0.5 mm cubic biomass within a biomass-solvent system. Dielectric loss
factor of biomass = 10; thermal conductivity = 0.2 Wm™K-?; incident electric
field intensity = 10000 Vm-?
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The analysis of equilibrium cell pressure was extended to cover €} mass Values
ranging from 5 to 20, and biomass particles sized 0.1 - 0.5 mm. Table 5.6 presents

P ., and tos_p achieved with these values.

Biomass particle size (mm)
€ piomass 0.1 0.3 0.5
47.025; 122.833,; 256.114;
° 79.420 197.920 210.460
59.939; 213.085; 491.086;
10 96.130 226.670 153.070
85.289; 402.082; 976.370;
20 152.520 164.910 98.370
Py (barg); tos_u (s)

Table 5.6 — Maximum cell pressure at mass equilibrium, and time required to
achieve 95% of mass equilibrium, for variable biomass dielectric loss factor and
particle size

Table 5.6 shows both P, and tes_y to be within the magnitudes required for
cell rupture, as the former is generally within or above 50-70 bar, and the latter is well
within the order of minutes. Furthermore, given that the largest reported €"' ;;pmass fOr
some edible biomasses between 0°C and 100 °C, at a microwave frequency of
2.45 GHz, is around 30 (Sipahioglu and Barringer, 2003), it is clear that the " p;omass
values used here are physically realistic. Therefore, it can be deduced that cell rupture
as depicted in the Temperature-Induced Diffusion hypothesis, is entirely possible with

a realistic set of input €" ;o mass Values.

Py, Increases with " p;mqss and particle size, which is due to the increase in
temperature gradient. At higher €",;omass, Cell clusters experience higher microwave
volumetric heating rates, thus requiring higher temperature gradients with the solvent
to achieve balance between the input and output energies, bringing about thermal
steady state. Furthermore, increasing the size of the biomass particle reduces its
surface area-to-volume ratio, thereby limiting its contact with the solvent phase and
introducing further resistance to heat transfer, which can only be overcome through
raising the temperature gradient. The increase in P, With " p;5m44s and particle

size is significant, indicating that small temperature gradients are sufficient to induce
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large equilibrium cell pressures, which matches the original hypothesis set out by Lee

etal. (Lee etal., 2016). For a particle size of 0.1 mm, P, increases from ~45 bar
at € piomass = 5,10 ~85 bar at €"'ipmass = 20. Also, with &”;omass = 10, Py

increases significantly from ~60 bar at a particle size of 0.1 mm, to ~500 bar at a
particle size of 0.5 mm.

On the other hand, tys_,, does not follow a single trend with € ;) mass @nd biomass
particle size. While this parameter increases with € ;,mass at a particle size of 0.1
mm, the opposite trend can be observed as the particle grows larger. Moreover, with
€ piomass = 5, tos_p INcreases initially from 80 s at a particle size of 0.1 mm to 210
s at a particle size of 0.5 mm; however, with €' };omass = 20, tos_y decreases with
the same increase in size. These changing trends emerge because tys_,, depends on
two factors: the driving force for mass transfer, and the magnitude of the equilibrium
pressure being approached. In small particles, temperature gradient increases slightly
as €' piomass 1S raised, which increases the equilibrium pressure significantly but does
not alter the diffusion rate; hence, it takes longer to achieve the higher P, values.
In contrast, with large particles, temperature gradient increases more significantly with
" biomass, thus increasing P . on one hand but also enhancing the diffusion rate,
which leads to shorter overall times for achieving mass equilibrium.

5.3.2.1.2 Effect of thermal conductivity (k)
Table 5.7 summarises the values of P, and tes_, achieved under variable

thermal conductivity (k) and biomass particle size. All other parameters are fixed as

shown in Table 5.5.

Biomass particle size (mm)
k(Wm iK1 0.1 0.3 0.5
85.289; 402.082; 976.370;
o 152.520 164.910 98.370
02 59.939; 213.085; 491.086;
96.130 226.670 153.070
47.025; 122.833; 256.114;
04 79.420 197.920 210.460
Py (barg); tos_u (s)
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Table 5.7 — Maximum cell pressure at mass equilibrium, and time required to
achieve 95% of mass equilibrium, for variable thermal conductivity and
particle size

Like €" piomass, Cell rupture (as depicted in the Temperature-Induced Diffusion
hypothesis) is entirely possible using a realistic set of input k values. As required to
indicate cell rupture, Table 5.7 shows P, is well above 70 bar, and tos_y, is well
within the order of minutes. Moreover, compared to the k values used here, values as
low as 0.2 have been reported for fruits and vegetables with 80% moisture (Nesvadba,

2005), showing that the k values investigated here are physically realistic.

P, Increases with decreasing k, due to the increased temperature gradient
between biomass and solvent. As explained in section 3.3.1.3, lowering k increases
resistance to heat transfer in the system, causing volumetric heating in each phase to
be more pronounced than the rate of heat loss to the surroundings. Therefore, energy
distribution becomes less even in the system, eventually leading to larger temperature
gradients at thermal steady state, thereby larger equilibrium pressures. On the other
hand, P, .. also increases with particle size (as seen in section 5.3.2.1.1) due to the
reduced surface area-to-volume ratio which introduces further resistance to heat
transfer. P, increases nonlinearly with decreasing k; at a particle size of 0.1 mm,
P, increases from ~45 bar to ~60 bar and onwards to ~85 bar, as k in
decreased from 0.4 Wm™K™! to 0.2Wm 1K™, and then to 0.1 Wm™1K™1,
Moreover, with the same decrease in k but with a particle size of 0.5 mm, P, also
increases from ~260 bar to ~490 bar and onwards to ~980 bar. This nonlinear
increase in P, is due to a similar nonlinear increase in the temperature gradient

with decreasing k, which has been demonstrated in sections 3.3.1.3 and 5.2.2.

On the other hand, like section 5.3.2.1.1, tys_,, does not follow a single trend here
with k and biomass particle size. In small particles such as those sized 0.1 mm, P,
is achieved more slowly with smaller k, due to the slight increase in temperature
gradient which raises P, . considerably but does not cause any significant change
in the diffusion rate. In contrast, with larger particles such as those sized 0.5 mm,
tgs_y decreases with lowering k due to the significant increase in temperature

gradient, which increases P, . but also enhances the diffusion rate, allowing

equilibrium to be achieved faster.
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5.3.2.1.3 Effect of incident electric field intensity (|[E|o)
Table 5.8 summarises the values of P, and tos_p achieved under variable

incident electric field intensity (|E|,) and biomass particle size. All other parameters
are fixed as shown in Table 5.5.

Biomass particle size (mm)
|Elo (Vm™) 0.1 0.3 0.5
35.054; 41.353; 52.039;
2000
68.260 71.410; 77.700
43.390; 98.549; 192.139;
6000
75.710 146.02 227.740
59.939; 213.085; 491.086;
10000
96.130 226.670 153.070
Ppopay (Barg); tos_py (s)

Table 5.8 — Maximum cell pressure at mass equilibrium, and time required to
achieve 95% of mass equilibrium, for variable incident electric field intensity
and particle size

P, increases with |E[, due to the increased temperature gradients between
biomass cells and the solvent. As explained in section 3.3.2.2, the increased energy
dissipation within biomass caused by higher |E|,, requires larger temperature
gradients within the system to achieve thermal steady state. P, . also increases with
particle size (as seen in section 5.3.2.1.1) due to the reduced surface area-to-volume
ratio which introduces further resistance to heat transfer. P, increases nonlinearly
with |E],, which is to be expected given the quadratic relationship between the
absorbed microwave power density (Q,) and |E|, (Equation (2.31)), leading to a
nonlinear increase in temperature gradient with |E|,. At a particle size of 0.1 mm,
Py, increases from~35 bar to ~43 bar and onwards to ~60 bar, as | E|, increases
from 2 x 103 Vm™1 to 6 x 103 Vm™1, and then to 10* Vm™1. Also, for the same
increase in |E|, but with a particle size of 0.5 mm, P, increases from ~52 bar to

~192 bar and onwards to ~491 bar.

On the other hand, like section 5.3.2.1.1, t9s_,, does not follow a single trend with
|E|o and biomass particle size. In small particles such as those sized 0.1 mm, P,

is achieved slower with higher |E|, values, due to the slight increase in temperature
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gradient which raises the equilibrium pressure considerably but does not alter the
diffusion rate considerably. In contrast, with a particle sized 0.5 mm, tqs_,, increases
initially with |E|,, but it then decreases as |E|, rises further. This is because larger
particles exhibit a significant increase in temperature gradient as |E | is raised, which
increases P, .. but also enhances the diffusion rate, allowing equilibrium to be

achieved faster overall.

Observing the P, . and tos_p values in Table 5.8, it is clear that cell rupture is
entirely possible if |E|, is sufficiently large (= 6 x 10® Vm™1 in this case). This is a
key observation, as it indicates the existence of a threshold |E|, value (thereby,
threshold input microwave power) required to achieve cell rupture. This threshold is
likely to be case-specific, as it also depends on parameters such as €" piomass: K.
biomass particle size, etc (e.g., the required |E|, decreases with increasing particle
size; Table 5.8). However, observing sections 5.3.2.1.1 and 5.3.2.1.2, |E|, evidently
remains the most influential parameter in dictating whether widespread cell rupture is

possible.

In laboratory-scale studies, achieving the required threshold in |E|, and the
subsequent enhancement in extraction, are more likely in single-mode microwave
cavities than they are in multimode applicators (e.g., many domestic ovens). With their
likely maximum intensity of 10 Vm™~1 (Robinson et al., 2010), single-model cavities
support higher |E|, than their multimode counterparts for the same input power
(Metaxas and Meredith, 1983). This is due to the careful design and tuning of these
cavities, which aim to expose the heated sample to the peak intensity, thereby
optimising the heating process (section 2.1.3.3). As such, given the large |E|, required
for cell rupture in small-sized particles (Table 5.8), enhanced extraction might not be
observable in every experimental setup, especially where common multimode
applicators are used.

5.3.2.2 Other parameters
This section investigates a set of secondary parameters for their effect on the

likelihood of cell rupture. Table 5.9 summarises P, .. and tes_p achieved under
variable p;, swrg) Cpr Textractions Ow ipiriqr Per Dy Sr, Cell dimensions, tey, , and

Y,. All baseline parameters are as shown in Table 5.5.
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P, (barg) tos_m (S)
Base case 59.939 96.130
oL 500 30575 31.450
(kgm™3) 2000 111.438 430.240
Sw(To) 0 39.444 72.130
(Jmol K1) 140 80.044 137.700
C, 2 57.292 92.210
Jg K™Y 6 62.579 100.360
T oxtraction 80 58.212 88.340
(K) 120 61.651 104.340
0.97 75.323 128.790
W inittar 0.99 43.658 73.070
0.25 49.058 201.460
e 05 34.386 536.800
D 1013 59.939 961.300
(m2s1) 1011 59.939 0.613
Sk 50 60.061 96.320
(mLg™1) 200 59.785 95.900
Cell length; width; |  25; 12.5; 2.5 62.568 1.570
height (um) 50; 25; 5 58.826 9.760
tew, 05 53.659 361.860
(pm) 2 65.654 41.410
Yo 250 51.684 650.830
(MPa) 5000 61.525 7.980

Table 5.9 — Maximum cell pressure at mass equilibrium, and time required to
achieve 95% of mass equilibrium, for a collection of secondary input
parameters. Particle size = 0.1 mm

Py .. @Nd tos_y increase with p;, swry), Cp, aNd Textraction, aNd this is deducible

from the chemical potential expression (Equation (4.63)). p,, is inversely proportional

tov, ) whose decrease raises P, ., while sy, and C,, both magnify the temperature

gradient effect thereby raising P, .., and Tex¢raction raises Pp,, .. in accordance with

the van’t Hoff osmotic pressure analogy (Equation (5.5)). The typical values of p,,
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Sw(T,), @nd C, for water are 1000 kgm™> (NIST, 2017), 70 Jmol~' K ~* (Engineering
Toolbox, 2005), and 4 Jg~1K~! (Rogers and Mayhew, 1995), respectively, which
reaffirms that cell rupture is physically possible within the ranges investigated.

As expected, P, . and tos_, increase with decreasing ay,,. ..., Which is to be
expected since larger activity gradients are only balanced with larger equilibrium cell
pressures (osmotic pressure analogy; Equation (5.5)). Furthermore, P, decreases
with increasing @, due to the delayed increase in cell pressure, i.e., since cells are not
turgid initially, water should accumulate within before pressure can increase.
Therefore, as the cells eventually become turgid and pressure starts to increase,
significant quantities of water will have already diffused in, leading to smaller activity
gradient with the solvent and, thereby, resulting in smaller P, . values at
equilibrium. On the other hand, tys_,, increases with @, due to the delayed cell

pressure build-up, which is due to the larger cell capacity for water uptake.

As it describes resistance to mass transfer, D has no effect on P, but it
significantly influences tq5_,,, Which varies 100-fold within the investigated range.
Nevertheless, cell rupture remains possible here even with this significant change in
to9s_p, reaffirming robustness of the predictions made in this work. On the other hand,
Sg Is practically ineffective on P, and tos_y, because it does not alter the activity
gradients between biomass cells and the solvent. The very small decrease in P,
and tys_p, With increasing Sk, is due to the slight drop in temperature gradient caused

by increased microwave attenuation, since the system volume increases with Sy (see

section 3.3.1.2 for microwave attenuation).

Py, 4, Varies slightly with changes in cell volume and t¢y,,, which is due to the
slight disparity in particle size arising from changes in cell dimensions/wall thickness,
as this leads to variations in temperature gradient. Nevertheless, geometry possesses a
clearer and more systematic effect on tqs_,,, as this parameter increases noticeably
with cell volume and decreases dramatically with increasing ¢y, ,. Both these cases
entail increasing the cell-to-cell wall volume ratio within the biomass, which
suppresses the overall ability of cell walls to resist cell expansion. This means that,
more cell expansion is required to raise the cell pressure, and this demands more water

uptake. The increased demand for water by cells results in higher tqs_,, values.
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P, ., increases slightly with Yy, because at low Y, values, cells tend to expand
more readily upon water uptake, which increases cell water activity but limits cell
pressure build-up. Hence, mass equilibrium is established with lower activity gradients
between biomass cells and the solvent, indicating lower cell pressures required to
balance these gradients (i.e., osmotic pressure analogy; Equation (5.5)). In contrast, at
high Y, values the cell walls are much stiffer, and so less water uptake is needed to
increase cell pressure. This results in an equilibrium position consisting of high cell
pressures, but also lower cell water activities to balance these pressures. On the other
hand, stiffer cell walls also decrease tq5_,, Significantly, because with larger Yy, cell
pressure tends to increase rapidly with small water uptake, and so mass equilibrium is
approached much faster. The wide range of Y, values investigated reaffirms that the

predictions made in this work are robust and applicable to different biomass materials.

It is concluded here that cell rupture is entirely possible with most cases shown in
Table 5.9, despite the broad range and wide variety of data investigated. This is evident
given that the largest tq5_,, recorded (i.e., 960 s) is still within the order of minutes,
and the vast majority of P, values are within the 50-70 bar threshold required for
cell rupture. Furthermore, these data have been obtained for a biomass particle size of
0.1 mm; hence, P, .. is likely to be even higher for larger particles (as shown in
section 5.3.2.1). Therefore, findings and predictions made in section 5.3.2.1 on the
effects of key microwave heating parameters on cell rupture, are applicable to a wide

range of biomass materials.

5.3.3 Threshold parameters needed for cell rupture
It was demonstrated in section 5.3.2 that, cell rupture is fully explicable with the

Temperature-Induced Diffusion hypothesis, yet a threshold set of input heating
parameters is required to trigger cell rupture by inducing sufficiently high temperature
gradients. Amongst the heating parameters, |E|, is of special importance due to its
large influence, but also since it is directly manipulatable in real-world situations, e.g.,
by adjusting the input power; through using larger microwave generators with higher
upper power limits; or by selecting suitable microwave applicators/cavities. Therefore,
this section presents a range of predicted threshold |E|, values that are likely to induce
widespread cell rupture, for different €";omass» K, and biomass particle sizes. This

matrix of data (Table 5.10) can be used as a basis for further empirical studies.
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Although it had been estimated that 50-70 bar achieved within minutes is likely
sufficient to explain enhanced extraction with cell rupture, Table 5.10 presents |E]|,

values needed for P, . to be around 70 bar achieved within 5 minutes at most. This

additional constraint is to ensure the conditions required for widespread cell rupture

are met.
Subiomass
5 10 20

Unachievable; 8000; 6000;
0.1 6500; 5000; 3500;
4500 3000 2000
k Unachievable; Unachievable; 8000;
(Wm_lK_l) 0.2 9000; 6500; 5000;
6000 4500 3000

Unachievable; Unachievable; Unachievable;
0.4 Unachievable; 9000; 6500;
8500 6000 4500

|E|o (WVm™Y) for particle size = 0.1; 0.2; 0.3 mm

Table 5.10 — Threshold electric field intensities needed for cell rupture, for
variable biomass dielectric loss factor, thermal conductivity, and biomass
particle size. The condition for rupture is attaining a maximum equilibrium cell
pressure of at least 70 bar within 5 minutes at most. Field intensity values are
quoted to the nearest 500 Vm™1. Cell rupture is deemed unachievable if a field
intensity larger than 10* Vm~1 is required, as this is the likely maximum under
single-mode cavities (Robinson et al., 2010)

5.4 Summary

In this chapter, two hypotheses attempted at explaining biomass cell rupture as a
means of enhancing extraction under microwave heating, were investigated. The
popular Steam-Rupturing hypothesis claims that microwaves generate intracellular
steam, thereby rapidly increasing cell pressure and causing rupture. This hypothesis
was assessed using the heat transfer model from Chapter 3, by attempting to
understand whether temperatures required for steam-rupturing are achievable in the
biomass under a realistic set of input microwave parameters. It was shown that, in all
but the most extreme of cases, the temperature gradients obtained under microwave
heating were less than 30 °C, which are not sufficient to underpin the Steam-Rupturing
hypothesis. The multitude of empirical observations of cell rupture during microwave

heating are, therefore, caused by another mechanism.
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The model was applied to the alternative Temperature-Induced Diffusion
hypothesis, through the inclusion of elements describing mass transfer and cell
expansion mechanics. A partial-differential mass equation was derived to quantify
mass transfer based on chemical potential, thereby introducing water diffusion
between biomass cells and the solvent, driven by gradients in activity, pressure, and
temperature. Furthermore, a mechanical analysis framework was incorporated to
quantify cell pressure as a function of cell volume and water quantity, thus completing
the cycle of interdependence between mass transfer and pressure build-up. As a result,
the model can now simulate water diffusion between biomass cells and the solvent, in
addition to predicting heat transfer and temperature distribution. Water diffuses down
its activity gradient from the solvent to biomass cells; hence, these cells expand, but
in doing so they encounter resistance from the surrounding cell walls, causing
intracellular pressure build-up. Under microwave heating, temperature gradients are
induced where cells are warmer than the solvent. This introduces an additional driving
force for water diffusion into cells, causing higher in cell pressures and increasing the
likelihood of cell rupture compared with conventional heating cases.

The new model was used to show that, cell pressures within and above the
estimated rupture threshold of 50-70 bar can occur readily, and these pressures are
achievable within reasonable timeframes matching those reported in empirical
microwave extraction studies. It was found that, cell rupture is entirely possible with
a realistic range of key input microwave parameters (i.e., €' piomass: K, and |[E|,),
when using biomass particles sizes that match empirical studies. Furthermore, this
finding holds true for a broad range and wide variety of secondary parameters,
including py,, swr)s Cp» Textractions Ow iipiqr Per Dy S, cell dimensions, teyy , and
Yy, showing that the outcomes of this work are applicable to different types of biomass-
solvent systems. Therefore, if cell rupture is the governing mechanism for enhanced
extraction under microwave heating, then it can be concluded that Temperature-
Induced Diffusion is the underpinning cause of this rupture, rather than the Steam-
Rupturing hypothesis.

Achieving widespread cell rupture, thereby enhanced extraction, only occurs
beyond a set of threshold microwave parameters, which induce the required
temperature gradients to cause the needed widespread rupture within biomass.

Amongst the microwave parameters, |E|, is of special importance since it is directly
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manipulatable in real-world situations. In experimental settings, |E|, can be increased
either by raising the input power, using larger microwave generators with higher upper
power limits, or selecting suitable microwave applicators/cavities. Single-mode
cavities maximise |E|, for a given input power compared to multimode applicators
and domestic ovens, meaning that cell rupture and enhanced extraction are more likely
when single-mode cavities are used. A range of threshold |E|, required for widespread

cell rupture and enhanced extraction, have been presented in Table 5.10.

This model is the first of its kind, as it combines microwave heating, heat/mass
transfer, and cell expansion into a single framework assessing cell rupture in biomass-
solvent systems. As such, this work provides a significant advancement in the
mechanistic understanding of microwave heating and mass transfer within biomasses,
and for the first time, it allows cell rupture to be rationalised with wide and realistic
sets of physical parameters. Unlike many other models in literature, this model is based
upon fundamental principles; hence, it is well-suited for further improvements and
utilisation not only in the biomass extraction field, but also in other related fields such
as biomass pyrolysis. For this purpose, additional elements such as solute diffusion or
chemical reactions can be introduced with ease, just like how mass transfer and cell
expansion have been introduced here to investigate Temperature-Induced Diffusion.

Nevertheless, from the viewpoint of this thesis, the model can still be improved
further by readdressing its assumptions, such as disregarding solute diffusion;
neglecting mass transfer within the cell walls; assuming thermal steady state during
the diffusion process; and others, but above all making the fundamental assumption
that cell rupture is the only rate-limiting step in extraction. In Chapter 7, the model
will be improved, and its key assumptions will be readdressed. In Chapter 6, on the
other hand, a brief empirical analysis will be conducted to screen for evidence that

enhanced extraction is underpinned by cell rupture.

5.5 Thesis recap
In Chapter 3, a microwave heat transfer model was developed at the cellular scale

to understand thermal patterns emerging in biomass-solvent systems heated with
microwaves. It was shown that microwaves sustain temperature gradients in the
system at thermal steady state, which prompted the need to investigate and establish
the fundamental link between diffusion and temperature. This effort was conducted in
Chapter 4.
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In the current chapter, the model was expanded to incorporate mass transfer and
cell expansion, which were integrated together with microwave heat transfer into a
single computational framework. The model predicts cell pressure build-up and
distribution within biomasses during microwave heating, and it was used here to
investigate the conditions necessary to achieve widespread cell rupture within
biomasses. It was demonstrated that, the popular Steam Rupturing hypothesis whereby
cell rupture is caused through rapid vaporisation of intracellular moisture, is unlikely
to underpin enhanced extraction as widely as previously proposed. Instead, the novel
Temperature-Induced Diffusion hypothesis is a more suitable alternative entirely
capable of underpinning enhanced extraction through cell rupture given a realistic set
of input physical parameters. As such, if enhanced extraction is caused by cell rupture,
then Temperature-Induced Diffusion is a viable mechanism to explain how

widespread cell rupture can be achieved.
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5.6 Nomenclature

Symbols
g’ — Dielectric loss factor
N Fm™! Permittivity of free space
k WmK-1 Thermal conductivity
|E| Vvm1 Electric field intensity
T K Temperature
ATax K Maximum temperature difference at steady state
Toxtraction K Extraction temperature set-point; analogous t0 Tgaturation
t s Time
tos_t s Time required to achieve 95% of thermal steady state
tos_um s Time required to achieve 95% of mass equilibrium
ot s Time-step for the numerical mass analysis
P bar Pressure
P ox bar Maximum cell pressure at mass equilibrium
6P bar Pressure-step for the numerical mechanical analysis
N mol Number of particles/molar quantity
S JK1 Entropy
s Jmol 1K1 Specific entropy
|4 m3 Volume
v m3mol1 Specific volume
8V m3 Volume of a phase
u Jmol! Chemical potential
a — Activity
R Jmol 1K1 Universal gas constant (Avogadro’s const. times Boltzmann’s const.)
Cp Jg K1 Specific heat capacity
p kgm™3 Density
Mr gmol! Molecular weight
Ji mols~im™2 Molar flux
L mol?KJ 'm~1s~1 Mass transfer/diffusion coefficient
L mol?Jtm 1571 Mass transfer/diffusion coefficient per unit temperature
c molm=3 Molar concentration
D m?2s~1 Diffusivity
T bar van’t Hoff’s osmotic pressure
o MPa Axial/normal stress
T MPa Shear stress
€ - Strain
Yo MPa Elastic modulus at zero strain
y m Width (only in Equation (5.18))
z m Height (only in Equation (5.18))
tew m Cell wall thickness
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A m? Cross-sectional area
(O} — Initial cell void fraction
Sk mLg~! Solvent-to-solid ratio

Hz Microwave frequency
Oy m Penetration depth

Subscripts and superscripts

Obiomass Biomass property

Osotwent Solvent property

0o Incident/baseline value

Oinitial Initial value

O Property of a condensed state

Ow Property of water

Oi/j Property of a phase “i” or *j”

Qo Property at a given condition, e.g., v(ry is specific volume at temperature T

Ox Applicable parallel to the x-direction

Oy Applicable parallel to the y-direction

02 Applicable parallel to the z-direction

Oij Property of the spatial numerical point ijk, i in the x-direction; j in the y-direction; k in the z-
direction
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6 EVIDENCE FOR CELL RUPTURE - EMPIRICAL
ANALYSIS

The aim of this chapter is to investigate empirically whether, as discussed in
Chapter 5, enhanced extraction is underpinned by cell rupture. This requires
implementing a setup where constant input microwave power can be applied

continuously, thus better resembling the conditions prescribed in Chapter 5.

I would like to acknowledge Dr. Fatima Arrutia Rodriguez, affiliated to the Faculty
of Engineering, University of Nottingham during her contribution, for her valuable
collaboration in the development and initial tests of the experimental setup. |1 would
also like to acknowledge Dr. Yujie Mao, affiliated to the Faculty of Engineering,
University of Nottingham during her contribution, for her valuable collaboration in
the post-processing of some samples during the restrictive COVID-19 pandemic
lockdown.
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6.3 Results and discussion 181
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6.3.2  Microwave extraction 183
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6.1 Introduction
Extraction in biomass-solvent systems is thought to be enhanced through cell

rupture, which, in turn, is considered more easily achievable under microwave heating
than it is under conventional heating (Maran and Prakash, 2015; Mandal, Mandal and
Das, 2015; Osaili, 2012). In Chapter 5, two hypotheses were discussed summarising
how microwave heating is thought to bring about cell rupture. Of these two
hypotheses, Temperature-Induced Diffusion first proposed by Lee et al. (Lee et al.,
2016), was shown to be the most suitable alternative to underpin microwave-induced

cell rupture, within the fringes of physically realistic conditions.

Temperature-Induced Diffusion is a mechanism with which diffusion occurs
against a temperature gradient, from an area of low temperature to an area of high
temperature. Under microwave heating, the biomass temperature can rise beyond that
of the bulk system (i.e., Toxtraction OF SOlVeNt temperature), thereby enhancing water
influx to cells, increasing cell pressure, and improving the likelihood of cell rupture.
It has been shown in section 3.3.1.1 that, under microwave heating, the biomass is
likely to always attain higher temperatures than the solvent at thermal steady state,
provided that €"};omass > 0. Therefore, the higher the input microwave power
applied at thermal steady state, the larger the temperature gradient between biomass
and solvent, the more likely it becomes to achieve cell rupture. This was thoroughly
demonstrated in Chapter 5, where cell pressure was shown to increase with |E|, which
directly represents the input microwave power, and with other system-specific

properties like higher €' p;omass and lower k.

Although extraction under microwave and conventional heating has been compared
widely, it is often challenging to establish a fair basis of comparison due to the
different characteristics of the two heating methods. For example, microwave
extraction at given input power is sometimes compared with conventional extraction
at given temperature (Bagherian et al., 2011; Dahmoune et al., 2015; Pandey and
Shrivastava, 2018; Zhang et al., 2018). This limits the ability to evaluate
computational predictions presented in this thesis, for which more comprehensive sets
of data are required including temperature, input power, system-specific properties
like €"piomass @and k, etc. Recently, comparing the two heating methods has been
attempted more fairly, through applying the same heating rate (i.e., rate of temperature

increase) and steady state extraction temperature (Galan et al., 2017; Mao et al., 2019;
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Mao, Robinson and Binner, 2021). This means that the total energy delivered to the
system is similar in both cases, allowing any differences in extraction to be attributed
to the distinctive heating patterns between the two methods (e.g., microwave-induced
temperature gradients). On imposing the same heating rate and steady state
temperature, it was found in some studies that microwave heating did not return any
advantages over conventional heating (Mao et al., 2019), while in others microwave
heating yielded slightly larger amounts of extract, especially at the higher end of
investigated extraction temperatures (Galan et al., 2017). Unlike many previous
studies, these outcomes show much smaller differences between microwave and
conventional heating, and they indicate that these differences are only applicable to
specific types of biomasses. In other words, if the biomass is “naturally suitable” for
microwave heating (e.g., high €"piomass OF low k), then microwaves deliver small
additional energy directly to the material through radiation, inducing temperature
gradients in the system and enhancing extraction accordingly (Mao, Robinson and
Binner, 2021). However, in other circumstances the magnitudes of any induced
temperature gradients would not be sufficiently high to enable enhanced extraction

under microwave heating.

Therefore, in studies comparing microwave and conventional heating under the
same temperature and heating rate, the question of whether microwave heating is
advantageous depends primarily on the specific properties of the biomass-solvent
system (e.9., € piomass and k), more so than it depends on universally applicable
heating parameters like |E|, or the input microwave power. While this argument is
true to a certain extent, the emphasis drawn here on system-specific properties is seen
to be the result of a key practical limitation, arising from an inability to sustain
sufficiently high temperature gradients during heating. It has been shown in Chapters
3and 5 that, in a biomass-solvent system at thermal steady state, temperature gradients
increase with the input microwave power (through |E|,), which, in turn, raises the
likelihood of cell rupture. However, in real-world situations it is not possible to
manipulate the input power while also maintaining a fixed sub-saturation temperature.
Under microwave heating, to avoid further temperature increase the input power must
be lowered to near-zero values once the desired operating temperature is approached
(e.g., Figure 6.1). Therefore, the input power is essentially only applied during the

heat-up phase, signifying that any unique microwave effects are only sustained for a
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limited period. The near-zero input powers indicate inherently low temperature
gradients between the biomass and the solvent at thermal steady state, and these low
gradients can only be raised through altering system-specific properties like €" ,;omass
and k. Therefore, enhanced microwave extraction becomes excessively dependent
upon system-specific properties, due to the low input powers restricting temperature
gradient magnitudes at thermal steady state.

1000 D
800 e MAE (Miniflow)
o
Z 600 4 MAHE (Monowave)
5 |
Z 400 1
[
200 Spvre
0 A AAAA "
0 s 10 15
Time (mins)

Figure 6.1 — Example from Mao et al. (Mao et al., 2019) to demonstrate the
dramatic drop in the input microwave power on approaching a desired
temperature set-point. Figure from Mao et al. (Mao et al., 2019), cropped from a
larger figure comprising four plots, but unmodified otherwise (© 2019 The
Authors. Published by Elsevier Ltd.), available under CC BY 4.0 license
(https://creativecommons.org/licenses/by/4.0/) when obtained. Further use of
this item is governed by the said license unless otherwise indicated by the
copyright holders

Microwave and conventional extraction must be compared fairly using the same
input power and T,,¢raction: NOWeVer, these two parameters should be decoupled from
each other so that power can still be applied while maintaining constant Teyraction-
Microwaves are unique because, unlike conventional heating, they continue to heat
the biomass even at thermal steady state, by delivering energy directly through
radiation. This induces temperature gradients which, according to Temperature-
Induced Diffusion, enhance the likelihood of cell rupture. Therefore, microwave and
conventional heating could show different outcomes even if the same input power is
applied, but for this to occur, the input power must be decoupled from Toy¢raction @nd
applied continuously. This decoupling can be achieved through conducting extraction
under reflux at the solvent’s boiling point, which is the maximum achievable solvent
temperature. In such a case, Textraction Will not exceed the solvent’s boiling point
regardless of the power applied; hence, input microwave power and temperature are

decoupled. For example, consider an extraction process where the desired Toxtraction
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is 80 °C. If this temperature equals the solvent’s boiling point, then microwave power
can be applied continuously, thereby inducing a temperature gradient at thermal steady
state due to direct energy dissipation into the biomass (Figure 6.2A). However, if 80 °C
is a sub-saturation temperature, then the microwave power cannot be maintained when
Toxtraction 1S @pproached, meaning that no temperature gradient can be induced at
thermal steady state except in very small magnitudes (Figure 6.2B). In this work,
extraction cases comprising continuous heating with a constant input power for the
full processing duration, shall be denoted the term “continuous microwave heating.”
On the other hand, extraction cases where the input power is only maintained during
heat-up, but beyond that heating is either stopped or significantly suppressed, shall be
defined as “ramp microwave heating.” This heating mode occurs when a sub-saturated
temperature set-point is to be maintained, or when heating is stopped altogether on

approaching a target temperature.

temperature (degC)
~
3
temperature (degC)
3

temperature (degC)
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Figure 6.2 — Single-cell biomass-solvent system being heated up t0 T oxtraction =
80 °C. (A) Solvent boiling point equals T ¢x¢raction (I-€., CONtiNUOUS Microwave
heating); (B) T extraction 1S loWer than solvent boiling point (i.e., ramp
microwave heating); (C) conventional heating

Continuous microwave heating is not a new concept; it has been implemented in a
variety of fields such as organic synthesis reactions, where this heating mode was
investigated for its effect on conversion (Kappe, Pieber and Dallinger, 2013; Rosana
et al., 2012). This concept has also been used in biomass-solvent extraction, where

fixed input microwave power was applied either continuously or in intervals under
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some form of reflux (Dahmoune et al., 2014; Dang, Zhang and Xiu, 2014; Svarc-Gaji¢
etal., 2013).

Given the description above, continuous and ramp microwave heating are likely to
result in different extraction trends, because they differ in their heat delivery to the
extraction system. It is, therefore, necessary to evaluate extraction under both heating
modes, as it might not be sufficient otherwise to draw any meaningful conclusions on
cell rupture. As such, unlike the previous chapters, the current work does not accept
cell rupture as a rate-limiting step in extraction, but rather, it aims to re-examine this
concept experimentally to understand its suitability in explaining extraction trends.
The intended comparison between continuous and ramp microwave heating
constitutes a critical experiment to understand whether the rate-limiting step in
extraction is cell rupture as proposed in literature and accepted in Chapter 5. If a step
change in extraction is observed under both heating modes only beyond a threshold
input power, then enhanced extraction can be attributed to cell rupture. However, if
the two outcomes differ then extraction should be reconceptualised, and the model

developed in Chapter 5 should be modified accordingly.

To adhere to the aim of this chapter, the analyses intended here will be specifically
focussed on certain aspects which could hint towards the need to further develop the
model from Chapter 5. These include the nature of any step-change events observable
in the yield trends, and whether certain enhancements in extraction are not necessarily
attributable to a step-change-inducing event like cell rupture. While this work is not
exhaustive, it lays the foundation for future endeavours aiming to assess the
Temperature-Induced Diffusion hypothesis more comprehensively using continuous
microwave heating. As discussed above, this heating mode should make enhanced
extraction more dependent on |E|, and the input power, and less dependent upon
system-specific properties like €" p;omass @and k. As such, it could be demonstrated
that microwave heating is advantageous in more biomass-solvent systems than

previously thought.

This work uses onion peels as the biomass material, since the cellular structure and
measurable stress-strain data of this material match the model’s geometrical traits
(section 3.2.1) and mechanical features (section 5.3.1.2) (Zamil et al., 2013; Zamil, Yi
and Puri, 2014, 2015). Furthermore, of the various components present, pectin was

Page 6-6 (175)



CHAPTER 6

selected as the extract to be measured, as it reasonably complements the intentions of
this work due to the following: (i) pectin is polymeric and well-attached to the cell
wall, so its extraction is thought to be enhanced on achieving structural
modifications/cell rupture (Bagherian et al., 2011; Kratchanova, Pavlova and Panchev,
2004); (i) pectin dissolves in water, unlike other solutes which may require other types
of solvent; (iii) pectin has also been the extract of interest in various microwave
extraction studies which can be compared with the current work (Mao et al., 2019;
Mao, Robinson and Binner, 2021).

6.2 Methodology

6.2.1 Setup design and formulation
Figure 6.3 demonstrates the extraction setup enabling continuous microwave

heating, while Table 6.1 provides description of the different parts.

Since Toxtraction €quals solvent’s boiling point, the choice of temperature gets
restricted to precisely one value (e.g., 100 °C for pure water). This significantly limits
the capabilities of the system, as it imposes restriction on conducting and comparing
extraction at different temperatures. To overcome this challenge, a vacuum pump was
introduced to control the operating pressure of the system (Figure 6.3). The saturation
temperature of the solvent decreases when the operating pressure is reduced, meaning
that the boiling point can be readjusted to match the desired Toytraction through
pressure manipulation. As such, the intended system can operate at any Toxtraction
below the solvent’s normal boiling point, while also ensuring that Teytrqction 1S
equivalent to the solvent’s saturation temperature. This widens the opportunities to

conduct more analyses and future investigations.
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Rematé temperature merasureament

Figure 6.3 — Microwave extraction system enabling continuous power input. See

Table 6.1 for description

I.D. in Figure 6.3 Description
1 Reaction vessel containing the biomass-solvent sample.
2 Single-mode cavity.
3 Microwave waveguide.
4 Condensation column (process side — sample vapour).
5 Condensation column (service side — cooling water).
6 Cooling water input.
7 Cooling water output.
8 Buffer vial protecting the vacuum pump by collecting any

liquid escaping the condensation column.

9 Vacuum pump whose output is connected to an

extractor/ventilator.
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Table 6.1 — Description of the parts incorporated in the microwave extraction
system enabling continuous power input (Figure 6.3). Setup materials should
withstand pressure gradients and be compatible with microwave heating

6.2.2 Experimental procedures
The setup demonstrated in Figure 6.3 was used to conduct two sets of microwave

extraction experiments. The following points describe common attributes of all

heating experiments:

e All heating experiments were conducted using Miniflow 200SS (Sairem,
France) as the microwave generator/cavity, and a microwave frequency of
2.45 GHz was applied throughout.

e All heating experiments were carried out at T,y rrqcrion €quivalent to the
normal boiling point of deionised water (i.e., vacuum pump not operating).

e The input microwave powers used were either 45W, 90W, or 135W.

e Sample surface temperature was measured non-intrusively using an infrared
thermal camera, and temperature measurements were taken and recorded
manually.

e Microwave leakage detection was conducted regularly, especially during
the solvent boiling phase. No experimental run would be continued should
a leakage be detected.

e Every experiment was monitored closely to ensure liquid did not
accumulate in the buffer vial (number 8 in Figure 6.3), otherwise the

respective experiment would be stopped and repeated.

Additionally, a third set of experiments was conducted at room temperature to
provide a better insight into the results obtained.

All samples were of the same type and prepared/post-processed in the same way.
The following subsections summarise the experimental procedures.
6.2.2.1 Materials

Red onions were obtained from a local supermarket (Nottingham, UK), and were
peeled manually while maintaining random size distributions. This method was
preferred to best resemble unprocessed raw waste materials. Deionised water was used
as the extraction solvent, and isopropanol obtained from Sigma Aldrich (Dorset, UK)

was used in post-processing.
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6.2.2.2 Sample preparation
Since all experiments involving heating were conducted using Miniflow 200SS

(Sairem, France), all samples were prepared in identical reaction vessels whose size
matches the maximum allowed under this cavity. Each extraction sample was prepared
by placing 1.5000 + 0.0100 g of onion peels into a reaction vessel, and then pouring
50 mL deionised water at 13 — 18 °C (thus maintaining constant solvent-to-solid ratio
for all samples). Deionised water was added just before starting an experiment, to
avoid any prior extraction taking place in the system.

6.2.2.3 Extraction experiments
Three sets of experiments were conducted in total, two of which incorporated

microwave extraction while the third comprised extraction at room temperature. These

experiments are detailed below.

6.2.2.3.1 Continuous microwave heating experiments
Continuous heating was achieved through irradiating the samples at fixed input

microwave powers for given durations. The input powers used were 45W, 90W, and
135W, and different samples were heated for variable time intervals from 1 to 60
minutes. Prior to every experimental run, the reflected power was minimised through
adjusting the stub tuner and sliding short. However, as boiling was achieved in the
solvent the reflected power increased, and the values ranged between 0-5W, 2-7W,
and 5-12W under input powers of 45W, 90W, and 135W, respectively. Each
experimental run was repeated at least once additionally, and for each run, the sample

surface temperatures measured non-intrusively were recorded every 1 minute.

6.2.2.3.2 Ramp microwave heating experiments
Ramp heating was achieved through irradiating the samples at fixed input

microwave powers only for the durations required to achieve solvent boiling (as a
maximum). However, to allow comparison with continuous heating experiments
(section 6.2.2.3.1), the total processing times were still maintained at 1 to 60 minutes.
In that, samples being processed for times longer than those needed to achieve solvent
boiling, were left out at room temperature (around 13 — 18°C) for the additional time
required to complete the full duration of the experimental run. The input powers used
here were 45W, 90W, and 135W, and each experimental run was repeated at least once
additionally. For each run, the sample surface temperatures were measured non-

intrusively and recorded every 1 minute while samples were being heated. Also, prior

Page 6-10 (179)



CHAPTER 6

to every experimental run, the reflected power was minimised through adjusting the

stub tuner and sliding short.

For cell rupture to occur, a temperature gradient is required between the biomass
and the solvent (Chapter 5); however, ramp microwave heating only sustains such
gradient during the time-limited heat-up phase (Figure 6.2). Hence, if cell rupture is
the underpinning cause of enhanced extraction under ramp microwave heating (Galan
etal., 2017; Mao, Robinson and Binner, 2021), it should mostly occur during the heat-
up phase. As such, it should be indifferent to the process beyond achieving solvent
boiling, whether the sample is quenched, left out, or heated slightly to maintain
temperature, since all these options practically entail no temperature gradient. This
study allowed samples to be left out at room temperature post heating, in cases where
the duration of a run was longer than the time needed to achieve boiling. Hence, the
results obtained here can be compared with other ramp heating studies, where the
extraction temperature was maintained beyond the heat-up phase (Galan et al., 2017,
Mao, Robinson and Binner, 2021). Furthermore, by comparing the results of the
current experiments with those from continuous microwave heating (section
6.2.2.3.1), it can be understood whether enhanced extraction requires high
temperatures and sustained temperature gradients, or whether it occurs on inducing

temperature gradients for short durations.

6.2.2.3.3 Room temperature extraction
Samples were left at room temperature for durations between 1 hour and 6 days to

investigate no-heating extraction. These experiments were conducted at room
temperatures of 13 — 18 °C. Each experimental run was repeated at least once
additionally.

6.2.2.4 Post-processing and yield measurement
As discussed in section 6.1, this work is focussed on extracting pectic

polysaccharides. Therefore, the post-processing stage was based on a technique
previously used in literature, in which the interest had also been to characterise pectin
extracts (Mao et al., 2019). The methodology was adapted/modified here to match the

requirements of the current work.

After processing, samples were filtered under vacuum immediately, as the
immediate separation of biomass from solvent ensured no further extraction took

place. Appropriate means were incorporated to safely handle high-temperature
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samples. Subsequently, isopropanol was added to the solvent in a 1:1 volume ratio and
mixed thoroughly, and the samples were refrigerated for at least 2-3 days until an
alcohol-insoluble solid (AIS) became visible. Plant polysaccharides precipitate out of
solution under the influence of alcohol (Moyer and Holgate, 1948), and AlS obtained
with isopropanol mainly comprises pectin (Mao, Robinson and Binner, 2021). After
refrigeration, the samples were centrifuged at 4 °C under 3900 RPM for at least 5
hours, ensuring that the AIS firmly deposited at the bottom of the tube. The liquid
fraction was then decanted and disposed of appropriately, and 10 mL of deionised
water was added to the remaining solid samples prior to freezing them. Freezing was
key to conducting the subsequent freeze-drying step, and adding deionised water was
essential to ensuring proper freezing. Samples were left to freeze overnight, and then

they were freeze-dried for 3-5 days.

Dried AIS weights were measured and recorded, and percentage yields were

calculated as shown in Equation (6.1).

Weight of dry AlS solid precipitate .
% yield = Leghtof dry 1@ PTectPate 100 (6.1)
Initial weight of onion peel

6.3 Results and discussion

6.3.1 Heating profiles
Figure 6.4 shows an average temperature-time profile during the heat-up phase,

where Figure 6.4A presents a plot for the continuous heating experiments, and Figure
6.4B presents a plot for the ramp heating experiments. The plots were constructed
using data from all microwave experiments collectively, e.g., the temperature after 1
minute of heating with a given power, is the mean + 1 standard deviation of all
temperature readings at 1 minute, recorded in the various experimental runs whose
total durations were 1 minute or more. As such, every datapoint in Figure 6.4 describes

a mean = 1 standard deviation of at least 10 readings.

As can be seen, the temperature in all cases rises to around 100 °C and ceases to
increase thereafter regardless of the input power, which indicates that the solvent has
approached saturation as per initially required in the design (section 6.2.1). Moreover,
despite the large number of experimental runs represented in Figure 6.4, both plots
show regular heating trends with negligible inconsistency. In other words, the standard

deviations remain small for all datapoints, indicating firmly maintained experimental
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conditions which include identical samples, minimal disparity in the power absorbed,
and same environmental conditions. Furthermore, Figure 6.4 clearly demonstrates a
direct proportionality between the input power and the rate of temperature increase,
further indicating robustness of the system design. While 10 min are required to
approach 100 °C under 45W, this duration drops to 5 min with 90W (i.e., heating rate
doubled) and 3.5 min with 135W (i.e., heating rate tripled).

Note that, the measured steady temperatures are not exactly 100 °C, which is
because measurements were conducted manually and non-intrusively. Nevertheless,
the fact that temperature ceases to increase on approaching 100 °C, and that the heating
rate is proportional to the input power, are sufficient to confirm that the system

operates as expected.
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Figure 6.4 — Average temperature-time profiles for different microwave
extraction runs; (A) continuous heating experiments; (B) ramp heating
experiments

6.3.2 Microwave extraction
Results are presented in Figure 6.5, where the outcomes of continuous microwave

heating are shown in Figure 6.5A, and those of ramp microwave heating are

summarised in Figure 6.5B. The results are reported as the mean + 1 standard

deviation.
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Figure 6.5 — Results for the (A) continuous heating experiments; (B) ramp
heating experiments

The pectin content of red onion peels has been measured at ~7% on a dry weight
basis (Alexander and Sulebele, 1973). Given that onion peels can acquire moisture

contents up to 40% at very humid conditions (i.e., relative humidity > 95%) (Hole,
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Drew and Gray, 2000), such extreme state would stipulate a pectin content of ~4% on
a wet basis. Hence, the pectin content under normal environmental conditions can be
estimated at ~4 — 7% on a wet basis, and as can be seen, all outcomes in Figure 6.5

are compliant with this upper limit.

On the other hand, the yields attained with continuous microwave heating (Figure
6.5A) are generally higher than those achieved under ramp microwave heating (Figure
6.5B), which is logical given the higher extraction temperatures being maintained in

the former case (Chew et al., 2011; Spigno, Tramelli and De Faveri, 2007).

The ramp microwave heating results (Figure 6.5B) indicate a rate-limiting step
underpinning extraction. This is evident as the yields achieved with 45W and 90W are
the same throughout, but they exhibit a step-increase when 135W is applied. This
outcome matches Chapter 5, where a threshold input power was deemed necessary to
induce widespread cell rupture in the biomass, thereby enhancing extraction. This
outcome also matches literature studies, where extraction under ramp heating was only
found to accelerate on applying a threshold input power (Mao, Robinson and Binner,
2021). Hence, when discussed alone, the ramp microwave heating results (Figure
6.5B) are sufficient to conclude that enhanced extraction is underpinned by a rate-

limiting step such as cell rupture.

However, the continuous microwave heating results (Figure 6.5A) do not fully
complement the aforementioned view on cell rupture and extraction. Under
continuous heating, extraction clearly accelerates on raising the input power from 45W
to 90W, as the yields at 90W are higher at every timestep up to 40 minutes, compared
to the corresponding cases under 45W. This is unlikely to be caused by cell rupture,
since the acceleration in Figure 6.5A is initiated right from the beginning of the
process, when the temperature gradients would still exist under ramp heating as well
as continuous heating. As such, any cell rupture should have also occurred under ramp
heating, causing the yields at 45W and 90W to be different in Figure 6.5B; however,
this is clearly not the case here. Moreover, increasing the power under continuous
heating (Figure 6.5A) to 135W further speeds up extraction, indicating that the
acceleration seen here occurs gradually as the input power is raised. Relating such
gradual acceleration with a step-change-inducing phenomenon like cell rupture, would

demand an unrealistically complex physical mechanism. Instead, it is much more
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realistic to substitute this with an alternative mechanism capable of explaining all

results being observed here, under both continuous and ramp heating (Chapter 7).

It should be highlighted here that the yields at 135W continuous heating (Figure
6.5A) tend to fluctuate, unlike the cases observed at lower powers or those seen with
ramp heating (Figure 6.5B). Initially, the yield increases to 0.5% in 3.5 minutes,
showing an acceleration in extraction from the case of 90W. However, the yield
decreases to nearly 0% between 3.5 minutes and 5 minutes, before increasing once
again as it approaches 1.4% at 25 minutes. This fluctuation could be attributed to a
thermal degradation of the extract, which is thought to occur more readily with
intense/prolonged heating (Arrutia et al., 2020), and pectin yields have been shown to
decrease at high microwave powers (Maran and Prakash, 2015; Wang et al., 2007).
Degraded extracts may escape being measured as part of the yield, due to an increase
in their solubility which hinders them from precipitating out of solution on adding
isopropanol in the post-processing stage (section 6.2.2.4) (EI-Nawawi and Shehata,
1987). Increased solubility also favours reabsorption of extracted solutes back into the

biomass (Chapter 7).

On the other hand, a unique observation is made at 135W continuous heating
(Figure 6.5A), entailing a sharp second increase in the yield starting at 40 minutes,
reaching to a value as high as 2.3% at 60 minutes. This could be classified as a step-
increase in extraction, but the analysis should be extended to beyond 60 minutes before
such a conclusion can be made. On expanding the analysis, if the second increase in
yield remains attainable only at 135W or higher powers, then it could be attributed to
a rate-limiting step like cell rupture. However, if this observation is made under all
input powers, even those less than 135W, then the effect in question should be
explained by an alternative mechanism not incorporating any step-change-inducing
events. Nevertheless, it could still be argued that 135W causes a step-change in
extraction here through cell rupture, due to the fact that this power also enhances
extraction under ramp heating (Figure 6.5B). However, it is unlikely that both
observations are caused by a single cell rupture event, as these do not take place during
the same timeframes. The step-change under ramp heating occurs right from the
beginning of the process, and it remains evident even after heating has been stopped
(Figure 6.5B). In contrast, the yield surplus under continuous heating takes place later

in the process (after 40 minutes in this case), even though heating is applied for the
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full duration (Figure 6.5A). If the continuous heating step-change is caused by cell
rupture, then the ramp heating step-change occurring much earlier must be attributed
to another cause. Similarly, if the ramp heating step-change is due to cell rupture, then
the continuous heating step-change occurring much later cannot be attributed to the

same cell rupture which would have already occurred at the beginning of the process.

Furthermore, it could also be argued that the yield enhancement under 135W
continuous heating is due to the vigorous boiling in this case, which could lead to
structural deformations in the biomass regardless of the heating method. However, this
is unlikely due to the following: (i) such deformations would probably have also been
evident at lower input powers albeit to lesser extents, as these powers also induce
boiling at the same solvent temperature; (ii) it has been reported that, cell wall
deformation under conventional boiling principally entails pectin leaching (Renard,
2005), which is arguably just a mass transfer process that could be enhanced with
microwaves; (iii) textural softening induced during conventional boiling has been
reported to preserve the cell walls of some biomasses against fracture, as instead it
leads to cell-cell separation (Ng and Waldron, 1997); (iv) biomass cells are likely to
withstand high pressures induced during boiling, as discussed in Chapter 5 (section
5.2). Therefore, the yield enhancement under 135W continuous heating is more likely

a microwave-induced phenomenon altering diffusion patterns.

The results presented here suggest that cell rupture can only be a fully viable
explanation for enhanced extraction when considering ramp microwave heating
(Figure 6.5B). However, the trends attained with continuous microwave heating hint
towards an alternative mechanism for microwave extraction. Such mechanism should
be able to explain both the step-changes observed at high input powers, and the gradual
acceleration in extraction seen under continuous microwave heating. If such
mechanism can be proposed independently of any structural modifications, then the

idea of cell rupture being a rate-limiting step in extraction will be challenged.

6.3.3 Room temperature extraction
Results are shown in Figure 6.6 as a yield-time plot, where the outcomes are

reported as the mean + 1 standard deviation. It can be seen that the yield increases very
slowly over a period of 6 days. This confirms that extraction occurs at room
temperature without the need for any cell rupture, but rather, it is accelerated/enhanced

when heating is applied.
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This outcome confirms that, proposing an alternative mechanism for microwave
extraction away from cell rupture would not violate the fundamental principles
governing extraction. Unlike what had been suggested, that polymers like pectin
require structural modifications as a prerequisite for their extraction (Bagherian et al.,
2011; Kratchanova, Pavlova and Panchev, 2004), it is shown here such polymers can

diffuse normally even in the absence of heating, albeit very slowly.
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Figure 6.6 — Results for the room temperature experiments

6.4 Summary
This chapter investigated the extraction of pectin from onion peels under two

microwave heating modes: continuous microwave heating and ramp microwave
heating. The aim was to infer whether the idea of cell rupture is sufficient to underpin
enhanced extraction under microwave heating, or whether the model developed in
Chapter 5 should be re-evaluated. Continuous microwave heating denotes a non-stop
heating of the sample with microwaves at a given input power, for the full processing
duration. In contrast, ramp microwave heating signifies maintaining a constant input
power only as long as the sample’s temperature is increasing, but once a target
temperature is achieved, heating would be stopped or significantly suppressed.
Although ramp microwave heating has been used widely in literature, it does not
sustain any microwave-induced temperature gradients throughout the extraction
process, which limits the potential for microwaves to enhance extraction. Therefore,
it was necessary here to study extraction under both microwave heating modes, in
order to understand whether all observable outcomes can be attributed to a rate-

limiting step such as cell rupture.
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The extraction trends observed under ramp microwave heating were fully
explicable with cell rupture, as a step-increase in the yield was observed on increasing
the input power to a threshold value of 135W. This matches the predictions made in
Chapter 5, as well as some findings in literature where ramp microwave heating had
also been implemented. However, the results attained with continuous microwave
heating do not fully complement the idea of cell rupture. Firstly, under this heating
mode extraction accelerates gradually on raising the input power. This occurs right
from the beginning of the process; hence, if it is caused by cell rupture then it should
also be observed under ramp heating, but this is not the case in the current results.
Secondly, although 135W continuous heating induces a unique increase in the yield,
the cause of this effect is unclear as it cannot be matched with the step-change
observed at the same power under ramp heating.

The room temperature experiments confirmed that extraction is possible without
cell rupture or heating, even though the rate of such extraction is very slow. Unlike
what had been suggested in literature, this outcome indicates that structural
modifications in the biomass are not a necessary prerequisite for achieving reasonable
yields of water-soluble polymers like pectin. As such, proposing an alternative
mechanism for microwave extraction away from cell rupture, would not violate the

fundamental principles governing extraction.

These results are sufficient to highlight the need to expand the model from Chapter
5, and further its underpinning extraction mechanism which currently entails cell
rupture. The improved mechanism should explain both the step-changes observed at
high input powers, and the gradual extraction acceleration under continuous
microwave heating. If such mechanism can be proposed independently of any
structural modifications, then the idea of cell rupture being a rate-limiting step in
extraction will be challenged. An alternative mechanism will be proposed in Chapter
7, where it will be shown that rupture may affect diffusion, but it does not constitute a

rate-limiting step in the process as previously perceived.

6.5 Thesis recap
In Chapter 5, a biomass-solvent extraction model was developed, which can be

used to predict whether widespread cell rupture within biomasses is achievable given
a set of input physical conditions. The model is the first of its kind as it integrates

microwave heat transfer, mass transfer, and cellular expansion mechanics. The model
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also demonstrates that the novel Temperature-Induced Diffusion hypothesis is a more
suitable alternative than the popular Steam-Rupturing hypothesis to underpin cell
rupture. This alternative hypothesis also demonstrated that enhanced cell rupture
under microwave heating can only be achieved beyond some threshold input power.

In the current chapter, a critical experiment was conducted to assess the viability of
the model and the wider conception that cell rupture is the rate-limiting step of
extraction. The experiment entailed conducting biomass-solvent extraction under two
microwave heating modes, namely “continuous heating” where constant input power
was maintained throughout the process; and “ramp heating” where the power was only
maintained for limited periods. While ramp heating showed a step-increase in yield
beyond a threshold input power (as predicted in Chapter 5), continuous heating
demonstrated gradual extraction acceleration with increasing power, and a unique
steep increase in yield late in the process at high powers. These differing outcomes
cannot both be attributed to a single cell rupture event; hence, a more suitable
mechanism underpinning both extraction regimes should be conceptualised.
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/7 MICROWAVES IMPROVE EXTRACTION

WITHOUT RUPTURE

CHAPTER 7

The aim of this chapter is to propose a novel framework for understanding

microwave extraction in biomass-solvent systems away from cell rupture. This

alternative framework shall be focussed on investigating the effects of different

heating methods/modes and mass transfer parameters on extraction trends, thereby

presenting a new perspective on how extraction takes place both at room temperature

and under heating. In conducting the above, this work shall improve on the model

developed in Chapter 5 by addressing its key limitations.

The format of this chapter is as follows:

7.1
7.2

7.3

Introduction
Methodology
7.2.1  System geometry
7.2.2  Mass transfer
7.2.2.1  The mass equation
7.2.2.1.1 A system of equations
7.2.2.1.2 Adhering to physical limits
7.2.2.2  Chemical potential and activity
7.2.2.3  Solubility and mole fraction
7.2.2.4  Diffusivity and mass transfer coefficient
7.2.3  Heat transfer
7.2.3.1  Heating biomass
7.2.3.2  Heating the solvent
7.2.4  Cell wall expansion
7.2.4.1  Expansion mechanics and assumptions
7.2.4.2  Rupture
7.2.5 Numerical solution
7.2.5.1 Initial and boundary conditions
7.2.5.2  Model discretisation
7.25.3  Approximating the mass and heat equations
7.2.5.4  Solution framework
Predicted extraction trends at room temperature
7.3.1 Base case
7.3.2  Effect of solubility (Ss)
7.3.3  Effect of diffusivity (D)
7.3.3.1  Equal solute diffusivities (Ds1=Ds2)
7.3.3.2  Unequal solute diffusivities (Ds17#Ds)
7.3.4  Effect of solvent-to-solid ratio (Sr)
7.3.5  Effect of biomass particle size
7.3.6  Effect of solute activity-mole fraction relationship (n)
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7.1 Introduction
In Chapter 5, a model was developed to investigate extraction in biomass-solvent

systems at the cellular scale. This model incorporated elements of microwave heating,
heat transfer, mass transfer, and cell expansion mechanics, making it the first of its
kind in the biomass-solvent extraction field. The model was based on a fundamental
assumption that achieving cell rupture is the primary mechanism causing enhanced
extraction under microwave heating. This matches general assumptions and trends in
literature, but unlike most publications, this model showed that cell rupture is
inexplicable with the popular Steam-Rupturing hypothesis. Instead, it was
demonstrated that the Temperature-Induced Diffusion hypothesis is a more suitable
alternative, as it is entirely capable of underpinning microwave-induced cell rupture
using a realistic set of input parameters. Furthermore, the model predicted the
existence of a threshold microwave power, which must be applied to achieve

widespread cell rupture and, thereby, observe enhanced extraction.

The outcomes from Chapter 5 were assessed empirically in Chapter 6, where a
critical experiment was conducted to observe whether cell rupture is the rate-limiting
step of extraction as proposed in literature. The analysis was conducted under two
modes of microwave heating, namely “continuous microwave heating,” and “ramp
microwave heating.” Continuous microwave heating denotes non-stop heating with a
constant input power for the full extraction duration. In contrast, ramp microwave
heating signifies maintaining a constant input power only as long as the sample’s
temperature is increasing, but once a target temperature is achieved, heating would be
stopped or significantly suppressed. The extraction trends attained with ramp
microwave heating were fully explicable with cell rupture, as they showed a step-
increase in the yield on applying a threshold power. These results match the
predictions made in Chapter 5, together with some other extraction studies also
implementing ramp microwave heating (Mao, Robinson and Binner, 2021). Despite
this, continuous and ramp microwave heating differ in their energy delivery to
biomass-solvent systems; hence, it is insufficient to draw conclusions from
investigating just one of the two modes. For instance, the results achieved in Chapter
6 under continuous microwave heating are not fully explicable with cell rupture, as

the evidence attained hints towards the need to re-evaluate the model from Chapter 5,
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preferably proposing an alternative extraction mechanism independently of cell

rupture.

Recently, the challenges associated with attributing enhanced extraction to cell
rupture have been highlighted, including in a study implementing ramp microwave
heating and observing step-changes in extraction (Mao, Robinson and Binner, 2021).
Instead of cell rupture, this study attributes the step-increase in yield to changes in
some mass transfer parameters, which are thought to occur due to microwave-induced
temperature gradients. This means that temperature gradients interfere with diffusion
directly, causing step-changes in extraction without the need for cell rupture (Figure
7.1). These matching conclusions from Chapter 6 and recent literature findings (Mao,
Robinson and Binner, 2021) challenge the prevailing assumption that cell rupture is
the primary cause of enhanced extraction under microwave heating. Instead, an
alternative mechanism is required to explain microwave extraction in biomass-solvent
systems, where focus is to be drawn on diffusion trends instead of cell rupture only.
Developing such mechanism is the aim of the current chapter.
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Figure 7.1 — Visual demonstration by Mao et al. (Mao, Robinson and Binner,
2021) of how extraction could be enhanced with temperature gradients without
the need for cell rupture. Localised temperature gradients are thought to
improve diffusion, solubilisation, hydrolysis, and pressure build-up, resulting in
enhanced extraction of pectin in this case. Figure unmodified from Mao et al.
(Mao, Robinson and Binner, 2021) (© 2021 The Authors. Published by Elsevier
Ltd.), available under CC BY 4.0 license
(https://creativecommons.org/licenses/by/4.0/) when obtained. Further use of
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this item is governed by the said license unless otherwise indicated by the
copyright holders

As it deviates from the prevailing literature trends (with support from recent
empirical findings), this chapter provides a major advancement in the biomass-solvent
extraction field. The intended work offers a novel perspective on extraction through
defining diffusion-related limiting parameters rarely discussed previously, and then it
shows how microwave heating can overcome these limitations through altering
diffusion patterns. Again, this demonstrates the lack of understanding of mass transfer

in the field, highlighting the importance of the current work.

The intended framework will be based on the already existing model from Chapter
5, where limitations are to be readdressed and new elements are to be introduced. Key
limitations include disregarding solute diffusion and neglecting mass transfer through
cell wall fragments. Both these assumptions were made as the model exclusively
investigated cell pressure build-up and rupture due to water diffusion; however, in the
current chapter these limitations should be readdressed to enable assessing extraction
away from cell rupture. Furthermore, it was assumed in Chapter 5 that extraction
occurs at thermal steady state, but this assumption should also be revisited here to
attain more accurate understanding of the effect of heating on diffusion trends. Table
7.1 summarises the existing limitations, their implications, and how they will be

readdressed in this chapter.
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Limitation

Implications

Methods to readdress

Cell rupture assumed to be the
primary rate-limiting step for
enhancing extraction.

Model predictability limited to
cases where cell rupture carries
such an effect.

This is the underlying
assumption/limitation; it will
be readdressed through all
points below.

Solute diffusion disregarded as
only water is permitted to
flow.

Model does not quantify
extraction/yield, but rather
it only computes cell
pressure.

Therefore, model
predictions cannot be
benchmarked quantitatively
with empirical data.

Also, this does not allow
understanding diffusion
trends as required in this
chapter.

Elements of solute diffusion to
be introduced by revisiting
mass transfer (section 7.2.2).

Mass transfer within cell walls
neglected as these are assumed
part of the solvent phase.

Diffusion pathways and
resistance to mass transfer
not represented as
accurately as possible.
Extractable solutes might
originate from cell walls,
and in such a case, these
will not be covered by the
model.

Diffusion through cell walls
permitted as each fragment is
to be considered a distinct
phase (section 7.2.5.2).

Mass transfer assumed to
occur at thermal steady state.

With heat and mass transfer
decoupled, the effect of
heating on diffusion cannot
be depicted accurately.

For instance, the effect of
heating rate cannot be
understood.

Furthermore, dielectric loss
distribution (i.e., whether
Slrbiomass > g”solvent)
cannot be investigated for
its effect on whether
temperature gradient is
established as required (see
section 3.3.1.1).

Heat and mass transfer to be
computed simultaneously, i.e.,
mass transfer is not to be
assumed to occur at thermal
steady state (section 7.2.5.4).

Heating rate defined indirectly
via the heating parameters
such as dielectric properties
and electric field intensity.

Although this enabled
straightforward analyses to
understand the effect of
each heating parameter
separately, in this chapter
this will not enable a fair
comparison between
microwave and
conventional heating.
With such a comparison
absent, the effects of
specific heating modes
cannot be understood.

Heating to be defined with a
user input parameter which
allows a fair comparison
between microwave and
conventional heating (section
7.2.3).

Diffusivity and thermal
conductivity assumed
homogeneous throughout the
system.

Phase-specific conditions
affecting these parameters
not taken into
consideration.

e Mathematical
representation of the heat
and mass equations to be
modified to allow phase-
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Such conditions might
include variable
concentrations and
temperatures, and whether
the specific phase has been
ruptured.

Also, thermal conductivity
should be linked to water
activity for the purposes of
future investigation
(beyond this thesis).

specific values (sections
7.2.2and 7.2.3).

e Thermal conductivity to be
made a function of water
activity (although this
feature has not been used in
the current work).

Only cells are considered to
have internal pressure, but not
cell walls.

Given that diffusion is to
be considered through cell
walls, pressure must be
quantifiable in these
fragments for the chemical
potential expression to be
employed.

Moreover, the absence of
cell wall pressure means
any possible
rupture/structural alteration
in these structures cannot
be included in the model.

A framework for pressure
build-up and expansion in cell
wall fragments to be included
(section 7.2.4).

Both water and solutes
assumed to behave ideally in
solution.

Model restricted to
situations where this holds
true.

The wide variety of solutes
within biomass demand a
more flexible approach
allowing non-ideal
behaviour.

Activity-mole fraction
relationship redefined (section
7.2.2.2).

Initial condition only
incorporates pure water as a
solvent phase.

This does not represent
real-world situations as
accurately as possible.
Empirical studies
employing impure water as
a solvent are not covered in
this model.

Initial condition redefined to
allow impure water (section
7.2.5.1).

Initial water activity values
defined directly through user
inputs.

This does not match
empirical data as these
rarely refer to activity
gradients.

Therefore, model results
cannot be fully
benchmarked against
empirical data.

Activity and mole fraction
defined in terms of solubility,
which is readily available and
frequently referred to (section
7.2.2.3).

Table 7.1 — Existing limitations in the model from Chapter 5, along with the
implications and methods to readdress
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7.2 Methodology

7.2.1 System geometry
The geometry applied here is the same as that used in Chapters 3 and 5, which has

been discussed in section 3.2.1. The model incorporates a cluster of biomass cells
surrounded by solvent (Figure 3.1), where cells occupy a cuboid shape and are
assembled regularly (Figure 3.2 and Figure 3.3). Cell dimensions (length, width, and
height), cell wall thickness (t.y), and solvent-to-solid ratio (Sg) prescribed as input
parameters, are used to define the shape of the biomass and the volume of the

surrounding solvent.

7.2.2 Mass transfer
The innovations intended for the model in this chapter, which have been discussed

in section 7.1, demand re-conceptualising some of the elements of mass transfer, and

this task was conducted as shown below.

7.2.2.1 The mass equation
7.2.2.1.1 A system of equations
A standard form of the mass equation had been derived in section 5.3.1.1.2 and

used throughout Chapter 5. This expression (Equation (5.14)) is a partial-differential
equation (PDE) accounting for mass transfer between a given point and all adjacent
points (i.e., it accounts for diffusion in all directions). However, as seen in section
5.3.1.1.2, a key assumption in deriving Equation (5.14) is that the diffusion coefficient
remains uniform in the x-direction, y-direction, and z-direction (i.e., L = L, = L, =
L,). This poses a limitation to the current work, as it was aimed here to enable variation
in L based on local properties, and on whether physical rupture has been achieved in

a phase. Therefore, mass transfer has been redefined mathematically, as shown below.

Water and solutes diffuse down spatial gradients in their chemical potential-to-
temperature ratios (u/T), as shown in Equation (5.1) for a unidimensional case. Note,
however, that it is indifferent to this work whether diffusion occurs down gradients in
u/T or u (see sections 4.4.2 and 5.3.1.1.1). Although the former is more precise, the
latter will not change the outcomes of this work significantly, because temperature
gradients are low here (1 °C can cause significant changes to extraction). This work

uses /T solely to maintain consistency and precision.

For a given infinitesimal domain/cuboid xyz located within the system, diffusion
takes place with the adjacent phases that are above and below; right and left; ahead
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and behind (Figure 7.2). Consequently, summation of all mass transfer gives the rate

of change of molar quantity in the current point xyz (Equation (7.1)).

xy(z+1)
x(y+ 1)z
(x—=1)yz (x+1Dyz
xyz
x(y—1z
| xy(z—1)

Figure 7.2 — Infinitesimal domain/cuboid and its 6 adjacent phases of direct
interaction

aN; 0 (Hi-j
= L= A — 7.1
Gt = Dler = D s 3 (7 e
J J

Phase “i” in Equation (7.1) is the infinitesimal phase xyz, while “j” represents the

adjacent points. J;_;, L;_;, and A;_; are the molar flow rate, diffusion coefficient, and

[13%4]

and “J”, respectively.

(193]
1

cross-sectional area between phases

Mass transfer has now been defined with a system of differential equations, each
representing diffusion with one of the six adjacent phases. The temporal rate of change
of molar quantity is obtained with summing up the six equations.

7.2.2.1.2 Adhering to physical limits
Unlike temperature (an intensive property), molar quantities in this work are very

small in magnitude due to the small scale of the model. This poses a risk of
encountering negative quantities due to numerical error or otherwise. However, in

Chapter 5 only water had been permitted to diffuse, and this diffusion had occurred
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normally in one direction, namely going from the solvent phase (which was abundant
in water) directly into cells. Under this regular flow pattern, it was highly unlikely to
observe any negative water quantities; hence, no further modification had been
introduced to the mass equation at that stage. However, the current work incorporates
water and solutes, and it accounts for diffusion within cell wall fragments in addition
to cells and solvent. Hence, diffusion patterns are not necessarily regular (i.e.,
following a single path), which poses a risk of obtaining physically meaningless

negative molar quantities.

Therefore, it was vital here to introduce a parameter into Equation (7.1) that defines
the physical limits of mass transfer. Considering phases xyz and (x+1)yz in Figure 7.2

as an example, these limits can be summarised as follows:

e if phase xyz has zero mass yet Equation (7.1) indicates a flow from xyz to
(x+1)yz, then flow should be readjusted to zero; and
e if phase (x+1)yz has zero mass yet Equation (7.1) indicates a flow from

(x+1)yz to xyz, then flow should also be readjusted to zero.

Adhering to these limits was achieved by introducing a parameter H (Equation
(7.2)), which is a collection of Heaviside functions that equals zero when the physical

limits are not adhered to, but it equals unity otherwise. # is defined in Equation (7.3).

ON; 0 (Hi-j
o Z H_Jiej = Z}Q sLijAizj 5= <Ti—j> (7.2)

J J

Hooy = [HW) +H (o) — HIN)H (Ji-))]
[7(N;) + (1= H(Ji ) = H(N) (A = H(Jimj))]

(7.3)

N; in Equations (7.2) and (7.3) is the molar quantity in phase xyz; N; is the molar
quantity in the respective adjacent phase; J;_; is the molar flow rate between the two

phases; A;_; is the cross-sectional area between the two phases; and L;_; is the

i—j
diffusion coefficient governing mass transfer between the two phases. In addition, H

represents a Heaviside function.
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The different possible outcomes of Equation (7.3) are summarised in Table 7.2
L

where, H,_, equals zero if mass transfer is not possible physically, but otherwise it
equals unity. The need to introduce 7-7‘:] into Equation (7.2) arises from the fact that,
chemical potential (1) does not depend on the absolute molar quantities of the different
components. Rather, u depends on mole fractions dictating the activity (a) of
components in a phase, together with the pressure and temperature of that phase. As
such, from a mathematical viewpoint mass transfer is possible even with zero or

[13%4] [13%2]

negative molar quantities; in other words, a diffusion driving force from “i” to “j” may

[13%2] [13%4]

exist even if the mass in “i” is zero. Therefore, what stops diffusion from “i”’ to “j” in
such case is not a mathematical limit in the driving force, but rather a physical
constraint entailing depletion in the mass available in “i”. This necessitates the
introduction of }/[:j which reflects the zero-mass physical constraint and, thereby,

avoids computing negative molar quantities in the model.

Physical condition HN); H(N;); 5(Jiy) | H.
e positive molar quantities in both
phases;
e spatial gradient allows flow from “j” to

[13%2)
.

1:1;1 1

e positive molar quantities in both
phases;

e spatial gradient allows flow from “i” to
ccj”'

e positive moles in “i” and zero moles in

‘Gj9,; ) )
1;0;1
e spatial gradient allows flow from “j” to 0 0
‘Ci”.

e zero moles in “i” and positive moles in

I . 0;1;1 1

e spatial gradient allows flow from “” to
CCi79.

e positive moles in “i” and zero moles in
) 1,0;0 1

e spatial gradient allows flow from “i” to
“J”_
e zero moles in “i” and positive moles in

) 0;1;0 0

e spatial gradient allows flow from “i” to

€699

]
e zero molar quantities in both phases;

1:1;0 1

0:0:;1 0
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[13%4]

e spatial gradient allows flow from “j” to

[13%2]

1
e zero molar quantities in both phases;

0;0;0 0

e spatial gradient allows flow from “i” to
6‘j77.
-

Table 7.2 - #,_, values corresponding to the different physical conditions
governing mass transfer between two phases “i” and “j”

Equation (7.2) can be used to describe mass transfer of any species, including both
water and solutes. The current model is capable of incorporating an infinite number of
solutes, all of which diffusing in accordance with Equation (7.2). The desired number
of solutes is set out by the user; however, more solutes require larger computational
power to be simulated. Hence, the analyses presented in the current chapter are
restricted to two solutes plus water (sections 7.3 and 7.4).

7.2.2.2 Chemical potential and activity
Chemical potential (u) is defined in Equation (4.63).

Regarding activity («), this is generally related to the mole fraction (X) through a
parameter known as the activity coefficient (y) (Equation (7.4)). When « equals X
(i.e., y = 1), the substance is said to behave ideally in solution. Furthermore, it is
generally accepted that y tends to unity as X tends to the same, meaning that a pure

substance always behaves ideally (i.e., X = @ = y = 1 for a pure substance).

a=yX (7.4)
y—>lasX -1

In this work, activity was expressed in terms of mole fraction as shown thus:

a=X" (7.5)

Equation (7.5) is a simple activity model capable of capturing both ideal and non-
ideal behaviour in solutions. This is shown in Figure 7.3 where, if n =1 ideal
behaviour is obtained as activity («) equals mole fraction (X) throughout. However, if
n > 1 a negative deviation from ideal behaviour is observed, since a is generally
smaller than X, and y is generally smaller than 1. On the other hand, withn < 1 a

positive deviation isseen as ¢ > X and y > 1. In all cases, y tends to unity as X tends

Page 7-12 (202)



CHAPTER 7

to the same, which matches the fundamental definitions of activity (a) and activity
coefficient (y) shown in Equation (7.4). Hence, Equation (7.5) offers a straightforward
yet efficient tool to describe activity-mole fraction relationships, waiving the need to

investigate complex relationships found in literature.

-« =N=0.75 n=1 = = =n=15
1
/-/,
-—
- o] 8 - * L - -
. ,
\E L - -7
0.6 - -
.21 - Pie
; L - ) -
‘5 04 - -
3] P -
< . -
0.2 - - -
. . -
|/ - - -
o ===-""
o} 0.2 0.4 0.6 0.8 1
Mole fraction (x)
— - =N=0.75 n=1 = = =n=15
—_ 3D 7
< a3\
-
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- — -
g =
2 17 E———
Fos| __ooom-me-
3] -
< O T T T T 1
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Figure 7.3 — Activity-mole fraction relationship described in Equation (7.5); (A)
Plot of activity against mole fraction for different values of n; (B) Plot of
activity coefficient against mole fraction for different values of n

On the other hand, although the current model enables an infinite number of solute
types in the biomass, it should be noted that all solutes are assumed to possess a single
collective activity (a) and, thereby, chemical potential (). This signifies that all
solutes are assumed to behave similarly at the molecular level, demonstrating similar
solute-water interactions due to their comparable chemical makeup and physical
characteristics. Hence, all solutes flow down a unified spatial gradient, but they are

still permitted to differ in their diffusion rates (i.e., mass transfer coefficient, L). Given
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the wide variety of components contained within a biomass material, this is a
reasonable assumption which allows investigating solutes behaving similarly. Such
solutes might originate from the same polymeric source in the biomass (decomposed
due to natural or external processes), or they might exist in certain locations within the
biomass matrix and have comparable functions, thus exhibiting similar structure and
behaviour. This work is a novel first step upon which the domain of solutes can be
widened in future iterations. Future developments could include groups of solutes that
behave uniquely, while each group consists of solutes behaving similarly.

7.2.2.3 Solubility and mole fraction
Mole fraction is conventionally defined based on the compositions of different

components in solution. However, although biomass materials contain significant
amounts of solute (which are to be extracted), many of these solutes originate from
sources that are typically not very soluble in water. For instance, solubilities as low as

the order of 10~> g, gy, ~* have been reported for cellulose (Strachan, 1938).

The presence of negligibly soluble components within biomass indicates that the
mole fractions of water are high in solution, even if the solutes are present in larger
amounts. This is because, not all solutes will be able to dissolve in the available
water/moisture within the respective biomass phases, thus granting high water mole
fractions in solution. Therefore, mole fractions of water and solute are dictated by the
solubility of solutes in water (S;); the higher the value of S, the more solutes dissolve
in the available water, the larger the mole fraction of these solutes in solution. This
could explain why water activity generally approaches unity in biomass materials such
as fruits and vegetables (between 0.95 and 1 (Rizvi, 2005)).

It can be inferred from this analogy that, based on the solute’s solubility in water
(S,) there is maximum mole fraction that solutes can have in solution, and, in turn,
there is a minimum mole fraction that water can have. If the water available in a phase
is not enough to dissolve all solutes, then the mole fractions in solution will remain
constant even as mass transfer takes place. This is because, undissolved solutes will
replace any dissolved solutes diffusing away, and any new solutes introduced beyond
water’s capacity to dissolve, will simply precipitate out of solution (Figure 7.4).
However, if all solutes in a phase are dissolved, then the mole fractions in solution
will be subject to change with mass transfer as expected normally, but the solute mole
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fraction will always be lower than the maximum allowed by solubility, and the water

mole fraction will always be higher than the minimum allowed.

Solvent
| ‘ I ‘ T l | i 1
- E -
©
O l
Fragrrl1entA Fragrllent B — Biomass
Water/solute solution < --- -
Ce” ---->Undissolved solute Ce”
1 1
1 1 B

—p Diffusion of dissolved solute between phases

— Undissolved solute dissolving or dissolved solute precipitating

Figure 7.4 — Demonstration of how the presence of undissolved solutes inhibits
changes in mole fraction as mass transfer takes place. Cell wall fragment A:
solute diffusing to the solvent is substituted by surplus dissolving solute. Cell
wall fragment B: solute diffusing from the solvent precipitates out of solution

Based on this, an expression can be derived where, if the compositions of water and
total solutes (dissolved and otherwise) are known, then the mole fractions in solution
can be determined through knowledge of solubility (S,). This expression (Equation
(7.6)), which uses a Heaviside function, works such that if the water mixture
fraction/composition (Xy,) is smaller than the minimum mole fraction in solution
dictated by solubility (X}, "), then the mole fraction is constant and equal to Xy, ". It is
only when Xy, is larger than X;,” that the mole fraction becomes a function of the
composition of water present in the phase (Figure 7.5). The relationship between
solubility (Ss) and the minimum water mole fraction in solution dictated by solubility

(X "), is summarised in Equation (7.7).

Unlike cell wall fragments consisting of solidified polymeric structures, this model
assumes all cells not to have any undissolved solutes initially, which is because cells
largely consist of liquid solutions. Nevertheless, all phases in the biomass-solvent
system are governed by Equation (7.6), meaning that solutes will precipitate out of

solution within cells if their molar quantity exceeds water’s capacity to dissolve.

Xw =Xw" + Kw — X HXw — Xu") (7.6)
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X, = L (7.7)
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Figure 7.5 — Mole fraction as a function of mixture fraction/composition
(Equation (7.6)). Xyy* = 0.5

7.2.2.4 Diffusivity and mass transfer coefficient
Diffusivity (D) is preferable to use over mass transfer coefficient (L) since the

former is more widely available in literature. As demonstrated in section 5.3.1.1.4, L
is related to D through Equation (5.16), but L should be defined separately for each
phase comprising a given homogeneous temperature and molar concentration.
Therefore, the effective mass transfer coefficient applicable between phases “i” and
“j” (Li—j in Equation (7.2)), can be estimated as the mean average of L; and L;, due to

the very small scale of the system (Equation (7.8)).

1

Phase “i” in Equation (7.8) is the infinitesimal point xyz, while “j” represents the

respective adjacent point.

7.2.3 Heat transfer

7.2.3.1 Heating biomass
Like mass transfer, heat transfer is conducted through interaction between an

infinitesimal domain/cuboid and its 6 adjacent phases of direct interaction (Figure
7.2). However, the standard form of the heat equation derived in section 3.2.2 and used
throughout Chapters 3 and 5 (i.e., Equation (3.8)), cannot be used here. This is

because, Equation (3.8) had been derived on the basis that thermal conductivity (k)
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remains the same for heat transfer in the x-direction, y-direction, and z-direction (i.e.,
k =k, =k, = k;). Although k is held uniform throughout the system in the current
work, the model is still capable of handling phase-specific k values, thus enabling
further investigations and analyses to be conducted beyond this thesis. Therefore, as
shown in section 7.2.2.1.1 for mass transfer, heat transfer in the current work was also

redefined mathematically.

Equation (7.9) describes unidimensional heat transfer in biomass, consisting of
conventional heat transfer (i.e., Fourier’s law) and volumetric heating through
microwave radiation. Microwave attenuation is accounted for using the principles of

Lambert’s law, as discussed in section 3.2.2 and shown in Equation (3.9).

” dr 7.9
Q = 2nFeye |E|2—kAE (7.9)

Like with the case of mass transfer, heat transfer takes place with the adjacent
phases that are above and below; right and left; ahead and behind (Figure 7.2).
Subsequently, summation of all heat transfer gives the rate of change of temperature
in the current phase xyz (Equation (7.10)).

oT; _
at  N;C,

oT;_:
ZﬂFSOEIIL'lEliZ - z ki—in—j# (710)
J

X

Phase “i” in Equation (7.10) is the infinitesimal phase xyz, while “j” represents the

adjacent phases.

7.2.3.2 Heating the solvent
In Chapters 3 and 5, microwave power applied to the biomass and the solvent had

been defined indirectly, using input parameters such as incident electric field intensity
(IE,), dielectric loss factor (¢''), etc. This approach was sufficient, since it had been
aimed to study the effects of individual microwave heating parameters on the induced
temperature gradient magnitudes, and the subsequent rise in cell pressure due to
enhanced water influx. Effectively, thereby, it had been accepted that enhanced
extraction is brought about exclusively by cell rupture, which only demands

characterising water diffusion (this matches the assumptions in literature). However,
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the current work deviates from the assumption on cell rupture, and instead it aims to
characterise water and solute diffusion simultaneously, and to understand how these

diffusion trends are influenced by microwave and conventional heating.

Microwave and conventional heating must be compared fairly, and such fairness is
benchmarked empirically through equating the heating rates applied with the two
heating methods (Galan et al., 2017). In other words, for a fair comparison both
heating methods should heat up the system at the same rate, specifically this should be
the case in the solvent phase from which temperature measurements are normally
taken in empirical studies (i.e., a probe cannot be inserted into biomass). Therefore, in
this work heating was defined in the solvent phase with a user-input rate of
temperature increase (Q,, in Ks~1), which is applicable regardless of whether
microwave or conventional heating are used. This ensures that the exact same
temperature ramp profile is observed in the solvent phase, thus allowing a fair test to
be conducted between the two heating methods. If microwave heating is imposed upon
the system, the model infers the value of |E|, from the input parameters Q and the
dielectric loss factor of solvent (&' 1ment)- |Elo is then used, together with the other
input microwave heating parameters, to quantify heating in the biomass (Equation
(7.10)).

The solvent is heated up to a set-point temperature Toyiraction, 0€YONd Which it

behaves as a heat sink at thermal steady state.

7.2.4 Cell wall expansion

7.2.4.1 Expansion mechanics and assumptions
Cell mechanics and pressure-volume relationship are the same as outlined in

section 5.3.1.2. The novel aspect of the current work is the inclusion of a pressure-
volume relationship for cell wall fragments, which is to be expanded upon in this

section.

Like cells, stress-strain behaviour in cell wall fragments was assumed to follow a
rubber-like behaviour (Equation (5.17)). Moreover, as outlined in section 5.3.1.2, it
was also assumed that cell wall fragments do not experience shear strains, and that
they only expand in one direction, namely, the x-direction. However, unlike the case
shown in section 5.3.1.2 for cells, the voids in cell wall fragments are not uniform, i.e.,

they are distributed based on the specific structure, in contrast to cells which are
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uniform and surrounded by a wall boundary (Figure 5.8). Therefore, to simplify this it
was assumed that voids are concentrated in the middle of a cell wall fragment, creating
a hollow-shaped fragment with a square cross-section. As shown in Figure 7.6, cell
wall voids were assumed to run along the x-direction, yet mass transfer can still take
place between the voids in all directions. Axial stress within cell wall fragments (o)
was assumed to apply only to the area immediately adjacent to the voids, as shown in
Figure 7.6. This area, together with the void it frames, constitutes a square segment of
length ¢y, (i.e., equal to the cell wall thickness); stress (o) applies to the frame while

pressure (P,) is applicable within the void itself.

— Biomass

--->Undissolved solute

Cell wall void
Cell containing <~ Cell
water/solute solution
’ \
’ \
7 AN
’ \
’ \
’ \
’ \
’ \
’ \
x ; \

=
A
ey — === ===- >
P Ac

Figure 7.6 — Demonstration of the shape that cell wall voids are assumed to
take. Each cell wall fragment has a square-shaped concentration of voids
running through the x-direction (into the page). Axial stress is applicable along
the x-direction and is limited to areas adjacent to voids, so as to maintain a
square-shaped area of mechanical influence

Assuming the dimensions described in Figure 7.6 remain constant (a
simplification), stress (o,,) and pressure (P,) can be related as shown below (for a unit

depth along the x-direction):

tew — A tew — A\2
PLA% = g,y l4A (%) + 4( CWZ ) l (7.11)

Equation (7.11) can be simplified into the following form:
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P A? = ayy[tew® — A?] (.12)

On the other hand, the volume of voids relative to the total volume of a cell wall
fragment, can be described with a cell wall void fraction (® ). For a unit depth along
the x-direction, the following holds true:

A2 = chwtCWZ (713)

Substituting Equation (7.13) into Equation (7.12) yields the following expression:

cDCW
w

Equation (7.14) relates o, with P, for cell wall fragments using the parameter
@, . This relationship constitutes a rough estimate based on simplifying assumptions
applied to the dimensions of voids and the area in which stress is applicable, together
with the presuppositions of rubber-like behaviour, unidirectional axial stress, and
negligible shear stress. The estimate used here is sufficient for this work; a relationship
between pressure and stress is developed from a reasonable basis, and it can be

incorporated within the intended numerical framework.

As shown in section 5.3.1.2 for cells, a numerical approach has been adopted here
to construct a pressure-volume relationship for cell wall fragments (Figure 7.7). The
required inputs are @, cell wall stiffness at zero strain (Y,_cy), and an input array
of discrete pressure values separated by a finite step (5P). For every pressure value in
the predefined domain, the stress (oy,) and strain (e,) are computed using Equations
(7.14) and (5.17), respectively; hence, the corresponding volumetric strain of the
fragment is calculated. However, since @y, is assumed to remain constant (because
stress/strain are applicable in the x-direction, and the voids maintain a square cross-
section), the new dimensions computed at each finite step (6P) do not alter the
relationship between o, and P, (Equation (7.14)) for the next step. This is as opposed
to the cell pressure-volume relationship where, the regular shrinkage in t.y, alters the

relationship between o,, and P, continuously (Figure 5.9 and Equation (5.18)).
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Nevertheless, note that this shrinkage in t.y, is still assumed not to affect the shape of

the cell wall voids.

The numerical framework computes a cell wall volumetric strain corresponding to
every input pressure value. Hence, a cell wall pressure-volume relationship is
generated where, if the volume of solution in voids is known, the pressure can be

interpolated, and vice versa.

Input geometry,
stiffness &
pressure array

For
every
pressure
value in
the array

Compute:
Stress — Eqn. (7.14) <€
Strain - Eqn. (5.17)

N

New cell wall void
volumetric strain

Final
point in
the
pressure
domain?

Completed

Figure 7.7 — Numerical framework for cell wall expansion

7.2.4.2 Rupture
In Chapter 5, cell rupture could be inferred on approaching certain threshold cell

pressure values; however, the rupture event itself had not been incorporated in the
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model. In the current work, it was intended to incorporate a more meaningful
definition of rupture, specifically to envisage a possibility as to how such an event
might alter mass transfer. In previous microwave extraction models (e.g., Chapter 5
and Chan et al. (Chan et al., 2016)) it had been assumed that cell rupture is primarily
responsible for enhancing extraction; hence, it was seen irrelevant to quantitatively
understand the events occurring after rupture had been achieved (section 7.1). In other
words, all that mattered was to investigate whether rupture can be achieved under
specific conditions. However, the current work is aimed at redefining the
underpinnings of extraction away from rupture as a rate-limiting step. Therefore, it
becomes imperative to incorporate a quantitative definition for rupture (albeit
simplistic), to investigate any effects it may have on mass transfer and the overall

extraction mechanism. Such an attempt is novel due to its absence from literature.

In this work, the possibility of rupture was extended to include all cell wall
fragments (each individually) in addition to cells. Rupture takes place once a threshold
pressure is achieved in any given biomass phase, and it results in a change in the
diffusivity of solutes. Therefore, the model demands two sets of input solute
diffusivity values, one for unruptured phases (D) and another for ruptured phases
(DR,). The threshold rupture pressures are PX. and PR, for cells and cell wall

fragments, respectively.

A simplistic definition for rupture is maintained in this work, due to its novelty.
Rupture takes place in a biomass phase when a threshold pressure is achieved, and
thereafter, the resulting structural modifications alter diffusivity and mass transfer
coefficient of solutes in that phase. However, following a rupture event the respective
phases maintain their shape, and they continue to obey the mass transfer law described
in Equation (7.2).

7.2.5 Numerical solution
Equations (7.2) and (7.10) describing mass and heat transfer, respectively, were

solved using a finite-difference time-domain (FDTD) technique known as the method

of lines.
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7.2.5.1 Initial and boundary conditions
Initial temperature (T;p;tiqr) 1S @ User input applicable throughout the system, while

the thermal boundary condition has been set for achieving zero heat loss from the
system, due to the very small scale of the model.

Initial molar quantities of solutes are set based on the biomass phase concerned
(i.e., cell or cell wall fragment). In cells, a user-input volume fraction (%;_) is used
to set the initial moles of each solute, while in cell walls the moles of solutes are
dictated with several user inputs including cell wall void fraction (®.y,); initial mass
percentages of the different solutes relative to the total dry mass (%s_cw); collective
density (p,) and molecular weight (Mr;) of solutes; and volumes of the individual cell
wall fragments (the total solute moles are divided amongst the fragments, based on
their volume as a fraction of the total cell wall volume). Initial solute moles in the

solvent phase are dictated by a user-input initial percentage mass of solutes (%;_g).

Initial water moles in cell walls are set as a percentage of the total moles of dry
material (%y,_s), which is added as a surplus amount to the total cell wall moles
already present, and then divided amongst fragments according to the volumes they
occupy. On the other hand, initial water moles in cells are calculated assuming that the
initial water and solute activities are equal to those in the cell walls. In other words,
activity values are equal throughout the biomass initially, and so the biomass is in
equilibrium with itself. Therefore, the minimum amount of water needed to constitute
a saturated solution in cells, with the same activities as in the cell walls, is calculated

and applied.

In real-world situations, an equilibrium state within a biomass comprises equal
chemical potential values in the different cell/cell wall phases. Such equivalence may
be achieved with various pressure/activity combinations in the system, meaning that
these two parameters may not necessarily be uniform throughout the material at the
initial state. However, to avoid complexity in the current work, the initial state was
assumed to comprise uniform activity values in biomass (as stated above), and,
therefore, uniform pressures. This is perhaps the easiest pressure/activity combination
to implement at the initial state, as it does not necessitate balancing pressures and
activities to equalise the chemical potential values, nor does it demand additional input
parameters describing the initial pressure distribution in the biomass. In this work, the

initial pressure was set equal to the atmospheric value in all biomass phases and in the
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solvent. This eliminates any pressure-driven diffusion at the initial state, thereby
avoiding possible interferences with the effects of any pressures arising in the model
as heating is introduced. Future efforts may allow non-uniform initial activities,
pressures, and even temperatures in the biomass, which will further widen the

scenarios that can be studied using this model.

For all components (water and solutes), the boundary condition is set such that no

mass escapes the biomass-solvent system.

7.2.5.2 Model discretisation
In this work, model discretisation follows the example of section 3.2.3.2 for heat

transfer, where each cell and cell wall fragment were denoted a discrete numerical
point. Dividing the model into discrete points means to assume that each cell and cell
wall fragment is a distinct phase, represented by a discrete finite point (Figure 3.5).
The properties of any given phase (such as temperature) are assumed to be
homogeneous throughout the phase and equal to the properties computed at the
location of the discrete point. Also, the displacement between any two adjacent phases
is assumed equal to the separation between their respective discrete points.

As discussed in section 3.2.3.2, the solvent was assumed as one homogeneous
phase described by a single numerical point. Since this homogeneous solvent phase
surrounds the biomass, it cannot be denoted a fixed numerical point, but rather this
point should “move” continuously alongside the biomass-solvent boundary, so that all
biomass phases at the edge are at the same proximity to the solvent phase (Figure 3.5).
It is assumed here that the rate-limiting step to enhancing extraction lies within the
biomass rather than the solvent phase. It is, therefore, reasonable to represent the
solvent with a single numerical point, and to allow this point to be in direct contact
with all biomass phases at the biomass-solvent boundary.

7.2.5.3 Approximating the mass and heat equations
The mass and heat equations (Equations (7.2) and (7.10)) were approximated by

assuming that the spatial gradients in u/T (for mass transfer) and T (for heat transfer),
are linear between any two discrete numerical points concerned. This renders the
expressions to those shown below in Equations (7.15) and (7.16), constituting a system

of ordinary-differential equations (ODE) that can be solved numerically.
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Due to the mobile nature of the numerical point representing the solvent phase
(section 7.2.5.2), Equations (7.15) and (7.16) cannot be used to solve for temperature
and molar quantities in this phase. Instead, molar quantities in the solvent can be
obtained through a mass balance applied with all adjacent biomass phases (Equation
(7.17)). Also, the solvent temperature remains directly computable from the heating

rate of the solvent (Q,), which is a user input.

_ Z dN
solvent dt

ijk

dN

pr (7.17)

ijk

Phase ijk in Equation (7.17) is a biomass-solvent boundary/edge phase.

7.2.5.4 Solution framework
This work has overcome some key limitations of the previous model presented in

Chapter 5, allowing extraction in biomass-solvent systems to be investigated
independently of cell rupture (see section 7.1). Cell wall fragments have been included
in this work (together with a cell wall pressure-volume relationship), and mass transfer
of solutes has also been incorporated where each solute has its own diffusivity (D).
Mole fraction has been characterised based on solubility (S), which is a more realistic
approach for the intended definition. Also, non-ideal solution behaviour has been
enabled through utilising a simplistic activity-mole fraction relationship that adheres

to the fundamental principles that define activity () and activity coefficient (y).

Figure 7.8 summarises the numerical framework of the model where, Equations
(7.15) and (7.16) were solved over a predefined domain of discrete time values
separated by a finite step (6t). For example, solving over 100 s with a time-step 6t =

1s, is analogous to solving in a stepwise manner over a time domain of
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0,1,2,..,100 s. The smaller the time-step (6t) the more accurate the result, but also
the more computationally intensive the simulation. Moreover, too large 5t values
cause instability to the computation and can lead the results to diverge towards infinity.

Hence, the chosen &t should neither be too small nor too large.

Starting from the input geometrical, heat, and mass parameters, and the pressure-
volume relationships, u and T were computed for all spatial numerical points in the
biomass-solvent system. Following this, new temperatures and molar quantities were
computed and, subsequently, new pressures were also obtained using the relevant
pressure-volume relationships. The new values were then used in the next time step,
and this was repeated for every consecutive value in the time domain. Key model
validation steps are presented in APPENDIX C.

As shown in Figure 7.8, this work does not only enable mass and heat transfer to
be conducted in a single simulation run, but unlike Chapter 5 these two analyses are
also conducted simultaneously over a single time domain. This is a key advancement
signifying that extraction does not necessarily take place at thermal steady state, but
rather, both mass and heat transfer occur simultaneously at the same time. In
comparison, the previous model (Chapter 5) had exclusively focussed on extraction at
steady state temperature distribution; hence, heat transfer had been assumed to occur
before any mass transfer was initiated (section 5.3.1.4.3). The previous model was,
therefore, limited to cases with rapid heating where thermal steady state is achieved
much faster than extraction itself, whereas the current work can be applied to a much

wider range of extraction scenarios.
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Figure 7.8 — Numerical framework for the comprehensive extraction model
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7.3 Predicted extraction trends at room temperature
Initially, extraction was investigated at room temperature to understand the

underlying effects of the mass transfer parameters including solubility (Ss), diffusivity
(D), solvent-to-solid ratio (Sz), biomass particle size, non-ideal behaviour of solutions,
solvent purity, and solute distribution amongst cells and cell walls. Typical value
ranges for the different parameters of the model are shown in Table 7.3.

7.3.1 Base case
This case comprises the smallest possible cubic-shaped biomass cluster (1x2x2

cells; particle size = 0.1 mm; Figure 7.9), surrounded by a solvent with Sp =
10 mLg~?. The biomass incorporates two solutes, where the initial mass percentage
of each solute in cell wall fragments (%s_cw ) Was fixed at 25%, and the initial volume
fraction in cells (%;_c), representing both solutes collectively, was assigned a value
of 0.025%. This means that the intended extracts mainly originate from the cell walls,
but nonetheless, the effect of redistributing solutes into cells has been studied in
section 7.3.8. On the other hand, solubility (S,) was assigned a value of 0.01 gggy, 1,
and this is justified given that even smaller figures have been reported for cellulose
(Strachan, 1938), which is a key component in the structure of cell wall materials
(Chapter 2; section 2.2). Moreover, water diffusivity (D,,) was fixed at 107° m2s~1,
and both solutes were assigned a diffusivity value of 1071°m?2s~t. Table 7.4

summarises the baseline values assigned to the different model parameters.

Cell
Cellwall

A |

0.1 mm

v %mm
/Hi y N 0.1 mm i
§i
t, X

Figure 7.9 — A cubic biomass cluster with 1x2x2 cells and particle size of 0.1 mm
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Cell wall fragments within a biomass can be distinguished into two categories,
namely, an “outer layer” comprising fragments that are in direct contact with the
solvent phase; and an “inner layer” including wall fragments that are exclusively in
contact with other biomass phases. As seen in Figure 7.10, the outer layer is adjacent
to the solvent; hence, extraction is likely to be rapid and largely independent of the
conditions of the inner biomass. However, for extraction to occur from within the inner
layer and from cells, suitable conditions should exist in the outer cell wall fragments,
as these act as a conducting medium between the inner biomass and the solvent phase.
This categorisation of biomass phases is essential to understanding the results

presented in this work.

> Inner layer of cell wall fragments

—> Outer layer of cell wall fragments

—8&—> Cell

Figure 7.10 — Biomass cell cluster cross-section, demonstrating inner biomass
and outer cell wall layers

Results arising from the base scenario (Table 7.4) are presented in Figure 7.11 as a
yield-time plot, but also in Figure 7.12 as an osmotic potential diagram showing
gradients in temperature, activities, pressure, and chemical potentials between the
solvent phase, outer/inner cell wall layers, and cells. For further demonstration, the
osmotic potential diagrams are supplemented with water activity (ay,)-time and solute
activity (a,)-time plots. Percentage yield is defined in Equation (7.18), and as seen in
Figure 7.11 it is around 25% for both solutes, which is to be expected because both
solutes are characterised by the same diffusivity in this case (i.e., Dg; = Ds,).
However, itis evident from Figure 7.12 that, activity values ay, and a, remain uniform
and constant across the biomass for the full extraction duration (including inner/outer
layers and cells), as they only change in the solvent phase. This is due to the significant
amounts of undissolved solutes existing within the cell walls, which maintain constant
activity values (section 7.2.2.3), and, thereby, inhibit any intra-biomass diffusion

(Figure 7.12). As such, mass transfer occurs exclusively between the solvent and the
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outer cell wall layer, due to the fact that activity gradients exist between these two
entities exclusively. Moreover, owing to the small activity gradient amounting to just
0.001 in this case (due to low S;), mass equilibrium is achieved with limited diffusion
between the solvent and the outer cell wall layer, without the need to dissolve/extract
all solutes available in the in this outer layer. Therefore, ay, and a; remain uniform
within the biomass throughout the process, as neither water penetrates the biomass
deeper than the outer cell wall layer, nor solutes get extracted from the inner biomass.
This fact is translated into Figure 7.11 as a small yet rapidly achieved equilibrium
yield (around 25% achieved in less than 2 s). To further demonstrate these outcomes,
the extraction process envisaged here is additionally conceptualised in Figure 7.13 as

a schematic.
] Solute moles in solvent — Initial solute moles in solvent (7.18)
% yield = — — x 100
Initial solute moles in biomass
Percentage Yield
100 4 Solute (1)
=== Solute (2)
- Total
~ 801
&
p=)
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Figure 7.11 — Yield-time plot for the room temperature extraction base case
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Figure 7.12 — Osmotic potential diagrams for the room temperature extraction
base case. Diagrams show gradients in activities, pressure, temperature, and
chemical potentials between solvent, outer cell wall layer, inner cell wall layer,
and cells. (A) initial condition; (B) final/equilibrium condition. Diagrams are
supplemented with water/solute activity-time plots, where each cell wall layer is
represented by a single cell wall fragment
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|:| Cells - no diffusion

Figure 7.13 — Schematic for the room temperature extraction base case. Mass
transfer only takes place between the solvent phase and the outer layer of cell
wall fragments. These solutes cannot be fully dissolved by the available water;
hence, activities remain constant in the outer layer and uniform across the
biomass, thereby inhibiting any intra-biomass diffusion and restricting
extraction to the outer layer only

On the other hand, consider a change in solubility S, from its base quantity of
0.01 gsgyw ! to a value of 0.04 gsgy, 1, while keeping all other parameters constant
as shown in Table 7.4. Increasing S, results in a higher capacity of water to dissolve
components, which, in turn, indicates a higher tendency of solutes held within the
outer cell wall layer to dissolve in the available water/moisture. This aspect is reflected
into the yield-time outcome of this scenario (Figure 7.14), as an increase in the
equilibrium yield to around 90%, compared with just 25% when S, = 0.01 gsgy ~*
(Figure 7.11). As it improves water’s dissolving capacity, higher S; magnifies the
activity gradients existing between the solvent and the outer cell wall layer (section
7.2.2.3), causing enhanced water influx into the outer layer as well as increased solute
diffusion towards the solvent phase. However, with such increase in S and the activity
gradients, mass equilibrium cannot be achieved even as the outer layer solutes get
dissolved/extracted completely, due to the finite quantity of these solutes. Therefore,
a full extraction of the outer layer solutes does not cease mass transfer, but rather it
allows the outer layer activities to change (Equation (7.6); Figure 7.5), ultimately

driving them to become equivalent to the activities of the solvent phase. This is
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demonstrated in the osmotic diagrams and supplementary activity-time plots shown in
Figure 7.15. These diagrams/plots demonstrate a rapid and complete dissolution of the
outer layer solutes, and as can be seen, this induces an intra-biomass activity gradient
between the outer layer and the inner cells/cell walls, driving water towards these inner
phases and solutes out of them. Unlike the case comprising S, = 0.01 gsgy, ~ 1, Figure
7.14 and Figure 7.15 indicate extraction from both the outer layer and inner biomass,
which explains the observed increase in the extraction yield. However, any extraction
from the inner biomass must incorporate solutes flowing through the outer layer and
into the solvent phase, and the very small activity gradients between the latter two
entities limits the rate of such extraction from the inner biomass (Figure 7.15). Hence,
solute diffusion from the inner biomass is a time-consuming process, compared with
the extraction of solutes originating from the outer layer. This renders extraction a
two-step process (Figure 7.14) where, initial solute liberation from the outer layer
constitutes an inaugural sharp increase in yield, but the subsequent acquisition of
solutes from the inner biomass gives rise to a much slower approach to mass

equilibrium.

Furthermore, Figure 7.15 shows that the inner cell wall fragments sustain constant
activities for the full duration of extraction, which is consistent with the fact that, these
fragments maintain the presence of undissolved solutes throughout the process. In
other words, it is sufficient in this scenario to only extract a portion of the inner layer
solutes to bring about mass equilibrium, without the need to fully dissolve/extract
these solutes. Note, however, that cells do not enclose any undissolved solutes at the
initial state in this model (section 7.2.5.1); therefore, unlike the inner cell walls, cells
exhibit changes in their activities shortly after achieving full dissolution of the outer
layer solutes. As seen in Figure 7.15, cell activities in this specific case acquire an
intermediate magnitude between the values of the outer and inner layers, which is
consistent with their intermediate location in the biomass between the two cell wall
layers. Depending on the specific biomass structure and other physical conditions,
diffusion pathways within the inner biomass may differ, with water/solutes flowing
from/to cells/cell walls. Nevertheless, regardless of the diffusion pathways established
within the biomass, the overall extraction process is governed by the significant
activity gradients induced between the outer layer and the inner biomass (Figure 7.15).

These gradients ensure a continuous general influx of water deeper into the material,
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and an overall extraction of solutes from the inner biomass towards the solvent phase.
To further demonstrate these outcomes, the extraction process envisaged here is

additionally conceptualised in Figure 7.16 as a schematic.
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Figure 7.14 — Yield-time plot for room temperature extraction where Sy =
0.04 gsg, ! (other parameters fixed as shown in Table 7.4)
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Figure 7.15 — Osmotic potential diagrams for room temperature extraction with
S, = 0.04 gggy L. Diagrams show gradients in activities, pressure,
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Figure 7.16 — Schematic for room temperature extraction under high Sg; (A)
initially, mass transfer only takes place between the solvent and the outer cell
wall layer due to the presence of undissolved solutes; (B) mass equilibrium is
not established even as all solutes in the outer cell wall layer get fully dissolved;
hence, intra-biomass diffusion is triggered where solutes are extracted from the
inner cell wall layer and from cells. Water/solute exchange within the inner
biomass (cells/cell walls) depends on the established local gradients.
Nonetheless, the overall diffusion process is regulated by the significant
gradients between the outer layer and the inner biomass, which generally drive
water diffusion deeper into the biomass and solutes towards the solvent phase.
This occurs regardless of the specific pathways taken by water/solutes within
the inner biomass

It is clear from these outcomes that, the extent of extraction is governed by the
solubility of solutes; the larger the value of S the more likely water will penetrate
deeper into the biomass and solutes will be liberated from the inner layers. The layer-
by-layer, solubility-specific extraction envisaged in this section, is summarised in the
flow diagram shown in Figure 7.17. Additionally, a more comprehensive sensitivity

analysis on S is presented in section 7.3.2.
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Figure 7.17 — Flow diagram summarising the layer-by-layer extraction process

occurring at room temperature
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7.3.2 Effect of solubility (Ss)
The effect of solubility (Sg) was investigated by varying this parameter between

0.001 gsgyw "t and 0.1 gsgy,,~ 1, while keeping all other parameters fixed as shown in
Table 7.4. Table 7.5 presents the results including percentage yield at equilibrium and

time required to achieve 95% of this equilibrium value (tys_p).

Ss (gsgw™™) Yield (%) tos_m (S)
0.001 6.1 4.0
0.01 25.7 1.7
0.02 47.3 1.6
0.03 68.7 1.6
0.04 89.8 28.0
0.05 100.0 22.4

0.1 100.0 4.2

Table 7.5 — Percentage yield and time required to achieve 95% of mass
equilibrium, for variable solubility (other parameters fixed as shown in Table
7.4)

As S, is increased from 0.001 gsgy,~* to 0.03 gsgw 1, yield increases from 6%
to 69% and tqs_,, decreases from 4 s to 1.6 s. This is to be expected since activity
gradients between the biomass and the solvent increase with S (section 7.3.1),
providing a stronger driving force for mass transfer. However, despite this initial
decrease in tys_), a significant jump is observed in this parameter with increasing S,
from 0.03 gggw ! to 0.04 gsgy, 1, which is because solutes start to get extracted
from the inner biomass. Increasing S expands the activity gradient between biomass
and solvent, and this eventually renders extracting the outer layer solutes alone
insufficient to achieve mass equilibrium, due to the finite quantity of these solutes
(section 7.3.1). Therefore, at sufficiently high S solutes get extracted from the outer
layer until there are no more undissolved solutes remaining, which then allows
activities in the outer layer to vary and, thereby, induces an activity gradient between
the outer layer and the inner biomass (Figure 7.15 — Figure 7.17). This intra-biomass
activity gradient drives extraction from the inner cell wall layer and cells, but this
diffusion process is much slower compared with extraction from the outer layer, which
is why a steep rise in tqs_,, is observed going from 0.03 gsgy,~* to 0.04 gsgw .

Further to this, yield and tqs_,, continue to increase with S, beyond 0.04 gsgy, 1,
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until the physical yield limit of 100% is approached (i.e., all solutes are extracted from
the biomass); hence, tys_,, S00N starts to drop thereafter as the activity gradients raised

further through increasing S;.

It is clear from these results and from those in section 7.3.1 that, S, is a key limiting
parameter in mass transfer and extraction. This parameter restricts water penetration
into a biomass and limits solute extraction from within the material. Higher S values
reflect an enhancement in water’s capacity to dissolve biomass components, inducing
higher biomass-solvent activity gradients and, thereby, enabling deeper water
penetration into the biomass as well as improved solute extraction from inner phases.
This limitation imposed by Sg may be overcome through various means, such as
continuously replenishing the solvent to preserve the activity gradients; or heating as
S 1s known to increase with temperature. In fact, the relationship between S and
temperature may explain why some extraction studies have found the yield to increase
with temperature (Galan et al., 2017; Nkhili et al., 2009). Moreover, this chapter will
attempt to explain how the limitation imposed by S; may also be overcome through

microwave heating (section 7.4).

7.3.3 Effect of diffusivity (D)
This analysis is divided into two parts, the first of which investigates the effect of

varying both Dy, and Dy, (i.e., Dg; = Dy,), while the second part investigates the effect
of varying Dy, only (i.e., Dg; # Dg,). In accordance with the base values prescribed in
Table 7.4, Dy, = 1072 m2s~1 in all cases, and Dy; = 10719 m2s~1 throughout the
second part.

7.3.3.1 Equal solute diffusivities (Dsi=Ds2)
Results are presented in Table 7.6 where yield, tgs_j,, and maximum pressure

recorded in the biomass (P,.) are shown for D, ranging from 0m?2s~! to

1078 m2s~1. All other parameters were fixed as shown in Table 7.4.

D, (m*s™1) Yield (%) tos—m (S) Pinax (barg)
0 0.0 N/A 1.27
10713 23.3 1469.1 1.24
10712 24.7 157.4 1.17
10~ 25.2 16.4 0.82
10710 25.7 1.7 0.00
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107° 25.8 0.2 0.00
1078 25.8 0.02 0.00

Table 7.6 — Percentage yield, time required to achieve 95% of mass equilibrium,
and maximum biomass pressure, for variable solute diffusivity (other
parameters fixed as shown in Table 7.4)

At higher D an increase in the yield and a decrease in tgs_,, are observed. As
expected, a ten-fold increase in D, generally results in a proportional decrease in
t9s—p, Which is because diffusivity primarily describes the resistance to mass transfer.
On the other hand, the yield is much less sensitive to D, and becomes increasingly less
sensitive as Dy increases. At very low Dy, the yield will understandably be low as
solute diffusion encounters significant resistance, and instead more water flows into
the biomass, waiving the need to extract much solute to achieve equilibrium. However,
as Dy increases the resistance to solute diffusion drops down, and the water and solute
diffusion rates become more comparable such that Dy is less effective in dictating the
equilibrium position. Hence, the yield increases significantly going from Dg =
0m?2s~! to D, = 1073 m?2s~1, but for all practical purposes the yield remains
constant beyond the latter D¢ value. On the other hand, since water flows more
considerably into the biomass at low D compared to solute diffusing out, the
likelihood of developing pressure within the structure is increased. At sufficiently low
Dy, the biomass absorbs water in amounts large enough to induce positive pressures
(Table 7.6), and if D, = 0 m?s~! (i.e., no extraction), equilibrium is solely achieved
through a balance between activity and biomass pressure (Figure 7.18), which is
analogous to the model presented in Chapter 5. It should be noted that, all pressures
induced in the biomass (except where D, = 0 m2s~1), are limited here to the outer
cell wall layer, because with Sg = 0.01 g,gy,~* mass transfer is not possible with the

inner biomass under the current setup and physical conditions (section 7.3.2).

When D; = 0 m2s™1, pressure induced in the outer layer drives water towards the
inner biomass, in which pressure may also be induced as a result. Inner cell wall
fragments can develop pressure easily, due to the presence of undissolved solutes
maintaining constant activities in the voids of these fragments (section 7.2.2.3), but
also due to the small size of these fragments compared with cells (section 7.2.4).
Therefore, as seen in Figure 7.18, mass equilibrium when D, = 0 m?s~1 must

incorporate positive pressures in the cell walls, as these pressures balance the
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otherwise unchangeable activity gradients in the system (i.e., unchangeable because
solutes are both undissolved and cannot diffuse). However, this analogy does not
necessarily apply to cells, where although the solutes are still immobile, in this work
they are fully dissolved in the available moisture initially (section 7.2.5.1). Hence,
activities vary in cells in response to any water influx, meaning that mass equilibrium
does not necessarily require positive pressures in cells. Rather, attaining positive cell
pressures depends on whether these cells are turgid initially, or they can still
accommodate additional water without any pressure increase. In Figure 7.18, no
positive cell pressure is required to bring about mass equilibrium, which is consistent
with the fact that, in this work, cells contain minimal quantities of water and solutes
at the initial state (Table 7.4). As such, sufficient quantities of water may diffuse into
cells and alter their activities so as to bring about mass equilibrium, without the need
to fully occupy these cells. In contrast, the base case in Chapter 5 (section 5.3.2)
incorporated fully occupied cells at the initial state, allowing for an immediate pressure

build-up upon water influx, be it under microwave heating or otherwise.
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Figure 7.18 — Osmotic potential diagrams for room temperature extraction with
D, = 0 m?s~1 (i.e., solutes do not flow in the system; only water does).
Diagrams show gradients in activities, pressure, temperature, and chemical
potentials between solvent, outer cell wall layer, inner cell wall layer, and cells.
(A) initial condition; (B) final/equilibrium condition

7.3.3.2 Unequal solute diffusivities (Ds1#Dsp)
Results are presented in Table 7.7 where yield and t45_,, are shown for each solute

individually, together with the collective yield of both solutes. D, was varied between
5x 1073 m2s~1 and 1071° m2s~1, while all other parameters were fixed as shown
in Table 7.4.
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D., (m?s1) S'olute 1 tos_m—s1 S.olute 2 tos_m—s2 C?mbined

yield (%) (s) yield (%) (s) yield (%)
5x 10713 50.9 3.5 0.3 3.6 25.6
1012 50.6 3.5 0.5 3.5 25.6
5x 10712 48.7 3.3 2.5 3.4 25.6
10711 46.5 3.1 4.8 3.2 25.6
5x 1011 34.2 2.2 171 2.2 25.7
1010 25.7 1.7 25.7 1.7 25.7

Table 7.7 — Percentage yield and time required to achieve 95% of mass
equilibrium, for variable diffusivity of solute (2). Dy, = 107 m2s™1, Dy, =
107 1%m?2s-1 and S, = 0.01 g, g, (other parameters fixed as shown in

Table 7.4)

At lower D, the yield of solute (1) increases whereas that of solute (2) decreases.
To understand this, it is vital to recall that both solutes are represented by the same
activity and chemical potential here, following the assumption that they behave
similarly in solution (section 7.2.2.2). Therefore, both solutes flow down a single
potential gradient, and mass equilibrium is achieved with extracting either one or both
solutes. This is proven with the fact that; the combined yield remains consistent
regardless of how the individual solute yields change. The yield of solute (1) increases
with decreasing D, because, at such condition solute (1) experiences lower resistance
to diffusion than solute (2) does. Therefore, larger quantities of solute (1) get extracted
at the expense of solute (2), but the combined yield remains consistent as changes in
diffusivity do not alter the driving force of diffusion, given that diffusivity is not very
low (section 7.3.3.1). These results show a competition between the two solutes to get
extracted. If both solutes possess the same D, value they will be extracted in equal
proportions, but if the resistance to diffusion encountered by one solute is lower
compared with the other, the former will then be extracted more readily at the expense
of the latter. Figure 7.19 shows yield-time plots for Dy, values of 1071° m2s—1,

5% 107 m2s~1 and 10712 m?s~ 1.

Furthermore, tqs_,, increases for both solutes with decreasing Dy, , because on one
hand solute (2) diffuses more slowly, and on the other hand the larger quantities of

solute (1) being extracted require longer timeframes to be achieved. Nevertheless, both
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to9s_p Values remain roughly equal for both solutes under all Dy, because both solutes

diffuse down a single gradient and so they achieve mass equilibrium collectively.

It is shown here that extraction amongst similar solutes is conducted in a
competitive manner, where solutes experiencing lower resistance to mass transfer are
extracted in larger quantities at the expense of others. If the diffusivity of specific
solutes varies with temperature, it could be possible to favour the extraction of specific
components at given temperatures/heating conditions. The effect of temperature on
extraction selectivity may be intuitive, but the underpinning cause of such selectivity
has rarely been characterised quantitatively before. For instance, it is yet to be firmly
established why certain extracts exhibit optimum extraction temperatures, and whether
this is influenced by the presence of other solutes in the biomass. This section has
demonstrated that, extraction selectivity amongst similar solutes is attributable to the
differences in their diffusivities. This novel approach may allow future studies to
quantitatively predict extraction selectivity trends in biomass-solvent systems at

various temperatures.
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Figure 7.19 — Yield-time plots for Dg; = 1071 m2?s~1 and (A) D, =
107 1% m?2s71; (B) D;, = 5x 10711 m?s~1; (C) Dy, = 10712 m2s~1 (other
parameters fixed as shown in Table 7.4)
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Table 7.7 has used the base S value of 0.01 gggy,~* which, as shown previously,
is insufficient to induce extraction from the inner biomass in this specific setting and
under the current physical conditions (section 7.3.2). However, given that solute (1)
yield increases with decreasing D,, it remains unclear whether solute (1) could
eventually be extracted from the inner biomass at sufficiently low Dy,. Therefore, the
analysis in Table 7.7 was repeated with S; = 0.02 gsgy,~* which, as shown in section
7.3.2, increases the yield but still does not permit diffusion from the inner biomass at
the base diffusivity values. Hence, this scenario (Table 7.8) demonstrates more clearly
whether changes in diffusivity can eventually allow extraction from the inner biomass,

thereby overriding the limitation imposed by S, (section 7.3.2).

D., (m2s1) S.olute 1 tos_m—s1 S.olute 2 tos_m—s2 C(.)mbined

yield (%) (s) yield (%) (s) yield (%)
5x 10713 68.5 1.1 21.4 486.6 442
10712 68.5 1.2 22.3 275.9 454
5x 10712 67.5 1.2 25.4 60.0 46.4
10-11 67.5 1.3 25.5 29.3 46.5
5x 1011 62.0 2.1 32.3 2.2 47.1
10-10 47.3 1.6 47.3 1.6 47.3

Table 7.8 — Percentage yield and time required to achieve 95% of mass
equilibrium, for variable diffusivity of solute (2). Dg; = 10" m?s 1 and S, =
0.02 g.gy ! (other parameters fixed as shown in Table 7.4)

As seen in Table 7.8, although all solute (1) gets extracted from the outer layer at
low enough D, (maximum possible yield is around 68%), none gets further extracted
from the inner biomass. Instead, any further decrease in Dy, only delays achieving
mass equilibrium, but it does not alter the composition of extracts. Therefore, for
solutes behaving similarly (i.e., represented with a single activity), it is insufficient to
extract one solute completely from the outer layer to achieve more of it from the next.
Rather, all solutes should be extracted from the outer layer first before mass transfer
can be initiated with the inner biomass. In real-world situations, this means that certain
desired solutes may not be achievable until some other undesired solutes sharing
similar chemical/physical characteristics, are extracted first. Furthermore, if these

other undesired solutes possess high diffusivities, exist in abundant amounts, or are
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located closer to the biomass-solvent boundary, the desired solutes might simply not

be extractable in any significant quantities.

It is clear from the results attained so far that S and D, constitute major barriers to
extraction, with the former limiting extractability to certain layers of the biomass
material, and the latter favouring the extraction of certain solutes at the expense of
others, thereby possibly limiting the extractability of desired components. To enhance
extraction, manipulating the physical conditions should be focussed on tuning S and
D to maximise the yields of desired components. S can be increased by solvent
selection and through controlling the pH (as done in some studies (Mao et al., 2019)),
but also through heating as solubility is known to increase with temperature. Dy can
be manipulated through temperature as well; moreover, it can also be altered with
physical rupture of biomass cells and cell walls (see section 7.2.4.2). Extraction can
also be enhanced with increasing Sk (section 7.3.4), under which the increased volume
of solvent demands more extraction to achieve mass equilibrium. Furthermore, semi-
continuous processes entailing steady replenishment of the solvent may also improve
extraction, as these preserve the activity gradients between biomass and solvent,
thereby enhancing mass transfer in the system. On the other hand, extraction can also
be enhanced with microwave heating, as this constitutes unique mass transfer patterns
which overcome the limitations imposed by S and D,. This will be discussed in detail

in section 7.4.

7.3.4 Effect of solvent-to-solid ratio (Sr)
Table 7.9 shows the results including yield and tys_,,, for varying Sz between

5mLg~! and 30 mLg~?. All other parameters were fixed as shown in Table 7.4.

Sg (mLg™") Yield (%) tos—m (S)
5 12.9 0.8
10 25.7 1.7
20 51.4 3.5
30 75.3 38.8

Table 7.9 — Percentage yield and time required to achieve 95% of mass
equilibrium, for variable solute-to-solvent ratio (other parameters fixed as
shown in Table 7.4)

Both yield and tys_,, increase with Sg, due to the increased solvent volume with

which more solutes should be extracted to change ay, and a, in the solvent phase, and

Page 7-47 (237)



CHAPTER 7

thereby achieve mass equilibrium. Furthermore, at some threshold ratio (between 20
and 30 mLg~! in this case) all solutes in the outer layer get extracted yet mass
equilibrium is still not achieved; therefore, extraction is initiated from the inner
biomass. This additional step induces a sharp increase in tqs_,,, Which is because
extraction from the inner biomass is a time-consuming process, as the relevant
cells/cell walls are not in direct contact with the solvent phase (section 7.3.1; Figure
7.10). Therefore, in real-world situations entailing limited extraction timeframes, it is
expected to observe a reduced influence of S; on yield as the former increases. A
flattening yield-S; curve has been observed in some empirical studies utilising

biomass particle sizes similar to those used this work (Galan et al., 2017).

7.3.5 Effect of biomass particle size
Table 7.10 shows the results including yield and tqs_,,, for varying biomass particle

size between 1 cell and 0.3 mm. Figure 7.9 demonstrates a biomass particle sized 0.1
mm; moreover, increasing the particle size is analogous to introducing more cells (and
surrounding cell wall fragments) into the biomass. All other parameters were fixed as

shown in Table 7.4.

Particle size Yield (%) tos_u (S)
1 cell 25.7 1.0
0.1 mm 25.7 1.7
0.2 mm 25.7 3.4
0.3 mm 25.7 30.9

Table 7.10 — Percentage yield and time required to achieve 95% of mass
equilibrium, for variable biomass particle size (other parameters fixed as shown
in Table 7.4)

Particle size has no effect on the yield because Sy is constant, meaning that as the
biomass grows here, the quantity of solutes it possesses increases proportionally with
the increase in solvent volume. This proportional increase gives a constant percentage
yield, although the quantity of solutes extracted (as opposed to percentage) increases
with particle size and solvent volume. However, tqs_,, is clearly affected by the
particle size as it is higher for larger particles. Increasing the size from 1 cell to 0.2
mm (32 cells) raises tq5_,, three-fold from 1 s to 3.4 s, and this is to be expected
because the quantity of solutes extracted increases (although percentage yield remains

constant), requiring longer timeframes to be achieved. Interestingly, however, tys_y,
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increases ten-fold from 3.4 s to 30.9 s as the particle size grows from 0.2 mm to 0.3
mm (108 cells). This is a very significant increase given the extent to which the particle
has grown here (i.e., only 3 times larger), compared with the earlier growth from 1 cell
to 0.2 mm (i.e., 32 times larger). This unproportioned rise in tqs_,, takes place since,
going from 0.2 mm to 0.3 mm, the quantity of solutes available in the outer biomass
layer becomes insufficient to constitute mass equilibrium. This is because, the inner
solutes represent an increasingly larger percentage of the total solutes as the biomass
grows, meaning that eventually the outer layer solutes will not suffice to achieve the
required yield for mass equilibrium. As such, at a threshold particle size, all outer layer
solutes get extracted without approaching mass equilibrium, and instead solute
extraction is initiated from within the inner biomass. As stated earlier, this diffusion
process requires significantly longer timeframes, thereby bringing about a sharp

increase in tos_py-

These results signify that particle size has no effect on percentage yield, but rather
it only influences the time needed to complete an extraction process. Furthermore,
particle sizes can be categorised into groups, where each group exhibits similar
extraction timeframes, but there exist significant differences in the timeframes going
from one group to another. As shown here, particle sizes of 1 cell — 0.2 mm exhibit
similar extraction timeframes all within the order of 1 s, but a size of 0.3 mm is
affiliated to a separate group requiring a significantly higher range of timeframes at
least within the order of 10 s. This means that, if a 0.3 mm particle is chopped into
either 108 cells or three 0.1 mm particles, the same yield can be achieved within
significantly shorter timeframes which are similar in both cases, provided Si remains
constant. Given that empirical studies are time-limited, it is likely to observe yield
decreasing as the particle size is increased, and such an observation has been reported
(Chupin et al., 2015; Kaufmann, Christen and Veuthey, 2001).

7.3.6 Effect of solute activity-mole fraction relationship (n)
Table 7.11 shows the results including yield and tys_,,, for varying n (the activity-

mole fraction relationship parameter, i.e., « = X™; Equation (7.5)) of solutes between
0.5 and 1.75. The value of n for water was maintained at 1 here, while all other

parameters were fixed as shown in Table 7.4.

n (for solutes) Yield (%) tos_u (S)
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0.5 25.6 3.3
0.75 25.7 2.2

1 25.7 1.7
1.5 25.7 1.1
1.75 25.7 1.0

Table 7.11 — Percentage yield and time required to achieve 95% of mass
equilibrium, for variable activity-mole fraction relationship for solutes (other
parameters fixed as shown in Table 7.4)

Increasing n accelerates the extraction process due to a reduction in the activity
gradient between biomass and solvent (i.e., for a given mole fraction, activity is
smaller at larger n; Equation (7.5)). However, the variation in activity due to changing
n does not affect the yield in this case, which is because n remains uniform throughout
the biomass-solvent system. Therefore, the same quantity of solutes should still be
extracted to achieve mass equilibrium, and so the yield remains constant here. Further
studies can be conducted where n is assigned unequal values in amongst biomass and
solvent. Such analysis, which can be carried out using the current model, may
demonstrate varying yield trends based on the different combinations and distributions

of n.

7.3.7 Effect of initial solvent purity (%s-s)
Table 7.12 shows the results including yield and tq5_,,, for varying %;_s between

0 and 0.01. All other parameters were fixed as shown in Table 7.4.

%s-s Yield (%) tos_m (S)
~0 25.7 1.7
0.001 20.5 1.7
0.002 15.3 1.7
0.003 10.2 1.7
0.01 0.0 N/A

Table 7.12 — Percentage yield and time required to achieve 95% of mass
equilibrium, for variable initial mass percentage of solutes in solvent (other
parameters fixed as shown in Table 7.4)

Increasing %,_g signifies raising the initial quantity of solutes dissolved in the
solvent, making this phase increasingly impure. The more impure the solvent is, the
smaller the activity gradient between biomass and solvent, the less the extraction

required to achieve mass equilibrium. This results in a decrease in yield with
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increasing %;_g, coupled with a consistent tqs_,, even though the yield is decreasing,

which indicates slower extraction.

Moreover, at %,_s = 0.01, no mass transfer takes place in the system, which is
because the solvent is saturated and the available solute quantities are beyond the
solvent’s capacity to dissolve. Therefore, due to the assumption that solubility (S;) is
the same throughout the biomass-solvent system, the initial activity values in the
biomass are equal to those in the solvent. This means that no mass transfer is required
in this case, as the system exbibits mass equilibrium right from the start. Therefore,
these results indicate that extraction only takes place if the solvent is not fully
saturated. If, however, the solvent phase bears solutes in excess of its ability to
dissolve, then extraction will not take place due to the absence of any driving
force/activity gradient. In such cases, extraction may only be initiated through altering
the physical conditions, such as heating, solvent replenishment, etc. Microwave
heating can also induce extraction as it constitutes unique mass transfer patterns
(section 7.4).

7.3.8 Effect of initial solute quantity in cell wall (%s-cw)
This section is aimed at understanding the effect of solute distribution amongst cells

and cell walls, while maintaining a constant total initial solute quantity in the biomass.
To conduct this, solutes are “removed” from cell walls and “relocated” to cells,
through decreasing the initial mass fraction of solutes in the cell walls (%g_cy,) from
its base value of 0.25 (Table 7.4), and computing the solute quantity equivalent to the
difference between 0.25 and the modified %;_.y,. This excess solute quantity is then
distributed evenly amongst cells, thereby achieving the desired relocation but also
maintaining a constant initial solute mass within the biomass. Note that, as discussed
in section 7.2.5.1 cells are assumed to contain a saturated solution initially, meaning
that the initial amount of water in cells must increase as more solutes are added.
Therefore, this analysis was limited to cases where the initial cell water volume is
smaller than that of the cell itself, thus maintaining zero cell pressure initially.
Furthermore, solvent-to-solid ratio (S;) was varied in this analysis to maintain a
constant initial volume of the solvent phase. This is because, with the initial cell water
volume permitted to change based on solute distribution, a fixed S, would result in

variable solvent volume which interferes with the outcomes through altering the
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extraction trends. Hence, it is key to maintain a constant solvent volume through

varying Sg, to ensure a fair analysis.

Table 7.13 shows the results including yield and tqs_,,, for varying %g_ -y, between
0.232 and 0.25. The initial volume percentage of water in cells is also shown. All

other parameters (except Sg) were fixed as shown in Table 7.4.

Initial % vol of
Yos—cw cells occupied by Yield (%0) tos_m (5)
water
0.232 0.96 25.7 1.7
0.235 0.81 25.7 1.7
0.24 0.55 25.7 1.7
0.245 0.30 25.7 1.7
0.25 0.05 25.7 1.7

Table 7.13 — Percentage yield and time required to achieve 95% of mass
equilibrium, for variable initial mass percentage of solutes in cell wall. §¢ =
0.01 gsg,, 1. Other parameters, except solvent-to-solid ratio, are fixed as

shown in Table 7.4)

In Table 7.13, solute distribution amongst cells and cell walls has no effect on either
the yield or tqs_p,. This is because, %g_qy IS only varied by small amounts here that
are insufficient to bring about any significant change to the extraction patterns. In cells,
the initial volume of water rises dramatically with a small decrease in %_cy,, Which
is because solubility (S;) is low, and so large amounts of water are required to dissolve
any surplus solutes introduced to cells. Therefore, low S; restricts this analysis to a
limited range of %,_cy, Vvalues, which if decreased further would constitute an

unrealistic initial condition comprising large cell pressures.

To better understand the effect of solute redistribution on extraction, the current
analysis was repeated with a high S, value of 0.1 gggy, . Table 7.14 shows the results
including yield and tq5_,,, for varying %;_cy, between 0.06 and 0.25. The initial

volume percentage of water in cells is also shown.

Initial % vol of
Ys—cw cells occupied by Yield (%) tos_y (S)

water
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0.06 0.96 74.3 5.5
0.075 0.89 76.2 5.2
0.1 0.76 79.4 4.7
0.15 0.51 86.7 4.1
0.2 0.26 95.0 3.9
0.25 0.01 100.0 4.2

Table 7.14 — Percentage yield and time required to achieve 95% of mass
equilibrium, for variable initial mass percentage of solutes in cell wall. §; =
0.1 gsgyw L. Other parameters, except solvent-to-solid ratio, are fixed as shown
in Table 7.4)

With S; = 0.1 gggy, ! the initial cell water volume is less sensitive t0 %q_cy;
hence, the analysis spans a wider range of %,_.y, values. Yield clearly decreases with
decreasing %s_cy (i.e., as more solutes get relocated to cells), which is due to the
reduction in the quantities of undissolved solutes in the biomass (i.e., which originate
from the cell walls). With smaller amounts of undissolved solutes, the cell walls cannot
maintain constant activity values (ay, and ag) for long durations, because the
undissolved solutes get depleted more quickly. To further illustrate, Figure 7.20 shows
water activity (ay,)-time plots for %,_cy, values of 0.2 and 0.06, where in the former
case the cell wall activity is held constant for a longer duration than it is in the latter
case. The longer the cell wall activity can be held constant (due to the presence of
undissolved solute), the longer an activity gradient is sustained between biomass and
solvent; hence, the more extraction is achieved. Since cells are assumed here not to
possess any undissolved solutes, the more these solutes get redistributed to cells the
less the extraction yield at equilibrium. On the other hand, due to the reduced activity
gradient achieved with lower %;g_.y,, Which suppresses the diffusion driving force,
tgs_p also increases slightly from 3.9 s to 5.5 s as %,_¢y, IS decreased from 0.2 to
0.06. However, an exception occurs when decreasing %;_cy, from 0.25 to 0.2, as
tgs_p decreases from 4.2 s to 3.9 s. This is because the yield approaches 100% at
%s_cw = 0.25, requiring slightly longer timeframes to readjust to the physical limit

imposed on the extraction process.

These results signify that cell wall components are potentially easier to extract
compared with solutes originating from cells. Furthermore, it has been demonstrated
here that cell solutes are likely to be more soluble than cell wall components, otherwise

cells should accommodate unrealistically large amounts of water and permanent
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positive pressures. This is a logical outcome given that cell walls carry out structural
functions in the biomass, while cells conduct metabolic functions in liquid media
(Chapter 2; section 2.2). Extracting cell components is more challenging, but
nonetheless, the extraction process can generally be enhanced with microwave

heating, as will be shown in section 7.4.

Water activity Water activity
1000 1000

0998 1 k pee \
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—— cell wall outer layer
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0.994 4 0.994
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Figure 7.20 — Water activity-time plots for S, = 0.1 gggy ~! and different cell
wall solute contents (%s_cw); (A) %s_cw = 0.06; (B) %s_cw = 0.2 (other
parameters, except solvent-to-solid ratio, are fixed as shown in Table 7.4)

7.4 Predicted extraction trends with heating
In section 7.3, extraction was investigated at room temperature to understand the

underlying effects of mass transfer parameters, including solubility (S), diffusivity
(D), solvent-to-solid ratio (Sg), biomass particle size, solvent purity, solute
distribution in biomass, and the non-ideal behaviour of solutions (i.e., activity-mole
fraction relationship). This section extends the previous analyses through investigating
the effects exercised by microwave and conventional heating on extraction patterns.
This will allow differentiating between the two heating methods and, thereby,
understanding whether they impose variable extraction trends in a biomass-solvent

system.

As in section 7.3, the number of solutes existing in the system is limited to two

throughout this section.

7.4.1 Base case
This case comprises the smallest possible cubic-shaped biomass cluster (1x2x2

cells; Figure 7.9), surrounded by a solvent with Sz = 10 mLg~1. The analysis
incorporates two scenarios, one of which depicts microwave heating (i.e., €' piomass =

20) while the other resembles conventional heating (i.e., " piomass = 0). In both
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scenarios, Q, and k were maintained at 1 Ks~* and 0.01 Wm™1K 1, respectively, and

all other heating and non-heating parameters were also fixed as shown in Table 7.4.

Results for the two scenarios are presented in Figure 7.21 as yield-time plots where,
the equilibrium vyield is clearly higher under microwave heating than it is under
conventional heating. As briefly highlighted in section 7.3, heating may improve
extraction through altering mass transfer parameters such as solubility (Ss) and
diffusivity (D). However, since all input parameters were maintained here at constant
values, it becomes understandable why conventional heating does not alter extraction
in any significant way, compared with the room temperature extraction base scenario
(section 7.3.1). However, microwave heating raises the equilibrium yield dramatically
from its initial 25% all the way up to the 100% mark, indicating the occurrence of a
unique microwave-induced diffusion pattern capable of enhancing extraction

significantly (four-fold in this case).

Percentage Yield Percentage Yield

) @)

percentage yield (%)
percentage yield (%)

vvvvv Solute (1) @ e+ Solute (1)
=== Solute (2) === Solute (2)

0 —— Total 0 —— Total

0 200 400 600 800 1000 0 200 400 600 800 1000
time (s) time (s)

Figure 7.21 — Base results for the heating case presented as yield-time plots; (A)
&' piomass = 20 (microwave heating); (B) €"piomass = 0 (conventional heating)
(other parameters fixed as shown in Table 7.4)

In Figure 7.21, the yield under microwave heating increases initially to 25% and it
tends to flatten at this value, thereby matching conventional heating up to this stage.
Interestingly, however, this flattening in yield is followed by a dramatic second
increase up to the 100% mark, indicating a microwave-induced interference to the
original equilibrium position. This change in equilibrium is brought about by the
temperature gradients induced in the system between biomass and solvent. As
discussed previously in this thesis, such gradients provide an additional driving force
for mass transfer, where higher temperatures in the biomass can induce a surplus water
influx into cells/cell walls from the solvent phase. Figure 7.22 shows the temperature

gradients induced between the biomass and the solvent in this case, under both
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microwave and conventional heating. As can be seen, microwaves sustain higher
biomass temperatures compared with that of the solvent, whereas conventional heating
induces a short-lived temperature non-uniformity only applicable during the heat-up
phase, where the biomass temperatures are lower than that of the solvent.

Temperature gradient between biomass and solvent Temperature gradient between biomass and solvent
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Figure 7.22 — Base results for the heating case presented as temperature
gradient-time plots (difference in temperature between biomass phases and
solvent); (A) € piomass = 20 (microwave heating); (B) €" piomass = 0
(conventional heating). Other parameters are fixed as shown in Table 7.4, and
each cell wall layer is represented by a single fragment

As seen in Figure 7.22, the maximum temperature gradient attained under
microwave heating in this case is just below 1 °C, indicating that even small
temperature discrepancies between biomass and solvent can induce a significant
change in extraction. This matches the observations reported in Chapter 5 and in
literature (Lee et al., 2016), where small temperature gradients were also shown to
induce significant cell pressures and increase the likelihood of cell rupture. However,
attaining enhanced extraction here clearly does not require cell rupture, but instead, it
results from a direct interference exercised by temperature gradients on the
underpinning diffusion patterns. This matches some empirical results from Chapter 6,
where continuous microwave heating was shown to result in a sharp second increase
in the extraction yield. This observation could have been attributed to cell rupture, but
with the current results, such attribution is clearly not required. In fact, a question may
be raised on whether cell rupture is the primary phenomenon responsible for enhanced

extraction, as generally perceived in literature (section 7.1).

To understand the effect of microwaves on extraction, observe Figure 7.23 where

a set of osmotic potential diagrams is presented for the process, supplemented with
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water activity-time and biomass pressure-time plots. As can be seen, a,,, of the solvent
drops initially until it is equal to the value in the inner/outer cell walls, thereby
matching the room temperature extraction base case (section 7.3.1), and, in effect, also
matching the conventional heating scenario. This initial similarity in the activity trends
results in comparable initial yield-time profiles, where the yield flattens at around 25%
under both microwave and conventional heating. However, due to the temperature
gradients uniquely imposed and sustained under microwave heating, water in this case
continues to flow into the biomass in significant quantities, even after the initial 25%
yield has been achieved. As can be seen, this causes ay, in cells to increase, but a
similar response is delayed in the cell walls (especially the inner fragments), as these
contain undissolved solutes that can maintain constant ay, for longer durations
(section 7.2.2.3). As water continues to flow into the biomass, driven by the
temperature gradients but also supported by the activity gradients induced between the
cells and cell walls, pressure builds up within the structure. This non-uniform positive
pressure induced in the biomass, being highest where the temperature is high (i.e.,
inner biomass) and lowest where the temperature is low (i.e., outer layers), drives
additional solute extraction from high pressure areas to low pressure areas, and
eventually into the solvent phase. As can be seen in Figure 7.23, the biomass pressures
induced in this manner can be maintained as long as the temperature gradients are
preserved, explaining why the yield increases gradually yet significantly beyond its
initial flattening value of 25% (in this case). Mass equilibrium is established here
through attaining a comprehensive balance between the activities, pressures, and
temperatures of the different phases. This is as opposed to the room temperature base
case (section 7.3.1) where, due to the uniform temperature across the system and the
restricted water flow into the biomass, mass equilibrium is established simply with an

activity balance (i.e., when activities are equal throughout the system).
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Figure 7.23 — Osmotic potential diagrams for the microwave extraction base
scenario. Diagrams show gradients in activities, pressure, temperature, and
chemical potentials between solvent, outer cell wall layer, inner cell wall layer,
and cells. (A) initial condition; (B) pressure build-up in the biomass leading to a
fresh increase in the yield; (C) final/equilibrium condition. Diagrams are
supplemented with water activity-time and biomass pressure-time plots, where
each cell wall layer is represented by a single cell wall fragment
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A fundamental mechanism is proposed in this section explaining how microwaves
can improve extraction in biomass-solvent systems without any cell rupture, but
instead, through direct interference of the heating method with mass transfer patterns.
The need for such mechanism has been highlighted in Chapter 6, where cell rupture
was deemed unlikely to be responsible for all the extraction trends observed under
microwave heating. This mechanism explains many of the trends observed in Chapter
6, including: the sharp increases in yield under continuous microwave heating, which
occur after some time from starting the process; the existence of a threshold power to
enhance extraction under ramp microwave heating (section 7.4.4.1.2); and, the gradual
acceleration in extraction observed under continuous microwave heating, which
occurs due to higher temperatures but also because of higher biomass pressures. In
addition, this mechanism still acknowledges rupture as a possible cause of altering
extraction dynamics (section 7.4.4), but it does not adopt cell rupture as a rate-limiting

step in the process.

The proposed mechanism is further represented schematically in Figure 7.24. It is
summarised from this section that microwave heating facilitates unique mass transfer
mechanisms, which overcome key rate-limiting steps in extraction constituted by
parameters like solubility (S) and diffusivity (D) (see section 7.3). This enhancement
is not offered with conventional heating, as this method lacks the ability to
induce/sustain temperature gradients in the system, where the biomass possesses
higher temperatures than the solvent. As such, under conventional heating water is
unlikely to flow into the biomass in quantities large enough to induce positive

pressures and drive additional solute extraction.

The extent to which microwaves enhance extraction depends on the physical
parameters defining the biomass-solvent system in question. This is further detailed in

the following sections.
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Figure 7.24 — Schematic describing extraction under microwave heating. In
addition to normal mass transfer between solvent and outer biomass, water
flows towards the inner biomass against the established temperature gradient,
inducing high pressure and forcing solute extraction from the inner cell wall
layer and cells. Water/solute exchange within the inner biomass (cells/cell walls)
depends on the chemical potential gradients. Nonetheless, the overall water
inward diffusion and solute extraction are governed by the temperature and
pressure gradients, respectively, existing between the biomass and the solvent.
Regardless of the specific pathways taken by water/solutes within the inner
biomass, water generally diffuses into the biomass and solutes generally flow
towards the solvent

7.4.2 Effects of microwave heating parameters
Microwave extraction (section 7.4.1) was studied with variable Qs, £ piomass, and

k, to investigate the effects of these parameters on the outcomes. All other parameters
were fixed as shown in Table 7.4. Results are shown in Table 7.15 including
percentage yield, tqs_,,, and the maximum temperature gradient recorded between the
biomass and the solvent (AT,,.,). Moreover, Figure 7.25 presents an example of the
steady state temperature distribution in a biomass sized 0.3 mm, with Q, = 5 Ks™1,
&' viomass = 30,and k = 0.01 Wm~1K~1. As can be seen, in cases where the biomass
is sized 0.3 mm or smaller, the maximum temperature occurs around the centre of the

biomass cluster.
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Heating parameters Yield (%) tos_y (S) AT pax (°C)
Base case 96.6 285.2 1.03
0. (Ks-1) 05 97.7 556.8 0.51
) 94.2 69.3 5.13
., 0 26.1 1.9 0.00
© biomass 30 96.2 1935 154
K Wim-1K-1) 0.005 95.8 160.8 2.05
0.05 98.4 1378.0 0.21

Table 7.15 - Yield, time required to achieve 95% of mass equilibrium, and
maximum temperature gradient between biomass and solvent, for variable
solvent heating rate, dielectric loss factor of biomass, and thermal conductivity.
Base case values: Qs = 1 Ks™1; €' piomass = 20; k = 0.01 Wm~1K~1 (other
parameters fixed as shown in Table 7.4)

(A) == (B)

T
120 125 130 135
Temperature (degC)

T T T
100 105 110 115

Figure 7.25 — Steady state temperature distribution of a YZ cross-section of a
0.3 mm cubic biomass within a biomass-solvent system. €' p;pmass = 30; k =
0.01 Wm 1K™ 1; Q, = 5 Ks~1; and all other parameters are fixed as shown in
Table 7.4. (A) general temperature map of the biomass including both cells and
cell walls; (B) temperature map for the cell walls only. A maximum biomass
temperature of around 145 °C occurs around the centre of the cluster

As seen in Table 7.15, every change in the heating parameters to increase ATy, 4y
results in a slight decrease in the yield and a noticeable reduction in tg95_j,. The only
exception iswhen €'} ,mass iNcreases from 0, because in such a case the heating mode

is changed from conventional to microwave heating, raising both the yield and tgs_p,
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as discussed in section 7.4.1. During microwave heating, an increase in AT,,,, IS
observed at higher Q, and &"'};,mass and lower k, which matches the heat transfer
observations made earlier in Chapter 3. Higher AT,,, ., drives larger quantities of water
into the biomass, thereby inducing higher pressures (as in Chapter 5) and accelerating
solute extraction (i.e., decreasing tos_,,). On the other hand, the yield decreases with
increasing AT,,., because, like water, temperature gradients also favour solute
diffusion into the biomass. However, this decrease in yield remains miniscule in this

case, because here the entropy of solutes (ss(r,y) is much smaller than that of water
(Sw(ry)), Meaning that any temperature-induced diffusion will be more pronounced on
water than on solutes (Equation (4.63)). In this work, sg7,y Was assumed to be smaller
than sy (r,y due to the more organised and polymeric structure/nature of solutes

compared to water. Hence, it can be predicted that solutes possessing significantly
high s,(r,, may tend to recalcitrate within the biomass under microwave heating, rather
than getting extracted into the solvent phase. This is because, increasing s,r,) induces
a more pronounced effect of temperature gradient on solutes, forcing larger solute
quantities to remain within high temperature areas (i.e., in the biomass). While this
suppresses solute extraction, the effect may be overcome if the temperature gradients
also induce high biomass pressures due to enhanced water influx, balancing the
temperature gradient driving force and resulting in a net driver for solute extraction
from the biomass. In other words, temperature gradients can only enhance extraction
if they induce large enough biomass pressures, so as to overcome the increased
tendency of solutes to recalcitrate within the biomass, due to the same temperature
gradients imposed upon the system. Entropy is clearly a key parameter in microwave
extraction, and a more in-depth study is intended for future work.

7.4.3 Effect of dielectric loss distribution (whether & "biomass > & solvent)
For extraction to be enhanced under microwave heating, a temperature gradient of

sufficient magnitude should be established between the biomass and the solvent,
where the biomass is to attain the higher temperature. As discussed in sections 7.4.1
and 7.4.2, such event is a prerequisite for inducing positive biomass pressures which,
in turn, enhance solute extraction. It has been suggested that temperature gradients are
affected by the dielectric loss distribution in a biomass-solvent system, as the biomass
attains a higher temperature than the solvent if €”;pmass = € sowent (Galan et al.,
2017; Lee et al., 2016; Mao, Robinson and Binner, 2021). This was investigated in
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section 3.3.1.1, where &"" was shown to dictate temperature distribution only during
the heat-up phase (i.e., when temperature is increasing in the system). However, at
thermal steady state, the biomass was shown to possess higher temperatures than the

solventas long as € pipmass > 0, regardless of whether or not €' omass > €' somvent-

Insofar, section 3.3.1.1 only described the effect of dielectric loss distribution from
a heat transfer perspective, meaning that mass transfer was not incorporated and,
thereby, the analysis was incomplete. Temperature distribution in a biomass-solvent
system is arguably affected by the mass of biomass and the diffusion rate between
cells/cell walls and the solvent phase. This is because, temperature induced in a
material for a given input energy, is dependent upon the amount of matter present and

14

how fast this amount varies. Hence, the effect exercised by &"” on temperature
distribution should itself be influenced by mass transfer parameters. The heat transfer
model was extended in Chapter 5 to incorporate mass transfer and cell pressure build-
up. However, since extraction was assumed to occur at thermal steady state (section
7.1), it was still not possible to understand the effect of dielectric loss distribution
beyond the initial analysis shown in section 3.3.1.1. Nevertheless, the current model
overcomes the limitation in Chapter 5 by allowing heat and mass transfer to occur
simultaneously. As such, this section attempts to understand the effect of dielectric
loss distribution (i.e., whether or not &€",iomass > € sowent) ON temperature
distribution in biomass-solvent systems (i.e., whether biomass temperature is larger

than that of the solvent), from a combined heat and mass transfer perspective.

Initially, temperature was studied in a hypothetical system with €"};,mass = 30,

!

& cowent = 5 (i.6., A’ = 25), and Q; = 7.5 Ks~ 1, while all other parameters were
fixed as shown in Table 7.4. This extreme heating scenario is not intended to replicate
a physical case, but rather it enables a clear demonstration of the temperature-time
profile while differentiating between cells and the inner/outer cell walls. Figure 7.26
presents the temperature-time profile for this scenario, together with a plot entailing
the temperature gradients between the different biomass phases and the solvent. As
can be seen, the biomass attains higher temperatures than the solvent throughout the
process, with the highest temperature being located within the inner biomass, which
matches the multitude of observations already made in this thesis. However, Figure
7.26 indicates that the temperature gradients in the system are not constant during the

heat-up phase, but rather they change in magnitude. At the beginning of the heating
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process, a maximum temperature gradient of around 10 °C is observed, but this figure
drops down to just 6 °C after 10 s of heating. This reduction in temperature gradient is
attributable to the diffusion of water from the solvent to the biomass, which increases
the structure’s mass and, thereby, progressively decelerates the rate of temperature
increase in cells/cell walls. Despite this, the temperature gradient increases once again
beyond 10 s, as the system approaches thermal steady state. Biomass temperature
distribution at steady state is independent of any mass transfer parameters, as it only
depends on &"};omass (Section 3.3.1.1). This explains why the maximum gradient
quantity rises again to near its initial value of 10 °C, as thermal steady state is

approached in the system.

Temperature Temperature gradient between biomass and solvent
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Figure 7.26 — (A) Temperature-time plot and (B) temperature gradient-time
plot (difference in temperature between biomass phases and solvent) for a
biomass-solvent system comprising a 0.1 mm cubic biomass material, with

£ piomass = 30; €' sorent = 5 (i.e., A" = 25); Q, = 7.5 Ks~1; and all other

parameters fixed as shown in Table 7.4. Each cell wall layer is represented by a
single cell wall fragment

The series of events described in Figure 7.26 demonstrate that mass transfer
influences temperature gradients significantly, due to the dynamics of energy
dissipation under variable mass. However, this effect is only applicable during the
heat-up phase, as once steady state is achieved in the system the temperature gradient
becomes solely dependent upon &'y, mass. SOme of the key mass transfer parameters
influencing the heating process include: (i) diffusivity (D) which describes the
resistance to diffusion and, thereby, the rate of water influx into the biomass; and (ii)
solubility (S,) which indirectly represents the initial mass of the biomass material (i.e.,
larger S signifies smaller amounts of water needed to dissolve solutes). The effects
of D and S, were investigated at " p;pmass = 2.5, € soent = 5 (i.€., A" = —=2.5),

while all other parameters including Q were fixed as shown in Table 7.4. Figure 7.27
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and Figure 7.28 present the results for variable D and S, respectively. The outcomes
are demonstrated as a set of temperature gradient-time plots, where although Ae” < 0
here, in most cases the biomass temperature remains higher than that of the solvent
throughout the heat-up phase. This is neither in agreement with section 3.3.1.1, nor is
it with the general argument that Ae”" < 0 induces a biomass temperature lower than
that of the solvent (Galan et al., 2017; Lee et al., 2016; Mao, Robinson and Binner,
2021). Nevertheless, this result demonstrates that the effect of dielectric loss
distribution (i.e., whether or not €' ;omass > €' soent) ON the system’s temperature,
is in itself highly dependent upon mass transfer parameters and diffusion patterns. As
seen in Figure 7.27, increasing D suppresses the temperature gradients between
biomass and solvent, which is because, at higher D water diffuses faster into the
biomass, increasing its mass quickly and decelerating the rate of temperature increase
more significantly. At very high D (e.g., Figure 7.27B), the deceleration in biomass
heating may even lead to negative temperature gradients, indicating a swap in the
temperature distribution as the biomass becomes cooler than the solvent after it had
been warmer. On the other hand, decreasing S, (Figure 7.28) also results in a reduced
temperature gradient, and with sufficiently low S, a negative gradient is recorded as
the solvent attains a higher temperature than the biomass. In this analysis, smaller S
means that more water is required initially in cells to dissolve the existing solutes
(sections 7.2.5.1 and 7.3.8). This signifies a heavier biomass material and, thereby,
lower heating rates for a given input microwave power. Note that, any parameter other
than S, influencing the mass of the biomass material (e.g., density), is also expected

to exhibit similar trends.

The temperature distribution at thermal steady state is uniform throughout Figure

7.27 and Figure 7.28, since " ;;,mass 1S the same in all cases.
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Figure 7.27 — Temperature gradient-time plots (difference in temperature
between biomass phases and solvent) for A" = —2.5 and variable D. (A)
Dy,D; =1071°,10 11 m?s~1; (B) Dy, D, = 1078,107° m?s~1. All other
parameters are as shown in Table 7.4. Each cell wall layer is represented by a
single cell wall fragment
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Figure 7.28 — Temperature gradient-time plots (difference in temperature
between biomass phases and solvent) for Ag” = —2.5 and variable S;. (A) Sy =
0.00075 g.gw 1; (B) S, =0.001 g.gy~1; (C)S, = 0.1 g.g 1. All other
parameters are as shown in Table 7.4. Each cell wall layer is represented by a
single cell wall fragment

Mass transfer parameters such as D and S, dictate the Ae"’ value required for the
biomass to attain higher temperatures than the solvent. This novel finding extends the
arguments in section 3.3.1.1 and literature (Galan et al., 2017; Lee et al., 2016; Mao,
Robinson and Binner, 2021), by demonstrating that the effect of dielectric loss
distribution on temperature and extraction, is not universal but rather it is case-
specific. In some cases, the temperature gradient required for enhanced extraction can
be established even if €' };omass < €' sowent, Whereas in other situations the biomass
may not attain higher temperatures even if €"p;omass > € sowent. IN Other words,
attaining the temperature gradient required for enhanced microwave extraction does
not necessarily occur when Ae” > 0, as opposed to the previous suggestions in
literature. These outcomes indicate that two biomass materials with comparable

dielectric properties, may not necessarily behave similarly under microwave heating.
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Instead, the material’s mass and its diffusion properties play a significant role in
dictating whether microwave heating would enhance extraction. Since these complex
phenomena only occur during the heat-up phase (i.e., when temperature is increasing
in the system), one way to overcome this challenge is to apply continuous heating to
the extraction system as demonstrated in Chapter 6. As opposed to “ramp microwave
heating,” this approach drives the system to thermal steady state while still maintaining
a constant input power, allowing the biomass to always attain higher temperatures than
the solvent given that €};,mass > 0. In contrast, with ramp microwave heating, the
input power is lowered significantly on approaching a sub-saturation temperature set-
point, which essentially means that temperature gradients are only maintained during
the heat-up phase (Figure 6.2). Although this clearly poses a limitation to the process,
many empirical studies have adopted a ramp heating approach. Therefore, to allow
benchmarking those studies with the current work, Table 7.16 presents the likely
solvent heating rates (Q,) required to maintain a hotter biomass throughout the heat-
up phase, where the temperature gradient in the representative inner cell wall fragment
(blue line in Figure 7.28) is at least 0.25 °C. Predicted Q, values are shown for variable
& piomass, D, and S, but if the Q. value needed to maintain 0.25 °C is higher than

15 Ks~1, the required temperature gradient is deemed unachievable.

Dy,D, (m?s™1)
107,107 | 107,107 | 1078 107°
Unachievable; Unachievable; Unachievable;
2.5; 4.0; Unachievable;
0.001
1.0; 1.5; 1.5;
0.5 0.5 0.5
3.0; 5.0; Unachievable;
Ss 2.0; 2.5; Unachievable;
. 0.01 . _ _
9sgw™ ) 1.0; 1.0; 1.5;
0.5 0.5 0.5
2.5; 6.5; Unachievable;
1.5; 3.0; Unachievable;
0.1
1.0; 1.0; 1.5;
0.5 0.5 0.5
Qs (Ks™) for €' piomass = 2.5; 5; 10; 20

Table 7.16 — Threshold solvent heating rate (Q) required to maintain a
temperature gradient of at least 0. 25 °C, between the representative inner cell
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wall fragment (blue line in Figure 7.28) and the solvent, during the heat-up
phase. Q, values are shown in increments of 0.5 Ks~! for variable D, S, and
€ piomass- 1T Qs > 15 Ks~1, the required temperature gradient is deemed
unachievable. £ ¢,ene = 5 throughout, and other parameters are fixed as
shown in Table 7.4

7.4.4 Extraction scenarios under variable solubility/diffusivity/heating
This section presents a set of scenarios highlighting the effects of solubility (Ss),

solute diffusivity (D;), and heating (Q, and heating mode) on extraction in systems
with two solutes. On approaching the rupture pressure in any biomass phase (P® . for
cells and PR, for cell walls), the parameter D (i.e., ruptured solute diffusivity) is
used for solute diffusion in that phase, instead of D, (i.e., unruptured solute
diffusivity). This enables studying some of the effects that rupture may have on
extraction. Where D; = DR, rupture remains ineffective on diffusion, but if D, #
DR, achieving rupture in any given phase alters the resistance to solute diffusion in
that phase. In the latter case, extraction trends may be changed if widespread rupture
is achieved within the biomass, as DR, becomes applicable to an increasing number
of cells/cell walls at the expense of D,. The values of PR, and P®,, are fixed

throughout this section at 70 bar and 5 bar, respectively, as per indicated in Table 7.4.

Different scenarios were conducted with different solvent heating rates (Q,) and
under three heating modes, namely continuous microwave heating, ramp microwave
heating, and conventional heating. As discussed in Chapter 6, ramp microwave heating
signifies applying microwave power onto the biomass-solvent system only during the
heat-up phase, but once the solvent approaches its target temperature (Toxtraction), the
input power is readjusted to zero. On the other hand, continuous microwave heating

denotes applying microwave power continuously, even after achieving Ty traction-

This section is divided into two subsections, the first of which presents selected
extraction scenarios aimed at highlighting key effects, while the second displays a
series of generalised scenarios given variable solubility (S), unruptured/ruptured
solute diffusivity (D, DR,), heating mode, and solvent heating rate (Q,). Apart from

these, all other parameters were fixed as shown in Table 7.4.

7.4.4.1 Selected extraction scenarios

7.4.4.1.1 Continuous heating vs ramp heating
This scenario compares extraction under continuous and ramp microwave heating,

using a typical process setting comprising low solubility (i.e., S; = 0.01 g.gy ™ b);
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equal resistance to diffusion experienced by both solutes (i.e., Dg; = D, =
1071 m2s~1); and negligible effect of rupture on diffusion dynamics (i.e., D, = D%,
for both solutes). Results are shown in Figure 7.29 as yield-time plots attained under

the two microwave heating modes plus conventional heating, where Q, = 1 Ks~1in

all cases.
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Figure 7.29 — Yield-time plots under (A) continuous microwave heating, (B)

ramp microwave heating, and (C) conventional heating. Q; = 1 Ks™1; S, =

0.01 g,9y~1; Dy = Dy, = DR, = 10710 m?s~1; other parameters fixed as
shown in Table 7.4

Microwave heating clearly improves extraction compared with conventional
heating, but this improvement is much more pronounced under continuous microwave
heating, as this sustains the temperature gradients throughout extraction. In contrast,
ramp microwave heating results in smaller yields because the temperature gradients
are only maintained during the time-limited heat-up phase. This restricts temperature-
induced water influx to the biomass and does not allow large pressures to be induced

within cells/cell walls, thereby capping the maximum attainable yield.

7.4.4.1.2 Ramp heating at variable heating rates (no rupture effect)
This scenario comprises extraction under ramp microwave heating, conducted

using variable heating rates (Q;). It is vital to study extraction under ramp heating
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since, unlike continuous microwave heating, this mode only sustains temperature
gradients during the heat-up phase. Such difference in the heating pattern may alter

the attainable extraction trends.

This scenario comprises low solubility (i.e., S; = 0.01 g, gy, 1); equal resistance
to diffusion experienced by both solutes (i.e., Dy; = Dy, = 1071 m?2s71); and
negligible effect of rupture on diffusion dynamics (i.e., D, = DR, for both solutes).
Table 7.17 shows the yields achieved for variable Q, and for comparison, it also
presents the corresponding yields achieved under conventional heating. This scenario
is intended to depict realistic experimental situations; therefore, a maximum extraction
time of 1000 s has been allocated for all simulation runs. Capping the process
timeframe as such is a sensible practice experimentally, as it can be challenging to

extend the process for long durations.

0, (Ks~1) Yield after 1000 s of extraction (%)
s Ramp microwave heating Conventional heating

0 25.7 25.7
0.005 25.6 25.7
0.01 25.7 25.8
0.05 33.9 26.1
0.1 39.5 26.1
0.5 38.6 26.1

1 38.0 26.1

5 35.4 26.1
10 33.7 26.1

Table 7.17 — Yields achieved after 1000 s of extraction, under ramp microwave
heating and conventional heating, for variable Q. Other parameters fixed as
shown in Table 7.4

As seen in Table 7.17, ramp heating only enhances extraction beyond some
threshold heating rate, where in this case Q, > 0.01 Ks~! is needed. Such threshold
is required because, at low Q,, the short-lived temperature gradients are also small in
magnitude, meaning that they cannot facilitate enhanced extraction. Nevertheless, the
temperature gradients increase with Q,, eventually leading to enhanced solute
extraction once a sufficiently high Q, value is applied. This threshold power analogy
has been observed empirically, e.g., in Chapter 6 where a certain power input acted as
a threshold to improve the yield under ramp heating; but also in literature where ramp
heating was also shown to accelerate extraction only beyond a certain input power

(Mao, Robinson and Binner, 2021). However, as seen in Table 7.17, increasing Q
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even further (beyond 0.1 Ks~! here) causes the yield to drop again, due to the
shortened timeframes at which the temperature gradients are maintained (i.e., higher
Q, signifies faster approach to thermal steady state). Hence, a trade-off exists between
the magnitude of temperature gradients and the duration in which they are maintained,
thereby manifesting an optimum Q, for achieving the highest yield under ramp
microwave heating. In the current scenario, a peak yield of ~40% is achieved when
Q, = 0.1 Ks~1 (i.e., optimum heating rate), but otherwise the yield remains smaller
than the peak value for both higher and lower Q. Although the yields attainable under
continuous microwave heating can be much higher than those achieved here (sections
7.4.1 and 7.4.4.1.1), the ~40% vyield is still an improvement from conventional
extraction. The latter returns a constant yield of ~26% in Table 7.17, which because
the physical parameters affecting extraction have been made independent of
temperature in the current analysis (i.e., they are fixed as shown in Table 7.4). As such,
the enhanced microwave extraction observed here is solely attributable to the

temperature gradients uniquely induced under microwave heating.

Furthermore, it can be argued here that, a threshold Q, is only required to enhance
extraction under ramp microwave heating, but not with continuous microwave
heating. Continuous heating sustains temperature gradients throughout the process,
meaning that even low Q, values are capable of enhancing extraction (section 7.4.2).
Despite this, however, the results from Chapter 6 (Figure 6.5A) still show that
continuous heating enhances extraction beyond a threshold power, causing a sharp
second increase in the yield. This threshold is arguably but a result of the limited
extraction timeframes that were applied in Figure 6.5; in other words, should the
process be allowed to proceed indefinitely, then all input powers would cause a second
increase in the yield (under the current conditions). Therefore, the differences in
extraction between continuous and ramp heating (under the current physical
conditions) can be summarised in two points: (i) continuous heating generally results
in higher yields as in section 7.4.4.1.1; and, (ii) ramp heating demands a threshold
power to improve extraction, while also demonstrating a peak yield at a given
optimum power value. Note, however, that certain physical conditions may alter these
outcomes, such as when the solutes being extracted are highly soluble (section
7.4.4.1.4).
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7.4.4.1.3 Ramp heating at variable heating rates (with rupture effect)
This scenario repeats that presented in section 7.4.4.1.2, but while incorporating

cell/cell wall rupture as a cause for increasing solute diffusivity in the respective
ruptured phases. In this scenario, solute diffusivity in a phase increases with rupture,
from an ordinary value of Dy; = Dy, = 1071° m2s~1 to a ruptured value of DR, =
DR, = 1072 m?s~1, thereby accelerating mass transfer ten-fold in any ruptured
cell/cell wall. All other physical inputs are as shown in section 7.4.4.1.2, and the

results for this scenario are presented in Table 7.18.

0, (Ks~1) Yield after 1000 s of extraction (%)
s Ramp microwave heating Conventional heating

0 25.7 25.7
0.005 25.6 25.7
0.01 25.7 25.8
0.05 33.9 26.1
0.1 39.5 26.1
0.5 38.6 26.1

1 38.0 26.1

5 73.3 26.1

10 87.3 26.1

Table 7.18 — Yields achieved after 1000 s of extraction, under ramp microwave
heating and conventional heating, for variable Q, and where DR, = DR, =
1072 m2s~1. Other parameters fixed as shown in Table 7.4

All results in Table 7.18 match those presented in section 7.4.4.1.2, except where
ramp heating is applied with Q, > 1 Ks~1. Under such high Q., a dramatic step-
change in extraction is observed, as the yield increases from 38% at Q; = 1 Ks™! to
87%at Q, = 10 Ks~1. This increase occurs due to a widespread rupture in the biomass
caused by the high temperature gradients (due to large Qg), which drive large
quantities of water into cells/cell walls. In this scenario, rupturing more phases makes
DR, increasingly more applicable at the expense of D, thereby lowering the overall
resistance to diffusion experienced by solutes, and raising their diffusion rate. This
allows more solutes to be extracted when the temperature gradient exists (i.e., during

heat-up), leading to a dramatic increase in the yield as observed in Table 7.18.

It can be summarised here that, the effect of rupture on extraction depends on how
it alters the relevant diffusion parameters; in this scenario rupture increased solute

diffusivity, so it increased the extraction yield.
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7.4.4.1.4 Extracting highly soluble components (equal diffusivities)
This scenario demonstrates the extraction of highly soluble components (i.e., S; =

0.1 g.gw™1), where an equal resistance to diffusion is experienced by both solutes
(i.e., Dg; = Dy, = 10719 m?2s71), and the effect of rupture on diffusion dynamics is
negligible (i.e., D, = DR, for both solutes). Results are shown in Figure 7.30 as yield-
time plots attained under the two microwave heating modes plus conventional heating,

where Q; = 5 Ks~1 in all cases.
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Figure 7.30 — Yield-time plots under (A) continuous microwave heating, (B)

ramp microwave heating, and (C) conventional heating. Q; = 5 Ks™1; §; =

0.1g,9w ; Dg; = Dy, = DR, = 1071 m?s~1. Other parameters fixed as
shown in Table 7.4

The high S, value of 0.1 g, gy, ~* has been shown to return yields as high as 100 %,
at room temperature extraction and under the current physical conditions (section
7.3.2). As expected, therefore, such high yields are also observable here with
conventional heating, but interestingly, they are not with microwave heating which
evidently supresses extraction. In this case, microwave heating is not needed to
enhance extraction, as the high S, value itself results in high yields. However, since
the microwave-induced temperature gradients still enhance water influx to the
biomass, the already extracted solutes eventually get reabsorbed due to the increased

solute activity (a) in the solvent phase. The reabsorption of solutes causes a decline
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in the yield beyond a peak value (Figure 7.30), and while such a phenomenon is
recognised in literature, it is commonly attributed to solute degradation (Lee et al.,
2016; Veggi, Martinez and Meireles, 2013; Wang et al., 2010), which is also possible
under microwave heating (Tao and Xu, 2008). Arguably, however, degradation itself
cannot decrease the total yield of extracts, unless some of these extracts disappear by
means of evaporation or reabsorption into the biomass, or if the apparatus/procedure
incorporate a systematic error preventing full measurement of the degraded extracts.
Evaporation requires a disintegration of the extracts into gaseous components, which
is unlikely at the current solvent temperature of 100 °C. Alternatively, solutes may get
reabsorbed into the biomass, and the current outcomes propose a link between high
solute solubility and reabsorption. This further indicates the importance of

understanding solubility patterns in biomass-solvent systems.

Solute reabsorption signifies that microwave heating is better suited for low
solubility components, which are also more difficult to extract by conventional means.
This reabsorption is applicable to both continuous and ramp heating modes, but as can
be seen in Figure 7.30, the yield increases again under ramp heating. This is because,
ramp heating maintains the temperature gradients for a limited timeframe, only during

the heat-up phase.

7.4.4.1.5 Extracting highly soluble components (unequal diffusivities)
As in the previous scenario (section 7.4.4.1.4), it is aimed here to study the

extraction of highly soluble components, however while applying unequal diffusivities
to the two solutes (i.e., Dg; # Ds,). Ds; and Dy, and fixed here at 1071% m2s~1 and
10711 m?s~1, respectively; moreover, D, = DR, is maintained for both solutes,
signifying that rupture exercises negligible effect on extraction in this case. Results
are shown in Figure 7.31 as yield-time plots attained under the two microwave heating

modes plus conventional heating, where Q; = 5 Ks™1 in all cases.
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Figure 7.31 — Yield-time plots under (A) continuous microwave heating, (B)
ramp microwave heating, and (C) conventional heating. Q; = 5 Ks™1; §; =
0.1g.9w Y D5y =107 m2s 1 m?s7 1, D, =10 M m?s 1 m?s71; D, =
D%y, Dy, = DR,

Yield in this case is higher under conventional heating than it is under microwave
heating, which is to be expected given the high S, value (section 7.4.4.1.4). Moreover,
the two solute yields are not equal, which is also an expected outcome given that Dg; #+
D,. Initially under continuous microwave heating, solute (1) gets extracted more
readily compared with solute (2), which is because Dg; > D, (section 7.3.3.2), but
interestingly, solute (1) also gets reabsorbed more readily due to the same reason. This
IS an important observation, because although the process had started with larger
amounts of solute (1) extracted, it ended with larger amounts of solute (2) extracted at
a later stage. In fact, with the high heating rate used in Figure 7.31 (Q; = 5 Ks™1),
solute (1) gets reabsorbed fully under continuous microwave heating, as the final yield
composition incorporates solute (2) only. On the other hand, ramp microwave heating
only induces solute reabsorption as long as the temperature gradients are maintained
in the system (i.e., during the heat-up phase). As such, the ramp extraction process
starts with larger amounts of solute (1), which swaps to larger amounts of solute (2)
due to reabsorption, but then reverts back to larger quantities of solute (1) as thermal

steady state is approached.
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A broad range of scenario is presented here for variable solubilities, solute

diffusivities, and heating rates/modes. As opposed to section 7.4.4.1 where specific

extraction situations were presented, this subsection presents more generalised

outcomes offering nonexclusive trends.

All scenarios present yield-time plots attained under the two microwave heating

modes plus conventional heating, where Q; = 0.5,1, and 5 Ks~1 in all cases. The

solubility (S,) and solute diffusivity (Ds; DR,) values used are summarised in Table

7.19, while all other parameters are summarised in Table 7.4.

Scenario S Dg; Dy, DR ; DR, Rupture affects
(gsgw™™) | (m*s™h) (m?s™1) diffusion?
1 0.01 (low) | 1071%; 1071° | 10710; 10710
2 0.1 (high) | 1071°; 10-10 | 10~1°; 1010 .
0
3 0.01 (low) | 10-1°; 10~ [ 10-1%; 10~
4 0.1 (high) | 1071°; 10~ | 10~1°; 10~
5 0.01 (low) | 10719, 10710 | 1079 107° Yes, diffusivities
6 0.1 (high) | 10719 1071 | 107% 107° increase in magnitude
7 0.01 (low) | 107% 1071 | 10719 107° Yes, diffusivity
8 0.1 (high) | 107% 1071 | 1071°; 107° magnitudes swap

Table 7.19 — Solubilities and diffusivities used in the various scenarios

7.4.42.1 Scenario 1: low Ss; Ds1=Ds
Key outcomes in bullet points:

e Extraction is enhanced under microwave heating compared with conventional
heating (section 7.4.1), but the yields achieved under continuous microwave
heating are far superior than those attained with ramp microwave heating (section
7.4.4.1.1).

e Under both microwave heating modes, higher Q accelerates the process while

slightly lowering the equilibrium yield (sections 7.4.2 and 7.4.4.1.2).

Qs

(Ks~1) (A) Continuous heating

(B) Ramp heating
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Table 7.20 - Yield-time plots for scenario 1

7.4.4.2.2 Scenario 2: high Ss;: Dsi=Ds

Key outcomes in bullet points:

e Microwave heating suppresses the extraction of highly soluble solutes (section

7.4.4.1.4), which can otherwise be naturally extracted in high quantities (section

7.3.2).

e Microwaves cause a reabsorption of solutes into the biomass, and the rate of such

reabsorption is higher at larger Q.
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¢ The reabsorption occurs so long as the temperature gradients are maintained in the
system; hence, the yield increases again on approaching thermal steady state under

ramp heating.
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Table 7.21 - Yield-time plots for scenario 2

7.4.4.2.3 Scenario 3: low Ss; Ds1#£Ds2
All outcomes described in scenario 1 (section 7.4.4.2.1) are applicable here,

however while also noting that solute (1) surpasses solute (2) in terms of yield, which
is because D,; > Dy, (section 7.3.3.2).
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Table 7.22 — Yield-time plots for scenario 3

7.4.4.2.4 Scenario 4: high Ss; Ds1£Ds

Key outcomes in bullet points:

¢ Due to their high solubility, solutes under microwave heating get reabsorbed into

the biomass; therefore, the yield is higher under conventional heating (section

7.4.4.1.4).
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¢ Under microwave heating, solute (1) gets reabsorbed more readily than solute (2),
which is because Dg; > Dg,. Hence, the yield composition incorporates more of
solute (1) at the beginning and more of solute (2) at later stages (section 7.4.4.1.5).

¢ Solute reabsorption occurs as long as the temperature gradients are maintained in
the system. As such, the ramp heating process starts with an extracted mass
incorporating more solute (1), which swaps later to larger amounts of solute (2) due
to reabsorption. However, the extracts revert once again to larger quantities of
solute (1) as thermal steady state is approached (section 7.4.4.1.5).

e Under microwave heating, increasing Q, accelerates the process but it also causes
more significant reabsorption, thereby reducing the overall yield. In this case,
applying a high Q. value of 5 Ks~! under continuous heating, results in a pure

solute (2) extract, although the yield composition initially incorporated more solute

(D).
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Table 7.23 — Yield-time plots for scenario 4

7.4.4.25 Scenario 5: low Ss; Ds1=Ds» & both increase with rupture

Key outcomes in bullet points:

All outcomes described in scenario 1 (section 7.4.4.2.1) are applicable to cases

where Q; = 0.5 — 1 Ks™ L.

Widespread rupture occurs within the biomass on increasing Q to high values

(beyond 1 Ks~1 here). In this scenario, rupture is associated with increasing the

diffusivity of solutes, which, under ramp heating, brings about a dramatic step-

increase in the yield as Q; is raised (section 7.4.4.1.3). On the other hand, given

that the yields attainable here with continuous heating are already high, they cannot

be further increased with rupture. Instead, rupture greatly accelerates the approach

to mass equilibrium.
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Table 7.24 — Yield-time plots for scenario 5

7.4.4.2.6 Scenario 6: high Ss; Ds1i=Ds» & both increase with rupture

Key outcomes in bullet points:

¢ Due to the high solubility of solutes, all outcomes described in scenario 2 (section

7.4.4.2.2) are applicable here.

e Although widespread rupture still occurs here at Q; > 1 Ks~1 as it did in scenario

5 (section 7.4.4.2.5), the effect is not visible because the solutes are being

reabsorbed rather than extracted.
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Table 7.25 — Yield-time plots for scenario 6

7.4.4.2.7 Scenario 7: low Ss; Ds1£Ds2 & values swap with rupture
Key outcomes in bullet points:

Due to the low solubility of solutes, microwave heating enhances extraction
compared with conventional heating, especially when applying continuous
microwave heating (sections 7.4.1 and 7.4.4.1.1).

For Q, < 1 Ks~1, solute (1) is extracted in larger quantities than solute (2), which
is because Dy; > D, (section 7.3.3.2).

For Q, > 1 Ks™1, widespread rupture occurs such that the diffusivity pattern
changes from Dy, > D, to DR, < DR_,. Hence, at Q; =5 Ks~! (continuous
heating) the yield composition swaps from having higher solute (1) quantities
initially, to incorporating more of solute (2) at mass equilibrium. On the other hand,
rupture still occurs at Q; = 5 Ks~! under ramp heating, but due to the time-limited
temperature gradients the solute yields do not swap in this case, but instead their

magnitudes come closer.

Qs
(Ks™h)

(A) Continuous heating

(B) Ramp heating
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Table 7.26 — Yield-time plots for scenario 7

7.4.4.2.8 Scenario 8: high Ss; Ds1#£Ds2 & values swap with rupture
Key outcomes in bullet points:

Due to the high solubility of solutes, microwave heating suppresses extraction
compared with conventional heating. Furthermore, all outcomes described in
scenario 4 (section 7.4.4.2.4) are applicable here to cases where Q; = 0.5 —
1Ks™ 1.

With Q, =5Ks~1 (continuous heating), widespread rupture causes the
diffusivities to swap from Dg; > D, to DR, < DR_,. As such, solute (2) gets

reabsorbed more readily compared with the case in scenario 4 (section 7.4.4.2.4),
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resulting here in a narrower disparity between the yields of the two solutes at mass
equilibrium,

With Q; = 5 Ks~1 (ramp heating), the yield initially incorporates more of solute
(1), which then changes to more of solute (2) as reabsorption is triggered. However,
unlike the case in scenario 4 (section 7.4.4.2.4), the yield here does not revert back
to higher solute (1) quantities as thermal steady state is approached. This is due to
the widespread rupture achieved with which the diffusivities are changed from
Dg; > D, to DR, < DR_,. This allows solute (2) to be extracted at higher rates

compared with solute (1), thereby preventing a second swap in the extract

composition.
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Table 7.27 — Yield-time plots for scenario 8

7.5 Summary
In this chapter, it was studied whether enhanced extraction can be achieved without

the need for cell rupture, which is widely considered as a rate-limiting step in the
process. The analysis was conducted with an improved version of the extraction model
developed in Chapter 5, whose key limitations were readdressed here to redefine
extraction in biomass-solvent systems away from cell rupture as a rate-limiting step.
Some of the modifications introduced include the following: (i) devising a separate
differential equation for solute diffusion in the system, which allows solute extraction
to be quantified directly; (ii) incorporating the cell walls as independent phases in the
system in which both water and solutes can exist, and through which they can flow;
(iii) mass transfer has been made possible even during the system’s heat-up phase,
which enables more accurate understanding of the effects of heating on mass transfer;
(iv) expressing heat input to the system in terms of the solvent’s heating rate (Qs),
which is physically measurable but also allows fair comparison between microwave
and conventional heating. Table 7.1 summarises the key limitations of the model from
Chapter 5 and how they were readdressed here. Moreover, the model has been
supplemented with additional features, allowing more accurate analyses to be
conducted; some of these include: (i) redefining the mass equations to adhere to
physical limits, which expands the domain of physical conditions that can be
investigated without computing physically meaningless results; (ii) redefining activity
(aw; ag) in terms of solubility (S,), which is a more widely available parameter in
literature, and more easily measured physically; (iii) allowing solute diffusivities (D)
to change as physical rupture is achieved in a given phase, thereby enabling the study
of some effects that rupture may have on extraction (without it being the rate-limiting
step); (iv) enabling thermal conductivity (k) and water/solute diffusivities to vary from
one phase to another, thereby delivering the potential for many further investigations

to be conducted with this model; (v) introducing the option for non-ideal behaviour of
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water/solutes in solution; (vi) supporting an infinite number of solutes in the system
each flowing separately (the larger the capacity of the computing machine, the more

solutes can be incorporated).

Initially, the model was employed to study extraction at room temperature, where
water penetration into the biomass and solute extraction from it were found to occur
gradually. At first, mass transfer of water/solutes occurs exclusively between the
outermost biomass layer and the solvent, because the biomass otherwise maintains
uniform activities within its cells/cell walls, preventing any intra-biomass diffusion.
Later on, if the solutes existing within the outermost layer are dissolved completely
yet mass equilibrium has not yet been achieved with the solvent phase, then activity
gradients get established gradually deeper in the biomass, enabling extraction from
within the cell cluster. This process continues getting deeper into the biomass material
until either mass equilibrium is achieved with the solvent phase, or all of the available
solutes in the material get depleted. This process of gradual extraction limits the
recovery of solutes, as the small solute quantities in the outer layer of the biomass
could be sufficient to bring about equilibrium to the system. Nevertheless, extraction
from the inner biomass can be improved by increasing solubility (S;), solvent-to-solid
ratio (Sg), and solvent purity. Extraction can also be higher when smaller biomass
particles are used, and where solutes exist in the cell walls in higher proportions
compared with cells. On the other hand, the biomass contains many types of solutes,
and some of these will be very similar to each other such that their flow can be
described using the same activity/potential gradients. Such solutes compete for
extraction, as the component experiencing the lowest resistance to diffusion (i.e.,
possessing the highest diffusivity) will be extracted in higher quantities at the expense
the other solutes. Nevertheless, despite the variety of extract compositions attainable
in this case, the total yield will remain consistent as it results from a single

activity/potential gradient describing all the similar solutes being extracted.

The model was employed to investigate extraction under microwave and
conventional heating. The latter was found to return the same outcomes as in the room
temperature extraction case, which is because, in this work, the mass transfer
parameters (e.g., solubility, diffusivity, etc) had been kept independent of temperature.
Maintaining such condition is necessary to isolate and characterise any unique

microwave effects on extraction, not entailing any temperature-induced changes in the

Page 7-87 (277)



CHAPTER 7

mass transfer parameters. From this, microwaves were shown to improve extraction
significantly, causing a dramatic increase in the yield beyond the equilibrium value
attained under conventional heating. This improvement can be attributed to the
temperature gradients uniquely induced and sustained by microwaves, with which the
biomass is consistently warmer than the solvent at thermal steady state. These
temperature gradients enhance water influx to biomass cells/cell walls, overriding the
gradual layer-by-layer diffusion otherwise observed under non-microwave extraction
settings. The enhanced water influx induces high biomass pressures which, in turn,
drive additional solute extraction, thereby improving the attainable yield. Even small
temperature gradients inducing low positive biomass pressures were shown to improve
the yield dramatically; but nonetheless, higher temperature gradients accelerate the
process, which is a key advantage in time-limited experiments. However, increasing
the temperature gradients may also reduce the maximum attainable yields, since these
gradients favour solutes remaining within the biomass, in the same way as they
enhance water influx to the material. Hence, the currently discussed microwave
extraction mechanism is limited to cases where, the temperature gradients cause more
water influx to the biomass than they inhibit solute extraction from it. This gives rise
to a pressure force driving solutes outwards, which is larger than the temperature
gradient force favouring solutes remaining within the biomass; hence, a net surplus

yield is achieved.

The currently discussed microwave extraction mechanism does not require cell
rupture, but rather it shows a direct effect exercised by temperature gradients on
diffusion, leading to enhanced extraction. Nevertheless, rupture can still be achieved
in cells/cell walls upon inducing sufficiently high pressures, and as demonstrated, such
event may influence extraction, either through improving the yield or otherwise. In
this work, solute diffusivities were allowed to vary upon achieving rupture in a
cell/cell wall, but further examples as to how rupture may affect diffusion can be
explored in future endeavours beyond this thesis. The key point here is that rupture is

not the rate-limiting step in extraction, even though it may affect the process.

The model was used to study different microwave and conventional extraction
scenarios incorporating various combinations of solubility (S), solute diffusivity (D),
and heating rate (Qs) values. It was shown that, microwave heating only enhances

extraction at low S values, but as S is increased extraction gets suppressed, and the
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yields eventually become lower than those attainable under conventional heating. This
happens because, extraction is naturally enhanced with increasing Sg; however,
coupling such enhancement with temperature gradients causes the already extracted
solutes to be reabsorbed, following a discrepancy in the activity gradients caused by
water flowing into the biomass. Therefore, as S, is raised the extraction process gets
increasingly dominated by a trend where, the yield approaches a maximum and drops
thereafter. The maximum yield at a given S, decreases at higher heating rates (Q;), as
the final yield can also approach 0% at sufficiently high Q, values. Once again,
extraction was shown to favour solutes with higher diffusivities (D), but additionally,
higher Dy also induces faster reabsorption where such an event takes place. Hence, in
cases comprising high S, the favoured reabsorption of solutes possessing higher D,

allows for a selective extraction of the solutes possessing lower Ds;.

In addition to the above, extraction was also investigated under ramp microwave
heating, as this heating mode could alter the attainable yield trends. Continuous
microwave heating sustains the temperature gradients throughout the extraction
process, whereas ramp microwave heating only preserves these gradients during the
time-limited heat-up phase. The differences in extraction observed between the two
modes tend to be case-specific, but generally, ramp heating limits the attainable yields
at low S, and improves them at high S, compared with continuous heating. Moreover,
enhancing the extraction of low S, solutes under ramp heating, was found to demand
a threshold Q. This matches the findings from Chapter 6 and wider literature;
however, it is not caused by cell rupture as previously proposed, but instead, it is a
direct result of the effects exercised by temperature gradients on diffusion patterns. As
Qs is increased beyond its threshold, the yield increases towards a maximum value
before declining once again, as the timeframes during which the temperature gradients
are maintained become increasingly shorter. On the other hand, the effects of rupture
on extraction are also felt differently under continuous and ramp microwave heating,

due to the differences in temperature gradients.

The model was improved from Chapter 5 to enable diffusion to occur not only at
thermal steady state, but also during the heat-up phase of the system. This allowed
conducting further analyses to understand the effects of mass transfer parameters on
microwave heating patterns. All heating patterns observed at thermal steady state

match those previously obtained in this thesis; however, the outcomes attained during
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the heat-up phase do not match Chapters 3 and 5 or the wider literature. Temperature
distribution during heat-up does not only depend on the distribution of dielectric
properties, but it is also influenced by mass transfer parameters. For instance, while
having €" piomass = €' sowent 1S COMmonly regarded as a condition for attaining
higher biomass temperatures during heat-up, such condition was shown here not to
hold true in all cases. Instead, the biomass may attain higher temperatures than the
solvent even when " piomass < €' sowent, depending on mass transfer parameters like
solubility (S;), diffusivity (D), and possibly others. This is because, such parameters
dictate the amount of matter existing in a given phase, and the diffusion rate to/from
it, which affects the rate temperature increase in the phase. In this study, higher S, and
lower D were shown to induce higher temperatures in the biomass than the solvent
during heat-up, indicating lower input microwave powers needed to induce a desired
temperature gradient. In this work, higher S, signifies smaller amounts of water in
cells initially, meaning that the biomass is lighter and easier to heat. On the other hand,
increasing D induces more rapid water influx into the biomass, suppressing the rate of
temperature increase and gradually lowering temperature gradients between the
biomass and the solvent. Further to S, and D, any other mass transfer parameter
influencing the amount of matter or the rates of diffusion, is also expected to affect
heating in similar ways. These results highlight the importance of understanding the
interdependence between heat and mass transfer, as this will be necessary to attain the

desired temperature distribution in biomass-solvent systems under microwave heating.

The multitude of results obtained from this model indicate its uniqueness and ability
to investigate a wide domain of extraction scenarios. This model is the first of kind, as
it combines various physical phenomena to propose a novel mechanism as to how

microwaves influence extraction patterns.

7.6 Thesis recap
This thesis has discussed the current lack of understanding as to why microwave

heating enhances biomass-solvent extraction compared with conventional heating
techniques. The extreme heterogeneity of biomasses stipulates that a quantitative set
of outcomes from a given experiment cannot be generalised to other studies and scales.
As such, a first principles’ model is required to conceptualise extraction thereby
defining a universally applicable mechanism to explain how microwaves enhance the

process. Yet, most models attempted in literature have been empirical in nature,
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significantly relying on experimental data input rather than conceptualising the
fundamental mechanisms of microwave action in biomass-solvent systems. This
constitutes a significant limitation in the efforts aimed at understanding how
microwaves enhance extraction, since the attempted models remain confined to the

respective experiments and scales employed.

A biomass-solvent extraction model was developed in this thesis, combining
microwave heating transfer, mass transfer, and cell expansion mechanics (Chapters 3
and 5). The model was developed at the cellular scale given that this is the smallest of
scales relevant to the current work. Since all biomasses concerned here fundamentally
consist of cell clusters, a model at this scale would address the following key aspects:
(i) providing the ground for a generalised framework to predict extraction in a variety
of biomass-solvent systems; and (ii) enabling multidirectional scale up efforts in the

future based on the specific needs.

In Chapter 5, the model still accepted cell rupture as the rate-limiting step to
achieving enhanced extraction. Hence, the model solely focussed on understanding
cell pressure build-up within biomasses and inferring whether these are sufficient to
cause widespread cell rupture, thereby enhancing component extraction. Unlike most
literature arguments, it was shown that the popular Steam Rupturing hypothesis is not
a viable explanation as to how microwaves may enhance cell rupture. Instead, the
novel Temperature-Induced Diffusion hypothesis was presented as a more viable
alternative, entirely capable of underpinning cell rupture given a variety of realistic
physical conditions. This alternative hypothesis also demonstrated that enhanced cell
rupture under microwave heating can only be achieved beyond some threshold input

power.

A critical experiment was conducted in Chapter 6 to assess the viability of the
model and the wider conception that cell rupture is the rate-limiting step of extraction.
The experiment entailed conducting biomass-solvent extraction under two microwave
heating modes, namely “continuous heating” where constant input power was
maintained throughout the process; and “ramp heating” where the power was only
maintained for limited periods. While ramp heating showed a step-increase in yield
beyond a threshold input power (as predicted in Chapter 5), continuous heating

demonstrated gradual extraction acceleration with increasing power, and a unique
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steep increase in yield late in the process at high powers. These differing outcomes
cannot both be attributed to a single cell rupture event; hence, a more suitable

mechanism underpinning both extraction regimes should be conceptualised.

Given the results from Chapter 6, the model was further developed in the current
chapter to drive away from cell rupture as the rate-limiting step of extraction. This was
conducted by readdressing the key model assumptions made in Chapter 5, resulting in
a framework defining extraction as a conventional diffusion process independent of
cell rupture. The outcomes, entailing percentage yields rather than just biomass cell
pressures, agreed entirely with the empirical results obtained in Chapter 6, both on
using continuous and ramp microwave heating modes. Based on the model predictions
made in the current chapter, two critical experiments can be conducted to validate the
proposed framework: (i) extending the extraction procedure in Chapter 6 to
incorporate more input powers and longer processing times (section 6.3.2); and (ii)
undertaking mass balance on the solid and liquid components of the biomass-solvent
system, to understand how the masses vary as extraction takes place (section
7.4.4.1.4). In experiment (i), if the yield trend for 135W in Figure 6.5A is observed
(even if partially) under several powers, then the current mechanism will be suitable
to describe extraction (section 6.3.2). Note, however, that the results in such
experiment could be affected by a degradation of extracted components, lowering the
measurable yields in some cases. On the other hand, if experiment (ii) indicates a
gradual increase in the masses of dried solid during the extraction process, then
reabsorption of extracted components will be evident. Such outcome will also support
the currently proposed framework, as this predicts component reabsorption (section

7.4.4.1.4) unlike cell rupture which is not capable of such prediction.

This model is more suitable to describe and predict biomass-solvent extraction than
many other works in literature, which is because, for the first time, it integrates various
physical phenomena to conceptualise extraction from fundamental principles. Such
approach largely overcomes the inherent problem of extreme heterogeneity in
biomasses, which renders many other models and empirical works only applicable to
the specific conditions and scales investigated. As such, this model also enables
multidirectional scale up efforts in the future based on the specific needs, promising
many advantages to the biomass-solvent extraction field.
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Symbols

"

ATmax

Textraction

Q

Qs

Cp

t
tos—m
ot

P

Pmax

6P

T ™Y, XX IR RE LR Oz

0

/OS—C
%S—CW
%S—S

%W—CW

bar

bar

bar

mol

mols~'m™2
mol?KJ 'm~1s71

m2s—1

Jmol 1K1

Jmol™1

-gs.gw_1
Jmol 1K1
kgm

gmol™!

MPa

CHAPTER 7

Dielectric loss factor

Permittivity of free space

Thermal conductivity

Electric field intensity

Microwave frequency

Penetration depth

Temperature

Maximum temperature difference at steady state
Extraction temperature set-point; analogous t0 Tgaturation
Power

Heating rate in the solvent phase

Specific heat capacity

Time

Time required to achieve 95% of mass equilibrium
Time-step for the numerical mass analysis

Pressure

Maximum pressure recorded in biomass

Pressure-step for the numerical mechanical analysis
Number of particles/molar quantity

Molar flux

Mass transfer/diffusion coefficient

Diffusivity

Heaviside function

Specific entropy

Chemical potential

Activity

Activity coefficient

Activity-mole fraction relationship exponential

Mole fraction

Composition (including dissolved and undissolved components)
Solute’s solubility in water

Universal gas constant (Avogadro’s const. times Boltzmann’s const.)
Density

Molecular weight

Initial percentage of solutes in cells (volume basis)

Initial percentage of solutes in cell walls (dry mass basis)
Initial percentage of solutes in solvent (mass basis)

Initial percentage of water in cell walls (surplus to dry cell wall mass)

Axial/normal stress
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— Strain

MPa Elastic modulus at zero strain
m Cell wall thickness

m? Cross-sectional area

- Cell wall void fraction

mLg~! Solvent-to-solid ratio

Subscripts and superscripts

Obiomass
Osotvent
0o
Oumitial
O

Oc

Ocw

OFf

Ow

Os

Os1

Os2

0

Oo

Ox

Oy

02

Oiyj
Oi-j
Oijk

Biomass property

Solvent property

Incident/baseline value

Initial value

Property of a condensed state

Property of a cell phase

Property of a cell wall phase

Property of a ruptured phase, e.g., PR is rupture pressure

Property of water

Property of solutes

Property of solute 1

Property of solute 2

Property at saturation, e.g., Xy, " is saturated mole fraction of water
Property at a given condition, e.g., s(r is entropy at temperature T
Applicable parallel to the x-direction

Applicable parallel to the y-direction

Applicable parallel to the z-direction

[1331) [1331)

Property of a phase “i” or j

[7331)

Property applicable across the boundary of phases “i” and “j”

CHAPTER 7

Property of the spatial numerical point ijk, i in the x-direction; j in the y-direction; k in the

z-direction
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CHAPTER 8

GENERAL CONCLUSIONS AND
RECOMMENDATIONS

The aim of this chapter is to summarise the conclusions of the current work, and to

outline recommendation for future work.

The format of this chapter is as follows:
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8.3

8.4

8.5

8.6

Introduction

Model construction
8.2.1  Chapter 3: microwave heat transfer model
8.2.2  Chapter 5: heat-mass-mechanical model for cell rupture
8.2.3  Chapter 7: extraction model independent of cell rupture
8.2.4  Recommendations for future work

Heating/heat transfer in biomass-solvent systems
8.3.1  Chapter 3: distinctive characteristics of microwave heating
8.3.2  Chapter 7: microwave heating under variable mass
8.3.3  Recommendations for future work

Biomass-solvent extraction in the context of cell rupture
8.4.1  Chapter 4: temperature gradients and mass transfer
8.4.2  Chapter 5: Steam Rupturing vs Temperature-Induced Diffusion
8.4.3  Chapter 6: empirical evidence for cell rupture
8.4.4  Recommendations for future work

Biomass-solvent extraction away from cell rupture
8.5.1  Room temperature extraction
8.5.2  Thermal extraction
8.5.3  Recommendations for future work

Nomenclature
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8.1 Introduction
The aim of this thesis was to understand the influence of microwave heating on

extraction in biomass-solvent systems, and to establish whether microwaves can
fundamentally alter the extraction patterns in these systems compared with
conventional heating techniques. This work has mainly been focussed on developing
a mathematical model for biomass-solvent extraction at the cellular scale, comprising
electromagnetic heating, heat transfer, mass transfer, and cell/cell wall expansion
mechanics. Such fundamental characterisation of extraction is currently lacking, but
nonetheless, it is an essential step towards enabling process design, optimisation, and
industrialisation. Hence, this model addresses a significant gap in knowledge,
providing unprecedented insights as to how the various physical parameters influence
extraction. Such level of detail is otherwise extremely challenging (if at all possible)

to attain through experimentation, given the currently available tools and capabilities.

The objectives set out for this work can be summarised thus: (i) constructing a
microwave heat transfer model for biomass-solvent systems capable of depicting their
key geometrical features; (ii) understanding the link between heat transfer and
diffusion, and incorporating this into the existing heat model, while also extending the
model altogether to include mass transfer and pressure build-up; (iii) using the model
to investigate the currently accepted hypotheses as to how microwaves enhance
extraction through cell rupture; (iv) evaluating whether cell rupture is evident
empirically, and then improving/modifying the existing model based on the attained

outcomes.

8.2 Model construction

8.2.1 Chapter 3: microwave heat transfer model
A model was constructed to describe microwave heat transfer in biomass-solvent

systems at the cellular scale, while also capturing some key geometrical features of
biomass including cell geometry/arrangement and linkage through a network of cell

walls.

This model enables microwave heat transfer to be simulated under a variety of
heating and geometrical conditions, including " piomass: €” sowent: Op: K+ Cpy Sr, PL,

cell dimensions, cell cluster size, F, and |E|,.
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8.2.2 Chapter 5: heat-mass-mechanical model for cell rupture
The model developed in Chapter 3 was further expanded here to include mass

transfer and cell expansion mechanics. The three elements of heat, mass, and
mechanics were interlinked in two ways: firstly, the rate of diffusion was expressed in
terms of the chemical potential, a parameter depending on activity, pressure, and
temperature; secondly, cell pressure was made dependent upon the mass and density
of water held within the cell, where such a dependency was established using an
appropriate cell pressure-volume relationship.

With its ability to compute heat/mass transfer and cell mechanics simultaneously,
this model enables understanding whether the enhanced extraction observed with
microwave heating can be attributed to cell rupture. Following the intention to
specifically study the likelihood cell rupture, some key assumptions were made here
to draw a focussed analysis on the desired phenomenon, and to eliminate any further
complications. These key assumptions can be summarised in the following points: (i)
only water was permitted to diffuse in the system, and it was made to flow directly
between cells and solvent, while assuming the cell walls to be part of the solvent phase;
(if) mass transfer was assumed to occur after thermal steady state had been achieved

in the system.

This model predicts cell pressure build-up given a wide range of heat, mass,
mechanical, and geometrical conditions, some of which include €" p;pmass: k., |1Elo,

PLs SW(To): Cp» Textractions Ow jpipiqr Pcr Dy S, cell dimensions, tey,, Yo, and others.

8.2.3 Chapter 7: extraction model independent of cell rupture
The model developed in Chapter 5 accepts beforehand that cell rupture is the rate-

limiting step for achieving enhanced extraction under microwave heating. While this
could be the case in some situations, it might not be true in others where cell rupture
is not evident, yet microwaves can still enhance extraction. It was, therefore, necessary
to further extend the model to predict extraction trends away from cell rupture, thereby

widening its predictability to an even larger domain of biomass-solvent systems.

The model from Chapter 5 was improved here through readdressing its key
assumptions, all of which followed the principal presumption on cell rupture. Some of
these assumptions include disregarding solute diffusion; assuming the cell walls as

part of the solvent phase for mass transfer purposes; assuming extraction occurs at
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thermal steady state; and others. Furthermore, the model was also improved by
introducing some physically measurable user inputs in the place of others that are less
accessible experimentally. For example, the electric field intensity (|E|,) was replaced
with an input heating rate parameter describing solvent heating (Q,); moreover, initial
cell water activity (o, ,;.;,;) Was replaced with an input solubility parameter dictating

the extent to which solutes dissolve in water (Sy).

This improved model simulates extraction quantitatively at room temperature, but
also under both microwave and conventional heating. It incorporates heat transfer,
mass transfer of water/solutes, and pressure build-up within both cells and cell wall
fragments. The model is also capable of altering the extraction trends (e.g., through
changing solute diffusivity; D) on achieving physical rupture in any given phase,
thereby allowing some understanding to be formulated on how rupture may affect
extraction trends (see Table 7.1 for all model features). The model predicts extraction
trends given a wide range of heat, mass, mechanical, and geometrical conditions, some
of which include S, Dy, Dg, Sk, biomass particle size, ideal behaviour of solutions,

%,_s, solute distribution amongst cells and cell walls, " ;omass: K, |1E|o, and others.

8.2.4 Recommendations for future work
Future work should focus on the following:

e Devising appropriate homogenisation techniques to expand the model to much
larger scales, while preserving the currently attainable heat transfer, mass transfer,
and mechanical trends/features.

e Further developing the system’s geometry to better resemble different biomass
materials, e.g., by incorporating cells of various shapes and arrangements, and
through introducing capillaries into the structure of the biomass separating different
cell clusters.

e Devising a more dynamic numerical solver capable of automatically adjusting its
internal tolerances as the outcomes are being computed. Such solver would be well
adapted to the current model specifically, reducing its demand for computational
effort, but also enhancing its ability to compute extraction under more extreme
scenarios which are currently inaccessible.

e Updating the model’s numerical framework based on the demands set out by any

attempts for homogenisation and/or alterations to the model’s geometry.
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e Expanding the model to incorporate solutes behaving independently, as opposed to
their current collective behaviour in which they follow a single diffusion driving
force.

e Expanding the definition of cell/cell wall rupture and introducing more

sophisticated aspects as to how it may influence extraction patterns.

8.3 Heating/heat transfer in biomass-solvent systems

8.3.1 Chapter 3: distinctive characteristics of microwave heating
In this chapter, heat transfer was studied in the absence of mass transfer, meaning

that the latter did not influence heating here.

Microwave heating was shown to induce a non-uniform temperature distribution in
biomass materials at thermal steady state, with a maximum temperature around the
centre of the cell cluster, and a minimum value at the biomass-solvent boundary. These
temperature gradients arise from the competing effects of volumetric heating and
normal heat transfer; therefore, such temperature distribution cannot be sustained with
conventional heating techniques. It was shown here that, as long as €";;omass = 0,
biomass materials of the investigated scales are likely to always attain higher
temperatures than the solvent at thermal steady state. This finding does not agree with
literature, where it has been suggested that the biomass will only attain higher
temperatures than the solvent if &"piomass > € sowent- INStead, it has been shown
here that, this only applies prior to achieving thermal steady state (i.e., during heat-
up); however, once steady state is achieved, sustaining a higher temperature in the

biomass becomes solely dependent on whether or not €"};omass > 0.

On the other hand, the magnitudes of steady state temperature gradients are affected
by the quantities of the various heating parameters, which include €"};omass:
& sowent» Ops k, Cp, Sg, pr, cell dimensions, cell cluster size, F, and |E],. Of these,
thermal conductivity (k) was particularly interesting to study, as this parameter has
been shown to affect the steady state temperature magnitudes, despite such effect
being otherwise non-applicable under conventional settings. Thermal conductivity (k)
is normally only associated with heat transfer rates; however, biomass temperatures
were shown here be highly sensitive to changes in k. This is especially true when
larger biomass cell clusters are being heated with microwaves, or when the k value of

such materials being irradiated is small (i.e., they are poor heat conductors). The effect
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of k on the steady state biomass temperature, can even be more pronounced than that
exercised by the dielectric loss factor of the material (£”};omass), Y€t this key
parameter has rarely been considered in microwave heating studies. This constitutes a
significant gap in understanding microwave heating patterns in biomass-solvent

systems.

Further to dictating temperature magnitudes at thermal steady state, the various
heating parameters also influence the time required to arrive at steady state. Of these,
electric field intensity (|E|,) was found to be the primary influencer on the heating
duration required to arrive at steady state. This is a logical outcome given that, |E|,
directly describes the input microwave power, which logically dictates the heating rate
of the system. Interestingly, nonetheless, the model was shown to reasonably predict
the heating timeframes for a large domain of |E|, values, when benchmarked against
empirical findings. Although these timeframes vary in orders of magnitude with such
large changes in |E|,, the model yielded reasonable outcomes both with low |E |, used
in some microwave extraction studies, and with high |E|, used in some microwave
pyrolysis studies. This key feature confirms the model’s robustness and enables its
future adaptation to serve a wide range of microwave processes for biomass-solvent

systems.

8.3.2 Chapter 7: microwave heating under variable mass
The model was extended in this chapter to enable both heat transfer and mass

transfer to occur at the same time, making it possible to further analyse heating patterns

under variable mass.

The previous observations regarding steady state temperature distribution (section
8.3.1) were all reconfirmed here, some of which include biomass possessing higher
temperatures than solvent given that &"p;omass > 0; thermal conductivity (k)
significantly influencing the steady state temperature magnitudes; and the heating rate
(Q;) being the most influential parameter in dictating the heating duration required to
achieve thermal steady state. However, unlike thermal steady state, the outcomes
attained here during the heat-up phase (i.e., prior to achieving thermal steady state) do
not match those from Chapter 3 or the wider literature. Temperature distribution
during heat-up does not only depend on the distribution of dielectric properties, but it

!

is also influenced by mass transfer parameters. For instance, while €"};omass >
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e somene 1S cOmmonly regarded as a condition for attaining higher biomass
temperatures during heat-up, such condition was shown here not to hold true in all
cases. Instead, the biomass may attain higher temperatures than the solvent even when
€' piomass < € sowent, depending on mass transfer parameters like solubility (S;),
diffusivity (D), and possibly others. This is because, such parameters dictate the
amount of matter existing in a given phase and the diffusion rate to/from it, which
affects the rate temperature increase in the phase. In this study, higher S and lower D
were shown to induce higher temperatures in the biomass during heat-up, indicating
lower input microwave powers needed to induce a desired temperature gradient.
Higher S, in this work signifies smaller amounts of water in cells initially, meaning
that the biomass is lighter and easier to heat up. On the other hand, increasing D
induces more rapid water influx into the biomass, suppressing the rate of temperature
increase and gradually lowering temperature gradients between the biomass and the
solvent. Further to S; and D, any other mass transfer parameter influencing the amount

of matter or the rates of diffusion, is also expected to affect heating in similar ways.

These results highlight the importance of understanding the interdependence
between heat and mass transfer, as this will be necessary to attain the desired

temperature distribution in biomass-solvent systems under microwave heating.

8.3.3 Recommendations for future work
Future work should focus on the following:

e Adjusting the model’s electric field to incorporate more meaningful patterns
depicting different wave propagation modes in various microwave cavities. This
will be necessary as the model gets homogenised and expanded to larger scales. It
will also enable further analyses to be conducted.

¢ Introducing a framework whereby temperature can vary due to bulk flow. This will
enable the model to be used in flow/semi-flow extraction settings, in addition to its
current batch setting.

e Obtaining more dielectric and heating data for a variety of materials through
empirical means. Such data will be of utmost benefit in conducting further
heating/heat transfer studies using the model.
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8.4 Biomass-solvent extraction in the context of cell rupture

8.4.1 Chapter 4: temperature gradients and mass transfer
It was conceptually demonstrated that, diffusion can occur between two phases

possessing unequal temperatures, where particles are likely to flow from the cooler
phase to the warmer phase. This is analogous to activity-driven diffusion (i.e., Fick’s
law) and pressure-driven diffusion (i.e., osmotic potential analogy); moreover, this
description matches both empirical evidence (e.g., the Ludwig-Soret effect) and

literature proposals.

The three driving forces for mass transfer, including activity, pressure, and
temperature, were all condensed into a single mathematical expression describing the
chemical potential (u), which was subsequently used to quantitatively describe

diffusion in the biomass-solvent extraction model (section 8.2.2).

8.4.2 Chapter 5: Steam Rupturing vs Temperature-Induced Diffusion
Microwave heating is mainly thought to enhance extraction by inducing structural

alterations and cell rupture within biomass materials. However, the mechanisms
through which such alterations are induced have mainly been discussed qualitatively,
and this limits the ability to understand these mechanisms and apply them to various
systems and scales. Nevertheless, some quantitative attempts have been made, such as
in the Steam-Rupturing and Temperature-Induced Diffusion hypotheses. Both these
hypotheses accept cell rupture as the rate-limiting step to achieving enhanced
extraction; moreover, they both argue that cell rupture is more likely under microwave
heating than it is under conventional heating. However, the two hypotheses differ in
the mechanisms they propose as to how cell rupture can be achieved: (i) Steam-
Rupturing stipulates the need to evaporate intracellular moisture, thereby generating
steam at sufficient pressures to cause cell rupture; (ii) Temperature-Induced Diffusion
proposes that the microwave-induced temperature gradients between biomass and
solvent, are sufficient to drive surplus water influx into biomass cells, thereby inducing

pressures high enough to cause cell rupture.

The two hypotheses were assessed in this thesis for their ability to explain cell
rupture under microwave heating. The Steam-Rupturing hypothesis was investigated
from a heat transfer viewpoint, as it was attempted to understand whether the highest
attainable biomass temperatures can underpin intracellular steam generation at the

required pressures for cell rupture. It was shown that, in all but the most extreme of
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physical conditions, the biomass temperatures obtained under microwave heating did
not suffice to underpin the Steam-Rupturing hypothesis. Cell rupture should,

therefore, be caused by another mechanism.

Temperature-Induced Diffusion was assessed using the combined heat-mass-
mechanical model developed in Chapter 5. It as shown that, this hypothesis can
underpin cell rupture entirely when using a realistic set of input heating, diffusion,
mechanical, and geometrical parameters. Furthermore, the various sensitivity analyses
conducted also demonstrated the applicability of this hypothesis to a potentially wide
range of biomass-solvent systems where cell rupture may occur. Therefore, if cell
rupture is the governing mechanism for enhanced extraction under microwave heating,

then Temperature-Induced Diffusion is the underpinning cause of this rupture.

On the other hand, achieving widespread cell rupture within biomasses was
predicted to occur only beyond a threshold microwave power, whose magnitude
depends on the physical conditions of the system. Input power can be represented with
the electric field intensity (|E|,); hence, a range of threshold |E|, values required for

widespread cell rupture under various conditions, were presented in Table 5.10.

In summary, Temperature-Induced Diffusion was demonstrated as a more viable
explanation as to how microwaves may induce cell rupture in biomass-solvent
systems. This is a key outcome not only due to the novelty of the approach undertaken
in this thesis, but also because the results challenge the Steam-Rupturing hypothesis,
which is more popular compared with the recently proposed Temperature-Induced

Diffusion hypothesis.

8.4.3 Chapter 6: empirical evidence for cell rupture
It had been summarised in Chapter 5 that, should cell rupture be the rate-limiting

step to enhanced extraction, then Temperature-Induced Diffusion is the fundamental
basis upon which such rupture can be achieved under microwave heating. In Chapter
6, a critical experiment was intended to observe whether extraction can be attributed
to a rate-limited step like cell rupture. This is necessary as it indicates whether the
underlying cell rupture mechanism should be re-evaluated, and whether the model

from Chapter 5 should be further improved.

Extraction was investigated under two microwave heating modes, namely

continuous microwave heating and ramp microwave heating. Continuous heating
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denotes non-stop heating of the sample with a constant input power for the full
extraction duration. In contrast, ramp microwave heating signifies maintaining a
constant input power only as long as the sample’s temperature is increasing, but once
a target temperature is achieved, heating would be stopped or significantly suppressed.
These two heating modes deliver energy to the sample differently; hence, the
extraction trends obtained could also be different. Therefore, when attempting to
evaluate the effect of cell rupture on extraction, it is necessary to understand the

extraction trends under both continuous and ramp microwave heating.

This chapter investigated extraction of pectin from onion peels under both
continuous and ramp microwave heating. The trends observed under ramp heating
were fully explicable with cell rupture because, a step-increase in the yield was
observed on increasing the input power to a threshold value. These outcomes match
the predictions made in Chapter 5, as well as some literature studies investigating ramp
microwave heating. However, the results achieved with continuous microwave
heating do not fully match the idea of cell rupture. Firstly, extraction accelerates
gradually on raising the input power under continuous heating, and this cannot be
explained through cell rupture because a similar acceleration is not observed under
ramp microwave heating. Secondly, a sharp increase in the yield was observed at
sufficiently high input powers, but the cause of this effect is unclear as it cannot be

matched with the step-change observed at the same input powers under ramp heating.

Extraction was also observed at room temperature, as yields were attained even
through no thermally induced cell rupture could have occurred, albeit at very slow
rates. Unlike what has been suggested in literature, this outcome indicates that
polymers like pectin can be extracted even without any heating or structural
modifications in the biomass. As such, proposing an alternative mechanism for
microwave extraction away from cell rupture, would not violate the fundamental

principles governing extraction.

These results hint towards an alternative mechanism governing enhanced extraction
under microwave heating; hence, re-evaluation of the model from Chapter 5 is
required. Extraction could still be affected by physical rupture, but this is not

necessarily the rate-limiting step of the process.
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8.4.4 Recommendations for future work
Future work should focus on the following:

¢ Improving the thermodynamics of mass transfer even further where necessary, and
obtaining more comprehensive datasets for the entropies, activities, and vapour
pressures of water and other solutes. This will enable further, more detailed mass
transfer analyses to be conducted.

e Expanding the cell pressure-volume relationship to incorporate responses of
collective tissues rather than single cells. This will enable model homogenisation
and allow further coupling with experimental data.

e Expanding the investigations on pressure and cell rupture to incorporate
lignocellulosic biomasses, which are currently not included. This will require
revisiting the cell expansion mechanics to account for mechanical properties of
rigid secondary cell walls.

e Conducting further experiments to investigate cell rupture and extraction, while
implementing longer heating durations but also using a larger domain of biomass-
solvent systems and input microwave powers. Expanding the analysis to
incorporate conventional heating under reflux can also be carried out. These tasks

will require detailed design/planning to arrive at a setup that is robust and safe.

8.5 Biomass-solvent extraction away from cell rupture

8.5.1 Room temperature extraction
Biomass-solvent extraction was re-investigated in Chapter 7 to understand how

microwaves may enhance extraction without the need for cell rupture. For this
purpose, the model from Chapter 5 was further developed through addressing its key
limitations, and by introducing an appropriate framework to quantify solute extraction
(section 8.2.3).

Initially, the model was used to investigate extraction at room temperature, where
water penetration into a biomass and solute extraction from it were found to occur
gradually. At first, mass transfer of water/solutes occurs exclusively between the
outermost biomass layer and the solvent, as the biomass otherwise maintains uniform
activities within its cells/cell walls, preventing any intra-biomass diffusion. Later on,
activity gradients get established gradually deeper into the material, enabling
extraction from within the cell cluster up to the point when mass equilibrium is

achieved in the biomass-solvent system. This process of gradual extraction limits the
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recovery of solutes, as the small solute quantities in the outer layer could be sufficient
to induce equilibrium in the system. Nevertheless, extraction from the inner biomass
can be improved through increasing solubility (S,), solvent-to-solid ratio (Sg), and
solvent purity. Extraction can also be higher when smaller biomass particles are used,
and where the desired solutes exist in cell walls in higher proportions compared with
cells. On the other hand, the biomass contains many types of solutes, and some of
these will be very similar to each other such that their diffusion can be described using
the same activity/potential gradients. Such solutes compete for extraction, as the
component experiencing the lowest resistance to diffusion (i.e., possessing the highest
diffusivity) will be extracted in higher quantities than the other solutes. Nevertheless,
despite the variety of extract compositions attainable in this case, the total yield will

remain consistent as it results from a single activity/potential gradient.

8.5.2 Thermal extraction
The model was employed to investigate extraction under microwave and

conventional heating. The latter was found to induce the same outcomes as in the room
temperature extraction case, which is because, in this work, the mass transfer
parameters (e.g., solubility, diffusivity, etc) had been kept independent of temperature.
Maintaining such condition is necessary to isolate and characterise any unique
microwave effects on extraction, which do not entail any temperature-induced changes
in the mass transfer parameters. From this, microwaves were shown to improve
extraction significantly, causing a dramatic increase in the yield beyond the
equilibrium value attained under conventional heating. This improvement can be
attributed to the temperature gradients uniquely induced and sustained by microwaves,
in which the biomass is consistently warmer than the solvent at thermal steady state.
These temperature gradients enhance water influx to biomass cells/cell walls,
overriding the gradual layer-by-layer diffusion otherwise observed under non-
microwave extraction settings. The enhanced water influx induces high biomass
pressures which, in turn, drive additional solute extraction, thereby improving the
attainable yields. Even small temperature gradients inducing low positive biomass
pressures were shown to improve the yield dramatically; but nonetheless, higher
temperature gradients accelerate the process, which is a key advantage in time-limited
experiments. However, increasing the temperature gradients may also reduce the

maximum attainable yields, since these gradients favour solutes remaining within the
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biomass just as they enhance water influx to the material. Hence, the currently
discussed microwave extraction mechanism is limited to cases where, the temperature
gradients cause more water influx to the biomass than they inhibit solute extraction
from it. This gives rise to a pressure force driving solutes outwards, which is larger
than the temperature gradient force favouring solutes remaining within the biomass;

hence, a net surplus yield is achieved.

The currently discussed microwave extraction mechanism does not require cell
rupture, but instead, it shows a direct effect exercised by temperature gradients on
diffusion, leading to enhanced extraction. Nevertheless, rupture can still be achieved
in cells/cell walls upon inducing sufficiently high pressures, and as demonstrated, such
event may influence extraction either through improving the yields or otherwise. In
this work, solute diffusivities were allowed to vary upon achieving rupture in a
cell/cell wall, but further examples as to how rupture may affect diffusion can be
explored in future endeavours beyond this thesis. The key point here is that rupture is
not the rate-limiting step in extraction, even though it may affect the process.

The model was used to study different microwave and conventional extraction
scenarios incorporating various combinations of solubility (Ss), solute diffusivity (D),
and heating rate (Q,) values. It was shown that, microwave heating only enhances
extraction at low S, values, but as S is increased extraction gets suppressed, and the
yields eventually become lower than those attainable under conventional heating. This
happens because, extraction is naturally enhanced with increasing Sg; however,
coupling such enhancement with temperature gradients causes the already extracted
solutes to get reabsorbed, following a discrepancy in the activity gradients caused by
water flowing into the biomass. Therefore, as S, is raised the extraction process gets
increasingly dominated by a trend where, the yield approaches a maximum and it
drops thereafter. The maximum vyield at a given S, decreases at higher heating rates
(Q,), as the final yield can also approach 0% at sufficiently high Q, values. Once again,
extraction was shown to favour solutes with higher diffusivities (D), but additionally,
higher D also induces faster reabsorption where such an event takes place. Hence, in
cases comprising high S, the favoured reabsorption of solutes possessing higher D,

allows for a selective extraction of the solutes possessing lower D;.
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In addition to the above, extraction was also investigated under ramp microwave
heating, as this heating mode could alter the attainable yield trends. Continuous
microwave heating sustains the temperature gradients throughout the extraction
process, whereas ramp microwave heating only preserves these gradients during the
time-limited heat-up phase. The differences in extraction observed between the two
modes tend to be case-specific, but generally, ramp heating limits the attainable yields
at low S and improves them at high S, compared with continuous heating. Moreover,
enhancing the extraction of low S solutes under ramp heating, was found to demand
a threshold Q. This matches the findings from Chapter 6 and wider literature;
however, it is not caused by cell rupture as previously proposed, but instead, it is a
direct result of the effects exercised by temperature gradients on diffusion patterns. As
Qs is increased beyond its threshold, the yield increases towards a maximum value
before declining once again, as the timeframes during which the temperature gradients
are maintained become increasingly shorter. On the other hand, the effects of rupture
on extraction are also felt differently under continuous and ramp microwave heating,

due to the differences in temperature gradients.

8.5.3 Recommendations for future work
Future work should focus on the following:

e Conducting critical experiments to validate the proposed extraction framework as
summarised in section 7.6.

e Investigating extraction in systems with solutes behaving independently (i.e., each
represented by its own activity and chemical potential values).

¢ Defining some input parameters in terms of others (e.g., dielectric loss and thermal
conductivity as functions of water activity). This will lay the foundation for further
extraction analyses and predictions.

e Further investigating the effect of solute entropy on whether microwaves enhance
extraction.

¢ Further studying the effects on non-ideal solute behaviour on extraction (the model
enables different degrees of ideal behaviour to be imposed upon solutes existing
cells, cell walls, and solvent).

¢ Introducing thermal degradation of solutes into the extraction framework, in order
to understand the effects this may have on the results, but also to resemble real-

world situations more thoroughly.
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e Expanding the cell/cell wall pressure-volume relationships to incorporate the
response of collective tissues rather than single cells (section 8.4.4).

¢ Improving the model through homogenisation and upscaling; defining rupture more
comprehensively; and further developing the system’s geometry (section 8.2.4).

e Acquiring further experimental data on the solubility, diffusivity, entropy,
dielectric  properties, etc of various solutes, and establishing the

temperature/activity dependence of these parameters more clearly.
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8.6 Nomenclature

Symbols
o

617

k

Cp

|E|

F

Textraction

Qs
Sr
p

N

%s—S

Subscripts

Obiomass
Osotvent
0o
Oumitial
O

Ow

Os

Oo

- Dielectric loss factor

m Penetration depth

Wm-1K1! Thermal conductivity

Jg k1 Specific heat capacity

Vm1 Electric field intensity

Hz Microwave frequency

K Extraction temperature set-point; analogous t0 Tsa¢yration
Ks1 Heating rate in the solvent phase
mLg~! Solvent-to-solid ratio

kgm=3 Density

Jmol 1K1 Specific entropy

Jmol ™! Chemical potential

- Activity

m?2s~1 Diffusivity

- Initial cell void fraction

m Cell wall thickness
MPa Elastic modulus at zero strain
gsgw ! Solute’s solubility in water

- Initial percentage of solutes in solvent (mass basis)

Biomass property

Solvent property
Incident/baseline value
Initial value

Property of a condensed state
Property of water

Property of solutes

Property at a given condition, e.g., s(r) is entropy at temperature T
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APPENDIX A
Validation for the model developed in Chapter 3

The format of this appendix is as follows:

Al Background 301
A2 No heating 301
A3 Conventional heating 303
A.1Background

In the model presented in Chapter 3, heating is defined with a set of input
microwave parameters such as electric field intensity (| E|,), thermal conductivity (k),
dielectric loss factors of biomass and solvent (€"piomass: €' sowent)» and other
parameters. Initial temperature (T;,;+i4;) @nd solvent boiling temperature (Tsqturation)
should also be defined by the user. Model validation was conducted here with a single-
cell biomass-solvent system, for cases with no heating and with conventional heating.
Different time-steps (6t) were employed in each case to assess computational
accuracy. Table 3.1 summarises the baseline values for all parameters, while Table
A.1 summarises the variables and constants for the different analyses conducted here.

Results are in the sections below.

Figure/ Cell cluster . . |E|o

Table size € biomass € solvent wm-1)
Figure A.1 1 cell 0 0 0
Figure A.2 1 cell 0 5 5000
Figure A.3 1 cell 0 10 10000

Table A.1 — Variables and constants for the current model validation

A.2 No heating

With no heating, the temperature of the system must remain constant at its initial

value (Tjpiriq)- The no heating condition is achieved either by setting |E|, = 0 Vm™t,

or by setting both &" p;omass = 0 and €” ¢oiwen: = 0. The obtained temperature-time

relationships for both the cell and the solvent are as expected (Figure A.1).
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Temperature (degrees Celsius)
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2025
20.00
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(A) 5t = 0.00001 s

Temperature (degrees Celsius)
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20.50
20.25 1
20,00 4
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19.50 4

19.25 4
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Solvent
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(B) 5t = 0.0001 s

Temperature (degrees Celsius)

21.00 1
20.75
2050 4
20.25 1
20.00
18.75 4§
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19.25 4

15.00

— Cell
Solvent

20
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Time (s)

(C) 6t = 0.001 s

Temperature (degrees Celsius)

21.00 1
20.75
20.50 4
20.25 1
20.00
19.75 4
159.50 4
19.25 4

15.00

— Cell
Solvent

20

30 40 50
Time (s)

(D) 6t = 0.01s

Temperature (degrees Celsius)

21.00 4
20.75
20.50
20.25
20.00
19.75 4
159.50 4
19.25 4

19.00 4
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20
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(E)6t=0.1s
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21.00 — Cell
Solvent

rature (degrees Celsius)

(F)st=1s

% 1950

Time (s)

Figure A.1 — Temperature-time plots for the cell and solvent under the no-
heating case and for different computational time intervals

A.3 Conventional heating
Conventional heating is achieved when heat is delivered to the biomass indirectly

via the solvent phase. An analogous scenario to conventional heating is when
microwaves are absorbed by the solvent phase only, but not by the biomass. This is
achieved when €' ,;omass = 0, and in such a case the heating rate increases when
either " owent OF |E|, are increased. However, regardless of the heating rate, the
temperature in all of the system’s phases should not exceed Tsuiyration, aS this value
represents the boiling point of the solvent. The outcomes are shown in Figure A.2 —
Figure A.3 where, in Figure A.2 |[E|, =5 % 103 Vm™ and &" ¢ jpene = 5, While in
Figure A3 |E|, = 10* Vm™1 and " ;41pent = 10. The expected trends are evident in
the outcomes shown and with reasonable accuracy throughout the range of time-steps

employed.

100 1 — cell
Solvent

70
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Time (s)
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Time (s)

(F)dt=1s

Figure A.2 — Temperature-time plots for the cell and solvent under

conventional heating where |E|, = 5 x 103 Vm~! and "¢ yene = 5, and for
different computational time intervals
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Figure A.3 — Temperature-time plots for the cell and solvent under

conventional heating where |E|, = 10* Vm~1 and £" ;,1ene = 10, and for

different computational time intervals
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APPENDIX B
Validation for the model developed in Chapter 5

The format of this appendix is as follows:

B.1 Background 307
B.2 Zero activity and temperature gradients 307
B.3 Nonzero activity gradient; zero temperature gradient 309
B.4 Nonzero activity and temperature gradients 315

B.1 Background
In Chapter 5, the heat transfer model had been further developed to incorporate

mass transfer of water, and expansion mechanics to quantify cell pressure upon water
uptake. These additional elements were initially validated here at constant
temperature, thus allowing them to be tested independently from heat transfer, but also
ensuring that mass transfer works regardless of whether or not the system is being
heated. Subsequently, the model was validated with a case incorporating temperature
gradient, to ensure that the expected behaviour is observed. The manipulated
parameters in this analysis are the initial cell water activity (ay,,,,,;,,), and the incident
electric field strength (|E|,), whose values are shown in Table B.1. The analysis was
conducted here with a single-cell biomass-solvent system, while using different time-
steps (6t) in each case to assess computational accuracy. Table 5.5 summarises the

baseline values used for all parameters other than ayy, ... .. and |E|,.

Figure/ Cell cluster ay |E]o Constant cell

Table size fnitial (vm™1) pressure?
Figure B.1 1 cell 1 0 No
Figure B.2 1 cell 0.99 0 No
Figure B.3 1 cell 0.98 0 No
Figure B.4 1 cell 0.98 0 Yes
Figure B.5 1 cell 0.98 10000 No

Table B.1 — Variables and constants for the current model validation

B.2 Zero activity and temperature gradients
When ay,...... = 1, there is no activity gradient between the cell and the solvent;

hence, no mass transfer should take place and the cell pressure must remain constant
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at its initial value. The obtained activity-time and pressure-time plots are as expected

(Figure B.1).
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Figure B.1 — Water activity-time and cell pressure-time plots under the no-
heating case where ay,, ..., = 1, and for different computational time intervals

B.3 Nonzero activity gradient; zero temperature gradient
Readjusting ay,,, ..., 10 0.99 introduces an activity gradient between the cell and

the solvent, which should drive water diffusion from the latter to the former, increasing
the cell pressure up to a point where mass equilibrium is established. Since the cell

pressure is higher than that of the solvent at mass equilibrium, the equilibrium cell
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water activity should remain smaller than that of the solvent. The obtained activity-

time and pressure-time trends are as expected (Figure B.2).
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Water activity Cell pressure
1000 14
12
0.998
= = 10
S 04996 a
'%‘ — cell v 8
5 solvent I
B 0934 i 6
= a
& 4
0992 e
2
0.9%0 0
0 100 200 300 400 500 T T T T T T
Time (s) 0 100 200 300 400 500
Time (s}
(D) 6t =0.01s
Water activity Cell pressure
1000 14
12
0.998
= E‘ 10
S 0996 3
g —_ el v B
5 solvent 7
£ 0934 2 6
= =
R
0992 ~
2
0.990 0
0 100 200 300 400 500 T T T T T T
Time (s) 0 100 200 300 400 500
Time (s)
(E) 6t =0.1s
Water activity Cell pressure
1000 14
12
0.998
= = 10
S 04996 a
'%‘ — cell v 8
5 solvent I
B 0934 i 6
g [=%
& 4
0992 e
2
0.9%0 0
0 100 200 300 400 500 T T T T T T
Time (s) 0 100 200 300 400 500
Time (s}
(F)dét=1s

Figure B.2 — Water activity-time and cell pressure-time plots under the no-
heating case where ay,, ..., = 0.99, and for different computational time

intervals

As ay ..., 1S further decreased to 0.98, the same observations should be made as

those in Figure B.2, but with a larger equilibrium cell pressure due to the larger activity
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gradient in the system. The obtained activity-time and pressure-time trends are as

expected (Figure B.3).
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Figure B.3 — Water activity-time and cell pressure-time plots under the no-
heating case where ay,,, ..., = 0.98, and for different computational time

intervals

The equilibrium cell pressures obtained with ay,, = 0.99 and a,, = 0.98 are

14 barg and 27.8 barg, respectively. These results were validated as shown below.
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At constant temperature, the cell water chemical potential (uyy,_,,,) can be written
as follows:

* achll
Hw ey = Hocry t Vi(r) (PL + Parm — P(1) ) + RTIn Ta. (B.1)
0

At constant temperature and atmospheric pressure, the solvent water chemical

potential (uy, ., ...) can be written as follows:

* aWsolvent
'quolvent = ‘uO(T) + vL(T)(Patm - P(T) ) + RTIn a (BZ)
0

At mass equilibrium, the chemical potentials of water in the cell and solvent are
equal (due to constant temperature); therefore, Equations (B.1) and (B.2) can be

written as follows:

RT a
PL — lTl < Wsolvent) (B3)
UL(T) achll

All parameters in Equation (B.3) other than P, and ay,_,,, can be taken as constant.
R =8314 Jmol™'K™'; T = 303 K; v ) = 1.8 X 1075 molm=3: and AW o ons =

1. Therefore, Equation (B.3) can be expressed as follows:

P, = —1.3995 x 10° In(ay,,,) (B.4)

Since oy, does not vary significantly in Figure B.2 and Figure B.3, it can be
substituted in Equation (B.4) with the initial cell water activity (aw,,,;,;,;), resulting

in the following expression:

P, = —1.3995 x 10° In(aw,, ;) (B.5)

From Equation (B.5), the P, values corresponding to ay,,....... = 0.99 and 0.98 are

14.1 barg and 28.3 barg, respectively. These values are slightly higher than those
obtained in Figure B.2 and Figure B.3, which is because cell water activities do change
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slightly during mass transfer, leading to a miniscule reduction in the attainable
equilibrium pressures. Nevertheless, the two sets of values attained here and from
Figure B.2 and Figure B.3 are very close, and for all practical purposes they match

closely.

On the other hand, it is clear from Equation (B.3) that if the cell pressure cannot be
elevated (i.e., P, = 0 barg always), then mass equilibrium can only be achieved if
A, = Aw,,mene T 1S NOL pOSsible to satisfy this condition in the current model, due
to the physical constraint dictating that cells incorporate a non-diffusible solutes,
meaning that cell water activity can never approach unity. As such, it is expected that
the model will not deliver a meaningful outcome if the cell pressure is restricted to
0 barg. Such an observation is clear in Figure B.4, through the activity-time and

pressure-time plots obtained under this setting.
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1 —————
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=
o
]

-0.04

-
=}
=}

Figure B.4 — Water activity-time and cell pressure-time plots under the no-
heating case where ay,,,,;., = 0.98, where cell pressure is constrained to

0 barg regardless of water diffusion

B.4  Nonzero activity and temperature gradients
Finally, the model was validated under temperature gradient induced with |E|, =

10* Vm~1. As expected, a considerably higher equilibrium cell pressure is induced
under a small temperature gradient (around 0.036 °C in this case). This is shown in

Figure B.5.
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Water activity Cell pressure
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Figure B.5 — Water activity-time and cell pressure-time plots under a

microwave heating case where |E|, = 10* Ym™1

' OW initial

different computational time intervals

= 0.98, and for

The equilibrium cell pressure obtained in Figure B.5 is 35.4 barg, and this value

was validated as shown below.

The cell chemical potential-to-temperature ratio (uy,,,,/Tcen) Can be written as

follows:
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'chell _ I’LO + vL(TO)
Tcell Tcell Tcell

: To
(Pu+Patm = Pery)”) = Swiny) (1 T )
cell

T, T (B6)
aw
+C [(1 - —0) - ln( Ce”)] +Rin (—”)
P Tcell TO 24

Similarly, the solvent chemical potential-to-temperature ratio (4sowent/ Tsowvent)

can be written as follows, assuming the pressure remains at the atmospheric value:

BW so1vent _ Ho + VL(10)

Tsolvent Tsolvent Tsolvent

* TO
(Patm - P(To) ) — Sw(Tp) <1 - )

Tsolvent

T, T a
TN [ P () P
Tsolvent TO (44)]

(B.7)

At mass equilibrium, the parameters ucei/Teen @0 Usorvent/ Tsorwent are equal;
therefore, Equations (B.6) and (B.7) can be written as follows:

RT, a
PL — cell ln( Wgolvent) + ﬁ (B8)

vL (To) achll

For a given temperature gradient, g is a constant defined as follows:

Teen Ho * To Ty
p= <TL— 1)( +Parm =Py +——Swap — 56

solvent VL(Ty) VL(Ty) VL(1) (B 9)
+ CpTcell ln( Tcell )
UL(TO) Tsolvent

All parameters in Equation (B.9) other than P, and ay,__,, can be taken as constant.
o =0Jmol™*K~1; R =8314Jmol™ 'K, T =373.036 K (as per the
temperature gradient obtained from the analysis in Figure B.5); Tsoient = 373 K;
vy = 1.8 X107 molm™3; ay, . =1 To=298K; C,=72]mol 'K~

Sw(ry) = 70 Jmol™ K™%, Pgpy = 1.01325 bar; and Pry" = 0.03 bar. Therefore,

Equation (B.9) can be expressed as follows:

P, = —1.7230 x 10%In(ay,,, ) + 1.4082 x 10° (B.10)

Page A-18 (318)



APPENDICES

Since ay_,,, does not vary significantly in Figure B.5, it can be substituted in
Equation (B.10) with the initial cell water activity (aw,,;,;,;), resulting in the

following expression:

P, = —1.7230 x 10°%In(aw ,;,;,;) + 1.4082 X 10° (B.11)

From Equation (B.11), the P, value corresponding to a..; = 0.98 is 36.2 barg.
This value is slightly higher than that obtained in Figure B.5, which is because cell
water activities do change slightly during mass transfer, leading to a miniscule
reduction in the attainable equilibrium pressures. Nevertheless, the value attained here
is very close to that obtained from Figure B.5, and for all practical purposes the two

values match closely.
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APPENDIX C
Validation for the model developed in Chapter 7

The format of this appendix is as follows:

C1 Background 320
C.2 Extractability of solutes 321
C.3 Dependence of activities on solubility and molar quantity 323
C4 Elimination of negative molar quantities 327

C.1Background
In Chapter 7, the model was improved by introducing a means for quantifying

solute extraction, which is a key advantage enabling direct benchmarking of the
attainable outcomes with experimental data. This modified model also offers a novel
microwave extraction mechanism not requiring cell rupture, thereby widening the
model’s predictive capability to a larger domain of biomass-solvent extraction
scenarios. Improving the model required readdressing some of its pre-existing
assumptions (Table 7.1); hence, the current appendix demonstrates some key testing
steps undertaken to validate the new framework.

The manipulated parameters in this analysis are the solubility of solutes in water
(Ss), and the mass percent of water in cell walls (%y,_ /). The analysis was conducted
here with a single-cell biomass-solvent system, while using different time-steps (6t)
in each case to assess computational accuracy. The analysis was conducted at room
temperature (i.e., Q; = 0 Ks~1) to understand the fundamental behaviour of the model
in the absence of microwave heating. The values used for S;, %w_cw, and Qg are

summarised in Table C.1, while all other parameters were fixed as shown in Table 7.4.

Figure/ Cell cluster Ss Qs
. Yow-cw
Table size Gsgw™) (Ks™1)
Figure C.1 1 cell 0.01 0.1 0
Figure C.2 1 cell 0.01; 0.03 0.1 0
Figure C.3 1 cell 0.01 0.01;0.1 0
Figure C.4 1 cell 0.05 0.1 0

Table C.1 — Variables and constants for the current model validation
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C.2 Extractability of solutes
As the model incorporates diffusion of both water and solutes, it was necessary to

investigate whether these diffusion patterns follow the expected trends. Initially, an
elementary study was conducted to establish that solutes flow from the biomass to the
solvent, resulting in a proportional increase in the percentage yield computed by the
model. Figure C.1 presents a case where the single-cell biomass contains 1.5719 x
1071% mol of extractable solutes initially, of which 4.0240 x 107! mol get liberated
into the solvent phase during extraction. As can be seen, the solute diffuses from the
biomass to the solvent as desired in this computational exercise, and the obtained yield
of 25.6% matches the extracted quantity. Moreover, the model demonstrates a rapidly
converging yield outcome as the computational time-step (8t) is decreased from 1 s

to 0.1 s, and a converging activity trend as 6t is further decreased to 0.0001 s.

Solute activity

Percentage Yield

.

100
0.0008

&

£ 0.0006

p=}

T e L;‘

Lt} =1

= 5 00004

£ 4

o

X

[T

(=9

0.0002

0 (
0 0.0000
B 20 30 20 50

50 time {s)

— cell wall outer layer
""" cell
=== solvent

O =

o 10 20 30 40
time {s)

(A) 6t = 0.00001 s

Percentage Yield Solute activity
100 /
0.0008 !
1}
_ 8 i
£ 00006 { |
3 :
EE ]
2 £ !
= 00004 |
£ 40 !
o
g i
8 000021 1
20 : — cell wall outer layer
: """ cell
0 0.0000 1 === solvent
T T T T T T o 10 20 30 40 50
0 0 0 0 40 50 time {s)
time {s)

(B) 5t = 0.0001 s

Page A-21 (321)



APPENDICES

Percentage Yield Solute activity
100 !
0.0008 !
I
_ & !
£ 00006 { |
o 1
1
L e g |
= i 00004 !
£ 40 [
[T 1
5 i
4 0.0002 { 1
20 ! — cell wall outer layer
: e
0 0.0000 { ' solvent
T T T T T 0 0 0 0 40 50
10 20 time (5) 30 40 50 time {s)
ime {5
(C) 6t =0.001s
Percentage Yield Solute activity
100 4
0.0008 H
1
8 :'
£ 0.0006 1
=
] = : —— cell wall outer layer
o 2 ! cell
& 2 0.0004 : === solvent
g @ !
E 1
& 5 0.0002 1 !
i
1
0 ooooo { !
T T T T T 0 0 0 0 40 50
10 20 time (5) 0 40 50 time (s}
ime {5
(D) 6t = 0.01 s
Percentage Yield Solute activity
100 ;’
0.0008 |
i
. 8o I
1
£ 0.0006 { !
: :
o[/l = —— cell wall outer layer
- : 0y e call
= d 0.0004 === solvent
£ 40
&
L 0.0002
0 ooooo { !
T T T T T T 0 0 0 0 40 50
0 10 0 - Ell] 40 50 time (s)
Ime {5

(E)6t=0.1s

Page A-22 (322)



APPENDICES

Percentage Yield Solute activity
100 0.00 1 =gE==
=001
. B0
B —0.02
=
¥ /80 =003
- =
u 2
o] ® -0.04
£ 40
ar
=t —0.05
o
=1
20 0064 cell wall outer layer
""" cell
0 —0.07 { === solvent
T J T ! T ! 0.0 0.1 0.2 0.3 0.4
0 10 20 ) 3o 40 50 time (s)
time (s}
(Foét=1s

Figure C.1 — Percentage yield-time and solute activity-time plots under the no-
heating case where S, = 0.01 g, g, 1, and for different computational time

intervals

C.3 Dependence of activities on solubility and molar quantity
Furthermore, water and solute activities (ay,; as) were defined in this model

through the solute’s solubility (S,), which is a more widely available and accessible

parameter. This link dictates that, increasing S, induces a larger activity gradient in

the system, through lowering the initial water activity of the biomass, and raising its

initial solute activity. This was assessed and has been proven as shown in Figure C.2

(demonstrates water activity-time plots). Moreover, the outcomes converge with
decreasing the computational time-step (3t).
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Figure C.2 — Water activity-time plots under the no-heating case where S =
0.01 g,g, ' and 0.03 g,g, 1, and for different computational time intervals

Establishing solubility (S;) as an input model parameter allows activity values in
the biomass to be defined reasonably even if the biomass incorporates small quantities
of water, thereby giving flexibility to the computation. As discussed in Chapter 7
(section 7.2.2.3), S, dictates the maximum amount of solutes that can be dissolved in
water, as any excess solutes would precipitate out of solution. Hence, the water/solute
activities remain constant in the respective phases until enough water diffuses inwards
or S, increases sufficiently, so as to dissolve all available solutes in the phase. The fact
that activities should remain constant when decreasing the initial molar quantity of
water in the biomass (at constant S;), was assessed here. Figure C.3 demonstrates the
case of cell wall fragments, where water activities clearly remain constant even as the
initial water amounts are lowered. The amount of water is defined as the surplus mass
percent added to the dry mass of the cell wall (%, _cw). Moreover, the outcomes

converge with decreasing the computational time-step (5t).
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Figure C.3 — Water activity-time plots under the no-heating case where
%w-cw = 0.01 and 0.1, and for different computational time intervals

C.4 Elimination of negative molar quantities
The model had been constructed to avoid computing physically meaningless

negative molar quantities. As described in Chapter 7 (section 7.2.2.1.2), such effort is

necessary because mass transfer is independent of the absolute quantities of matter
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available, but rather it depends on intensive properties like mole fraction, pressure,
and temperature. The model’s ability to avoid negative molar quantities was assessed
here through increasing the solubility (S;), thereby increasing the activity gradients
between biomass and solvent, and pushing all solutes available in the single-cell
biomass to get extracted. Results are presented in Figure C.4, where extraction is
clearly shown to cease as the molar quantity of solutes in the cell walls approaches a
near-zero value. Moreover, the outcomes converge with decreasing the computational

time-step (5t).
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Figure C.4 — Solute quantity-time plots under the no-heating case, for different

computational time intervals
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APPENDIX D
Software implementation

The format of this appendix is as follows:

D.1 Background 331
D.2 Software implementation steps 331
D.2.1 Step 1: data acquisition 331
D.2.2 Step 2: expansion mechanics 331
D.2.3  Step 3: system geometry and initial values 332
D.2.4  Step 4: main computational analysis 333
D.2.5 Step 5: outcome presentation 333
D.3 Software structure 334
D.4 Libraries used in the model 336

D.1 Background
The model has been developed with Python™, but nonetheless, it can also be

encoded using any other compatible programming language, or even be attempted
manually where feasible. This appendix highlights the steps undertaken to implement
the model as a computer software. The steps shown here complement the framework
discussed in Chapter 7, as it represents the most up-to-date version of the model.

D.2 Software implementation steps

D.2.1 Step 1: data acquisition
The model requests a set of data defining all input parameters highlighted in Table

7.4, plus some additional parameters and Booleans to characterise various
computational conditions such as the heating mode; the time-steps; tolerance of the
numerical solver; whether some data should be treated as constants; whether to
represent outcomes as figures/colour maps; and other similar functions. The code is
written in an object-oriented fashion; therefore, all input data are stored in appropriate

variables (e.g., arrays and dictionaries) to be used in the subsequent modules.

D.2.2 Step 2: expansion mechanics
At first, pressure-volume relationships are generated for cells and cell walls using

the steps discussed in sections 5.3.1.2 and 7.2.4, respectively, and through the input
mechanical/geometrical data defined by the user. The pressure-volume relationships
for cells are generated separately from those generated for cell walls, but in each case,
the output entails a list of polynomial coefficients to quantify pressure for a given
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cell/cell wall volume. These outcomes are stored in appropriate variables (e.g., arrays
and dictionaries) to be used in the subsequent modules. For observational purposes,
the constructed relationships are also presented to the user as a series of figures,
including stress-strain plots, stress-pressure plots, and other relevant representations.

D.2.3 Step 3: system geometry and initial values
Next, all relevant input data are used to fully define the geometry of the system,

including number/orientation/arrangement of cells; locations of the numerical points
and distances between them; and volume/dimensions of the solvent phase. Any
symmetry in the geometry is also identified to homogenise the system, thus ensuring
the elimination of all unnecessary subsequent mathematical operations. An example
of such symmetry is presented in Figure D.1.

Full structure

Representative
segment

Figure D.1 — 2-dimensional structure showing perfect symmetry in the vertical
and horizontal axes; therefore, the properties of the representative segment are
identical to those throughout the other segments. Such symmetry can be utilised
in the biomass-solvent extraction model to compute the relevant outcomes only

in representative segments, thereby significantly reducing the demand for
computational effort
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Furthermore, each phase in the system gets assigned with initial temperature and
water/solute quantities as per the user-defined input parameter. Initial temperature is
defined directly by the user, whereas the water/solute quantities are computed
indirectly based on other input parameters like dimensions, densities, mass
percentages, solvent-to-solid ratio, etc. The model also computes the incident electric
field intensity upon the system, using prior input data defining the desired heating rate
in the solvent (Q), and the system’s heating mode (i.e., continuous microwave

heating, ramp microwave heating, or conventional heating).

All outcomes are stored in appropriate variables (e.g., arrays and dictionaries) to be
used in subsequent modules. Additionally, for observational purposes the software

generates a set of visualisations detailing the computed biomass geometry.

D.2.4 Step 4: main computational analysis
All input parameters together with the computed pressure-volume relationships

(section D.2.2) and geometry/initial values (section D.2.3), are assembled to compute
temporal changes in the system’s temperatures, molar quantities, and pressures. This
is the principal task of the model, and it is conducted numerically over a predefined
time domain (Chapter 7; section 7.2.5.4). Each time-step entails defining pressures,
activities, and potentials for all numerical points in the system, and subsequently
computing the differentials in temperatures and molar quantities.

This process is repeated based on the number of analyses requested by the user
initially, as the model allows multiple extraction simulations to be conducted in a
single run, which is useful to compare the results at variable conditions and, e.g., plot

them together.

All outcomes from this computational exercise stored in appropriate variables (e.g.,

arrays and dictionaries) to be displayed as results.

D.2.5 Step 5: outcome presentation
The analysis described in section D.2.4 returns a series of outcomes including the

temporal changes of temperature, pressure, molar quantities, activities, and potentials
in the biomass-solvent system. These outcomes are then used to extrapolate a further
set of results including yield percentages, times needed to achieve thermal and mass
equilibria, and others. The results are presented either in writing, as 2-dimensional

plots, or in both forms, depending on the most practical method of presentation in each
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case. If required by the user, colour maps are also generated to represent the
distributions of temperature, pressure, and water activity in the system at a given time-
step. An example of such colour map for temperature distribution at thermal steady
state is shown in Figure 7.25 (Chapter 7).

Furthermore, when multiple analyses are requested in the same run (e.g., two
analyses with different heating rates), the final yield-time data are plotted together on
a single diagram, enabling efficient comparison between the different attained

extraction outcomes.

D.3 Software structure
The model has been constructed in an object-oriented fashion; in that it incorporates

several scripts linked with each other as demonstrated in Figure D.2.
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D.4 Libraries used in the model
Table D.1 summarises the Python libraries used in this work.

Library

Use

NumPy
(Harris et al., 2020)

To manage data, numbers, variables, and arrays, and to

provide some mathematical functions:

¢ Creating, appending, and modifying lists of data.

e Extracting data from lists based on specific criteria (e.g.,
the n™ entry or the largest figure).

¢ Conducting various mathematical operations such as
summing all numbers in a list or quantifying the absolute
magnitudes of given parameters.

e Providing some mathematical constants like  and exp.

¢ Providing some mathematical functions such as the
natural logarithm and the Heaviside function.

SciPy
(Virtanen et al., 2020)

To solve equations:

¢ Solving the differential heat and mass equations
numerically.

e Finding roots of some functions that are otherwise
difficult to solve/rearrange.

Matplotlib
(Hunter, 2007)

To visualise outcomes and trends:

e Constructing various 2-dimensional plots to display
results, trends, and polynomial estimations.

e Constructing colour maps to visualise system geometry
as well as temperature, pressure, and water activity
distributions across the system at a given time-step.

Time
(Available with Python)

To measure the durations required for simulation runs:

¢ Displaying local date/time at the start of a simulation run.

¢ Measuring and displaying the total time taken to
complete a simulation run.

¢ Aiding in the dynamic estimation of time needed to
complete an ongoing simulation run.

Sys
(Available with Python)

To manipulate software environment during simulation

runs:

e Calling errors and stopping the simulation on detecting
inaccurate/unsupported user inputs, which are otherwise
not recognised as errors in the syntax/functionality of the
programming language.

¢ Aiding in the dynamic display of computational progress
(percentage completion and estimated time remaining).

Os
(Available with Python)

To save the visual outcomes of the model automatically

when needed:

e Accessing the machine’s directory and creating folders
based on a predefined arrangement.

e Saving the figures generated by the model into the
created folders in an organised manner.

Table D.1 — Python libraries used in this work
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