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Abstract

This thesis details the extraction and characterisation of a lignin-rich bioresidue from
cocoa bean shell (CBS), the formation of particles using antisolvent precipitation, and
applications in emulsions and microfluidics. A co-product of the food industry, there is
an estimated 600 kt of CBS produced annually. Lignin, an aromatic component of CBS,
is of interest to researchers aiming to develop analogues to current consumer goods from
sustainable feedstocks, and as a natural source of aromatics has properties of interest such
as hydrophobicity and anti-microbial effects. Lignin liberation from biomass typically
involves depolymerisation by processes such as bleaching, often produced as a by-
product of commercial processes such as the Kraft paper pulping process termed Kraft
lignin, however, this research uses mild acid assisted ethanol extraction. The bioresidue
characteristics and co-products were characterised using analysis techniques such as
FTIR and GCMS, identifying the presence of molecular surfactant, termed lipid. The
extracted bioresidue which contained the lipid fraction (CBS-LC) was processed further

to remove molecular surfactant, generating a second ‘lipid removed’ extract (CBS-LR).

It was found that hydrodynamic flow-focusing microfluidics was unsuitable for a
proposed desorption approach to antisolvent precipitation in water. An alternative
continuous process for colloidal lignin-rich particle (CLP) production was generated by
setting up a coaxial jet mixing device (CJM). By varying processing conditions to explore
the effect of Reynolds number and volumetric flow rate ratio, non-aggregating particles
were precipitated with average diameters between 150 and 600 nm. The aqueous
dispersions were stable with respect to particle size for at least 14 days, for both types of

extract.

il



The impact of both lipid and co-extractives from the crude bioresidue was assessed by
use of CLPs as Pickering particles in emulsion studies. It was found that the emulsions
containing crude CLPs were less efficient at stabilising a 1 in 10 sunflower oil-in-water
emulsion than Kraft lignin analogues. This was theorised to be the result of the presence
of co-extracted molecular surfactant, which may have had a competitive adsorption effect
with the CLPs at the oil and water interface. The lipid fraction of the CBS extract was
removed, and the resultant change in measured contact angle offered an indication that
the CLP surface properties varied from hydrophobic to hydrophilic. It was also found that
lignin-rich CLPs could be transferred from aqueous to non-aqueous dispersion in the

presence of a molecular surfactant.

The application of the aqueous and non-aqueous CLP dispersions as a particle dispersion
for ghost particle velocimetry (GPV) was explored, motivated by the fact that non-
aqueous tracer particle systems for GPV have not yet been reported. GPV is a technique
for flow field imaging introduced in the last 10 years, allowing development of real-time
quantification of flow fields in the focal plane and different cross-sections of a
microfluidic channel using particles with a diameter of <200 nm. This is currently
achieved using a polystyrene based particle dispersion in the aqueous phase, and by
demonstrating that lignin-rich CLPs can equally quantify flow fields, there potential to
substitute these, which is an example of waste valorisation and environmentally
sustainable substitution of a material. Application examples of this novel particle system
were found not only to agree with theoretical flow velocity values but were able to
quantify flow simultaneously in static and dynamic flow systems in both aqueous and
non-aqueous phases. Whilst this thesis has demonstrated the ability to visualise and
quantify flow fields using CLPs, the systems presented contain molecular surfactant in

each instance.
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This thesis contributes to the understanding of extraction and utilisation of lignin-rich
bioresidue from CBS, highlighting its potential for use as a source of colloidal particles.
Combining the spectroscopic techniques with characterisations such as contact angle
offer insights into how particle behaviour is impacted by composition, paving the way for
future advancements in creating dispersed particle systems with potential applicability in
flow field imaging. Additionally, the first example of non-aggregating colloidal tracer
particles in a non-aqueous system offers great potential for imaging not only the velocity
of non-aqueous systems in confined channels, but formation of droplets; an area of

significant interest in chemical micro-reactor systems.

To advance research in this area, it is recommended that initial work on the interactions
between lignin and co-extracted surfactants are developed with respect to non-aqueous
phase dispersions. Furthermore, there is an opportunity to explore the variation of the
wetting characteristics of CLPs by employing novel solvent-antisolvent pairings. This
would enable greater variation in the polarity of solvents in which CLPs can be dispersed.
. In combining modified wettability with the adjustable particle diameter in a CIM, CLPs
tailorable in both diameter and wettability may be produced, which could substitute a

variety of current food-grade Pickering stabilisers.
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1. Introduction

The overall aim of the research presented in this thesis was to develop a continuous
process for functional colloid production from a lignin-rich biowaste. Using a naturally
derived co-product from a food-grade process offered a great opportunity for valorisation
of waste within the framework of circular economy. Colloidal particles with tuneable
wetting properties are in high demand in several fields, including for emulsion research,
and those using flow fields for diagnostic measurements. The focus of this research was
to generate a single crude extract, from which different functional particles could be
prepared by altering the precipitation conditions, and removal of basic componentry.
Following mild solvent extraction, the crude lignin-rich bioresidue was characterised and
precipitated into microparticles. The microparticles were characterised by light scattering
and microscopy under storage to observe aggregation before applications in emulsions as

Pickering stabilisers and as particles for tracing fluid flows were explored.

The remainder of this chapter addresses the research fundamentals and reviews the

relevant literature for this PhD.

1.1. Lignin

1.1.1. Introduction

Lignin, as a co-product from industrial processes, is anticipated to be generated as a
component in biomass on a scale of 225 million tons per annum by 2030 (Bajwa et al.
2019). Whilst 50 - 70 million tonnes per annum is derived from paper pulping (Luo and
Abu-Omar 2017), there are several other large sources such as from brewer’s spent grain,

with 39 million tonnes produced per year (Lynch et al. 2016), and from chocolate
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production, which produces 6 million tonnes of cocoa bean shell (CBS) per year (Tayyib
2022). Lignin is a key component of the secondary cell wall of vascular plants,
comprising 15 - 40% dry weight (Mahmood et al. 2016). Presently, 98 % is incinerated
for energy recovery (Kai et al. 2016). The naturally complex structure of the biopolymer
lignin, comprised principally of aromatically linked monomers (Lievonen et al. 2016),
has both hydrophobic and hydrophilic characteristics. It is formed principally of three
aromatic phenylpropanoid polymer derivatives: p-coumaryl, coniferyl, and sinapyl
alcohol. These are often referred to in literature by their monomeric form of p-
hydroxyphenyl (H), guaiacyl (G), and syringyl (S) respectively (Vanholme ez al. 2008),

shown in Figure 1.

OH OH OH

OH OH ‘ ‘ OH

Figure 1: Skeletal formula of key monomeric components of the biomolecule lignin. Shown are p-coumaryl

(H, left), guaiacyl (G, centre), and sinapyl (S, right) alcohols.

The monolignols are arranged in an irregular pattern to form the biomolecule lignin, in a
structure of the form shown in Figure 2. The monolignols are highlighted within the

structure.
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Figure 2: Partial idealised structure of lignin, showing the common sub-units; guaiacyl (1), syringyl (2) and

coumaryl (3) alcohols. Redrawn and adapted from (Holladay et al. 2007).

Owing to this abundance, an increasing amount of research focuses on developing
materials for consumer goods using feedstocks containing lignin, such as colloidal
particles for use as a non-toxic material on the micro- and nanoscale. This demonstrates
the great potential of this feedstock, particularly as a potential value-added material

valorised from waste (Schneider et al. 2021).

1.1.2. Sources of lignin

The largest source of lignin is the paper industry, where the lignocellulosic co-product
Kraft lignin is traditionally combusted to provide heat, for the main objective of pulp
production for paper (Suhas et al. 2007). Lignin is scarcely utilised in consumer goods at
present, despite factors which make it suitable for valorisation, such as antioxidancy (Pan
et al. 2006), and zero calorific content (Holloway et al. 1978). By utilising lignin as a

commercially viable product, other waste-generating supply chains can be disrupted,



resulting in lower net energy consumption. Whilst lignin is commercially available as a
refined alkali powder as a co-product of the Kraft process, there are other forms which
represent more suitable feedstocks for consumer goods applications. Kraft lignin is highly
water-soluble (Beisl et al. 2017), which makes it unsuitable for use as a fat mimetic in
consumer goods. This is owing to the production, which generates low molecular weight
(Mw) biopolymer, and highly alkali-treated lignin (Suhas et al. 2007), (Derkacheva and
Sukhov 2008). The negative aspects of using lignin derived from the Kraft process is that
the digestion process changes the functionality of lignin. Whilst lignin derived from the
Kraft process is water soluble, lignin from other extraction methods are insoluble in water.

Examples of feedstocks from a range of sources are detailed in Table 1.

Table 1: Common sources of lignocellulosic materials and their lignin content as reported in literature.

Source Description Lignin Reference
content (wt
%)
Cocoa pod By-product of manufacturing 14-28 (Daud et
(husks) al. 2013),
(Lu et al.
2017)
Hardwood Wood derived lignocellulosic 15-40 (Calvo-
material Flores and
Dobado
2010)
Broad-leaf plants Non wood derived lignocellulosic 18-25 (Cao et al.
material 2018)
Wheat straw Co-product of wheat harvesting 11-26 (Zhang et
al. 2022)
Coffee waste By-product of household use 20-27 (Gould et
al. 2016)
Black liquor Industrial co-product 27-33 (Zhu and
Theliander
2015)
Needle-leaf Non wood derived lignocellulosic 27-33 (Cao et al.
plants material 2018)



Softwoods Wood derived lignocellulosic 30 (Calvo-
material Flores and
Dobado
2010)

Corn Stover Residue from the production of grain 34 (Mensah

et al
2021)

Cocoa production is an established food process in which CBS is a co-product. CBS
represents a useful feedstock owing to its status as a waste product, as well as its
hydrophobic componentry. This allows for applications such as Pickering particles, which
will be discussed later in this literature review. There is great research interest in the

application of CBS and related derivatives (Balentic ef al. 2018).

A common method of utilising lignin is as a colloidal particle derived from lignin-rich
extract. These extracts are shown to have great versatility, such as UV-blocking ability
(Qian et al. 2015), heavy metal absorption (Zhang et al. 2019), and antimicrobial
properties (Greco et al. 2019). Given that lignin is presently part of the food system, and
lignin is reported to have a low cytotoxicity (Siddiqui ez al. 2020), valorisation of CBS to

generate lignin-rich extracts for particle production represents a logical step.

1.1.3. Lignin-rich bioresidues and their extraction

Alongside lignin, other components of the feedstock such as lipids and cellulose are often
extracted as co-products. Table 2 shows a representative range of the composition of

CBS(Chung et al. 2003; Daud et al. 2013).



Table 2: Representative example of the composition of cocoa shell. Reported wt% values normalised to 100 % to allow
comparison.

Component Composition

of CBS

(wt%)
Hemicellulose 30-37
Cellulose 36
Klason Lignin 15-29
Amino Acid 8.6
Lipid 8.9
Ash 8.5-12
Glucose 16

Chung et al. (2003) reported that, despite the high amount of lignin recovery quoted in
the Klason lignin test, it is strongly possible that sugars and other tannin-like structures
underwent condensation as a by-product of the test reagent. Whilst this fits the definition
of Klason lignin, the structure is vastly different from the intended definition of lignin,
comprised principally of monolignols, as described by Calvo-Flores and Dobado (2010).
Klason lignin refers to the residue formed when conducting the Klason lignin
quantification test. This contains not only the digested monolignols, but additionally any
sugars which can polymerise under the conditions and reagents of the test, notably in the
presence of concentrated sulfuric acid. This additionally explains that often reported
yields exceed 100 % (Chung et al. 2003; Huijgen et al. 2012), as sugars such as
hydroxymethylfurfural (HMF) can convert into hexoses, causing identification as both

Klason lignin and glucose.

Extraction methods, such as those of Stewart ez al. (2016), produce water-insoluble lignin,
with potential applications as fat mimetics, and other food filler particles. Additional
benefits such as their zero calorific content add to the desirability of valorisation of this
waste stream. However, one drawback is the lack of commercial availability of water-

insoluble lignins.



The method selected for this research is organosolv extraction. As discussed in Merklein
et al. (2016), organosolv requires pre-treatment with acid to depolymerise lignin. One
advantage of organosolv, in comparison to some other methods such as the Kraft process,
is that it does not necessitate the use of reagents or conditions which have potential to
functionalise the extract. However, yield is not often high, unless long extraction times
of at least 24 hours are employed. There are several examples of extraction using an
ethanol/water mixture with an acid catalyst (Zhao et al. 2009), (Tian et al. 2017), where,
to avoid excessive digestion of the polymer, dilute concentrations of mineral acid in the
order of 1 - 3 M are used. This is in accordance with the work of Sun et al. (2005), who
argue that greater concentrations of acid or base have potential to digest cellulose
preferentially over lignin. Excessive degradation of lignin biopolymer has the potential
to functionalise the polymer as part of the extraction fundamentally changing the

chemical properties, and thus removing its status as a naturally derived product.

1.1.4. Quantifying physical-chemical characteristics of lignin
extracts

1.1.4.1. Infrared spectroscopy
A common chemical fingerprinting technique used to identify the presence of a
compound is Fourier-transform infrared absorption spectroscopy (FTIR). This technique
bombards a sample with infrared radiation and measures the response from the sample.
Chemical bonds within the sample interact with discrete wavelengths of light to undergo
three principal actions; stretching, vibration, and rotation (Burrows et a/. 2013b), and thus
these wavelengths are not transmitted. An analysis of the transmittance spectra can offer

an indication of the functional groups, and thus to build a description of the molecule



present. Absorption wavenumbers from the literature used to identify lignin and other

common co-extractives are listed in Table 3.



Table 3: Infrared absorption wavelengths associated with the presence of lignin and associated co-extractives, with assignments to associated functional groups and

molecular vibration (Ar — Aromatic, Br — Broad peak).

Wavenumber Bond Type Source Assignment Reference
(em™)
3300-2550 (br) O-H Stretch Water Carboxylic acid, free OH from (Smith2011)
water
2920 C-H Vibration Seeds Lipids >C10 (Barsberg et al. 2018; Sathawong et
al. 2018; Mao et al. 2023)
2850 C-H Vibration Roasted Coffee, seeds Lipids >C10 (Wang and Lim 2012; Barsberg et al.
2018)
1725- 1735 Cc=0 Stretch Softwood, Hardwood = Unconjugated (Sharma et al. 2000; Kubo and Kadla
2005; Mao et al. 2023)
1610-1690 C-C (Ar) Vibration Lignin Aromatic skeletal vibration (Nada et al. 1998)
1658-1660 C=0,C=C Stretch Softwood, Hardwood  Conjugated systems C=0 stretch, (Sharma et al. 2000; Wang and Lim
C=C stretching from Fatty acids ~ 2012)
1603-1605 C-C  (Ar), Vibration, Hardwood Aromatic skeletal vibration, with (Kubo and Kadla 2005; Chen et al.
C=0 stretch C=0 stretching, Lignin 2016)
1590 C=C aromatic skeletal vibration  (Shen et al. 2008)
1546 Bending Wood N-H, Amide bending (Gupta et al. 2015)
1510-1512 C-C (Ar) Vibration Softwood Aromatic skeletal, Lignin (Martinez et al. 1999; Chen et al.
2016)
1458 C-H Deformation Wheat straw Alkyl chain (Chen et al. 2016)
1427 C-C (Ar) Vibration Softwood, Hardwood  Lignin (Chen et al. 2016)
1390 COO- Vibration Wood Carboxylate (Peltre et al. 2017)
1375 C-H, O-H Stretch Softwood, Hardwood  Aliphatic hydrocarbon, phenolic ~ (Boeriu et al. 2004)
O-H
1320-1340 C-O0 Stretch Wheat straw Syringyl C-O stretch from ring (Chen et al. 2016; Lu et al. 2017)
breathing
1270-1275 C-0 Ring breathing Softwood, Hardwood  Guaiacyl unit ring breathing (Lourengon et al. 2015)



1265-9

1230-1235
1155
1140

1126
1116-9

1025 -1035

817

C-C

C-O0
C-O0
C-H, C=0

C-0
C-H (Ar)

Cc-0, C-H
(Ar)
C-H (Ar)

Ring breathing

Vibration
Stretch
Stretch

Stretch
Deformation

Vibration

Vibration

Softwood, Hardwood

Wood
Wheat straw

Softwood, Hardwood

Softwood
Hardwood,
straw
Lignin

Softwood

Wheat

Guaiacyl ring breathing

Guaiacyl unit

Asymmetric stretch of ester
In-plane deformation of Guaiacyl
ring, unconjugated C=0 stretch
Ether C-O-C link stretch
Aromatic C-H deformation in
syringyl ring

Aromatic ring and primary
alcohol

C-H out of plane 2, 5, 6

(Boeriu et al. 2004; Kubo and Kadla
2005; Chen et al. 2016; You and Xu
2016)

(Lu et al 2017)

(Chen et al. 2016)

(Martinez et al. 1999; Boeriu et al.
2004)

(Nada et al. 1998)

(Kubo and Kadla 2005; Chen et al.
2016)

(You and Xu 2016; Lu et al. 2017)

(Boeriu et al. 2004)
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1.14.2.  Gas chromatography and mass spectrometry
A common complimentary method used to identify unknown components in mixtures is
the coupled techniques of gas chromatography and mass spectrometry (GC-MS). Gas
chromatography in its reverse phase consists of a long column through which an analyte
is passed. The tubing is coated internally with a non-polar molecule (stationary phase)
and with a polar carrier gas (Roessner et al. 2011). When a mixture is heated and inserted
into the column, each component has a level of interaction with both the polar carrier
phase and the non-polar stationary phase. The relative amount of interaction for each
substance is determined by the molecule itself; for example, a pure hydrocarbon (CnH2n+2)
will interact with the stationary phase with greater severity than a more polar molecule,
due to van der Waals forces. The process of association and dissociation from both the
polar and stationary phases will separate the components in the mixture as they travel

down the column, separating compounds with a unique retention time in the column.

Following separation, mass spectrometry is utilised to identify the separated components
via fragmentation. Owing to inductive (electron density distribution through sigma bonds
based on electronegativity) and mesomeric (pi electron delocalisation creating an uneven
distribution of electrons through resonance), effects, the intermolecular forces of a
molecule are not equal. As a result, the fission of a molecule is not a random process.
Mass spectrometry utilises this feature by bombarding molecules with an electronic pulse,
causing fragmentation of a molecule. The fragmented ions are then accelerated along a
curved path using a magnetic field, which separates the fragment ions based on their mass
(m) to charge (z) ratio (Burrows et al. 2013a). This ratio and the relative intensities of the
m/z values are unique to a single molecule, which can then be used to assign the identity
of the initial molecule. Key fragment ions used for the identification of functional groups

are listed in Table 4.
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Table 4: Fragment ions formed in mass spectrometry associated with the presence of functional groups in

a molecule (Haynes 2011).

m/z Fragment

14 [CH2]"™

15 [CH3]"

29 [CH3CH2]"

43 [CH3CH2CH2] "™

73 [C3H502]™, [Si(CH3)3]"

In addition to the identification of key fragment ions, the molecular weight can be
determined as the molecular ion, M+-. This is often the largest m/z value, although the
presence of heteroatoms with significant isotope abundances can lead to the formation of
M+1 and higher value species, (Burrows et al. 2013a). After establishing the molecular
ion, further assignment involves assessing the intensity of fragmentation peaks such as
m/z = 15 (-CH3) from the molecular ion. This indicates the presence of such a group at
the end of a molecule. Through the correlation of the molecular ion with crucial
fragmentation peaks, complete identification of a molecule is achievable, encompassing
highly informative features like E/Z isomerisation of unsaturated bonds. When combining
the separation ability of gas chromatography and the identification of mass spectrometry,
this technique offers the capacity to identify the presence of low molecular weight co-

extractives in the bioresidue extracted from CBS.
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1.2. Microparticle production

1.2.1. Antisolvent precipitation

This section details the literature relevant to generating microparticles, including their
methods and applications. One suggested method of valorisation of CBS is in the form of
colloidal lignin particles (CLPs), which have been reported in the literature suggesting
applicability ranging from protective coatings (Farooq et al. 2020) to emulsion
stabilisation (Cuthill et al. 2021). Current methods of generating CLPs are generally
discontinuous batch processes. Examples of this are present in literature, such as ground
coffee waste derived lignin (Gould et al. 2016), and Kraft lignin (Lievonen et al. 2016).
Particles, characterised by size, morphology, and electrophoretic potential, were reported
to be roughly 500 nm in diameter, and spherical, with stability against aggregation in the
pH range of 3 - 7. There are some examples of using natural feedstocks for particle
production via antisolvent precipitation, with Jiang et al. (2021) using pressures of 1 MPa

and H>O/THF to prepare lignin particles from corncob, birch wood and pine wood.

For scalable production and implementation into consumer products however, continuous
production of colloidal particles represents a crucial step, as it would allow for refinement
and standardisation of factors such as size, stability, and componentry. Reported
techniques include spray drying by Ago et al. (2016) and aerosol processes such as that
of Bangalore Ashok ef al. (2020). The latter production method uses an aerosol process
to dry particles from an initial batch-made precursor slurry. An initial dissolved solution
is formed by dissolution of Kraft (‘lignoboost’) lignin in an ethanol/Tetrahydrofuran

solution before beaker precipitation in excess water.

Lignin has also been demonstrated to have wetting properties which are dependant on the

production method. Farooq ef al. (2020) report that solvent choice can affect the wetting
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properties of lignin. Particles precipitated against THF and acetone have indicated that
contact angle can be modified, reporting angles of 21.5 © and 32.9 ° respectively. This
suggests that there is additional functionality present with precipitation conditions.
Consequently, using a liquid-liquid system develops the potential for further modification
of colloidal particles using antisolvent precipitation. Another benefit of using a liquid-
liquid mixing system is the ability to vary the conditions within the system with greater
control. The use of a micromixer allows for additional specificity, as indicated by Lintinen
et al. (2018). Although many examples of particle precipitation have been demonstrated
on the batch scale, it has been noted that the conditions for local supersaturation of solvent
associated with nucleation dominated particle growth are technically difficult to achieve

(Saad and Prud’homme 2016).

Lu et al. (2021) prepared colloidal particles from corn stover using THF as an extraction
solvent, producing particles on the 250 - 1000 nm scale using dialysis. Particles were
generated with no modification, and the process was tuneable by modification of the
dialysis tubing. This offers greater tuneability of dispersion size than previously described

batch processes.

Once formed through methods such as antisolvent precipitations, microparticles in
dispersion are stabilised by the presence of charges in aqueous systems, and the charges
in water align to surround a particle to form an electrostatic layer, see Figure 3. Where
these are densely packed, this causes layers of charges alternating positive and negative,

and the point at which associated charges are present is called the diffuse layer.

14



i B Particle surface

Stern layer
_ Diffuse layer

+
y \Slipping plane

Figure 3: Representation of the arrangement of charges around a particle in an aqueous system. The charges

in water rearrange to reduce electrostatic repulsion.

1.2.2. Hydrodynamic flow-focusing devices

Microfluidics offers a highly monodisperse approach to droplet formation on the
microlitre scale, and represents a novel route to particle formation through manipulation
of multi-phase systems (Whitesides 2006). There are several examples of applications of
this type of system, where a particle is precipitated from solution through addition of a

solute immiscible phase, miscible with the solvent system, see Table 5.

The use of small flow-focusing devices and the benefit of small sample volumes on the
ability to ensure thorough mixing on a nanosecond timescale was discussed by Knight et
al. (1998). An example of a flow-focusing device forming droplets is shown in Figure 4.
A hydrodynamic flow focusing (HFF) device was used in this thesis for droplet formation
from a dispersed phase in which lignin is soluble and the continuous phase in which lignin

1s insoluble.
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Figure 4: Schematic of a hydrodynamic flow-focusing (HFF) device. Continuous phase Qc forms a channel

to envelop the dispersed phase Qp from either side.

Using a HFF device represents a development on both of the systems employed by
Stewart et al. (2014) and Ju et al. (2019). The development of the former work comes
with the design of continuous process allowing for size control of particles in formation,
whilst a more complex bioresidue builds on the T-Junction work of Ju et al where the
antisolvent precipitation of colloidal particles from a lignin bioresidue was reported, but

the presence of additional surfactant aided the droplet formation mechanisms.

As reported by Anna and Mayer (2006), there are four distinct methods of droplet breakup
in a flow-focusing device: geometry controlled (squeezing); thread formation (threading);
dripping, and jetting. For generation of monodisperse droplets capable of undergoing
simple liquid antisolvent precipitation, dripping represents the most suitable model for
droplet formation and is shear dominated in terms of droplet breakup (Collins et al. 2015).
This is predominantly because of high monodispersity, and the ability to generate at a

high frequency.

The use of simple solvent-antisolvent systems for microparticle production has found
application in pure systems across a range of solutes and device geometries, see Table 5.

In each system, droplets of solvent in antisolvent are initially formed, which then undergo
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antisolvent precipitation. This technique offers extremely high monodispersity (Cramer
et al. 2004), as the particle size is determined by the droplet formation before anti-solvent
precipitation.

Table 5: Examples of microfluidic microreactor devices used for antisolvent precipitation for particle

formation. Many examples of solvent-antisolvent precipitation are in drug manufacture. A series of

geometries have demonstrated droplet/particle formation.

Device Channel  Particle Solvent Antisolvent Reference

PDMS Flow- PLGA-PEG Acetonitrile ~ Water (Karnik et al
focusing 2008)

PDMS Flow- Mesoporous Ethanol:HCli. Hexadecane (Lee et al. 2008a;
focusing silica 9 Lee et al. 2008b)

PMMA Y-junction Hydrocortisone  Ethanol Water (Ali et al. 2009)

Stainless Y-junction Cefuroxime Acetone Isopropyl (Wang et al

Steel axetil ether 2010)

Stainless T-Junction Cefuroxime Acetone Isopropyl (Zhang et al

Steel axetil ether 2011)

PDMS Flow- Glycine Water Isopropyl (Bhamidi et al.
focusing alcohol 2015)

Borosilicate  Flow- Hydrocortisone  Ethanol: Water (Odetade and

Glass focusing water Vladisavljevic

2016)

Glass Flow- Fenofibrate Ethyl acetate ~ Water (Lorenz et al

focusing 2018)

Given there are several examples of ethanol and water systems, and lignin is demonstrated
as ethanol-soluble (Stewart et al. 2014), it is expected that an ethanol dispersed phase and
a water continuous phase will act appropriately as an antisolvent, forming lignin particles

in a water suspension.

1.2.3. Coaxial Jet Mixing

One suggested application for lignin is as a colloidal sized particle. Recent studies have

suggested that the impact of using lignin in this way is two-fold; that it can act as a value-
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added co-product from an existing industrial side chain (Aro and Fatehi 2017), and that
there is potential to displace current colloidal particles with poorer environmental

credentials.

Examples of this include as an additive to sunscreens, as discussed by Ju ef a/. (2019) and
Tran et al. (2021). This would represent a significant improvement in the sustainability
of sunscreens, typically utilising metal particles such as zinc or tin oxide, which has been
described as having a deleterious effect on coral reefs. Another application is as a dopant
in hydrophobic coatings, where Henn et al. (2021) report water contact angles of 120 °

alongside increased solvent tolerance with CLP addition.

An application which is tentatively suggested, although yet to be fully developed, is as a
Pickering particle to be used in foods and other consumer products for emulsion
stabilisation (Sekeri et al. 2020; Yaqoob et al. 2021). Lignin-rich bioresidues would make
an ideal candidate in such formulations, owing to their indigestibility (Holloway et al.

1978) and zero calorific value. This would make them a useful filler particle.

One way of fully utilising the versatility of lignin as a resource would be to enable liquid-
liquid mixing for multiple antisolvents. The use of antisolvent precipitation for colloidal
particle formation has found wide application in inorganic systems, with several studies
reporting control on morphology and size, among other characteristics. Coaxial jet mixing
(CIM) devices have been indicated as a preferred micromixer for formation of
microparticles through antisolvent precipitation. Another method of using solvent-
antisolvent precipitation to form colloidal particles is through coaxial jet mixing (CJM).
An early example of microparticles formed using a CJM is silver (Baber et al. 2015),

generating particles with a size range of 2 — 20 nm. This uses a displacement reaction
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between silver nitrate and sodium borohydride, where the silver is reduced to form

nanoparticles.

More recent literature has utilised CJM devices for flash nanoprecipitation of organic
particles (Bovone ef al. 2019). This represents a step from inorganic to organic systems,
as polymeric systems indicate greater versatility, advancing towards more amorphous
systems. Recent studies have investigated applying these techniques to single component

drug systems for nanoparticle precipitation.

CJM devices are notably more suitable for high flow rates, allowing comparatively
greater flow rate velocities and Reynolds number compared to PDMS based microfluidic
devices (Kim et al. 2012; Lim et al. 2014), although still on the microfluidic scale of less
than 1 mL min!. They are also far more resistant to fouling (Bovone et al. 2019) than
HFF and other small microfluidic devices and their equivalents. The schematic in Figure
5 demonstrates precipitation in a CJM. A dispersed phase containing a lignin solute is
passed through an internal capillary, and an external continuous phase in which the
solvent is miscible, but the lignin solute is insoluble, is introduced. The collapsing of the
jet causes mixing of the phases, causing the solute to be expelled from the solution to

form particles.
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Figure 5: Schematic diagram of antisolvent precipitation. Solute containing phase Qq jet is fed into a

continuous phase Q., in which the solvent is miscible, but the solute is insoluble. This results in

precipitation.

A large body of literature indicates the importance of characterising the device used for
particle production, and the effect of three major factors are stressed, namely Reynolds
number, flow velocity ratio, and concentration of solute. Abdelkarim et al. (2021),
amongst others indicate that particle size and morphology are highly dependent on these

factors.

Reynolds number calculation

The Reynolds number (Re) is termed as the ratio of inertial forces to viscous forces. This
has previously been used in the context of antisolvent precipitation for particle production

(Lim et al. 2014). The calculation of Re is given in the general form of Equation 1.1:

Re = — (1.1)

Where p is the density (kg m™), u is the characteristic velocity (m s'), L is the

characteristic length scale, chosen as the diameter of tubing (m), and 7 is viscosity (Pa s).
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The characteristic velocity is defined as the quotient of flow rate of the combined streams
(Q; m* s and the cross-sectional area of tubing at the point of the solvent and antisolvent
mixing (A; m?). Substituting this into equation 1.1 allows Re to be calculated by 1.2:

_ pcQL

i (1.2)

Lim et al. (2014) additionally discuss the effect of turbulent/laminar transition at low flow
rate velocity ratios; the flow rate ratio, R, defines the velocity of the dispersed phase to

the continuous phase and is given by Equation 1.3:

Ug
R=— 1.3
o (13)

1.3. Emulsions

The size ranges of CLPs are often on the micro-scale of 1 - 10 um. One common

application of these particles is as emulsifier, where they can produce Pickering stability

(Aveyard et al. 2003).

1.3.1. Emulsion stabilisation

The classical method for stabilisation of two immiscible phases as an emulsion is to use
a surfactant. Surfactants are single molecules consisting of a polar head group and a non-
polar tail group, which are covalently bonded (Knill and Kennedy 1999). The presence
of a surfactant molecule at an interface allows for the polar head group to reach into the
opposite phase and stabilise the aqueous phase, and the non-polar tail group to stabilise

the non-polar phase. This reduces the interfacial tension, which is turn decreases the force

21



acting to separate the phases. Destribats et al. (2014) demonstrate that by changing the
contact angle of Pickering particles around 90 °, the phase of emulsion can be altered,
i.e., the formation of a water-in-oil (w/0) emulsion or an oil-in-water (o/w) can be

directed.

It is widely accepted that Pickering stabilisation, achieved through stabilising an emulsion
by adsorption of particles to an interface, requires particles which have a contact angle of
around 90 °, to allow partial wetting of both the hydrophilic and hydrophobic phases
(Binks and Lumsdon 2000). As a result of the size of particles being much greater than
that of a surfactant, the energy required to remove an absorbed particle from a surface is
much greater than that of a surfactant molecule. This can be referred to as a kinetically
stabilised emulsion (Fotis Spyropoulos et al. 2019). For a spherical particle, the amount
of energy holding it at an oil/water interface depends on the contact angle and is at a
maximum when the contact angle between the particle and the phases is 90 °. Previous
studies have demonstrated a static contact angle of 76 ° of CBS with water, illustrating

appropriate wetting properties for stabilising oil in water (o/w) emulsions.

For this, particles used are typically one order of magnitude smaller than the emulsion

droplet size desired (F. Spyropoulos ef al. 2019).

One drawback of using a surfactant molecule to stabilise an interface is that surfactants
are in an equilibrium between adsorption and desorption. Whilst the surfactant is not at
the interface, coalescence can begin. One mechanism of the breaking down of emulsions
is ‘Ostwald ripening’, in which a mass transfer of the dispersed phase occurs due to

Laplace pressure from smaller to larger droplets (F. Spyropoulos et al. 2019).
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1.3.2. Pickering stabilisation

As a dispersion of two immiscible fluids; a non-aqueous phase in an aqueous phase, oil
in water (o/w) or vice-versa water in oil (w/0), emulsions are thermodynamically
unstable, and phase separation is thermodynamically preferred. This is due to the
intermolecular forces such as hydrogen bonding being able to occur in water, however is
not possible in non-aqueous phases. By moving from a system where non-aqueous phases
and aqueous phases are separated, the system is overall at a lower energy. To prevent
phase separation, the energy difference resulting from aqueous and non-aqueous phases
mixed must be reduced. This can be achieved using surfactants or by using Pickering
particles. Surfactants are molecules which consist of both a polar and non-polar region
covalently bonded in the same molecule. These inhibit phase separation by
simultaneously interacting with the aqueous and non-aqueous phases. This reduces the
interfacial tension between the aqueous and non-aqueous phases and reducing the forces
driving phase separation. Using surfactants has some noted drawbacks, with one of them
being that the surfactants, particularly ones with a low molecular weight, are prone to
dissociation from the interface between the polar and non-polar phases due to thermal
energy present in the system. This is described by the Boltzmann distribution, and
necessarily means that there is a fraction of molecules which have an energy greater than
the energy given by remaining at the interface, allowing dissociation. At this point, the
surfactant is unable to reduce the interfacial tension, and the factors driving phase
separation begin to dominate. An alternative method for stabilising emulsions with a
much greater stability is by using a small particle with a wetting characteristic which is
neither hydrophobic nor hydrophilic. These particles can sit at an oil-water interface and
are kinetically stabilised, known as Pickering stabilisation. Due to their significantly
larger molecular weight than molecular surfactant, Pickeirng emulsions are significantly
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more stable, as the energy required to dissociate them from an interface is significantly
larger. There are several natural examples of particles being used for Pickering
stabilisation, such as phytosterol used by Lan ez al. (2020). In this setup, a physical barrier
exists between the two phases, leading to a kinetically stabilised system. These systems
have wide application in emulsion stabilisation, such as in foods. Figure 6 shows an

idealised version of a Pickering stabilised oil in water emulsion.

Water
Particles

Figure 6: Idealised view of a Pickering stabilised emulsion. An oil phase (yellow) is emulsified in an

aqueous continuous phase (blue) using particles which are kinetically stuck at an interface (brown).

Emulsions formed in this way have been shown to have much greater stability than their
surfactant stabilised counterparts. Application as a Pickering stabiliser is one example of
valorisation of lignin, with several reported examples such as Sipponen et al. (2017), and
Sekeri et al. (2020). Factors such as food grade adjacent status make this a particularly
interesting application of lignin. Initial research in using lignin as a Pickering stabiliser
used highly processed lignins, with examples such as Yuliestyan et al. (2022) and Tian et
al. (2023) using Kraft lignin. Other research has demonstrated the use of less highly

refined lignins for use as a Pickering particle, with examples such as Czaikoski et al.
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(2020). have developed this further, demonstrating the screening of colloidal particles for
use as a Pickering stabiliser. There are many examples of Pickering emulsions used in
commercial consumer goods, with an emerging example being hand cream (Peito et al.
2022). Pickering emulsions have shown promise, due to their increased stability against
coalescence compared to surfactants, and potential to replace synthetic surface-active

molecules with more biologically friendly alternatives (Rayner et al. 2014).

In addition to stabilising as a Pickering particle, Tortora et al. (2014) have suggested that
lignin is active under sonochemistry conditions. This offers the potential that lignin could
be used to stabilise emulsions by creating a shell which covers droplets, rather than simply

kinetically stabilising them.

1.4. Wetting properties of colloidal particles

In addition to the size of particles, wetting properties are a crucial determining factor in

using particles to stabilise emulsions.

1.4.1. Contact angle

The work of Lievonen et al. (2016) details the formation of colloidal particles, and builds
upon this by altering the wetting properties. Bangalore Ashok et al. (2020) demonstrate
the formation of colloidal particles using an aerosol process, which is shown to produce
hydrophobic particles. This is built upon by Gerbin et al. (2021), where the surface
properties of lignin-rich films are varied. The application is as a coating, however, a way
to build on this would be to create liquid-liquid mixing, i.e. form particles in aqueous

dispersion by desorption of a solute from a liquid where the solute is soluble to a mixture
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where it is insoluble, causing particles to be precipitated. To do this, it would be necessary
to create a layer of lignin upon which contact angle can be measured where it is possible
to mimic the conditions of antisolvent precipitation, as this would create a similar

interface.

One problem of studying nanoscale particles is that direct observation of their behaviour
is complex. An example of indirect measurement would be to trap colloids in a gel, and
to determine their position at an interface using scanning electron microscopy. This
allows for particles on the sub-micron scale to have their wetting properties accurately
quantified (Cayre and Paunov 2004). An alternative method for analysis of contact angle
is by emulsion stability, where the result of application drives the ability to determine
particle functionality. In this, the wetting properties are inferred by application. This could
be built upon in two principal ways. One would be an emulsion assay, whereby emulsions
comparative to literature are created, and their stability over time is used to infer the
properties of particles. A second method is by creating a 50/50 (wt%) o/w system, adding
CLPs and forming an emulsion. Using this method, it would be possible to determine the
wetting properties by observing the resultant system. An o/w emulsion would indicate
that the particles are hydrophilic, whereas a w/o emulsion would indicate the converse,

however the presence of any surfactant could affect the ability to use the latter method.

Measurement of contact angle

The ability to form emulsions using Pickering particles has been demonstrated to depend
on the three-phase contact angle. The type of emulsion formed in the three-phase contact
angle of an oil-particle-water interface governs the ability to form o/w and w/o interfaces

(Binks et al. 2013). A general representation of the measurement of contact angle is
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depicted in Figure 7. For this analysis, the contact angle was used to infer the polarity of
the surface by Young’s equation (McClements 2005), with the polarity of the droplet

subsequently altered to infer wetting properties.

Figure 7: Boundaries between materials for a droplet of liquid on a surface, with interfaces between the

solid, liquid, and gas demarked.

To assess the contact angle of a system resembling Figure 7, Young’s equation (1.4) is
applied in the following manner where y denotes interfacial tension and 6 denotes a

contact angle:

Ysc = ¥si + V16 cos(0) (1.4)

By evaluating the contact angle, it is possible to quantify differences in surface energy
resulting from alternate precipitation conditions. From this, factors such as
hydrophobicity or hydrophilicity can be inferred, allowing conclusions about the surface

arrangement of the lignin macromolecule to be drawn.

1.5. Flow field analysis in confined flow systems

Experimental visualisation of flows has been sought by tracking the movement of

dispersed particles within a flow system. In this way, visualisation of flow fields is a
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crucial technique for the understanding of microfluidic processes, as the mixing processes

within a system determine performance metrics such as completion time and yield.

Ghost Particle Velocimetry (GPV), discussed in 1.5.2 has been demonstrated as a reliable
tool for real-time generation of flow field patterns in continuous flows (Riccomi et al.
2018). However, in segmented flow or drop microfluidics, quantifying flow presents

challenges due to the lack of a dispersible non-aqueous tracer particle.

One way to generate particles which are capable of being dispersed in non-aqueous phases
is the addition of an amphiphile or molecular surfactant, however, the presence of this
will alter the interfacial tension, which can further impact the droplet formation time and

characteristics.

1.5.1. Flow in confined channels

When considering the laminar flow of a fluid though a channel, there are a series of factors
which can affect the profile of flow, shear, viscosity, and density. For a two-dimensional
fluid travelling with a constant input velocity flow, Q, the profile should follow a

parabolic flow profile condition, Figure 8.
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Figure 8: A parabolic flow profile demonstrating the two-dimensional velocity profile of a fluid between

two surfaces in a straight channel.

In a flow, the superficial velocity in a channel is given by

(1.6)

<
Il

| Q

Where the superficial velocity in a channel is given by ¥ (m s!), the fluid flow rate is Q

(m* s7"), and A is the cross section of the channel (m?).

In a fluid flow, the maximum flow in a channel is given by

Vmax = (1.7)

Assuming parabolic flow.

1.5.2. Quantifying flow in micromixers

Microscale particle image velocimetry (p-PIV) represents the most utilised technique for
quantification of flows within a micromixer. PIV typically utilises a microscope setup

involving a laser which illuminates fluorescent particles at a given time-step, and images
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are captured using a camera. The triggered pulses allow for quantification of the

movement of the fluorescent particles on a given time-step.

The drawback of this technique, however, is the requirement for a laser to excite the
fluorescent particles, limiting the ability to conduct the analysis continuously and at a

range of time-steps.

Another technique to image flow fields is Ghost Particle Velocimetry (GPV). This
technique operates by dispersing particles with a diameter smaller than the diffraction
limit of white light in the 300 nm range, meaning that they are not directly resolvable by
the microscope (Riccomi et al. 2018). Illuminating a sample containing these particles
with white light from a standard bright-field microscope will generate a ‘speckle’ pattern,
which is well ordered and can be detected using a camera as fluctuation in grey level
value. By recording a large number of frames and subtracting the median image from
each, it is possible to reveal the position of the ‘speckle’ pattern in each image. Through
timing the capture of images, it is therefore possible to track the movement of particles
frame-to-frame, in a similar manner to other velocimetry techniques. The recorded videos
are pre-processed with ImagelJ (Schneider et al. 2012), to reduce noise, and then analysed
with PIVlab for Matlab (Thielicke and Stamhuis 2014). Examples of GPV have been
demonstrated for continuous flows (Riccomi ez al. 2018), yet its application to segmented
flows or drop microfluidics has been largely limited to aqueous dispersions, owing to the
lack of particles in the required size range which are both stable and dispersible in non-

aqueous media.
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1.5.3. Flow field evaluation in segmented flows

For systems such as micro reactors, there is a need for simultaneous visualisation of two
phases. To generate hydrophobic tracer particles, there are noted issues with production
of colloidal particles. Bonham et al. (2014) identifies multiple methods for particle
production, surfactants and charges on initiators, and polymerisation with low polymer
content monomers. Research on oil dispersible colloidal particles generally focuses on
lubricants, and specifically the dispersal of metal particles in non-aqueous phases to avoid
fouling of industrial machinery (Chen et al. 2019). In applying these particles to GPV,
the system requires limited or no surfactant, and as such research in this area has been
restricted. Given that literature has demonstrated the ability of lignin-rich particles to
modify their wetting properties, there is potential for using these particles in GPV. This
would not only address a gap in the literature but would offer a further novel valorisation

route for lignin as a bioresidue.
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1.6. Summary of the literature review

This literature review explores the current state of available literature in the utilisation of
bioresidues for colloidal particle production and application. Extraction of lignin as a bio-
residue predominantly explores use from paper industry co-products, which undergo
bleaching as part of the extraction, and possess dissimilar properties to native lignin. The
limitations of such studies hinder a comprehensive understanding of naturally occurring
co-products and using them in direct application. Other limitations of the work such as
those by Cuthill et al include the absence of full characterisation profiles of lignin-rich
extracts. It is hypothesised that by including a comprehensive characterisation of the
chemical properties of any extracts, that the resulting features used for formulation such

as contact angle can be related to specific chemical functional groups.

The literature has demonstrated many examples of precipitating colloidal particles,
however there is a noted absence of continuous processes for liquid-liquid precipitation
as the literature focuses on batch precipitation methods. There is therefore a gap in the
literature for generating particles continuously. In achieving this, it may be possible to
generate particles with a specifiable particle diameter. In using CBS, a lignin-rich extract
as a co-product of an established industrial process, the resulting research is anticipated
to retain scalability, and offer facile integration to an existing commercial process should
the opportunity arise. In using an ethanolic extraction process, the degradation and

functionalisation identified in Kraft lignin is anticipated to be avoided.

Research on batch processes has demonstrated examples of using extraction and solvent
choices to modify the wetting characteristics of colloidal particles. There is as yet no
direct evidence of the impact of precipitation conditions on the surface properties of

formed colloidal particles.
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There are many examples of applications of colloidal lignin-rich particles, with examples
such as Pickering stabiliser demonstrated in a wide range of literature sources. There is
however limited understanding of the impact of using an inhomogeneous extract as a
Pickering stabiliser. In addition, the sub-micron size of the particles described in literature
offer an opportunity to apply them in systems where colloidal particle dispersions are

required, such as tracer particles for microfluidic flow systems.
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1.7. Research objectives

This literature review has highlighted that whilst colloidal particles have been produced
from lignin-rich feedstocks and precipitated by antisolvent precipitation in batch
processes, there is no example of a continuous process for liquid-liquid precipitation in
literature at present. Additionally, most literature focuses on the production of colloidal
lignin particles from co-products of the paper industry, which has dissimilar properties to
native lignin owing to bleaching, and additionally limits investigation of naturally
occurring co-products. Several examples of lignin-rich dispersion used for Pickering
stabilisation of emulsions are evidenced in literature, however the application is defined
by the properties of the extract, rather than influencing the functionality of any lignin-rich

bioresidue for a designed application.

The following research objectives were identified from published literature and

investigated in this PhD thesis:

O1: To characterise the componentry of a lignin-rich mild organosolv bioresidue of cocoa
bean shell biomass as a precursor for particle production, using spectroscopic and

spectrometric techniques;

02: To establish a process for continuous production of colloidal particles using
antisolvent precipitation and assess the use of processing conditions to influence the size

and stability properties of particle dispersions;

03: To assess the impact of co-extractives of a lignin-rich bioresidue on the surface
properties of resulting extracts such as contact angle and solubility, and assess the ability

to manipulate the bioresidue by variation of precipitation conditions;
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O4: To assess the stabilisation of emulsions using lignin colloidal particle dispersions;
and investigate the impact of co-extractives on the efficacy of stabilisation of oil in water

(o/w) and water in oil (w/0) emulsions such as those in consumer goods; and

O5: To validate the use of colloidal particle dispersions formed from cocoa bean shell
extracted lignin for application as a tracer field for imaging of flow fields in confined

micro channels.
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1.8. Thesis structure

This thesis is structured as follows: In Chapter 2, the materials and analytical methods
used throughout the research are outlined. In Chapter 3, the extraction and
characterisation of lignin-rich bioresidue of two types of cocoa bean shell are discussed,
in line with the O1. Specific attention was paid to the chemical composition of the extract
for later insight into the role of componentry. In Chapter 4, a negative result aimed at
continuous production of colloidal particles by desorption is presented, towards research
objectives O2 and O3. A hydrodynamic flow-focusing device was chosen to form macro-
scale droplets of solubilised lignin-rich bioresidue in an antisolvent continuous phase to
observe precipitation by desorption in real time. In Chapter 5, the results of continuous
colloidal particle production in coaxial jet mixing device are reported. In Chapter 6, the
ability to induce a variation in wetting properties is presented, in the context of contact
angle measurement, and emulsion stability. This is based on research objectives O3 and
O4. In Chapter 7, the ability to use the formed colloidal particles to visualise flow fields
in static and dynamic flow systems in both aqueous and non-aqueous phases are
demonstrated, fulfilling research objective O5. In Chapter 8, the conclusions of this
research are presented and future work to develop the findings of this research are

presented.
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2. Materials and Methods

This chapter details the materials and methods used in this thesis. It is divided into
separate methods sections for those used in bioresidue analysis, microparticle production
via both microfluidics and coaxial jet mixing (CJM), and finally emulsified particle

methods.

2.1. Materials

2.1.1. Cocoa bean shell

Cocoa bean shell (CBS) as feedstock for bioresidue preparation was kindly donated by
Mondelez (Mondeléz International, Birmingham, UK) and milled to a fine powder using
a hammer mill (24 series Circ-u-flow hammer mill, Schutte, Buffalo, USA). Size class
fractions of milled CBS were determined where a diameter d indicated the percentage of
CBS between the mesh sized of sieves, by using 1 kg of CBS, see Table 6. The weighted

mean diameter was 473 pm.

Table 6: Sieve class fractions of CBS reported as a weight percentage.

rasulf;e >710pm  710>d>250pm  250>d>90um <90 um
Wt 0.19 58.27 26.89 14.65

2.1.2. Reagents and solvents

Ethanol (> 98% reagent grade, Fisher Scientific, Loughborough, UK) was used as the
principal solvent for the extraction of a lignin-rich fraction from CBS. To aid extraction

by digestion of the plant cell wall, HCI (37% w/w concentrate in water) was purchased
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from Fisher Scientific (UK) and diluted to a concentration of 2 mol dm™ (2 M) using
deionised water (Elix® Essential 5, Merck, Darmstadt, Germany). Hexane (fraction from
petroleum, reagent grade, from Fisher Scientific, UK) was used to remove co-extracted
molecular surfactants, amphiphiles, and free fatty acids, henceforth referred to
collectively as ‘lipid’ when generating a lipid-removed bioresidue (CBS-LR) was desired.
Antisolvents used for the precipitation of particles were deionised water, n-dodecane
(99% anhydrous, Fisher Scientific, UK), and isopropyl myristate (< 98%, Fisher
Scientific, UK). Emulsions were prepared with sunflower oil purchased from a local

supermarket.

As reagents for assays, hydroxylamine hydrochloride was used as a dilute in distilled
water and was purchased as a solid from Sigma (Sigma Aldrich, Gillingham, UK)
alongside glacial acetic acid, acetyl bromide and alkali lignin, which was used as a
calibration standard. For adjustment of pH, deionised water was used to prepare solutions
of acid (HCI) and base (NaOH) at a concentration of 0.1 M from 37% HCI] and NaOH
pellets (Fisher Scientific), respectively. For contact angle measurements, isopropyl
myristate (IPM) and dichloromethane (DCM) was purchased from Fisher Scientific (UK).
For GPV studies, medium chain triglyceride (MCT) oil (Ketosource, London, UK) was
purchased, alongside silicone oil (40 ¢ST), mineral oil, and magnesium silicate to treat
sunflower oil (all Sigma). 220 nm polystyrene particles (dispersion of 10% solid, Sigma
Aldrich, diluted 1:50 (v/v)) were used for GPV in the aqueous phase at concentrations of
0.01 — 0.5% (v/v). For washing microfluidic devices, Isopropyl alcohol and-dodecane

were purchased from Sigma. Sunflower oil was purchased from a local supermarket.
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2.1.3. Materials for hydrodynamic flow-focusing device

fabrication

For the manufacture of a hydrodynamic flow-focusing device, poly(dimethylsiloxane)
(PDMS) was used. The polymer was cured from a two-part elastomer kit (Sylgard 184,
Dow Corning, Midland, USA). For device surface treatment, poly(vinyl alcohol) (PVA,
87-89% Hydrolysed, Alfa Aesar, Heysham, UK) was used. For alternative device surface
treatments, sodium hydroxide, poly(allylamine hydrochloride) (PAH), and poly(sodium
4-styrene sulfonate) (PSS) were purchased as reagent-grade chemicals (> 98%) from

Fisher Scientific (UK) and diluted to solutions of 0.1% (w/w) using deionised water.

2.2, Lignin-rich cocoa bean shell extract: Preparation,

characterisation, and manipulation methods

2.2.1. Organosolv extraction of a lignin-rich bioresidue from

cocoa bean shell

Lignin was extracted from the milled cocoa shell using an acidified organosolv reflux to
obtain a crude lignin-rich bioresidue (Cuthill ez al. 2021). Extraction was conducted using
a quick-fit Soxhlet extraction apparatus fitted with a reflux condenser, Figure 9. The
milled CBS was dehydrated at 130 °C in a dry heat oven (Carbolite Eurotherm 9le,
Carbolite Furnaces, Sheffield, UK), and 30.0 g was added to a cellulose thimble
(Whatman, UK) within the Soxhlet reflux condenser Figure 9.To make the extraction
medium, the 250 mL round bottom flask of the set-up was charged with a stirrer bar,
deionised water (10 mL), 2 M HCI (20 mL), and ethanol (150 mL). The system was stirred

and brought to reflux for 4 h.
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Figure 9: Setup of the Soxhlet extraction of lignin from cocoa shell, schematic (left) and actual setup (right).
A 250 mL round-bottom flask was fitted with a Soxhlet containing a CBS filled thimble, and a condensing

column.

The resultant bioresidue was labelled as CBS-LC, with “LC” for “lipid-containing”, and
concentrated by rotary evaporation (Biichi R215, Germany), followed by subsequent
drying at 130 °C to constant mass. The paste-like residue was sealed in a watchglass using

parafilm, covered in tin foil and stored at 20 °C until use.

2.2.2. Lipid extraction

Preparation of lipid-removed cocoa bean shell extract, labelled CBS-LR, involved
extraction per 2.2.1 with an additional processing step. Dried CBS-LC bioresidue was
transferred into a flask containing n-hexane, agitated for 8 h to solubilise the lipid, and

left to stand for 72 h. The resultant supernatant containing the dissolved lipid was
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removed by filtration. The sedimented CBS-LR phase was concentrated in vacuo and
dried in an oven at 130 °C (Carbolite Furnaces) to obtain a dry paste, which was

subsequently sealed in a watchglass using parafilm covered in tin foil and stored at 20 °C.

2.2.3. Quantification of extraction yield

The yield of the bioresidue obtained from the CBS was calculated per Equation 2.1. The
mass of recovered bioresidue was taken as the mass of the residue obtained by
evaporating the extraction liquor following the reflux described in 2.2.1 to a constant

mass at 130 °C.

old (%) = mass of recovered extract (g) 100% 2.1
yield (%) = mass of feedstock (g) ) i e

2.2.4. Quantification of lignin in extract

The acetyl bromide assay was used to quantify the amount of lignin in the extracts
prepared (Fukushima and Kerley 2011; Moreira-Vilar et al. 2014; Fukushima et al. 2015;
Mao et al. 2023). 100 mg of bioresidue was placed into a screw-cap centrifuge tube
containing 4 mL of acetyl bromide (25% v/v in glacial acetic acid) and incubated at 50
°C for 2 h. Afterwards, the sample was cooled in an ice bath and further diluted in glacial
acetic acid to a final volume of 15 mL. The solution was allowed to settle for 30 minutes
and centrifuged at 3,900 x g for 20 min (Sigma 2-6 centrifuge, Sigma Zentrifugen,
Osterode am Harz, Germany). An aliquot (0.5 mL) of this solution was mixed with 2.5

mL of glacial acetic acid, 1.5 mL of 0.3 M NaOH, 0.5 mL of 0.5 M hydroxylamine
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hydrochloride solution, and further diluted with 5.0 mL of glacial acetic acid to a final
volume of 10.0 mL. The absorbance was measured at 280 nm on a UV-Visible
spectrophotometer (Jenway Genova series, Stone, UK) against a blank; a sample treated
as above in the absence of dissolved lignin. A standard curve was generated using aqueous
solutions of alkali lignin of concentrations ranging from 80 to 400 mg L™!. To determine
the lignin content of a sample, the Beer-Lambert Law, a relationship between absorbance

and concentration was used, Equation 2.2:
A= ¢g,Cl (2.2)

Where A is absorbance (no units), &, is the absorptivity of a substance (units here L cm”

I'g’l), C is concentration (g L"), and 1 is path length of sample (cm).

Calibration curve

Figure 10 shows the calibration curve generated using a series of standard solutions
produced using commercially available Kraft lignin up to 400 mg L' in concentration
including the baseline value at 0 mg Kraft lignin subjected to the acetyl bromide assay.
The absorptivity per litre of sample was determined by the gradient of the line in Figure
10, offering a value of 0.00236 L mg™!, or 2.36 L cm™ g'! (SI units). The concentration of

unknown lignin samples was determined from the absorbance values.
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Figure 10: Calibration curve of samples to determine the absorptivity constant of lignin using a
commercially available Kraft lignin at 280 nm, and concentrations between 0 (represented by a solvent
blank) and 400 mg L"'. Markers show the mean values, and error bars represent = 1 s.d. The gradient of the
resulting linear trendline of 0.0024 L mg™!. (R? value of 0.9864) was used in the Beer-Lambert law to

determine the absorptivity constant for lignin.

2.2.5. Solvent solubility of lignin-rich bioresidue

The solubility of the lignin bioresidue in a selected solvent was determined at room
temperature (20 °C) as the residual solids content after solubilisation. To 10 mL of
solvent, excess amount of dried lignin bioresidue was added followed by agitation on a
whirlmixer (Camlab MX-S, Over, UK) for 30 minutes to allow for dissolution. The
resultant mixture was centrifuged at 2,400 x g for 30 minutes (Sigma 2-6 centrifuge,

Sigma Zentrifugen, Osterode am Harz, Germany) leaving a sediment and a supernatant
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phase. The latter was poured off, and the sediment dried at 130 °C in an oven (Carbolite

Furnaces). The solubility (wt%) was calculated using Equation 2.3.

mass of extract added — mass of dried residue
solubility (wt%) = f (9) f 9)

)
mass of solvent added (g) x 100 % (2.3)

2.2.6. Identification of bioresidue lipid fraction

The lipids present in the lignin-rich bioresidue were obtained as a separate fraction per
the method outlined in 2.2.2 and further separated and analysed by gas chromatography-
mass spectrometry (GC-MS). For molecular surfactant determination, a column (Rxi-5sil,
Restek, USA) was held at 120 °C for 2 minutes and heated at 10 °C min™' to 300 °C. For

mass spectrometry, electron ionisation (EI) was used at 70 mV.

To assess triglyceride content, the sample underwent base hydrolysis (2 M NaOH, 24 h).
To silylise the resultant glycerides, N, O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA)
was used as a donor of trimethylsiloxane (TMS) and reacted with the base hydrolysed
sample for 60 minutes at 60 °C. The presence of a triglyceride was identified by species
appearing in the column following the hydrolysis step, which were not present in the
initial pre-hydrolysis column run. Sample was provided to the University of Bedfordshire
where the GC-MS was conducted, and the data were returned in raw format for

processing.
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2.2.7. Fourier-transformed infrared spectroscopy for lignin

component identification

The absorbance values associated with chemical bonds present in the structure of lignin
were characterised by Fourier-transformed infrared spectroscopy (FTIR) (Chakar and
Ragauskas 2004; Derkacheva and Sukhov 2008). For analysis, 200 mg of sample was
placed on a diamond crystal and a spectrum was obtained using attenuated total resonance
(ATR)-FTIR (Nicolet 380, ThermoFisher, Waltham, USA), baselined against air with a
sampling frequency of 256 samples per measurement at a resolution of 1 cm™. The
presence of lignin was typified by the presence of a series of general aromatic
absorbances, which are not present in other bioresidues such as cellulose, and finer
structural detail such as guaiacyl, sinapyl, and coumaryl moieties. These absorbances and
their literature basis has been extensively documented in the literature review, section

1.2.4.1.

2.2.8. Ancillary bioresidue analysis methods
This section details methods which were applied to obtain data necessary for surface

tension measurement (see section 2.5.3), light scattering experiments (see section 2.6.1),

and dimensionless number calculations (see section 1.7).

2.2.8.1. Viscosity
To calculate the Reynolds number (Re), viscosity data are required. For three volumetric
ratios of water to ethanol (R values) of 1, 0.5, and 0.1. Ethanol and water mixtures were

prepared at volumetric ratio of ethanol to water of 1, 0.5, and 0.1, and their viscosity was
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measured on a shear rheometer (Kinexus, Malvern Instruments, Malvern, UK) using an
8 cm cone geometry (cone angle = 2°) and a stainless-steel plate, at shear rates from 0.01
— 1,000 s and 5 data points per decade were collected at 20 °C. The samples were
Newtonian and results are reported as viscosity data averaged across the shear rate range

tested. Results are reported in section 3.3.2.

2.2.8.2. Density
The density of the solutions assessed for viscosity was also required for Re number
calculation. Density was measured using a force tensiometer fitted with a Wilhelmi plate
in density measurement mode at 21°C (K100, Kruss, Hamburg, Germany). Results are

reported in section 3.3.3.

2.2.8.3.  Refractive index
The refractive index of CBS-LC was measured at 20 °C using a refractometer (J35,
Rudolph Analytical, USA). The Refractive index was generated by extrapolation of a
series of dilute solutions, and the results reported, in Figure 11 were extrapolated to give
a refractive index value for 100% the standard deviation was determined from linear

regression analysis of the points. The resulting value was 1.57 + 0.02.
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Figure 11:Refractive index of a series of concentrations of CBS-LC lignin, in ethanol, yielding an

approximation of the refractive index at 100 wt%.

2.2.9.

Lignin bioresidue solution preparation

A solution was prepared containing lignin-rich bioresidue at 5 mg mL™! by taking the

solids bioresidue as prepared in section 2.2.1, and dissolving in ethanol by stirring at rom

temperature for 24 h. The solution was sterilised using a 0.2 um syringe filter (Millipore,

Burlington, USA), per (Leskinen et al. 2017). The final concentration was determined by

evaporation of solvent from a 2 mL aliquot and determining the mass of the remaining

residue. Based on the result, ethanol was added to achieve the required concentration. The

prepared solutions were filtered and the supernatant used in later sections as the dispersed

solvent phase for particle production by antisolvent precipitation.
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2.3. Flow-focusing method for precipitation of lignin-

rich microparticles

For initial particle production, a PDMS based hydrodynamic flow-focusing (HFF) device
was made from a negative using soft lithography following published method (Anna and
Mayer 2006; Whitesides 2006). The construction of the device using PDMS was chosen
due to noted reproducibility and simplicity of geometry modification compared to other
construction materials. As detailed in Chapter 4, fouling was identified as a persistent
issue inhibiting microparticle production by antisolvent precipitation in the devices as
constructed. Surface modification methods explored to suppress fouling were applied and

these are also detailed.

2.3.1. Flow-focusing device manufacture

Hydrodynamic flow-focusing (HFF) devices of the geometry depicted in Figure 12 were
constructed from a negative imprinted onto a silicon wafer (device top) using standard
soft-lithography techniques on a maskless aligner (UMLA, Heidelberg Instruments,
Heidelberg, Germany). The device was constructed using PDMS prepared ina 10:1 (w/w)
mixture (polymer to curing agent) cured in an oven (Carbolite Furnaces) at 70 °C for
90 minutes. To generate the device top, the PDMS was poured into the negative mould
and cut out once the polymer had cured. To generate the device bottom, 0.5 g of PDMS
was placed on a borosilicate glass slide and coated at 1200 rpm for 1 minute in a spin
coater (1501, POLOS, Putten, The Netherlands) and cured as described above. The coated
slide (device bottom) was bonded to the device top using a 12 W plasma laser (Sisomm,

Hasselt, Belgium). Each side was exposed to the laser for 30 seconds before being
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compressed together manually and placed on a hot plate at 90 °C for 1 hour, and storage

at 20 °C for 36 h to allow curing to complete before use.

@) »

(Wa)
(W)

(Q)—» o 000

Q) —»

Figure 12: Setup of flow-focusing microfluidic device. Q. denotes inlets for the continuous phase, and Qq
denotes the inlet for the dispersed phase. The channel was rectangular with the following dimensions; W,

was 200 pm, Wy was 600 um, and channel height was 150 um.

2.3.2. Device surface treatments

Surface treatments reported in literature were applied to alter the surface wetting
properties of the flow-focusing device. Poly(vinyl alcohol) (PVA) (Trantidou et al. 2017)
and poly(electrolyte) treatments (Bauer er al. 2010) were applied to both the top and
bottom to generate a device with hydrophilic wetting properties, rather than the initial

hydrophobic state of PDMS devices.

2.3.2.1. PVA treatment
The following method was adapted from Trantidou et al. (2017). PVA was dissolved in
deionised water (1 wt%) and stirred at 20 °C for 40 min, on a magnetic stirrer. The
temperature was increased gradually (5 °C min™') until the boiling point was reached,

followed by stirring for another 40 min. Afterwards, the temperature was gradually
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lowered (5 °C min™') to 65 °C and the mixture stirred for a further 8 hours. Evaporated
water was replenished regularly to maintain a consistent volume, retaining sample

concentration of 1 wt% at 20 °C.

The PDMS device top and bottom prepared as described in section 2.3.1 were thoroughly
degreased in isopropyl alcohol followed by dehydration in an oven at 110 °C for 40 min.
The degreased PDMS top and bottom were then surface treated by corona discharge at
12 W (Sisomm) for 30 seconds and submerged in the prepared PVA solution for 10

minutes before being sealed and stored as described in 2.3.1.

2.3.2.2. Polyelectrolyte treatment
The following method by Bauer et al. (2010) was applied as an alternative method to
generate a device with hydrophilic surface characteristics. Solutions of poly(allylamine
hydrochloride) (PAH) and poly(sodium 4-styrene sulfonate) (PSS) were prepared as 0.1%
(w/v) in 0.5 M aqueous sodium hydroxide, alongside a solution of 0.1 M NaCl. A PDMS
device prepared as outlined in 2.3.1 was hydrophilized by passing PAH, NaCl, and PSS
sequentially through 10 times at 50 pL h!, to generate a hydrophilic coating. The device
was subsequently washed with 0.1 M NaCl solution and dried using compressed air,

before the device was sealed and stored at 20 °C until use.

2.3.3. Colloidal particle production set-up

For the antisolvent precipitation research using microfluidics in chapter 4, the flow-
focusing devices were connected to two syringe pumps (World Precision Instruments,

Hitchin, UK). One pump fed both inlets for the antisolvent phase and the other fed the
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solvent phase, both operated at flow rates between 1 and 50 pL min' As described in

Section 2.3.1.

24. Coaxial jet mixing method for precipitation of

lignin-rich microparticles

To form colloidal particles using antisolvent precipitation, coaxial jet mixing (CJM) was
used as an alternative production method, negating observed fouling. Particle production
by CJM uses a central tube as the carrier for the continuous phase (solvent), and an

external tube to carry the dispersed phase (antisolvent).

2.4.1. Coaxial jet mixing device manufacture

The CIM device shown in Figure 13 was constructed following a published method with

minor modifications (Bovone et al. 2019).

Qis
16.0 cm
1,400 pum
1,400 pm 1,400 pm
Q. :[Z::::ZZZI:::ZI: 123200 pm
16.0 cm 16.0 cm

Figure 13: Schematic of the CJM device, consisting of a concentric internal glass tube with an outer flow
phase. The solvent stream (Qso1) Was passed through a coaxial channel of inner diameter 200 pm and mixed

with the antisolvent stream passing through the channel of inner diameter 1,4000 pm at a given flow rate

51



(Qa-s). Inlet tube and outlet outer tube lengths are 16.0 cm, and the internal glass capillary has a length of

4.6 cm.

A glass capillary (200 um L1.D., Cole Parmer, Illinois, USA) was inserted into plastic
tubing (I.D. 510 pm, Saint Gobain, Charny, France) followed by sealing at 70 °C for 1 h
with PDMS (Dow Corning), Figure 14 Left part A, magnified right. The glass outlet of
the internal capillary was threaded through a T-junction (1 mm 1.D.) (Figure 14 left part
B) and secured with a ferrule and PEEK nut (both O.D. 1.59 mm) to complete the feed

for the dispersed phase, Figure 14 left part C.

S

)

Capillary bonded to tubing (PDMS)

T-junction thread ensures concentricity

Figure 14: (Left): CIM device for antisolvent precipitation is shown in three parts; A) the solvated lignin
was injected through a capillary, B) the antisolvent was injected around the capillary, C) the precipitated
CLP was collected. (right) a close view off (left) part a, showing the glass capillary inserted into the ferrule

to generate a water-tight concentric capillary for CIM.

2.4.2. Colloidal particle production conditions

10 mL syringes (Beckton Dickson, Franklin Lakes, USA) containing solubilised lignin
bioresidue and the antisolvent phase fluid respectively were placed into syringe pumps
(World Precision Instruments). The syringe pumps were connected to the CJM device

using 1.4 mm tubing (Saint Gobain, France). The solvent phase flow rates were varied
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between 50 and 1,500 puL min™!, and the antisolvent phase flow rates between 50 and
1,500 pL min!. The process was run at 20 °C, the exit stream collected, and the
processing solvent removed by evaporation before storage of the particle dispersion at

20 °C in a sealed glass vial until further use.

2.5. Methods for assessing surface characteristics of

lignin-rich extracts

The wetting properties of prepared colloidal lignin-rich particle (CLP) dispersions were
tested for Pickering functionality by preparing emulsions and observing their stability and
by assessing their wetting properties. Methods for preparation of emulsions are detailed,

followed by methods for characterisation of particle properties.

2.5.1. Treated sunflower oil preparation method

To allow for assessment of the ability for CLPs to act at Pickering particles in the absence
of lipid fraction, surface active molecules indigenously present in native sunflower oil
were removed as follows. 4 wt% magnesium silicate (Sigma, UK) was added to sunflower
oil, and stirred at 20 °C for 30 minutes at 600 rpm. The magnesium silicate was then
removed via centrifugation at 8,500 x g (J2-21 floor model centrifuge, Beckman,

Indianapolis, USA) to obtain so-called treated sunflower oil (TSO).
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2.5.2. Preparation of emulsions

Both water-in-oil (w/0) and oil-in-water (o/w) emulsions (10 g) were prepared by adding
a colloidal particle dispersion to the continuous phase of emulsions (treated sunflower oil
or distilled water), and the emulsions 1:9 (w/w), were processed using a high-shear
overhead mixer (Ultraturrax T25 mixer, IKA, Oxford, UK) at 9,000 rpm for 120 seconds.
Alternatively, emulsions were processed using a sonication probe (Sonics VibraCell CX
750, Sonics Inc., Newtown, USA) on a 30-second cycle with 5 seconds on and 5 seconds

off (3 x 5 s pulses).

2.5.3. Surface tension of particle suspensions

The surface tension of the particle suspensions was assessed at 20 °C with a profile
analysis tensiometer (PAT - 1M, Sinterface, Berlin, Germany) in pendant drop mode. A
drop with cross-sectional area of 27 mm? was suspended from a stainless-steel capillary
of external diameter 3 mm, and data recorded at a sampling frequency of 1 s™'. Phase
densities required to analyse the data were determined at 20 °C using the method outlined
in section 2.2.8.2: Distilled water (0.997 g cm™), air (0.0012 g cm™), n-dodecane (0.750

g cm™), sunflower oil (0.918 g cm™).

2.54. Contact angle measurement method
As direct determination of the wetting properties of individual CLPs was not possible due
to the small particle size, bulk analysis was carried out instead. It is anticipated that by
assessing the contact angle of bulk precipitated lignin extract, the surface properties of

resulting particles can be inferred. An interface was prepared whereby the characteristics
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of the colloidal particle could be inferred, by mimicking the precipitation steps performed

in the CJM. Contact angle was measured to mimic the surface of the CLPs.

Sample preparation

For observation of the wetting properties of the lignin-rich extract, surfaces of lignin were
prepared by depositing ethanol solubilised CBS-LC and CBS-LR dropwise on a
borosilicate glass coverslip (22 x 22 mmm, SLS Laboratory supplies, Dublin, Ireland).
For each sample, 0.5 g of CBS-LC and CBS-LR were added, and the ethanol was removed
in an oven at 130 °C, generating a layer on which contact angle could be measured, Figure
15. The approach was validated by taking a borosilicate glass slide, and measuring the

contact angle, Figure 15.

Glass slide
I———

Water 0il

Figure 15: Image of an interface between an oil droplet (20 puL) and a borosilicate glass slide (22 x 22 mm).

The dynamic contact angle of each sample was measured by depositing a 20 puL droplet
of water or oil onto a stage on a PAT - IM tensiometer (Sinterface Technologies) in

sessile drop mode at 20 °C.
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Contact measurement was achieved by placing a droplet of water onto a dried surface of
CBS-LC submerged in sunflower oil, however for reversed phases, the coverslip was
placed onto a stand, shown in Figure 16a to allow a rising oil droplet to be introduced for
contact angle measurement. Figure 16a shows the construction of the stand, and Figure
16b shows an oil droplet introduced to a glass coverslip.

8 mm
a) i — 10 mm,# b)

30 mm

34 mm

Figure 16: a) Schematic diagram of a 3-D printed stand to allow coverslips to be balanced for contact angle
measurement, constructed from poly (lactic acid). b) A droplet of sunflower oil introduced to a glass

coverslip supported by the 3-D printed stand in a distilled water.

2.6. Characterisation methods applied to precipitated
lignin-rich particles
2.6.1. Dynamic light scattering
The size distributions of precipitated colloidal particle aqueous dispersions were
measured by dynamic light scattering (DLS) using a Zetasizer Nano (Malvern

Instruments). Emulsions were measured using a Mastersizer (Malvern Instruments) and

solutions were dispersed using Hydro SM small volume wet dispersion unit (Malvern
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Instruments, Malvern, UK). The samples were dispersed in water, and refractive index of
lignin was described in 2.2.8.3, and was in agreement with the refractive index for lignin
of 1.55 in literature (Fink 1992). An absorption index of 0.01 was used. Mean size and z
average values are reported as the mean of triplicates, and distributions of particle size

and volume fraction were used for analysis.
Span

The parameter known as span was used to quantify the width of the particle size
distributions. It is defined in Equation 2.4, where dw1o, dwso, and dwoo refer to the size of
particles (nm) at the 10", 50" and 90" percentiles respectively. Analysis was conducted

on triplicates of collected samples.

deO —dWlo

Span = (2.4)

dWSO

2.6.2. Electrophoretic mobility

The {—potential of the colloidal particle dispersions was determined by electrophoretic
mobility using a Zetasizer (Zetasizer Nano, Malvern Instruments, Malvern, UK) with a
folded capillary cell (DTS1070, Malvern Instruments, Malvern, UK) at 25 °C. Samples
were diluted by a factor of 300 in distilled water to prevent multiple scattering. The pH
was adjusted to the range of 2.5 — 9.5 by use of 0.1 M stock solutions of NaOH and HCl

as required. Samples were reported as the mean average of three replicates.

2.6.3. Optical microscopy

Optical microscopy was used as a method to visualise the microstructure of particle

dispersions as well as emulsions prepared from the particles dispersions, see 2.4.2. 20 uL.
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of sample was pipetted using a mechanical pipette onto a borosilicate glass slide, covered
with a coverslip, and imaged on a microscope (Leica DM 2500, Leica, St Gallen,

Switzerland) fitted with 10, 20, 40, and 100x objectives (Nikon, Tokyo, Japan).

2.7. Methods for flow field analysis using CLPs for

Ghost Particle Velocimetry

Based on observations made in Chapters 6 and 7 that the particles could be dispersed in
oil, particles were used as tracers in ghost particle velocimetry (GPV). Particles of
diameter below 300 nm under bright-field (white) light do not diffract and are therefore
not directly resolvable (Riccomi et al. 2018). However, they do scatter light, causing a
‘speckle’ pattern to appear. This pattern can be compared across a pair of images with a
known time step (cross-correlation) referred to as a frame, and by the differences in
location of disturbances, the movement of the fluid can be plotted following subtraction

of the background static contribution.

2.7.1. Channel construction for flow field visualisation
To visualise flows, channels were constructed from PDMS using standard soft
lithography techniques described in Section 2.3.1. Devices with a rectangular cross-
section measuring 600 um x 150 um were used. For droplet visualisation, a flow-focusing
device as depicted in Figure 17 was similarly constructed from PDMS with the same

dimensions.
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Figure 17: PDMS cast hydrodynamic flow-focusing device with a channel width of 600 pm, showing
droplet formation. Droplets are formed of a dispersed phase (Qq) in a continuous phase (Qc) applied using

syringes. Channel height was 150 pm.

2.7.2. Preparation of particle dispersions for flow field

visualisation

To validate the flow field data obtained by CLPs, results were compared to poly(styrene)
particles used for GPV, which are frequently used for GPV analysis. Poly(styrene)
particles (of average diameter 220 nm were used for GPV in the aqueous phase at
concentrations of 0.01 — 0.5% by dilution from a stock solution and agitation in a
Whirlmixer (Camlab MX-5, UK). The lignin nanoparticles were used as prepared in 2.4.2
for flow visualisation in both aqueous and oil phases at 0.01 — 0.5% (w/w). Fluid
velocities ranged from 5 — 100 uL min’'. To generate particles in an oil phase, aqueous
dispersions were pipetted and stirred into an oil phase using a magnetic stirrer, and the

water was removed through evaporation by heating.
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2.7.3. Quantification of flow fields by cross-correlation

Flow fields were visualised using cross-correlation of successive frames recorded with a
high-speed camera (Photron SA-5, Photron, High Wycombe, UK) connected to an
inverted microscope (Nikon Eclipse Ti2-U) at 2,000 - 10,000 fps. For analysis,
microfluidic devices prepared per Section 2.3.1 were observed under a 20x objective.
Spatial resolution was in the range of 0.5 — 2 um/pixel. To determine a flow field, the
movement of a fluid containing dispersed particles through a channel was recorded as a
series of successive frames. Figure 18a shows the particle-laden fluid flow through a
straight channel section. For cross-correlation, all static features in the image sequence
were removed, leaving the speckle pattern caused by particles in motion scattering, Figure
18b. The remaining speckles caused by light diffraction of the particles in dispersion was
plotted between pairs of frames, Figure 18c, using PIVLab for MatLab software
(Thielicke and Stamhuis 2014). Following vector formation, vectors caused by erroneous
cross-correlation are excluded (orange), leaving vectors which correspond to the
movement of the fluid in the channel (green). Finally, averaging a series of cross-
correlations generates the flow field image, see Figure 18d. Where the movement of the
fluid through the channel was at a consistent velocity, averaged flow fields represent the

motion of the system through the channel.
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Figure 18: Steps for flow field visualisation using cross-correlation imaging of fluids containing dispersed
colloids. a) fluid with dispersed poly(styrene) particles passing through a microfluidic channel. b) the
channel rotated to vertical and the mean intensity of each pixels across the image corresponding to any
static features was subtracted leaving a speckle pattern caused by particle light scattering. c¢) cross-
correlation plot showing vectors due to motion of speckle pattern (green) and removed vectors due to
Brownian motion (orange). d) a flow field made of an average of 400 cross-correlation images. White

arrows indicate direction of flow, and scale bar is accurate for all images in the figure.

2.8. Statistical analysis

For datasets based on two sample sets, such as those for validation of the CIM device
construction an unpaired two tailed t-test was performed. Additionally, correlation plots
were used to demonstrate the nature of the similarity of the datasets. For calibration
curves, linear regression analysis was conducted using the Microsoft Excel analysis tool
pack, with confidence intervals of 95%. For datasets based on three or more repeat
measurements such as average particle diameter of particles in dispersion, zeta potential,
contact angle, surface tension, and flow field analyses. Analysis of variance (ANOVA)
and a paired t-test was used to examine the significance of the batch-to-batch variation,
and construction of the device for the CIM process, with a significance level set at P =

0.05.
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3. Characteristics and extraction efficiency of a lignin -

rich bioresidue of cocoa bean shell

In this chapter, the results of characterisation of an organosolv bioresidue of CBS are
reported. The chapter is split into two sections. Firstly, yield and properties of the extract,
such as refractive index, and lignin content are reported. Secondly, the chemical features
of the bioresidue characterised by Fourier-transform infrared spectroscopy (FTIR), and
gas chromatography coupled with mass spectrometry (GC-MS) to generate a fingerprint

of the organosolv extract are introduced.

The presence of lignin was identified using absorption wavelengths from literature, and
via comparison to Kraft lignin. The identities of co-extractives were quantified using GC-

MS analysis.
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3.1. Physical extract properties

This section details the physical properties of the lignin-rich extract. This encompasses

appearance, yield of crude extract, and density.

Figure 19 shows a digital photo image of the pasteous lignin-rich bioresidue prepared as
described in Section 2.2.1 Following removal of the lipid by hexane wash, the originally

shiny bioresidue appears much duller but it remained paste-like.

Figure 19: Lignin-rich organosolv bioresidue prepared from CBS before (left) and after (right) removal of

the lipid fraction.

3.1.1. Extraction yield

The extraction yield (see Equation 2.1; averaged over 9 extractions) was 10 + 1% for the
original bioresidue (CBS-LC) and 7 + 0.5% after lipid removal (CBS-LR). Literature
values on lignin content in cocoa bean shell suggest that a yield of up to 32% could have
been expected (Chung ef al. 2003). Optimisation of yield was not the focus of the present
research and the extraction process selected here was chemically less aggressive than

alternative methods such as sulfite pulping, as described in Section 1.1.3. The milder
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extraction method was chosen to preserve the native polymeric structure of lignin and

functionality, offering opportunity for easier integration to food systems.

3.1.2. Refractive index

The refractive index of the lignin-rich bioresidue was measured as 1.58 + 0.02 which was

in good agreement with the literature value of 1.61 (Fink 1992).

3.1.3. Density
The density of the lignin-rich bioresidue was determined as 1.50 = 0.05 g cm~, which is
at the higher end but within the range of 1.35-1.5 g cm™ quoted in literature (Wypych

2018).

3.2. Chemical profile

This section pertains to the components of the lignin-rich extract, reporting recovery of

lignin (yield), and composition.

3.2.1. Lignin content
The lignin recovery from the CBS feedstock is reported | in Table 7, both as a percentage
of the available lignin from the feedstock, and purity of the bioresidue. The overall
recovery of lignin from the feedstock is detailed, by considering the results of the
bioresidue yield by solids content, along with the lignin content of the extracts once

recovered.
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Table 7: Recovery of lignin from a cocoa bean shell feedstock as determined by the acetylbromide assay,

where concentrations were calculated using a molar absorptivity constant of 2.36 L cm™! g1,

Sample Absorbance (-) Mass extracted Lignin content Lignin

from CBS (%) (%) recovery (%)
CBS 0.262 +0.0139 - 33.55+1.50 -
CBS-LC 0.410+0.00330 7+£0.5 52.52+0.46 10.85
CBS-LR 0.481 £0.0135 7+0.5 61.67+1.72 12.87

The lignin content found for CBS was in agreement with the value of 32.4% reported in

literature (Soares and Oliveira 2022).

The data reported in Table 7 reveal that the lignin content of the bioresidue was
considerably lower than literature values. For example, utilising sulfite pulping a lignin
content of 62% (Deshpande et al. 2022) (as indicated by 17 of the available 27%
available) (Areej et al. 2023) or deep-eutectic solvent extraction yields of > 85% (Meindl
et al. 2022) were previously reported. This difference was no doubt due to the mild

extraction, as outlined in 1.2.3.

3.2.2. Chemical composition analysis of CBS bioresidue using

FTIR spectroscopy
The presence of lignin and other co-extractives were qualitatively identified using FTIR
absorbance spectra, from Table 3 in 1.2.4.1. As the energy required to induce a stretch,
vibration, or rotation of a bond is specific to the environment in which the molecule exists,
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a series of specific absorbance values allows for identification of the presence of a
molecule in solution (Burrows et al. 2013b). Figure 20 shows the spectra acquired for

CBS-LC, and Kraft lignin as a reference.

Assignments at 825 cm™ and 1025 cm™ show the presence of an aromatic system,
evidencing the presence of lignin in the sample. In addition, absorbances at 1342 cm™!
and 1116 cm™ show assignments attributed to the syringyl sub-unit idented in the

literature review 1.2.4.1, a characteristic moiety of the lignin biomolecule.

Furthermore, the CBS-LC spectra demonstrate absorbances at values associated with
cellulosic, hemicellulosic, and lipid classes of biomolecules, and absorbances at 1145 cm”
"and 1130 cm™ which are associated with the guaiacyl and syringyl monomer units

respectively.

In addition to the presence of lignin, several assignments suggest the presence of lipids
as co-extractives. The two peaks at 2920 cm™ and 2850 cm™! are characteristic of free
fatty acids, as they indicate a conjugated C-H vibration of an aliphatic system with chain
length greater than 10 carbon atoms (C10), which are not found within the aromatic lignin
macromolecular structure. Lignin is a biomolecule containing an aromatic ring
substituted with branching hydrocarbon substituents, as identified in the literature review
1.2.1, however the C10 length of the chain is further evidence that the absorbance at this

wavelength is the result of a co-extractive of lignin.
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Figure 20: FTIR absorbance spectra (4,000 — 800 cm™!) of CBS-LC(red/top data trace) and commercially
available Kraft lignin (black/bottom data trace) as reference. The data traces were shifted vertically to

facilitate comparison.

As highlighted in the literature review, the presence of molecular surfactant and
amphiphiles in the system can impact both the formation of CLPs and their subsequent
wetting properties. The removal of these molecular surfactants and amphiphiles was
assessed by FTIR, with a hexane extracted version henceforth referred to as ‘lipid

removed, LR’ compared for the removal of associated peaks, Figure 21.

The absence of the lipid fraction was demonstrated by key absorptions associated with
free fatty acids (FFA), at 2920 cm’!, and 2850 cm™'. In addition, the lipid fraction itself
was analysed by FTIR to offer an indication of the functionalities of lipids present in the
extract. Absorbances at 1658-1660 cm™' indicated double bond carbon, carbon

conjugation, and therefore at least some degree of unsaturation of the FFA.
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Figure 21: FTIR absorbance spectrum of an organosolv extracted residue of CBS. CBS-LC (black, central)
spectra are compared to the spectra of a hexane wash. Indicated are the soluble (grey, solid) and insoluble

(black, top) fractions of a hexane wash.

3.2.3. Quantification of the lipid fraction of CBS using GC-MS
spectrometry

The profile of the lipid fraction identified by FTIR in 3.2.2 was characterised by GC-MS.

Five major components were identified, Table 8. The m/z fragments used to assign a

structure to each spectrum are indicated on each molecule. Figures 23-27 show GC-MS

spectra with inset molecules and fragments used for identification. Spectra were

compared to the American National Institute of Standards (NIST) database.

These were characterised by an initial peak at m/z = 15 (CH3), however, low m/z value

fragments are commonly difficult to discern due to species with multiple charges (z = 2).
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Peaks at 29 (CH3-CHz) and 43 (CH3-CH2-CH) are far more reliable and confirm the
presence of an alkyl chain. The response column offers quantification of the presence of
each lipid fraction in the system, indicating the relative amounts of substance of each
lipid. The molecules in Table 8 are referred to as surfactants for the remainder of this
research, owing to their polarity caused by the presence of an ester link. This contains
two oxygen heteroatoms, which can undergo hydrogen bonding and therefore induce
greater polarity than the pure hydrocarbon end of the molecule. As a result, the action of
the ‘lipid’ fraction is analogous to the action of weak surfactants, hence their description

as surfactants throughout this research.

Table 8: Compounds identified by mass spectrometry spectra as present in the lipid fraction of the

bioresidue of CBS.
Component Response Molecular ion Density (g  Boiling  Spectrum
(%) (g mol) cm>) point (°C)

Isopropyl Myristate 444 271 0.850 167 Figure 23
Octadecanoic acid ethyl 28.0 312 0.941 361 Figure 24
ester

Trimyristin* 15.9 300 0.885 311 Figure 25
Ethyl hexadecanoate 9.81 284 0.864 192 -193  Figure 26
Ethyl Oleate 1.89 310 0.870 216 -218  Figure 27

*Trimyristin was identified as a triglyceride by hydrolysis to tetradecenoic acid silylisation, thus identification peaks
refer to the silyl ester of the hydrolysed ester.

Isopropyl Myristate

Isopropyl myristate (IPM) could be identified in Figure 23 due to multiple key ion peaks
and intensities. The peak at 271 showed the molecular ion. The large intensity of the peak
at 43 was due to chains at both ends of the molecule having the C3H7 fragment, plus the
2° nature of the B-carbon being able to stabilise charge. Isopropyl myristate has

previously been identified as a component within CBS (Chung et al. 2003).
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Figure 23: Mass spectrum of Isopropyl myristate on a normal phase mass spectrum. Lipid was separated
from a crude bioresidue of cocoa shell on a Rxi sil-MS column in gradient mode between 120 and 300 °C

at a ramp of 10 °C per minute. The mass spectrum was obtained by electrospray ionisation at 70 mV, with
an interface temperature of 250 °C. Key fragment assignment of the molecule (top right). Peaks with an

asterisk (*) denote rearrangements of fragments. Spectrum was compared to the NIST database to aid

identification.

Octadecanoic acid

The presence of an ethyl ester of octadecanoic acid was shown by the spectrum depicted
in Figure 24. Key fragments at 43 m/z units demonstrated the presence of an alkyl chain,
and the ester group was identified by the peak at 73 m/z units. The molecular ion identifies
the mass of the molecule as 312 m/z units, allowing for identification of the length of the

alkyl chain as c17.
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Figure 24: Mass spectrum of octadecenoic acid ethyl ester on a normal phase mass spectrum. Lipid was
separated from a crude bioresidue of cocoa shell on a Rxi sil-MS column in gradient mode between 120

and 300 °C at a ramp of 10 °C per minute. The mass spectrum was obtained by electrospray ionisation at
70 mV, with an interface temperature of 250 °C. Key fragment assignment of the molecule (top right).

Peaks with an asterisk (*) denote rearrangements of fragments. Spectrum was compared to the NIST

database to aid identification.

Trimyristin

The componentry of triglycerides can be distinguished from FFA by conducting a
selective base hydrolysis. The presence of the silyl ester of tetradecenoic acid indicated
by comparison to NIST database that the triglyceride version was present in the initial
sample, before hydrolysis. Trimyristin has the name formula 2,3-
di(tetradecanoyloxy)propyl tetradecanoate (IUPAC), referred to commonly as

trimyristin. The silyl ester has been identified by fragmentation mass-spectrometry,
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Figure 25. As trimyristin was the only silyl ester identified in the GC-MS analysis, it can
be concluded that this was the only triglyceride present in significant enough quantity as

a co-extractive of lignin in this organosolv extraction to be detected.
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Figure 25: Mass spectrum of tetradecenoic acid trimethylsilyl ester on a normal phase mass spectrum. Lipid
was separated from a crude bioresidue of cocoa shell, hydrolysed, and reacted with a donor of
trimethylsilane for 60 minutes at 60 °C, before separation on a Rxi sil-MS column in gradient mode between
120 and 300 °C at a ramp of 10 °C per minute. The mass spectrum was obtained by electrospray ionisation
at 70 mV, with an interface temperature of 250 °C. Key fragment assignment of the molecule (top right).

Peaks with an asterisk (*) denote rearrangements of fragments. Spectrum was compared to the NIST

database to aid identification.
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Ethyl hexadecanoate

The presence of ethyl hexadecanoate was identified by the GC-MS spectrum, Figure 26.
The key peak at 73 m/z units identifies the presence of an ethyl ester, and the peak at 42

m/z units identifies the alkyl chain.
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Figure 26: Mass spectrum of ethyl hexadecanoate on a normal phase mass spectrum. Lipid was separated
from a crude bioresidue of cocoa shell on a Rxi sil-MS column in gradient mode between 120 and 300 °C

at a ramp of 10 °C per minute. The mass spectrum was obtained by electrospray ionisation at 70 mV, with
an interface temperature of 250 °C. Key fragment assignment of the molecule (top right). Peaks with an

asterisk (*) denote rearrangements of fragments. Spectrum was compared to the NIST database to aid

identification.
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Ethyl oleate

Ethyl oleate was identified by GC-MS spectrum, Figure 27. The ethyl oleate molecule
was particularly fragmented compared to other FFAs identified in this system. This was
likely due to the presence of the unsaturated double bond in the system. Upon
fragmentation of the double bond, the radical is likely to undergo secondary
fragmentation to stabilise the charge, which can lead to further molecular fragmentation
Burrows et al. (2013b). The E- isomerisation around the double bond was indicated by

the relative magnitude of the peaks for fragments on either side.
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Figure 27: Mass spectrum of ethyl oleate on a normal phase mass spectrum. Lipid was separated from a
crude bioresidue of cocoa shell on a Rxi sil-MS column in gradient mode between 120 and 300 °C at a

ramp of 10 °C per minute. The mass spectrum was obtained by electrospray ionisation at 70 mV, with an
interface temperature of 250 °C. Key fragment assignment of the molecule (top right). Peaks with an asterisk

(*) denote rearrangements of fragments. Spectrum was compared to the NIST database to aid identification.
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The properties of each lipid are presented in Table 8 The boiling points of the lipids are
greater than the boiling point of both solvents used later processing: ethanol (78.4 °C),
and water (100 °C). As a result, the lipids cannot be removed from the system by
distillation. To reduce the amount of processing required, and to retain the ‘crude’ nature
of the extract, the lipids were retained in the system for further research unless specifically

noted.

3.3. Selected physical properties of bioresidue solutions

In this section, the solubility, viscosity, and density data for both extracts (CBS-LC and

CBS-LR) are reported.

3.3.1. Solubility

As detailed in section 2.2.5, the solubility of CBS-LC and CBS-LR was determined by
solids content, Figure 28. Although the principal solvent, ethanol, solubilises lignin at a
maximum of 8 wt%, the relative insolubility in water ( <2 wt%) means that it was still a

suitable system for antisolvent precipitation.
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Figure 28: Solubility by solids content of lignin-rich CBS bioresidue in a selected range of common

solvents. Error bars indicate + 1 standard deviation.

For full precipitation, miscibility between solvent and antisolvent must be retained.
Therefore, this limits the choice of solvent/antisolvent pairings for particle production.
As previous literature (Lievonen et al. 2016; Cuthill ef al. 2021) primarily utilise water
and ethanol as their system, this method was also adopted here. Two extracts were
studied; lipid containing, and lipid removed. Retaining the lipids facilitated investigation

of the properties of the bioresidue close to its native form.

3.3.2. Viscosity

For calculation of the Reynolds number (Re), the viscosity of lignin in solution was

measured at a series of concentrations, Table 9.
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Table 9: Viscosity of solutions of lignin dissolved in ethanol and precipitated in water at a series of

volumetric concentrations at 20 °C.

Ethanol:water ratio (v/v) Viscosity (mPa s)
1:1 32+04
0.5:1 3.0£0.5
0.1:1 2.6+0.2

3.3.3. Density
To calculate the Re of the solutions and provide values for parameters used in Dynamic
Light Scattering (DLS), the viscosity of lignin in solution was measured at a series of

concentrations were measured, Table 10.

Table 10: Density of solutions of lignin dissolved in ethanol and precipitated in water at a series of

volumetric concentrations at 20 °C.

Ethanol:water ratio (v/v) Density of solution (g cm?)

1:1 0.914
0.5:1 0.977
0.1:1 0.986
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34. Conclusions

This chapter meets Objective 1 of this thesis, by evaluating the componentry of a crude
lignin bioresidue, and conducting analysis to identify componentry both qualitatively and

quantitatively.

By washing CBS-LC hexane, it was possible to extract a series of co-products alongside
lignin, which have previously been referred to as ‘lipids’. The use of separation and
analysis techniques to identify isopropyl myristate, ethyl oleate, octadecanoic acid ethyl

ester, and hexadecenoic acid ethyl esters was demonstrated.

As corroborated by literature, a significant component of the bioresidue was lignin. One
notable difference from similar literature was the composition of the lipid fraction, which

contains a greater fraction of low weight molecular surfactant.

Additionally, it has been possible to identify a triglyceride, tetradecenoic acid, by
identification of its trimethylsilate ester. In identifying these lipids as co-extractives, there
is now a greater understanding of the types of lipid present in extracts of CBS. This will
inform further investigation into the wetting properties of the bioresidue and derived

colloidal particles, for applications such as emulsion stabilisation or tracer particles.
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4. Hydrodynamic flow-focusing for microfluidic droplet

formation

This chapter introduces the setup of a hydrodynamic (HFF) device for formation of
droplets of lignin-solubilised ethanol in water, which would then desolve to form large
particles. It was hypothesised that the presence of lignin would allow for formation of an
interface between the ethanol and water, alowing for formation of a droplet of ethanol
and lignin. The ethanol would then desorb from the droplet, allowing precipitation of a
lignin partichle on which further analysis could be conducted. HFF devices are known
for their ability to control droplet volumes with a high degree of monodispersity. By
varying droplet volume, it was hoped that the corresponding particle diameters could be
controlled. Both lignin-rich cocoa bean shell bioresidues, with and without the associated

lipid (CBS-LC, and CBS-LR respectively) were applied.

This chapter consists of three main sections; the first is establishing appropriate
conditions for dropelt formaiton such that the solubilised system can be used for particle
production. The second shows the interfactions between the device and the solubilised
lignin, inhibiting the droplet formation step and therefore desorption. The final section of
this chapter demonstrates attempts to modify the wetting properties of the device to

mitigate the interactions between lignin and the device.
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4.1. Optimisation of conditions for droplet formation in

a hydrodynamic flow- focusing device

As described in the literature review section 1.4.1, hydrodynamic flow-focusing (HFF)
for particle production is widely documented in the medical field, with a focus on
precipitating particles of single solute systems. This section attempts to build on this to
precipitate particles of CBS-LC after initial validation of the experimental conditions

required.

4.1.1. Droplet formation for antisolvent precipitation

To determine appropriate conditions for droplet formation, solutions for the dispersed
phase of equal density to ethanol-solubilised lignin were produced, and a range of droplets
were surveyed to identify a region suitable for droplet formation. Figure 29 shows the
droplet formation of a series of ethanol and water mixtures in an oil phase, indicating the

impact of varying the concentration on droplet formation.
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Outer = Isopropyl Myristate.
Inner = Ethanol water mixture.

Figure 29: Droplet formation conditions and impact of an ethanol:water mixture dispersed in an oil phase

with flow conditions of 10 uL min™ (internal) and 40 uL min™' (external).
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4.2. Fouling behaviour caused by interactions between

polydimethylsiloxane polymer and lignin

Using the conditions from 4.1.1 and solubilised lignin (3.5 mg mL™), attempts to make
large droplets of lignin and desolve them into particles were made. Upon introduction of
the solvent phase and the antisolvent, there was immediate precipitation of lignin, leading
to fouling of the device, and loss of a controllable interface, Figure 30. Whilst there is an

interface, precipitation occurs before the droplet formation phase.

When attempting droplet formation for particle production by antisolvent precipitation
from ethanol dissolved CBS-LC in the prepared flow-focusing device, the antisolvent
precipitation step occurred more quickly than droplet formation. As a result, it was
hypothesised that owing to the precipitation into the water, a hydrophobic substrate would
inhibit precipitation on the device. Figure 30 shows the early stages of precipitation upon
introduction of the dispersed phase to the continuous phase. In Figure 30, the flow rates
of 5 and 15 uL min™! for the dispersed and continuous phases respectively indicating
droplet formation will occur in the dripping regime. However, the flow regime shown
most closely resembles threading (Cubaud and Mason 2008). Precipitation is shown to
begin within 0.05 seconds, with complete infiltration of water into the ethanol achieved
by 20 seconds; however, precipitation occurs faster than both droplet formation and
dispersed phase egress. Precipitation occurs far faster than dispersed phase egress,
allowing precipitation to occur within the channel. Figure 30 shows that droplet breakup
is not occurring, an apparent ‘threading’ regime (Cubaud and Mason 2008), however
reduction of the dispersed phase flow rate does not result in droplet formation by dripping,

therefore the flow dynamics are not responsible for the observation. This is likely due to
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precipitation occurring immediately on contact between the two solutions, solidifying the

interface by precipitation of lignin.

Figure 30: CBS antisolvent precipitation in a water continuous phase (d = 5 pL min-1, ¢ = 15 pL min™,
demonstrating precipitation of particles from dispersion. Time as follows at 10 x magnification: (a), t =

0.00's, (b), t=0.05s.

As precipitation is occurring on a faster time scale then droplet formation, it is not
possible to form the larger particles through solvent desorption as initially hypothesised.
One possible explanation for this is an interaction between the CBS-LC extract and the
polydimethylsiloxane (PDMS) device itself. In forming large particles of lignin through
solvent desorption, it had been hoped that a direct measure of the surface properties of
particles could be achieved. As modifying the bioresidue to accommodate precipitation
would be counterproductive to the aims of studying lignin in its close to native form,

device modification for precipitation was sought.
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4.3. Surface treatment of a PDMS microchannel to

mitigate fouling in the microchannel

This section describes the surface treatments applied to the PDMS HFF channel to

generate a more hydrophilic layer to remove the fouling observed in section 4.2.

4.3.1. PDMS surface treatment methods

To alter the wetting properties of the device, and avoid the fouling observed earlier, a
series of surface treatments were applied to the device. The resulting contact angles were
measured per Section 2.5.4 immediately after application, and 24 h after application when
left in air are shown in Figure 31. In selecting the treatment for testing in the
microchannel, it was decided that 24 h of stability represented a sensible criterion. The
consideration for this is that, per objective 2 of this thesis, a continuous method for the
production of colloidal particles is sought. Were a treatment to enable particle production,

only for the system to degrade over a short time, the system would cease to be continuous.

As a result of this criterion, plasma treatment, and HCL submersion were immediately
disregarded as suitable treatments. A likely reason for the recovery of the hydrophobic
nature of the device is that the PDMS in the device exists as a structure with an uncured
polymer capable of leaching through the device, even after prolonged curing times (Lee
et al. 2003). As a result of this, following treatment, the polymer can migrate to the
surface of the device, increasing hydrophobicity and thereby negating the effects of

plasma and HCI treatments.
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Conversely, polyelectrolyte and PVA treatment cover the surface of the device, forming

a physical layer of coating between the PDMS and the fluid moving within. This allows

the treated surface coating to be retained.
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Figure 31: Contact angle of PDMS containing several treatment methods immediately after treatment, and

24 h after treatment. Samples are the results of 10 repeats, and error bars are + 2 standard deviations.

Trantidou et al. (2017) reported PVA contact angles below 40 °, lower than the average
of 55.1° reported here over the same timeframe. The likely reason for this is the lower

energy corona discharge used in this study of 12 W, lower than the 50 and 100 W used.

4.3.2. Interactions between lignin and device
Figure 32 shows the result of passing ethanol-solubilised lignin through a polyelectrolyte-
treated HFF device under the conditions determined earlier of 5 pL min™! for the dispersed

and 30 pL min for the continuous flow rate. It can be observed that the previously
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determined flow conditions for droplet formation are not replicating formation, and thus
droplet production and desorption are not established in the device, likely owing to

interactions between the device and the solubilised lignin.

Figure 32: Example of a polyelectrolyte-treated HFF device at 10 x magnification. In (a) CBS (5 mg mL™)
in ethanol dispersed phase (5 pL min™') is passed through the device in a water continuous phase (30 pL

min"), In (b), a hydrophobic domain inhibiting droplet formation within the device.

Here, a secondary problem was encountered, in that the surface treatment was removed
from the device, causing fouling to occur in the device. As the only potential source of
the damage is the extract, it is almost certain that the presence of amphiphilic extractives
has allowed for interaction between the surface coating and a CBS extractive. With the
observed interactions between the hydrophilic coating and the extract, whereby a
component such as palmitic acids are theorised to adsorb to the surface, this represents a
barrier to droplet formation. Adsorption of these amphiphiles to a hydrophilic coating
would explain the hydrophobic domain observed. When taken with the objective of not
modifying the crude extract, the issue of droplet formation in an HFF appears to be
structural and therefore particle formation in a HFF is not possible under the constraints.
It was anticipated that in using this device, antisolvent precipitation would occur on a
timescale slower than droplet formation, allowing for large droplet formation before the

antisolvent condensed the droplet into a particle.
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Following the persistent fouling demonstrated, a change in process was required to satisfy
the objective of particle formation. The use of coaxial jet mixing (CJM) provides a
physical barrier between phases before antisolvent precipitation. Given the objective of
forming a robust method for particle formation, CIM represents a method where particle
generation is possible. For pure systems not involving precipitation from inhomogeneous
extracts, the device can be optimised such that there are no interactions between a solute
and the device such as those identified in the literature review Section 1.3.1; however,
when dealing with a complex system with undefined and variable surface-active
composition, there are not presently any suitable coating methods. CJM dispenses with
the droplet formation stage, reducing the monodispersity of the formation process to

facilitate particle formation.

One alternative way to mitigate the fouling identified in this chapter whilst retaining a
flow-focusing device process is by increasing channel height sufficiently, such that device
height is significantly greater than channel width. This would minimise the likelihood of
interactions between the dispersed phase and the wall. For droplet formation, the
dispersed phase should never interact with the wall, suggesting long-range interactions

are present.

One consequence of using PDMS-based devices is that the device itself is hydrophobic.
Subsequent modification to generate a hydrophilic surface was unable to form droplets
due to interaction between the bioresidue and the coating. A stable, hydrophilic device,

for example constructed of glass, would hypothetically be able to form particles.
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4.4. Conclusions

This chapter demonstrates the development of a hydrodynamic device for the controlled
formation of lignin-solubilized ethanol droplets. The initial hypothesis, of creating an
interface between CBS-LC solubilised ethanol and water through lignin presence faced
obstacles in the form of fouling interactions between the PDMS and lignin. Attempts to
induce large droplets for subsequent particle production were hindered by uncontrolled
precipitation and subsequent loss of a controllable interface, despite initial validation.
Surface treatments, aimed at mitigating fouling were unsuccessful, with interactions
persisting between the PDMS device and solubilized lignin, likely due to the amphiphilic
nature of the lignin and its co-extractives. Ultimately, the envisioned particle formation
in a hydrodynamic focusing device was unattainable. To this end, a micromixer which

eliminates this was sought for subsequent research.
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5. Coaxial jet mixing for colloidal particle formation

from crude extracts of cocoa bean shell

In this chapter, the application of a continuous coaxial jet mixing (CJM) process for the
formation of colloidal lignin-rich particles (CLPs) is reported. Particles were formed
through antisolvent precipitation, with lignin-rich extracts of cocoa bean shell (CBS)

solubilised in ethanol precipitated in distilled water.

The chapter is organised into three sections followed by conclusions. The first section
concerns the establishment and validation of the CJM introduced in Chapter 2 as a
continuous process to produce CLPs in aqueous phase dispersion via antisolvent
precipitation. The CLPs were produced from CBS-LC as characterised in Chapter 3

dissolved in ethanol.

Utilising CBS-LC and CBS-LR as characterised in Chapter 3, the second section
discusses the effect of the Reynolds number (Re), and the volumetric solvent to
antisolvent flow rate ratio (R) on the average particle diameter. These variables are
examined by Cumulants analysis and span, a quantification of size distribution width
defined later in the section of the particle dispersions and interpreted in the context of

nucleation- and growth-dominated formation.

Finally, the third section presents evidence of dispersion stability and discusses the effects
of dilution on suspended particle properties and dispersion stability, including data for

CBS-LC and CBS-LR, Chapter 3.
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5.1. Application of a coaxial jet mixer for antisolvent

particle precipitation

This section concerns the establishment and validation of the CJM process for colloidal
particle production. The processing parameters governing colloidal particle production
are defined, followed by experimental data offering evidence of validation of the

production process for the lipid-containing CBS extract.

5.1.1. Definition of processing parameters

A CJM assembled per section 2.5.2 was used to generate colloidal particle distributions
through the precipitation of solubilised lignin-rich CBS in an antisolvent. Figure 33,

reproduced from an earlier section, shows a schematic of the CJM device.

Device setup

Qﬂ-S
16.0 cm
1,400 um
1,400 um 1,400 um
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16.0 cm 16.0 cm

Figure 33: Schematic of a T-junction derived CJM device, consisting of a concentric internal glass tube
with an outer flow phase. A phase containing the solvent stream (Qso1) is passed through a coaxial channel

with an internal diameter of 200 pm and external diameter of 1,400 pm.
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For the production of CLPs using a CJM device, the following processing variables have
been previously considered in literature (Villermaux and Rehab 2000); Re, R,

concentration, and mixing time.

In this research, the focus has been on assessing the impact of R and Re.. CLPs are formed
by solvent and antisolvent from filtered stock solutions, altering the concentration of
lignin would require the batch concentration to change, thus making the process
discontinuous. Conversely, processing variables such as R and Re allow for induced
variation in a continuous process. For the following, a single concentration of solubilised
lignin in ethanol solvent was examined, 5 mg mL"!. This concentration was chosen to
maintain comparability with similar batch-produced CLPs from literature, such as those

in (Cuthill ef al. 2021) who used 5 mg mL™! solutions.
Span

The Span of a particle size distribution is given by Equation 5.1. This offers a quantitative
description of how broad the distribution of particles are in a dispersion, allowing for the

polydispersity of a particle size distribution to be compared.

Diameterqgg:, — Diameteryon
Span = 9.0t 10t (5.1)
Diametersg,

Where the diameter is given at the 10", 50®, and 90" percentile respectively.
Reynolds number definition

The definition of the Re is given in Equation 5.2:

Re = — (5.2)
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where p is the density (kg m™), u is the characteristic velocity (m s'), L is the
characteristic length (m), and 7 is viscosity (Pa s). Re is the ratio of inertial forces to
viscous forces which has previously been used in the context of flow processes for
antisolvent precipitation for particle production (Lim et al. 2014; Bovone et al. 2019). In
these studies, the parameters v, was substituted for the cross-section of the channel and

flow rate, Equation 5.3.

Qtotal
= 5.3
u= = (53)

Where v is the velocity of fluid flowing through a channel, Qo is the combined
volumetric flow rate of both the inner and outer phases, and A is the channel cross section

at the point where the solvent and antisolvent meet (m?).

Flow velocity ratio definition

The second variable chosen to manipulate antisolvent precipitation is the flow velocity
ratio, R, as defined in Equation 2.1 (Lim et al. 2014). In this case, ethanol solubilised

lignin was the solvent and distilled water, the antisolvent, Equation 5.4.

Flow velocity ratio (R) = M (5.4)

antisolvent

Where Q denotes the flow rate of solvent or antisolvent (per subscript) in uL min™.

5.1.2. Validation of coaxial jet mixer setup

Two CJM devices were independently assembled, and the particle size distribution of

processed colloidal particle dispersions was measured by dynamic light scattering (DLS).
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This meant that the device was the only variable, and thus, the variation in particle
dispersion size distribution data offered evidence of the inherent variability caused by the
device construction. For the use of a similar device for particle creation (Bovone ef al.
2019), it was previously reported that the least reproducible step is the threading of the
capillary, and therefore each device was disassembled and reassembled between

individual repeats.

The material used to create particles under the same conditions to assess for
reproducibility was CBS-LC (5 mg mL™! in ethanol, filtered with 200 nm filter) which
was precipitated in water in two separately assembled jet mixer devices labelled Rig 1
and Rig 2. Flow conditions were as follows; Qcps-LC:ethanol = 50 PL min™, Qwater = 300 uL

min!, corresponding to Re = 100, R =0.17.

The data reported in Figure 34 show that the two particle size distributions overlap, with
sizes ranging from 80 to 1000 nm and a peak in the region of 200 nm. It can be concluded
following an independent samples t-test that the assembly and reassembly of the devices
had no impact on the particle size data, as the P value 0.73 returned is 0.73, which is
significantly greater than the P=0.05 required to reject the null that the samples are equal.
Further statistical comparison by linear regression of the two datasets was conducted, and

a resulting gradient of 1.10, R? of 0.99 was found, see Appendix A, Figure 73.
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Figure 34: Particle diameter intensity distributions of particle dispersions formed in two independently
assembled CIM devices, Rig 1 (blue) and Rig 2 (red). Dispersed lignin in ethanol (5 mg mL") was fixed at
a volumetric flow rate of 50 uL. min"!, with a continuous phase of water fixed at 300 pL. min™!, resulting in
a Re value of 100. Recorded as triplicated repeats of each system using two separately prepared CIM

devices. Error bars denote + 1 standard deviation.

Following validation of the CJM setup, next considered was the impact of batch-to-batch
variability of the material system on the diameter of CLPs formed from extracted CBS-
LC. The componentry of the system was reported in 3.2. Two separate material
extractions were used to generate CBS-LC (5 mg mL! in ethanol, sterilised with a 200
nm filter) which was precipitated against water using CJM, with three replicates per CBS-
LC solution, 6 replicates total at QcBs-Lc: ethanol = 50 UL min™', Qwater = 1,100 uL min™,

corresponding to a Re value of 329.
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To assess the reproducibility of the extraction, the particle size distribution of two
separate extracts are shown in Figure 35. The peak particle size of the 2 dispersions is

220 + 10 nm, and the span is 0.94 = 0.09.
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Figure 35: Particle diameter intensity distributions of particle dispersions formed in CJM Rig 1 & 2.
Dispersed lignin in ethanol (5 mg mL™') was fixed at 50 pL min™!, with a continuous phase of water fixed
at 1,100 uL min’!, corresponding to a Re value of 329. Distributions were collected as triplicated repeats of

two separate samples. Error bars denote = 1 standard deviation.

As with the reproducibility of the device, the material system was analysed by linear
regression, see Appendix A, Figure 73 and Figure 74. In both instances the gradient was
1.10. In the instance of the CIM, the R? was 0.99 and for material system, R? was 0.98,

indicating a high degree of correlation. A Paired t-test reported a value of P=0.97,
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suggesting that the two datasets shown are not statistically different, and therefore the

extraction does not affect the particle sizes.

To conclude, variation in particle diameter distributions arising from the variation of the
identified processing parameters is the result of such parameters, and not simply variation

inherent in the CJM or material system.

5.1.2.1.  Effect of dilution of colloidal particle dispersions on particle

diameter of dispersions
One factor which may affect the particle diameter is dilution. DLS works closer to
theoretical infinite dilution. The impact of dilutions on particle diameter was assessed.
The system was diluted in both water and ethanol, Figure 36. As demonstrated by the

overlap of the error bars, the distributions are indistinguishable.
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Figure 36: Influence of dilution on colloidal particle dispersions. A stock solution (5 mg mL™!) of aqueous
CLPs formed via antisolvent precipitation (R = 0.5, Re = 573) (blue) were diluted 1 in 10 in distilled water

(red). Error bars denote + 2 standard deviations

As demonstrated, the particles retained their distribution profile according to DLS. This
offers evidence of the ability for the formed particle distributions to be diluted and
concentrated between the concentration of 5 mg/mL and 0.05 mg/mL per the ranges

tested.

5.2. Impact of Re and flow ratio (R) on diameter of
lignin-rich particle dispersions

5.2.1. Profile of particle diameter distributions

The effects of the two processing variables Re and R on the diameter of particles in a

colloidal dispersion formed at Re between 129 and 358 were investigated. To change
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these variables, the volumetric flow rate of both the solubilised CBS-LC and water was

varied between 50 and 1,500 uL min™'. R was varied between 0.1 and 1.

Figure 37 shows the particle diameter distributions of three colloidal particle suspensions
precipitated from a 5 mg mL! solution at increased Re. At the lowest Re value considered
(129), the average diameter was 260 + 40 nm, and the span was 1.02 + 0.11. With an
increase in Re to 358, the average diameter decreased to 207 = 10 nm, and the span to

0.64 +0.12.

At Re =129, there is a shoulder at the lower end of the particle diameter distribution,
between 40 and 100 nm. This is consistent among many low (Re <100) dispersions but
does not appear in dispersions formed at greater Re, as shown in Figure 37. One possible
explanation for this is the generation of an area of inhomogeneous mixing within the
device due to the flow rates below 200 puL min™!, resulting in multimodal populations.
One possible way this could be confirmed by the use of a pH such as phenolphthalein
placed into the central channel with a base such as NaOH, and acid used in the external
channel. This would allow for direct imaging of the path of the dispersed phase, which

would confirm of disprove the presence of inhomogeneous mixing.

The particle size distribution of has an additional large size population with peak at 6000
nm, separated from the main population with maximum size of 40-100 nm. As this was
reproducibly observed, as demonstrated by the error bars, it warrants further examination.
One possible explanation for the peak was due to aggregation of the CLPs. This was

assessed by microscopy, the results of which are presented later in this chapter.

There is a trend across the three distributions that an increased Re value contributes to a

smaller average particle diameter. This is consistent with reported literature on systems
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used for antisolvent precipitation, such as (Odetade and Vladisavljevic 2016) for non-

lignin systems, which report particle diameter of 210-280 nm.

In the context of DLS represented as an intensity distribution, it is anticipated that any
particles or aggregates such as those shown at 6,000 nm are larger than the principal
population of particles in dispersion. This is because measuring scattering intensity
favours larger particle diameters, as their relatively larger particle diameter contributes
more greatly to scattering. The low intensity relative to the much larger 200 nm primary
peak indicates that where any larger particle is present, it is an extremely low relative
concentration. As a result, it is unlikely they are present in the system, however, this will

be corroborated using optical microscopy in a later section.
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Figure 37: Particle diameter intensity distributions of particle dispersions formed in the CIM device.

Dispersed lignin in ethanol (5 mg mL'") was fixed at 50 uL min"!, with a continuous phase of water varied,
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generating Reynolds values of 129, 186, and 358. Distributions were collected as triplicated repeats of two

separate samples. Error bars denote = 1 standard deviation.

At Re of 186 and above, the dispersions observed in Figure 37 were no longer present.
As a result, the dispersions can conclusively be described as monomodal. Figure 38
represents the above data using particle diameter and span. This demonstrates that with

increasing Re, a decrease in average particle diameter is observed, alongside a decrease

in span.
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Figure 38: Representation of the effect of Re on the features of a particle diameter distribution measured
by DLS using two features of the distribution; average particle diameter (left), and particle distribution span

(right). Error bars denote + 1 standard deviation.
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5.2.2. Influence of R and Re on average size and span of colloidal

particle distributions

In this section, the range of particle diameters produced are interpreted as a function of
the R and Re. The CBS-LC was used as a standard, before the influence of lipids was

examined later in this thesis.

Figure 39 shows a data set where both R and Re were systematically varied, to maximise
the separation of the two variables. In Figure 39 (A), the influence of Re on the diameter
of the particles in suspension is demonstrated, at R values of 1, 0.5, and 0.1, for a Re range

of 50-500.

In the instance of R = 1, there is a marked decrease in particle diameter with increasing
Re. This is also observed at R = 0.5, although less pronounced. In both instances, there
was an observed plateau, at which point the particle diameter did not appear to further
decrease. This was not the case for the same Re conditions at R = 0.1, the range of particle

diameters were far less Re dependant than at higher R values.

One model which describes the results of flow conditions on particle diameter is the
relative dominance of nucleation of particles against the particle growth following
precipitation. Antisolvent precipitation occurs when a particle is nucleated upon
expulsion from solution, followed by a growth phase whereby solvated material is
deposited onto the surface of the nucleated particle, leading to diffusion-limited stepwise

growth (Saad and Prud’homme 2016).

A nucleation-dominated system has a small amount of time between a nucleation event
occurring, and the solubilised lignin being precipitated. As a result, the growth phase, at
which point the solubilised lignin is deposited onto the surface of the seed particle is

small. This inhibits particle growth, and as such particles have a reduced diameter.
100



Another factor which leads to this conclusion is the magnitude of the standard deviation,
which is far smaller at Re values < 100, which is £ 5 nm at R = 1, Re = 500, compared to
+ 63 nmat R =1, Re = 50. In addition to the observed reduction in particle diameter, there
was a reduction in the magnitude of the standard deviation, from + 62 nm, corresponding
to 10.7% of the average diameter, at Re =50 (R = 1) to = 5 nm, corresponding to 1.5% of
the average diameter, at Re = 500 (R = 1). This observed decrease in variance offers
further evidence of the nucleation and growth-based description of the formation of CLPs

through antisolvent precipitation.

Variation in particle diameter is a feature of a growth-based deposition mechanism, this
again provides evidence that initial growth-based particle precipitation was replaced by a

nucleation-based precipitation mechanism at higher Re values.

Another feature of Figure 39 (A) is that the particle diameters plateau at 200 nm. The size
is similar to that reported by (Li et al. 2021), in which a plateau was observed in diameter
in a process where stirrer speed in a braker for a batch process was used as a variable,
rather than using a CJM. It is understood that the flow within a CJM is similar to that of
turbulent flow, owing to vortices within the device, with examples such as Lim et al.
(2014) demonstrating turbulent flow characteristics at Re values of 200 among others

reporting similar within a CJM device.

To interrogate these data further, the impact of R was examined. For the same material
system, at the same Re value, R was reduced from 1 to 0.1. The impact of this is the
reduction of solvent and solute in favour of more antisolvent. As a result, it was expected
that nucleation-dominated precipitation would be observed at a lower value of Re. Figure
39 (B) provides evidence of this, by showing smaller particle diameters at lower values

of R for all tested values of Re. Moreover, the effect is so pronounced that at R = 0.1, the
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system becomes far less dependent on Re, with all particle dispersions having diameters

of 150-170 nm.

This is again anticipated to be the effect of moving from a growth-based particle
precipitation model at high R, low Re, to a nucleation-dominated model at low R, low

Re.
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Figure 39: A) Impact of Re value on (Cumulants) average particle diameter of CLPs measured by DLS.
Particles were formed by the CJM at a series of R values. Error bars denote + 1 standard deviation. B)
Impact of R (0.1, 0.5, 1) on (Cumulants) average particle diameter of colloidal particle dispersions as

determined by DLS for an Re range between 50 and 500. Error bars indicate + 1 standard deviation.
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This suggests that within the tested range of Re 30 - 500, R = 0.1 — 1, an increasing R
correlated with a reduction in the variation of particle diameters, as measured by the

ability to produce a range of colloidal particle diameters.

Within the context of processing crude extracts, this offers an advantage, as CLPs are thus
expected to be produced irrespective of minor compositional changes, which naturally

would affect the viscosity or density of the solution.

Conversely, at a higher value of R, the Re has a much greater impact of colloidal particle
diameter, varying from 200-600 nm. At this value of R, a variation of viscosity and

density is likely to influence particle diameter.

5.2.3. Span of colloidal particle distributions

In addition to particle diameter, using the span value of a particle distribution allows for
the impact of flow conditions on formed particles to be quoted by a single value. Figure
40 shows the span of a series of colloidal particle distributions formed at an increasing

Re values.

In Figure 40 (A), the data are displayed as a function of Re, with the R value datasets
separated. A lower value of R appears to correspond to a greater value of span. A larger
value of span would correspond to a wider distribution of particle sizes within a peak.
This would corroborate the findings of the previous section, where the discussion of the

nucleation and growth-dominated system was established.

In Figure 40 (B), the data are displayed as a function of R, with each Re shown as a class.
It can be concluded that the range of span values at an R of 0.1 (0.9 -1.3) is far smaller

than the equivalent at an R value of 1.
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The span trends are consistent with the particle size trend identified with DLS, where a
low value of R corresponded to a small variation in particle diameter. Conversely, at an
R value of 1, the distribution of span is far greater, ranging from 0.4 - 1.6. This adds to
the interpretation of the results in the context of a nucleation and growth-based model of

particle precipitation.

At a high R value, there are two factors which would increase the broadness of a peak,
and therefore span. The first is that there is proportionally greater solvent to antisolvent,
which will act to delay the nucleation process, as supersaturation will take longer to

achieve.

The second factor is that there is a greater amount of lignin present in the system relative
to the amount of antisolvent present, thus allowing for a longer growth phase during

particle precipitation.
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Figure 40: (A) Impact of Re on span average particle diameter of CLPs measured by DLS. Particles were
formed by a CJM at a series of R values. Error bars denote £ 1 s.d. (B) Impact of R (0.1, 0.5, 1) on (span of
particle dispersions as determined by DLS at a series of Re values between 50 and 500. Error bars indicate

+ 1 standard deviation.
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One pitfall of using DLS as a technique for analysis of particle distributions is the concern
that at too high a concentration, the shoulders of a particle distribution are broadened, as
multiple scattering effects are present. From the above section, it is possible to conclude

that R has a greater effect on the value of span than Re.

5.2.4. Multivariable analysis of particle dispersions

Building on both the validation of the device, and the impact of R and Re independently
as processing variables, the next section addresses the impact of multiple processing
conditions on the diameter and span of CLP dispersions. Previous data demonstrated the
influence of Re and R on particle diameter in isolation, and this section develops such
findings by adjusting multiple variables. To assess the ability of the system to produce
such a result, a model will be built using curve fitting from the primary dataset presented

earlier, and assessed against new data collected across a range of R and Re.

A curve fitting model of a quadratic form was used, Equation 3.1, where A-F are

constants, x is the Reynolds number, and y is the mean particle diameter.

f(x,y) = A+ Bx+ Cy + Dxy + Ex* + Fy? (3.1)

The model itself will offer an interpretation based upon statistical analysis alone, rather
than a constant related to the model of antisolvent precipitation, or nucleation and growth

dominated particle production.

From the earlier section, a value of R = 1 was shown to generate the largest diameter

particles, and R = 0.1 is the smallest. It is therefore anticipated that a high R and low Re
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correspond to large particles, and a low R combined with a high Re will generate small
particles. To assess this, the two factors were varied simultaneously, with a fixed
volumetric flow rate of CLPs of 50 uL min™'. The experimental values for simultaneously

varied R and Re are compared against the findings earlier in the chapter, Figure 41.
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Figure 41: A surface plot showing the influence of two processing parameters Re and R, on average particle
diameter in nm. The particle dispersion is formed in a CJM device via antisolvent precipitation of an extract

of CBS in water.
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Table 11: Coefficients of the surface plot model calculated from experimental data. The values of each

coefficient detailed in Equation 3.1 are shown below.

Coefficient Value (3s.f.) | 95 % confidence interval
A 163 (98.7, 228.2)

B -0.347 (-0.765, 0.07192)

C 369.8 (184.6, 554.9)

D -0.666 (-0.91,-0.42)

E 0.0007577 (4.5E-5,0.0014)

F 77.08 (-74.93,229.1)

Table 12: Statistical fit assessment of the model trained earlier in the section, including the Sum of Squares

due to error (SSE), and Root Mean Squared Error (RMSE).

Metric Value (3 s.f)
SSE 9307
R-square 0.9664
Adjusted R-square | 0.9524
RMSE 27.85

The choice of statistical model does not correlate with the kinetics of the CLP formation.
The model does however have application as a predictive model, as data collected
subsequently do lie within range of the surface plot. The Re based decay in average
particle diameter is likely logarithmic, owing to the earlier analysis. The R ratio decay

appears to be more linear, and therefore the model was decided as appropriate.

The particle diameters demonstrated are similarly in the colloidal range demonstrated by
batch precipitation methods, with values ranging from 100-500 nm typical (Sipponen et
al. 2017; Lintinen et al. 2018), however, the tunability offered by a continuous process is
advantageous. The only other continuous process present in the literature is an aerosol

process, with an average particle diameter of 500 nm (Bangalore Ashok et al. 2020).
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Batch tunability has been demonstrated using dialysis, with diameter ranges of 250-950
nm, and tunability to 100 nm resolution (Lu et al. 2021). This method used
tetrahydrofuran as the solvent, and water as the antisolvent. There are other examples of
smaller particles in literature, with (Zou et al. 2021) and (Yaqoob et al. 2021) reporting
colloidal particles with an average diameter below 100 nm. Whilst the jet mixer sub-100
nm diameter particles could not be produced, the range of nearly one order of magnitude

with no batch-to-batch variation offers great promise for application.

One critique of this process over an aerosol process is that there is a large mass of solvent
for recovery, and relatively large energy is required for processing such a large volume
of solvent. When considering the environmental impacts of this, one method of reducing
this issue would be to increase the volatility of the antisolvent. From this section, evidence
has been presented that an increase in Re correlated to a smaller average particle diameter
of CLPs. Above a Re value of 200, there appears to be a plateau, whereby the impact of
an increase in Re is diminished. The reduction in particle diameter is marked, with the
highest Re value producing particles with a diameter of only 46% of those produced at
the lowest value of Re. One can examine that there is a multivariable result which is
evidenced by the surface, suggesting that a further kinetic study would further increase

the specificity of particles diameters above the + 50 nm we can from this work.
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5.3. Characterisation of particle dispersions

This final section of this chapter focuses on characterising the particle dispersions.
Initially, lipid co-extractives of the system are assessed by way of colloidal dispersions
formed from a lipid removed precursor. Secondly, the dispersions are assessed by stability
testing and zeta potential are presented. Finally, the dispersions are assessed under phase

change, including concentration and dilution, and transfer into non-aqueous phases.

5.3.1. Effect of lipids on particles

In section 3.2.3, a series of molecular surfactants (lipids) were identified as co-extractives
from CBS alongside lignin. Previous studies have identified that the surfactants
themselves are part of the stabilisation of the CLP system, by either decoration of solid
structures (Xiao et al. 2018), or by their presence in solution. This section aims to identify

the influence of lipids.

The lipid removal from the CBS system was conducted in hexane as per 2.2.2. As per

section 5.1.2, the batch-to-batch variability of the system was assessed, Figure 42.

Despite the greater amount of processing required, the error bars of the two extracts are
overlapping suggesting that they are indistinguishable. Additionally, the similarity was
demonstrated by linear regression, see Appendix A, Figure 76 by an R? value of 0.94 and
a gradient of 0.94. Whilst this is not as high as the lipid-containing samples, it is worth
noting that there is an additional extraction step in hexane. As a result, any effect of the
lipid on particle diameter during the formation step would likely contribute.

Notwithstanding the lower correlation coefficient than the lipid-containing equivalent,
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the value is still high enough to indicate a reasonable degree of reproducibility between

the samples.
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Figure 42: Particle diameter intensity distributions of particle dispersions formed in a CJM device.
Dispersed lipid-removed lignin in ethanol (5 mg mL"") was fixed at 50 uL. min™!, with a continuous phase
of water fixed at 1,100 pL min’', corresponding to a Re value of 329. Distributions were collected as

triplicated repeats of two separate samples. Error bars denote + 1 standard deviation.

To assess whether the removal of the lipid affected particle diameter, the mean particle
diameter of the two batches of lipid-containing and lipid-removed lignin bioresidue was
correlated, see Appendix A Figure 75. With a low R? value of 0.67 compared to the
validation of each sample, one can assess the system as being different upon the removal
of lipids. Despite the gradient of 1.07 offering evidence of similarity between the datasets,
the R? value of 0.67 demonstrates a significantly worse correlation than comparisons
between repeats of the same material, with the similarity of particles formed by extracts

from CBS-LC and CBS-LR values of 0.99 and 0.94 respectively. In addition, a paired t-
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test returned a value of 0.018. Given this value is less than 0.05, the hypothesis that they
are the same is rejected, therefore suggesting the two systems are independent. The large
magnitude of difference between the correlation of the two systems suggests that there is
a significant difference between the two systems. This further suggests that the presence
of the lipid is an important factor in determining the particle diameter distribution during
antisolvent precipitation. In the absence of lipids, the presence of increased aggregation
is indicative of lipids likely serving as a factor inhibiting aggregation. If there are changes
in particle diameter, it suggests that surfactants may decorate the particles. On the other
hand, if the diameter remains unchanged, it is likely that the particles are present in
solution. Additionally, due to their larger size, particles without lipids experience a longer

growth phase during antisolvent precipitation.

As with the lipid-containing equivalent, particles were produced at a Re range of 30-360,
and the particle diameter distributions were measured by DLS, Figure 43. The key
difference between the two material systems is that in the absence of the lipid, the average

particle diameter is lower.
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Figure 43: Particle diameter intensity distributions of particle dispersions formed in a CJM device.
Dispersed lipid-removed lignin bioresidue in ethanol (5 mg mL™") was fixed at 50 pL min’!, with a
continuous phase of water varied, generating Reynolds values of 129, 186, and 358. Distributions were

collected as triplicated repeats of two separate samples. Error bars denote + 1 standard deviation.

Displaying the two together, it can be observed that an absence of lipid causes greater

particle diameter and span, Figure 44.
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Figure 44: Representation of the effect of Re on the features of a particle diameter distribution measured
by DLS using two features of the distribution; average particle diameter (left), and particle distribution span
(right). The data demonstrate the difference between lipid-containing (red) and lipid removed (blue) lignin

solutions. Error bars denote + 1 standard deviation.

5.3.2. Stability of particle dispersions

To assess the stability of the precipitated particles in dispersion, the electrophoretic
potential was measured across the pH range of 2-10, Figure 43. The lipid was
hypothesised to affect the stability of the system by acting as a surfactant to stabilise the
system. In this regard, good stability is defined as an absolute value of zeta potential
greater than or equal to forty (-40 2 x < 40) (Kumar and Dixit 2017; Stanisz et al. 2021)
was found to exist at the extremes of the tested range; below pH = 2.5, and above pH =
6.3. The lipid was found to not cause the anticipated effect on particle stability, with

stability ranges being consistent for both datasets.
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The values in Figure 45 agree with those reported previously, notably those of (Cuthill et
al. 2021), who reported values of -45 mV, and those of (Lievonen et al. 2016) and
(Bangalore Ashok ef al. 2020), who reported values of — 40 mV, which is achieved here
in both systems at pH >6. In addition, (Sipponen et al. 2017) reported a similar trend of
positive zeta potential tending to low zeta potential across the pH range tested. Their work
saw a difference in values, whereby the reported stable pH range was 2-6, instead of
below 2.5 and above 6.3. One potential explanation for this is the choice of feedstock for
the CLPs. Sipponen et al. (2017) used Kraft lignin, which is also often referred to as alkali
lignin, due to the functionalisation associated with the bleaching during the Kraft process.
Equally, for other Kraft lignin-based systems differing pH dependence for similarly sized
CLP systems was reported, with (Stanisz et al. 2021) reporting an isoelectric point of 2.0,
hypothesised to be related to the precipitation conditions. Overall, this offers evidence
that processing may have a greater impact on the stability of the CLP system. This is
further corroboration that a continuous process, which allows for consistent and

reproducible CLP dispersions is advantageous over batch equivalents.
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Figure 45: Zeta potential of CLPs in a suspension formed at a Re value of 100 in a CJM with a
hydrodynamic radius of 235 nm. The pH range was adjusted using sodium hydroxide and hydrochloric

acid. Error bars denote + 1 standard deviation.

In addition to electrostatic stability, storage tests were conducted to assess the aggregation
of the particles in the system, Figure 46. This was assessed at the precipitation pH of 4.3,
which is in a position of low zeta potential, and therefore low expected stability against
aggregation. For the first 7 days, the particles appeared to be stable to aggregation
irrespective of the presence of lipids. After 14 days, there is a marked difference in
stability, with lipid-containing particles appearing to have greater stability, defined as not
having visible aggregation. After 30 days, both systems appear to aggregate, with large

structures appearing.

A secondary hypothesis as to the stability of the particles was that charge was present on
the hydroxyl groups of the lignin, providing partial solubility in water, and thus inhibiting

aggregation.
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The steric stability indicated by the microscopy adds further weight to the nucleation-
dominated hypothesis for particle precipitation using CJM at Re values above 100. If
particles, once formed are stable in the antisolvent solution, aggregation is unlikely to
occur. This then will prohibit an aggregation step required for particle diameter to
increase. If both aggregation and growth mechanisms are prohibited, then once

precipitated, particle diameter is liable to be fixed.

This was chosen as a suitable technique despite the 1 pm sizing being near the resolution

limit, as 6 um particles would be facile to visualise.
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Figure 46: Microscopy images of colloidal particle suspensions (initial average diameter of 600 nm)
precipitated from ethanol-dissolved cocoa bean shell extract (5 mg mL™") in distilled water at Re of 29, R =

0.5) and stored at 20 °C for 30 days with periodic microscopy of 10 pL aliquots at pH 4.3.
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5.4. Conclusions

This research chapter offers the first evidence for the continuous production of CLPs
using liquid-liquid mixing and antisolvent precipitation. The establishment of a
continuous process is advantageous over existing batch processes for a myriad of reasons,
including throughput, tuneability, and reproducibility of colloidal particle production.
The key factor affecting tuneability is the interplay between nucleation and growth-

dominated precipitation, which was systematically varied using R and Re.

As discussed in the initial experimental setup, the concentration of the solute system could
be varied, and the effects could be studied. One potential benefit of this would be to extend

the range of colloidal particle diameters available in the system.

At slow mixing associated with a low Re value, data suggested that there were particles
of both small (40 nm) and large (6,000 nm) diameters. The small diameter particles were
not found to exist at greater Re values. To achieve direct visualisation, one could use

scanning electron microscopy.

The larger diameter particles were hypothesised to be aggregates however a lack of
corroboration with microscopy alongside considerations of the instrument suggests that
they are either not present, or present in immeasurably small concentrations. The particles
were however assessed to be prone to aggregation if left in suspension for 30 days,
however, altering the pH to one with a greater electrophoretic potential will counteract

this by electrostatic repulsion.

The impacts of concentration and mixing time scale were not investigated in this research
chapter, instead focusing on the impacts of Re and R. An increased concentration may
have led to larger amount of particles, owing to the greater amount of solute present

undergoing precipitation at the same time scale. An alternative outcome may be that the
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particles become smaller, which would be the case as the concentration of solute reaches
the solubility limit of lignin, upon mixing with an antisolvent, the particles would ‘crash’

out, resulting in smaller size.

One drawback of the current process is that lignin extraction is presently batch processed
on the gram scale, however, new extraction recovery techniques are being established,

such as deep eutectic solvent extraction, which has the potential for large yields.

One potential application of particles may be a suitable tracer for oil-based systems,
should their dispersibility in oil be demonstrated. This would be unique, as oil-dispersible
tracer particles have not been demonstrated to date. Another conclusion which may be
drawn from the oil dispersibility of the CLPs is that the system is likely to undergo surface
rearrangement depending on the solvent present. This opens the possibility of tuning the
surface by choice of antisolvent, and therefore generating a formulation space of CLPs
with a tuneable wettability. Antisolvent precipitation offers a powerful technique for
achieving this, as the variation of solvents is facile, providing the solubility conditions

are appropriate for lignin, and miscibility between solvent and antisolvent.

Another conclusion from this chapter is that the presence of lipids as a co-extractive of
the system affect the particle size, however, do not appear to greatly affect stability.
Further investigation on the effects of the lipid on the system could yield information on
the compatibility with other systems than ethanol and water, and thus broaden the

formulation space for lignin-based CLPs.

The expectation before this research was that the lipid fraction would have an impact on
the characteristics of the particles, particularly stability. This was corroborated by the

difference in particle diameter between the lipid-containing and lipid-removed systems.
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6. Assessing the wetting properties of CBS lignin
extracted, and the influence of the lipid fraction on

their ability to stabilise emulsions

It is understood from Chapter 3 that the CBS-LC extract is a multi-component system,
consisting of lignin and a series of co-extractives referred to as ‘lipids’. To characterise
the effects of these lipids on the surface properties of the particles, two approaches were
pursued in this chapter. Firstly, is to observe the ability of CBS-LC particles to work as
Pickering stabilisers. Observations in Chapter 5 were that the particles were stable against
aggregation in solution, suggesting that there may be a stabilisation occurring.
Measurement of contact angle was performed on layers of lignin-rich extract precipitated
in solvent conditions analogous to those of the particles formed in Chapter 5. Contact
angle measurement allowed for quantification of the influence of the lipid fraction
identified in Chapter 3 on the surface properties of lignin, offering an indirect assessment
of the local environment surrounding dispersed CLPs. This could be due to the lipid
fraction coating the surface of the CLPs, and thus it is hypothesised that when in

dispersion, lipid is acting in solution to stabilise the CLPs.
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6.1. Application of CLPs as a Pickering particle for

emulsion stabilisation

6.1.1. Validation of emulsion stabilising performance of CLPs

Given that the formed CLPs formed using the CJM mixer have demonstrated stability in
both aqueous and non-aqueous dispersion using analysis of size, zeta potential for the
aqueous dispersion and microscopy in Chapter 5, one application which they may be
suited to is as Pickering stabilisers, of which there are numerous examples in literature as
identified in 1.5.2. For initial comparison of the action of CLPs as a Pickering stabiliser,
their ability to stabilise a 9:1 w/o emulsion at 0.5 wt% was assessed (section 2.5.2), in
line with a literature example, Figure 47. Upon formation, an emulsion was formed, with
a peak droplet population of 7.5 pum, in keeping with the expected results from the
literature. There were two other populations however, a shoulder at 0.8 um, which is
anticipated to be the result of the CLPs free in solution, and another peak at 70 pm. This
peak appears to demonstrate the presence of larger emulsion droplets, which differs from
literature. After 24 h, large droplets of peak diameter 800 pm had formed and the
population at 10 pm had significantly reduced, suggesting that Ostwald ripening, a
process where larger particles grow at the expense of smaller ones in a solution, due to
differences in solubility and chemical potential, leading to a more stable, lower energy
state over time (Taylor 1998) was occurring in the emulsion, with the emulsion collapsing
completely after 5 days. It was found that the emulsifying ability of the CBS-LC particles
was poor, compared to other similar examples such as those detailed by (Czaikoski et al.

2020), who prepared emulsions which were stable for at least 28 days.
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Figure 47: Droplet diameter of oil in water emulsion (1:9 w/w) with CBS-LC CLPs (220 nm, 0.5 wt%)
formed via high shear mixing at 9,000 rpm for 2 minutes. Oil phase is sunflower oil, and aqueous phase is
distilled water. Samples were stored at 4 °C, and diameter of droplets were measured at 0 h (black) ,24 h

(grey, long dash) and 5 days (grey, short dash).

Following comparisons between the emulsions, it was concluded that the colloidal
particles prepared from the CBS extract in this project did not work effectively as an
emulsifier under the same conditions as those identified in by Cuthill ez al. (2021). One
possible explanation is the presence of co-extracted lipids, or the lack of an additional

surfactant used in the extraction process, dimethyl sulfoxide (DMSO).

Another potential reason is that the surfactants identified in 3.2.3, particularly those with
longer hydrocarbon tails such as isopropyl myristate may be competing with the CLPs
for position at the oil/water interface. In this case, the emulsion would not be fully
Pickering stabilised despite the concentration of particles (0.5 wt%) at 220 nm being

sufficient to cover each emulsion particle fully considering an emulsion diameter of 10
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pm. To address this, the influence of doubling the particle concentration to 1wt% under
otherwise unchanged processing conditions in a 1:9 o/w emulsion was assessed, Figure
48. Upon immediate testing, the shoulder associated with the larger droplets at 70 pm
observed at 0.5 wt% was not observed in the 1wt% system, suggesting that the oil may
have been encapsulated more efficiently than at the lower concentration. However, after
24 h, the same loss of encapsulation is observed, indicating that the concentration of the

CLPs is not the factor inhibiting Pickering stabilisation.
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Figure 48: Droplet diameter distribution of dispersions of an oil in water emulsion (1:9 w/w) with CBS-LC
CLPs (220 nm) dispersed at 0.5 wt% (left) and 1 wt% (right).Emulsions were formed via high shear mixing
at 14,000 rpm for 5 minutes. Oil phase is sunflower oil, and aqueous phase is distilled water. Samples were

stored at 4 °C, and diameter was measured at 0 h (black) and 24 h (blue).
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Given that it was not possible to replicate the encapsulation observed previously, it can
be concluded that CBS-LC CLPs are not migrating to the interface in the same way as

similar CLPs. The likely explanation is the interaction between the CLPs and the lipid.

6.1.2. Impact of emulsion processing conditions on emulsion
stability

Initially, the establishment of emulsions using high-shear mixing was sought, per
previous research on similar lignin bioresidues (Czaikoski et al. 2020; Cuthill et al. 2021).
In this chapter so far, the data have suggested that there is an interaction between the lipid
and the CLPs which inhibit the migration of the CLPs to the oil water interface of an
emulsion, where literature reviewed in section 1.5.2 has suggested they are capable of

acting as a Pickering stabiliser.

As molecular surfactant is more liable to dominate the surface tension effects than a
particle Pichot ef al. (2012), one hypothesis resulting from the data in the previous section
6.1.1 is that the lipid fraction is reaching the interface before the CLPs, inhibiting the
Pickering stability to be established. This would not be solved by increasing the
concentration, as the migration timescale would remain slower than the surfactant
timescale. One way to assess whether this may be the case is to disrupt the migration of
the lipids to the interface, which can be achieved by increasing the energy supplied to the
system. The suggestion in this instance is that the increased turbulence caused by
processing an emulsion at a higher energy allows a greater chance that the particle can
reach an interface, and therefore stabilise it. Two methods of emulsification with energy
supplied to the system were selected, alongside the control conditions of 9,000 rpm and

2 minutes processing time; 14,000 rpm for 5 minutes, and sonication, at a power of 750
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W for 3 x 5 s bursts. Figure 49 shows the same 1-in-10 o/w emulsion formed using three

methods of shear selected from literature where Kraft lignin was used to form emulsions.

One initial observation from this system is that the emulsions formed are all the same
diameter, in the region of 10 um. Given that the droplets are dispersed using methods
which impart vastly different amount of energy on the sample, this suggests that the
diameter formed of the emulsion is characteristic of the presence of the particles. This

suggests that initial stabilisation of the emulsion by Pickering functionality is occurring.

Within 24 h, the emulsion formed at the lowest energy has started to separate, and the
emulsion droplets are tending towards a larger value, however the two higher energy
formation conditions retain their average droplet size, indicating that the emulsions are
intact. Over longer-term storage however, the only emulsion that can retain the droplet
diameter is the sonicated emulsion, which despite a shoulder at 10 days, has retained 10

pm as the principal droplet diameter.
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Figure 49: Droplet diameter distribution of dispersions of an oil in water emulsion (1:9 w/w) with CBS-LC
CLPs (220 nm) dispersed at 0.5 wt%. Emulsions were formed via high shear mixing at 9,000 rpm for two
minutes (black), 14,000 rpm for 5 minutes (red), and via sonication at 750 W for 25 seconds, consisting of
5 x 5 s pulses, with a 5 second rest period. Oil phase is sunflower oil, and aqueous phase is distilled water.

Samples were stored at 4 °C, and diameter was measured at 0 h (left), 5 days (centre), and 10 days (right).

One possible additional explanation for the marked stability of emulsion diameter at
10 um in the sonicated sample is the formation of lignin cages activated by sonochemistry
of the aromatic ring (Tortora et al. 2014). Rather than the stabilisation by the presence of
particles at an interface indicated by the literature review, a cage of covalently linked
lignin biopolymer would be formed from activated aromatic rings forming a shell around
the droplet. This could be investigated and confirmed using direct imaging analysis

techniques such as scanning electron microscopy.

128



This section offers evidence that the ability to form emulsions using CLPs may be
dependent on the presence of the lipid co-extractives. In addition, there is evidence that
the presence of the CLPs drives the formation of emulsions at 10 um. As emulsion
formation did not yield a conclusive result of Pickering stabilisation, and increasing in
energy may be causing stabilisation by a secondary effect in sonochemistry, alternative
methods were pursued throughout this chapter to directly resolve the impact of the lipids

and CLPs independently.

6.2. Interfacial properties of lignin-containing system

To assess whether the lipid fraction is interacting with the particle phase or the interface,
tensiometry is reported in this section. It is anticipated that particles in an aqueous CLP
dispersion will migrate to an interface with oil or air, owing to their chemistry indicating
amphiphilicity, reducing the surface tension. Figure 50 shows that there is a marked
difference in the surface tension of a 1:1 (v/v) aqueous mixture of ethanol against air in
the presence of CLPs (green), compared to without (red) reducing the surface tension by
3 mN m!. The constant surface tension value suggests that the surfactant or particles in
the system either reaches the interface on a timescale too small to register with this
method, or it does not go to the interface. If micelles were present in the system, resulting
from them not being present at the surface of the particles or interface, then there would
be an observable drop in interfacial tension. The literature value for this ethanol:water
mixture is 28.51 mN m™' (Vazquez et al. 1995). This suggests that the lipids offer small
reduction of interfacial tension to 26.25 mN m™ for the system, and the CLPs offer a

further reduction to 25.5 mN m™.
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Figure 50: Surface tension of an aqueous ethanol and water (50:50 v/v) droplet containing a 3.5 mg mL"!

CBS-LC CLP dispersion in the presence of CLPs (green) and with them removed by filtration (red).

Potentially these particles are naturally hydrophilic, which would explain their ability to

remain dispersed in an aqueous phase despite no lipid fraction to aid this. But the presence

of the lipids means that they can be amphiphilic. But this doesn’t mean they can stabilise

an interface, as it is the surfactant only that is offering the amphiphilicity.
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6.3. Influence of lipids on the wetting properties of
precipitated lignin

Given the long-chained nature of the hydrocarbons such as the C-17 chain identified in

3.2.3, it is likely that any lipids coating the surface of the particles would be hydrophobic.

The findings of the wetting research are then used to inform suitable conditions and
precipitation conditions for colloidal particles suitable for emulsions stabilisation by use

of Pickering functionality.

As a first comparison between the ability of lipid containing and lipid removed particles
to stabilise emulsions was conducted. Particles were precipitated using the CJM at an Re
of 350 and R of 0.1 (lipid containing) and 355 and R of 0.1 (lipid removed), producing
particle dispersions with a mean diameter of 220 + 26 nm (lipid containing), and 255 +
21 (lipid removed) respectively. Figure 50 shows the droplet size of emulsions
immediately after emulsions formation (black) and after 5 days of storage at 4 °C (blue).
Immediately after formation, it can be observed that in addition to the principal population
size of the emulsion of 10 pm, there is a population of o/w emulsions which has a peak
at 69 um for the emulsions formed using lipid removed particles (triangles). This is likely
due to some coalescence occurring on a short timescale, and is consistent with the peaks
observed after 5 days when the emulsions had began to visibly break down. The data
suggests that the emulsion breakdown was occurring immediately in the case of the LR
emulsion, but not in the LC emulsions, which does not have an associated peak in the
same size range. After 5 days, the LC and LR emulsions both show a significant drop in
the population of droplets with a diameter of 10 um, and growth of the population at 70
pum. This suggests that in both the LC and LR cases, the emulsions have began to coalesce.

In the LR version, the peak at 70 um has a broader tail, suggesting that there is a greater
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fraction of droplets with a larger average diameter than the LC population. This suggests
that the LR particles are less able to stabilise an o/w emulsion than LC particles, however
in both cases, this increase in population size occurs on a significantly shorter time scale

than would be expected had the Pickering stabilisation mechanism been successful.
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Figure 50: Static light scattering plots of two o/w emulsions formed using high shear processing conditions as outlined
in section 2.5.2 with a mixing speed of 14,000 rpm, and processing time of 5 minutes. Particles of 230 nm in diameter
prepared from CBS extracted lignin both lipid containing (LC, circles) and lipid removed (LR, triangles) using a CJM
device were used to aid stability of the emulsions. Average diameter of emulsion droplets was measured at time of
formation (black) and after 120 h (blue).

To confirm the model for position of lipids in the system, a secondary method for
measurement of the wetting properties was pursued. If, as hypothesised, the lipid fraction
coats the surface of dispersed CLPs, then this would also occur on a flat layer of CBS-
LC, providing that a layer of water (the antisolvent in Chapter 5) facilitates arrangement
of the lipids. This would not be possible in their absence with the CBS-LR system.
Performing this on a layer of lignin allows for direct measurement of contact angle, and

observation of the difference between the two phases. To validate this system, the contact
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angle in sunflower oil was measured and compared to literature values for such systems,
Table 13. The contact angle is measured through contact angle between the droplet and

the substrate.

Table 13: Contact angle of droplets against a CBS-extracted lignin substrate deposited onto a borosilicate

glass slide.
Substrate External phase Droplet Contact angle (°)
Sunflower oil Water 113+4
CBS-LC
Water Sunflower Oil 57+2

These values are indicative of a significantly more hydrophobic surface than the angles
of 33 ° reported by Colucci ef al. (2023) for Kraft lignin. Modification of Kraft lignin has
been shown to increase contact angle, with acylation reporting a value of 77.2 © Gordobil
et al. (2015). The mild extraction conditions are likely to have further increased
hydrophobicity compared to the highly functionalised lignin, by retaining the biopolymer
structure rather than functionalising with hydrophilic character such as hydroxyl groups.
Other lignin extractions report large water contact angles, with Cuthill et al. (2021) and
reporting angles of 98 + 5 °. This offers strong evidence that the particles are hydrophobic,
as precipitation in water per Chapter 5 represents the most likely method to produce
hydrophilic particles. As sunflower oil (0.93 g cm™) is less dense than water (0.997 g cm™
%), measuring the three-phase contact angle with sunflower oil in an aqueous system

requires an emerging bubble system.

Figure 51 shows the contact angle of a droplet of sunflower oil in contact with a layer of
lignin in a water continuous phase, precipitated in two constating conditions, air and
water. The hypothesis that lipids in the system undergo rearrangement to stabilise an

interface is examined. It was found that the contact angle was indeed modified by the
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contrasting conditions. Air provides a hydrophobic surface and as such a more
hydrophobic contact angle is anticipated compared to water precipitation. This is
observed in Figure 51, with the oil droplet wetting the surface to an angle of 57 + 2°.
Conversely, the lignin layer precipitated against water, which was hypothesised to
encourage lipid rearrangement to expose the polar head group had a much greater contact
angle of 120 £ 1°, corresponding to the hydrophobic oil droplet not wetting the surface.
Given that it is possible to modify the contact angle using the precipitation conditions, it
can be concluded that there must be some rearrangement occurring at the surface of lignin
to facilitate the contact angle change. These data suggests that the particles are initially in
their most hydrophobic state, however, are able to rearrange at the surface to present

hydrophobic structures. But when presented with the option of having non-polar 'tails’ in
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water or on surface of lignin, they may align such that these non-polar components are

aligned with the particle surface, leaving the more polar groups on the surface.
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Figure 51: Contact angle measurements of a droplet of sunflower oil on a series CBS-LC extract surfaces,

with precipitation conditions altered to replicate precipitation of lignin using antisolvent precipitation.

6.4. Role of the lipid in stabilising CLPs

Figure 52 represents a proposed setup of a CLP dispersed in an aqueous phase and
stabilised by the presence of a lipid co-extractive. As evidenced by the interfacial data,
there appears to be a limited amount of free surfactant in the solution. This would suggest

that there is a coating of lipids on the particles.
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Figure 52: A pictorial representation of the hypothesised position of lipids, represented by a polar head
group (red) and a hydrophilic tail group (black) relative to a precipitated colloidal linin-rich particle (brown)

in aqueous dispersion.

For the CBS-LR setup, the lipids are no longer present in solution, however stability is

still observed as demonstrated by the microscopy in Chapter 5.

Given the presence of surfactants, it was hypothesised that the system could be transferred
from an aqueous suspension to an oil-based one. Figure 53 shows the particle diameter
distribution of a colloidal suspension inside a sunflower oil dispersion. The diameter of
the particles at a similar diameter of 220 nm to that of the aqueous system (190 nm) under
similar conditions. This represents a significant result; in that it demonstrates the
amphiphilicity of the colloidal particles in the system. The diameter of particles in the

distribution has overlapping error bars, showing that the datasets are indistinguishable.
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Figure 53: Particle intensity distributions of colloidal particle dispersions formed in a coaxial jet mixer. The
dispersed phase containing 5 mg mL! lipid-removed lignin in ethanol was fixed at 50 uL. min™!, and water
varied corresponding to a Reynolds number range of 500. Following the evaporation of the solvent, 5 mL
of aqueous dispersion was added to 5 mL of sunflower oil, and the water was removed by heating. The

solution was filtered with a 1 um syringe filter. The error bars denote = 1 standard deviation.

From these data, it is concluded that, in addition to the earlier identified stability of CBS-
LC CLPs in aqueous dispersion, they are stable in a non-aqueous sunflower oil phase.
One potential explanation for the ability of the same CLPs to be stable as dispersions in
both aqueous and non-aqueous phases is the presence of the lipid at the surface of the
CLPs. In this instance, the polar head group which was hypothesised to be responsible
for the stabilisation in aqueous dispersion would undergo rearrangement to place the long
hydrophobic tail groups into the sunflower oil phase, Figure 54. If the lipids are indeed at
the surface, then the position of the lipids may be reflected per the figure.
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Figure 54: A pictorial representation of the hypothesised position of lipids, represented by a polar head
group (red) and a hydrophilic tail group (black) relative to a precipitated colloidal linin-rich particle (brown)

in a sunflower oil dispersion.

Despite the success of this in sunflower oil, attempts to establish a similar result in mineral
and silicone oil were unsuccessful. One potential reason for this is the presence of
molecular surfactants in the sunflower oil, as well as the CBS-LC material system. There
are noted challenges in generating oil-dispersible particles present in literature (Bonham
et al. 2014), and even more interesting is the ability to disperse in both oil and water
phases. Further work is suggested to understand the role of the molecular surfactants

within the system, to allow for a more general approach to phase transfer.

One can hypothesise that the lipids are decorating the interface offering some stability to
the particles. This would explain the stability observed in Chapter 5, and the inability to
reach an interface observed in Chapter 6. To corroborate this, it is demonstrated that the
lipids present would be able to facilitate dispersion in a non-aqueous phase, as they would

have potential to undergo rearrangement at the surface.
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6.5. Conclusions

This chapter increases knowledge of the wetting parameters of colloidal particles formed
from an extract of CBS. It was hypothesised at the outset of this chapter that the presence
of lipids would allow the dispersions to remain stable against aggregation in solution in
aqueous phase. By measuring contact angle of the system in the presence and absence of
lipids, it was possible to determine the hydrophobic nature of the lipid fraction on the
surfaces. Contact angle measurements on a lignin layer validate the model for lipid
positioning. Varying precipitation conditions is likely to impact contact angles,
supporting the hypothesis that lipids stabilise particle interfaces and are capable of

rearrangement to stabilise CLPs in non-aqueous phases.
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7. Water and oil dispersible colloidal particles for Ghost

Particle Velocimetry imaging

This chapter concerns the use of colloidal lignin particles (CLPs) formed in earlier
chapters for the application of imaging flow fields in both oil and aqueous phases. In
Chapter 5, the ability to influence the particle diameter of continuously produced colloidal
particle dispersions by varying the Reynolds number and flow ratio was demonstrated.
GPYV requires particles of average diameter < 300 nm, which was demonstrably achieved
by a coaxial jet mixing process. This chapter presents an example of an application of
CLP dispersions, which are manufactured using the conditions described earlier in this
research thesis. The application of ghost particle velocimetry (GPV) requires particles of

a sub 300 nm diameter, which remain dispersed in flow to allow quantification.

Chapter 6 explored the wetting properties of the co-extractives of lignin in the CBS-LC
and CBS-LR extracts. By manipulating the componentry, the contact angle was found to
be variable, indicating potential ability to specify this when formulating colloidal
particles. GPV is a technique which has several noted examples of particles suitable for
aqueous flow field visualisation, however, there are presently no oil dispersible tracer
particles to expand the application of GPV from aqueous to non-aqueous systems. The
result from the emulsion studies in Chapter 6 indicated that CLPs were stable in an oil

phase, which offered evidence that they may be suitable for such a GPV application.

In the first section of this research, initial validation for stationary flow fields against
polystyrene-based beads (henceforth referred to simply as polystyrene) for aqueous flow
field analysis is followed by similar work for non-aqueous phases. The second part of this

chapter identifies the effect of molecular surfactant, present in both the sunflower oil non-
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aqueous phase and the colloidal particle suspensions. This infers the ability to expand the

dispersibility from a model system in oil to a more general form.

Thirdly, the quantification of a flow field in a segmented flow is reported in the form of
droplets in a restricted-flow channel. To do this, hydrodynamic flow-focusing (HFF)
devices will be used to form droplets. Whilst Chapter 4 demonstrated that these devices
are unsuitable for the antisolvent precipitation step of CBS-LC CLPs, once the particles
are in dispersion, the monodispersity afforded in droplet formation using this type of
device offers a significant advantage in generating the reproducible conditions required
to analyse the flow fields. This aids understanding of the vortices present in droplet
microreactors of this kind, which allows for optimisation of analogous droplet

microreactors.

Whilst it is understood that one strength of GPV is the ability to visualise a flow field in
multiple planes, allowing the ability to build 3D flow fields (Buzzaccaro S et al. 2013),
this chapter will limit all experimental data collection to the central plane of the
microfluidic channel unless otherwise stated, as this thesis is principally focused on
demonstrating the applicability of lignin-rich colloids for the application of GPV in

pursuit of thesis objective 5.

7.1. Formation of colloidal particle dispersions of

suitable diameter for GPV

In Figure 55, the particle diameter distribution of colloidal particles used for GPV are

reported. Polystyrene particles (black) had an average diameter of 220 nm, which
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represents a benchmark for GPV testing, owing to their wide scale usage as discussed in

the review of the literature, 1.7.

Using conditions of R of 1, and Re of 450 as defined in Chapter 5, CLPs on the same scale
as polystyrene, dispersible in both aqueous and non-aqueous (sunflower oil) phases were
prepared using a CBS-LC extract, Figure 55. The sunflower oil dispersed particles had an
almost identical diameter distribution to that of the polystyrene particles, with peak z-
average diameter being 220 nm in both instances, and a span value of 0.93 (polystyrene)
and 1.10 (sunflower oil). In aqueous dispersion, the CLPs had a smaller average peak
average diameter (190 nm), and a larger span (1.49). These data suggest the average
diameter of particles in dispersion was comparable to commercially available polystyrene
particles, which have extensive use in GPV (Kovalchuk et al. 2018; Kiratzis et al. 2022).
From this preliminary data it is hypothesised that CBS-LC CLPs have a suitable

application in GPV on a diameter and particle distribution basis.
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Figure 55: Dynamic light scattering diameter intensity distributions of dispersions of polystyrene
nanoparticles; a standard tracer particle for GPV showing a diameter of 220 nm (black). For comparison,
CLPs formed using antisolvent precipitation and dispersed in aqueous (red), and non-aqueous (sunflower

oil, blue) phases are shown.

Another factor which makes the CLPs suitable for GPV is the large difference in
refractive index between the particles (1.58) polystyrene (1.59), water (1.33) and

sunflower oil (1.46).

7.2. Quantifying flow fields in GPV

In this section, the baseline for using colloidal-sized particles for the observation of flow
fields in aqueous systems was established. Appropriate conditions for flow field
visualisation using CLPs were identified, and the optimised conditions were compared to

the current literature standard of polystyrene. This was further developed to examine non-
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stationary flow fields formed in droplets. Additionally, the capture settings of frame rate,
concentration, and volumetric flow rate were varied, to assess the most effective

conditions for flow field visualisation.

7.2.1. Determination of flow rates and camera speed suitable for
GPV

To utilise the CLP dispersions for GPV, appropriate conditions were established to
visualise flow fields using the technique. The factors affecting this were frame rate, fluid
velocity and camera speed. Preliminary signal testing was conducted at a CLP
concentration range of 0.01 — 0.5 wt%, and signal was observable at concentrations of 0.3
wt% and greater. Initial validation of the setup was sought by examining the velocity
magnitude profiles obtained through cross-correlation across the width of the channel,
averaged across 400 images, generating 200 frames. As the cross-correlation was merely
a statistical analysis of the movement between frames, replication of a parabolic flow
velocity magnitude profile as discussed in 1.7.1 represented a validation, in that the

particles could visualise the flow field.

Figure 56 demonstrates a distribution plot of the velocity vectors produced by cross-
correlation across the width (x) of the channel, at 2000 and 10,000 fps, and 50 and 100
uL min! using CBS-LC particles of a diameter 200 nm. Given the dimensions of the
channel of 600 x 150 um, the velocity was expected to be highest in the centre of the
device, and slowest at the edges. At 2000 fps and 50 uL min™!, the profile follows the
expected distribution, with an average movement inferred from the speckle pattern of 6.2
px/frame. At 10,000 fps and 50 uL min’!, the profile was closer to the expected velocity

magnitude profile, however at a velocity of 1.25 px/frame it still appeared to have an error
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contribution from the slow movement of particles. At lower flow rates, the profile was
disrupted, which was likely a consequence of the low movement of particles on the
recorded images between frames; 1.67 px/frame at 2000 fps and 0.24 px/frame at 10,000
fps leading to poorly resolved feature of the flow profile. It was also possible that at low
flow rates contributions from thermal movement processes such as Brownian motion
caused deviation from the induced flow profile. From this, it can be concluded that
conditions of 50 uL min™! is the minimum to produce acceptable flow profiles in the flow

channel with dimensions of 600 x 150 um, and an interrogation area of 32 px.

2,000 fps 10,000 fps

Flow rate | 10 pl min-!

50 pl min!

Figure 56: Line profile matrix showing the distribution of magnitude of velocity vectors across the width
of a 600 um channel with 3.5 mg mL! CBS-LC CLPs of average diameter 220 nm in aqueous dispersion
flowing at 10 and 50 uL min’!, with frame rates of 2000 and 10,000 fps. Line profiles taken from a cross-

correlation plot mean average of 400 frames.
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7.2.2. Precision of vectors in GPV conducted using CLPs

In addition to assessing the ability of CLPs to accurately determine the flow field pattern
within a channel, the resolving quality of particles was determined. For PIV of a
Poiseuille flow field, the displacement of a particle between t and t+1 time step is
anticipated to be linear and related to the distance from the wall of the channel. Per Figure
57, the displacement between the two time-steps can be imaged using a high-speed
camera, and represented using a vector showing displacement in u and v. GPV uses
dispersed particles which scatter light and generate a speckle pattern which can be
resolved by scientific cameras, and by accurately determining the time step, can generate
vectors relating to the movement of the fluid. By plotting the vectors across a series of
successive frames and applying statistical analysis to remove outliers, a profile of the
movement of fluid in a channel can be determined. Figure 57 shows two instances of
displacement of a particle in a flow and the resulting position of a vector on a vector plot.
In the instance where a particle has moved in accordance with a laminar flow, there will
be little or no horizonal movement. In the instance where there is lateral movement, such

as in the blue vector, then the resulting vector will be recorded as such.
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Figure 57: A schematic interpretation of the method of formation of vectors in a Poiseuille
flow for a static flow field in a microfluidic channel. The vectors in a channel (left)
represent the movement of a fluid at a given point in space between time t (black) and
time t+1 timestep (red, blue). The movement of the particle during this time frame can be
used to plot a vector representing its movement (right, top), from which the movement in

both u and v (right, bottom can be determined.

Figure 57 demonstrates the scatter of vectors determined by cross-correlation in the mean
images formed from 100 and 400 frames, for each of CBS-LC CLPs at 3.5 mg mL! in
aqueous dispersion and sunflower oil dispersion and is compared to aqueous polystyrene
particles. It is anticipated that the low flow rate of 50 uL min!, corresponding to a

maximum velocity of around 20 mm/s, and an Re of 40 is sufficiently low to use as
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conditions to generate laminar flow, and therefore test the ability of dispersed particles to
determine the flow profile. One way of representing this is by plotting the scatter of
vectors, and quoting the magnitude of difference between their u and v values. Given the
conditions in the flow, it is anticipated that there should be a greater magnitude of v than

of u.

An immediate conclusion from the data is that flow fields derived from CLP dispersions
are far less precise than their polystyrene equivalents. Using an average from 100 frames
(comparison between 50 pairs), there was a large degree of scatter of vectors across the

co-ordinate space, indicating that despite taking an average, there was still poor precision.

One explanation for this is that the distribution of particle sizes present in solution is
greater in the aqueous system than in the other two systems, see Figure 55. This
monodispersity, whilst still generating particles below the diffraction limit, could cause
the ‘speckle’ pattern created to have minor differences between particles, offering a wider
distribution of values collected. This explains why the sunflower oil dispersed particles,
whilst still having significant variance in vectors, are noticeably more precise in u at 100

frames than the aqueous dispersion.

Considering the systems as an average of 400 frames (200 pairs), all three systems
converge much more precisely. The range of scatter in horizontal (u) of the polystyrene
at 100 frames is 4.77x10> m s and 1.2x102 m s in vertical (v), a much smaller fraction
of the available co-ordinate space (7%), indicating increased precision. This is

comparable to the values of 400 frame averages using CLPs, which are 4x10™ m s’!

horizontal, 6.4x107 vertical for aqueous and x10~ m s! horizontal and 1.85x102 m s!

for oil respectively. From this, it can be concluded that polystyrene offers much greater

resolving precision than CLP equivalents for the same number of frames. The range of
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vectors in u is marginally narrower at 400 frames for CLPs than 100 frames of

polystyrene, and in v it is greater, although it remains on the same order of magnitude.
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Figure 57: A series of scatter plots, showing velocity magnitudes of vectors in a mean cross-correlation plot at 50 and 400 frames, created by GPV. Three systems;

aqueous dispersed CBS-LC derived CLPs, sunflower oil dispersed CBS-LC derived CLPs, and polystyrene derived particles are shown.
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From the above, it is possible to conclude that the resolving quality of aqueous dispersed
polystyrene particles is far greater than that of any CLPs at the same number of frames,
irrespective of phase. The aqueous dispersion has the second-best resolving quality and
offer greater precision of vectors than sunflower oil dispersed CLPs aqueous dispersion.
By using 400 frames, the resolving quality of the CLPs is similar to that of 100 frames
(50 pairs) of polystyrene, considering the same value in u, and whilst the resolving quality
was poorer in v, it is the same order of magnitude. There are several examples in literature
where 100 frames is regarded as sufficient for GPV analysis (Kovalchuk et al. 2018;
Kovalchuk and Simmons 2021), offering strong evidence that the precision of data
collected from 400 frames using CLPs is sufficiently precise for flow field measurement,
however this precision can be improved further by increasing the number of frames

averaged even further.

7.2.3. Reproducibility and accuracy of flow fields determined by
CLPs

Using the conditions from 7.2.1 of 50 pL min"' and frame rate of 2000 fps, the

reproducibility of velocity capture using CBS-LC particles for GPV is reported, Table 14,

giving a mean velocity of 6.2 = 1.6% (0.1 px frame™).

Table 14: Average velocity of vectors (px/frame) across a mean cross-correlation plot (400 frames) of an

aqueous dispersion of CBS-LC particles with a flow rate of 50 uL min'! and frame rate of 2000 fps.

Repeat Velocity (px/frame)
1 6.06
2 6.18
3 6.26
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Figure 58 shows the full vector profile for a fluid moving through a straight channel at 50
uL min™!, as an average of 400 frames. Despite the large number of frames, there are still
some erroneous vectors, shown in orange, which have been replaced by the mean value
of the rest of the row. Despite this, the values collected of 0.0155 m s™! (max) and 0.0136
m s (mean), are similar to that which would be expected from theory for the flow in this

channel at 50 uL min! 0of 0.0185 m s™! (max) and 0.0112 m s™' (mean).

Figure 58: A flow field formed by dispersing CLPs at 3.5 wt% in distilled water and passing the fluid
through a PDMS channel with a width of 600 pm and a height of 150 um, and a flow rate of 50 uL min™".

Image an average profile of 200 frames.

CLPs were also tested in non-aqueous dispersion of sunflower oil, Figure 59, which
shows a flow field profile of a straight channel at 2000 fps and 50 uL min™'. The values
found agree with those for both the aqueous system and theory giving values of 0.0132
m s (max) and 0.0105 m s™! (mean), demonstrating the aptitude of CLPs for visualisation

of flow fields in both aqueous and non-aqueous phases. Compared to the aqueous
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dispersion, there are no erroneous vectors, indicating that the cross-correlation was more

easily able to detect the ‘speckle’ pattern from sunflower oil dispersed particles.

Figure 59: A flow field formed by dispersing CLPs at 3.5 wt% in sunflower oil and passing the fluid through
a PDMS channel with a width of 600 pm and a height of 150 um and a flow rate of 50 uL min™!. Image an

average profile of 200 frames.

Given the difference in particle span identified earlier in the chapter, one conclusion
which may be drawn is that span is a significant metric for GPV, and the larger the span
of the particle dispersion, the greater the variation in vector values determined by cross-
correlation in the resulting GPV flow field. Another discrepancy between the values
measured and calculated can be from the effects of the RI, which can distort the

experimentally determined values.

This section offers evidence for the capability of lignin-rich colloidal particles for

accurately determining the movement of a flow in a channel. Using 400 frame averages

153



of flow in a channel, it was possible to experimentally determine the maximum velocity

of the fluid as 0.0132 m s,

The accuracy of the system was determined experimentally by comparison to
polystyrene-based particles and the theoretical calculation, where the width of the
channel, 600 pm, was considered, Table 15.

Table 15: Average velocity values of lignin colloidal particles dispersed in a series of phases, compared to

theoretical values.

Dispersant Phase Maximum Mean velocity
velocity (ms)  (ms™)

Theoretical 0.0185 0.0112
Polystyrene Water 0.0120 0.0096
Water 0.0155 0.0136

Lignin
Oil 0.0132 0.0105

The likely reason behind the erroneous values at both high and low frame rates is that the
difference between frames in cross-correlation may be a deviation from the central focal
plane, which would cause a reduction of velocity value measured compared to the
theoretical maximum. At the extremes of the ranges testing, the movement of the particles
between two frames, the movement of a ‘speckle’ in pixels relative to the interrogation
area of 32 pixels is a likely source of error. From the data in Figure 56, visualisation is
optimised for this channel at frame rates of 2000 frames per second, volumetric flow rates
of 50 pL min™' For a more general result, the displacement of 6 pixels compared to an
interrogation area of 32 pixels can be considered, with a result of 10-20% of the
interrogation area representing the best result. In addition to commercially available

polystyrene, flow fields were visualised using lignin-rich CLPs. This research
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demonstrates the potential for another valorisation route of CBS. It is also notable that
the particles appear to be dispersible in sunflower oil, representing the first example of

stable dispersible particles in a non-aqueous phase for flow field imaging.

7.2.4. GPYV using CLPs to visualise complex single-phase flows

As described in 1.7.2, one advantage of using GPV is the ability to more accurately
measure non-linear pathways, as the comparatively smaller particles, which are on the
hundreds of nanometre scale, can more closely follow flow profiles than comparatively
larger (um-scale) PIV tracer particles. Figure 60 shows a channel with a cross-section
geometry, with sunflower oil as the fluid, and CBS-LC CLPs as the dispersed particles.
Using these particles, the movement of fluid out of the central channel, and the
corresponding reduction of velocity associated with leaving the central channel is

demonstrated.
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Figure 60: A flow field formed by dispersing CLPs at 3.5 wt% in sunflower oil and passing the fluid through
a PDMS channel with a diameter of 600 um and a height of 150 pm and a flow rate of 50 pL min™'. Image

an average profile of 200 frames.

Through the results of this section, the system has been validated to demonstrate that
CLPs can be used to determine flow velocity profiles accurately and precisely for a flow
rate of 50 uL min™!, using a frame rate of 2k fps, and averaging a minimum of 400 pictures
(200 frames). The 200 images required to accurately resolve a flow field is greater than
the 100 required for polystyrene in aqueous dispersion, however there is a significant
application advantage in the ability to disperse lignin CLPs in sunflower oil, a non-
aqueous phase. The next section will use the optimised parameters from the first section

of this chapter to image a dynamic system in multiphase (oil in water) flows.
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7.3. Imaging segmented flow fields in GPV

In this section, the earlier results of this chapter demonstrating visualisation of flow fields
using CBS-derived CLPs in aqueous and non-aqueous phases are combined. An
application of flow field imaging is the design of microreactors; reactions can be
performed in an oil phase as well as an aqueous phase. There can be also reactions without
coalescence, where reactants are brought together from several streams during the drop
formation as referred to in the literature review. In all cases mixing inside the reactor is
important and it depends on the flow fields. This section presents visualisation of aqueous

droplets in non-aqueous phases.

7.3.1. Vector validation in segmented flows

When considering movement of droplets in a channel, where one phase has tracer
particles, the moving object is often moved backwards, to align with the initial image
point. This is sufficient for generating a flow profile in instances where there is only one
medium with dispersed tracer particles. Figure 61 shows a schematic of this approach,
whereby two successive frames are pulled back (n+2 & n+3) through post-processing to
align the position n & n+1 an original position in pairs for the same droplet, allowing for
the movement between frames to build be used for cross-correlation as the initial pairs

would be.
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Figure 61: Schematic diagram showing the image analysis method by cross-correlation for mapping the

flow field of a droplet moving in a channel, by moving later frames of the same droplet to a consistent part

of the field of view.

This approach is not possible in instances where the flow field for both the continuous

phase and a droplet phase is being characterised, as moving to a set point in one phase

may distort the field in the other phase artificially. An alternative method for generating

an average of a flow field is to use cross-correlation on a series of droplets as they pass a

predetermined point in space, represented by n & n+1, and a different drop t & t+1, Figure

62. In this way, the movement of the droplet and internal recirculation are resolvable,

allowing for cross-correlation by GPV.

n+1

Figure 62: Schematic diagram showing the image analysis method by cross-correlation for mapping the

flow field of a droplet moving in a channel by averaging successive droplets passing the same area in space.
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The success of using CBS-LC for cross-correlation can be determined by examining the
vector validation. As cross-correlation builds a pattern of movement between pairs of
frames, the number of pairs of frames in succession will affect how accurate the image
is.

As a baseline, Figure 63 shows a vector distribution for a cross-correlation performed on
a system where only one image per droplet is taken. The distribution pattern of vectors is
random, as there are no pairs of images to allow tracking of the ‘speckle’ pattern created
by the dispersed particles. As a result, the vectors returned are distributed across indicated
the maximum reaches of the co-ordinate space, where most of movement is expected to
be along the channel. This should result in large u velocities and low v velocities. The

result of uniform distribution around 0 suggests that this is not an accurate flow profile.

v velocity [px/frame]
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Figure 63: Distribution plot of the vector magnitude and direction generated by cross-correlation of a

scattering pattern indirectly caused by a colloidal particle dispersion. The particles are simultaneously
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dispersed in a droplet and a continuous phase in a microchannel. For each droplet, one image is taken as it

reaches a set point in a field of view.

Figure 64 displays the first instance where the technique can accurately determine
movement between images. Here, two images are taken per droplet, allowing for the
movement of the speckle pattern to be plotted. Despite this, there is a significant amount

of error in both u and v regarding vector position.

One possible explanation for this is that whilst there are pairs of frames whist show the
movement of the fluid, there is error arising from the repositioning of the next droplet.
Were the first method discussed for cross-correlation pursued, this error would be
endemic to the technique, as by moving the droplet back, the minor variations between

placement of the droplet would be picked up by the cross-correlation.

v velocity [px/frame]

u velocity [px/frame]

Figure 64: Distribution plot of the vector magnitude and direction generated by cross-correlation of a

scattering pattern indirectly caused by a colloidal particle dispersion. The particles are simultaneously
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dispersed in a droplet and a continuous phase in a microchannel. For each droplet, two successive images

are taken as it reaches a set point in a field of view.

Addressing the wide distribution of vectors under the conditions shown, four images (two
frames) per droplet were taken, Figure 65. Here, there is a dramatic difference in the
placement of vectors, with almost no displacement in u. By including four frames from
each droplet, the precision is greatly increased, as there is a greater number of vectors
which can be accurately mapped, as when new droplets are fixed to the same distribution,
the position of the ‘speckles’ caused by the particles is random in space, and therefore the

correlation is not as strong.

v velocity [px/frame]

u velocity [px/frame]

Figure 65: Distribution plot of the vector magnitude and direction generated by cross-correlation of a
scattering pattern indirectly caused by a colloidal particle dispersion. The dispersion is simultaneously
dispersed in a droplet and a continuous phase in a microchannel. For each droplet, four successive images

are taken as it reaches a set point in a field of view.

161



Whilst there are still some vectors which do not conform to the flow pattern, this is likely
due to an error in cross-correlation, or possibly from experimental factors such as
Brownian motion, although this is more likely to occur at lower flow rates owing to the
relative movement of particles. Providing these are an insignificant fraction of the dataset
arising from including these errors, they can be removed to retain a significant dataset.
From the above data, it can be determined that using an average of four frames per droplet
allows for resolution of the vectors. To generate a flow field, the average of 100 such

droplets was used.

One drawback of using a larger number of consecutive images is that, whilst this improves
vector quality, it leads to a significant blur at interfaces. Figure 66 shows an image of a
droplet taken using the conditions optimised earlier in this chapter. As the number of
images per droplet is increased, there is a clear increase in blur at the interface of the

water droplet and the continuous phase.

Another valid criticism is the large refractive index shadow formed by the difference
between the values of water (1.33) and sunflower oil (1.46). This makes visualisation of
movement at the boundary between the droplet and the continuous phase impossible.
Given that this system contains molecular surfactant however, there is likely to be some
non-standard behaviour at the boundary, such as a mobile interface Kovalchuk and

Simmons (2023).
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Figure 66: A series of images showing a droplet of water dispersed in oil captured as 1 frame (left), and the

mean of two frames (centre) and four frames (right).

One criticism of GPV, alongside other techniques which use cross-correlation, is that at
a boundary, there is potential for error, due to the nature of integration. The cross-
correlation technique may either pick up movement across the interface, generating a
vector which travels across the interface, or generate a vector which is far smaller than
the real value, as the number of particles generating signal is significantly lower compared

to the free-flowing bulk of the system.

For observing flow pertaining to the entire droplet, such as recirculation, and other fluid
flow concerning the geometry, the inability to measure meaningfully the flow near the
interface of the droplet is a significant limitation. This can be rectified by matching the
RI of both the phases. This could be achieved by the addition of glycerol to the aqueous
phase; however, this is outside of the scope of this research at present. There is however
a great deal of information which can be gained from this setup, particularly in intricate

geometries, where theoretical prediction may prove difficult.
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Therefore, to produce the most optimal image, it was chosen to have the greatest number
of frames per drop to resolve the vectors fully. However, by going beyond four frames
the blur would make the fine structure of the image impossible to resolve. One way to
address this would be to increase the frame rate, however given the optimisation
conditions set out earlier in the chapter, this was chosen as the best balance of conditions

to pursue.

7.3.2. Flow fields in a segmented flow
Figure 67 shows a vector profile formed of the average of 100 droplets, each showing the
movement of particles across 2 successive frames per Figure 66 (centre). As earlier, the
summed flow rate through the channel was 50 uL min™! and the flow range had a
maximum velocity of 0.016 m s7!, and mean value of 0.0106 m s™. Considering that the
channel had a compressed aspect ratio, with a 150 pm height and 600 pum width, it is
possible that recirculation was caused by shear interaction between the channel top and
bottom of the device and the droplet. The formed droplet is compressed in the vertical

plane, and has a volume of 6 nL.
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Figure 67: An average flow field profile of 100 droplets of water in a sunflower oil continuous phase in a
microchannel. Each vector is generated from two pairs of two successive (four in total) images by cross-
correlation per droplet. The flow rate of the dispersed phase is 8 uL min!, and the continuous phase is 42
uL min™. The aqueous contains 3.5 wt%. Lipid containing (LC) colloidal lignin particles of average
diameter 220 nm. The external phase of sunflower oil contains the same tracer particles at a concentration

of 3.5 wt%.

The flow profile of the continuous phase, Figure 68, demonstrates a vector in the
continuous phase of the system 200 um ahead of the droplet. The flow profile retains the
parabolic profile identified as consistent with a channel of this design, suggesting that the
system can retain the flow conditions suitable for quantification as identified. There is a
noticeable reduction in the velocity profile observed in Figure 68 at distances across the
channel (in u) of both 200 and 400 um. One possible explanation for this, given that
variation in the material system has been excluded using validation in 7.2.1 is the

influence of vortices introduced by the presence of the droplet in the microchannel.
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Figure 68: Line profile matrix showing the distribution of magnitude of velocity vectors across the width

of a 600 pm channel with 3.5 mg mL"! CBS-LC CLPs of average diameter 220 nm in sunflower oil
dispersion flowing at 50 uL min’!, at 2000 fps. Line profiles taken from a cross-correlation plot mean

average of 400 frames.

To interrogate the low value of velocity (v) inside the droplet, and the recirculation in the
continuous phase, the velocity of the droplet, 5.5 pixels per frame, was subtracted from
the entire co-ordinate space. This was kept in px frame™! as this represents quantitative

analysis of the presence of recirculation, rather than flow field quantification.

In Figure 69, two clear patterns which are characteristic for this system can be observed.
The first is the flow field inside the droplet, which is now in the opposite direction to the
travel of the droplet through the channel at a value of 4 px/frame. From this, one can infer
that during the travel through the channel, there is an effect on the droplet causing
circulation vortices within the droplet counter to the direction of the flow are visible

against the continuous phase velocity.
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This is a sensible and significant finding considering the channel aspect ratio, which is
4:1 width to height (600 pum x 150 pm), meaning that the droplets are not spherical. The
droplet seems to have adapted to the shape of the channel in the plane of the 150 pm
dimension, which is likely to cause recirculation. Were this to be a channel with
dimensions much greater than that of the droplet, or an aspect ratio closer to 1:1, these

recirculation vortices would be likely to change.

The second feature which can be resolved following the removal of the direction of flow
of droplet is the recirculation in the sunflower oil phase. In Figure 69 (right), one can see
that the formation of the droplet using the HFF device has caused recirculation to occur
in the fluid. There are similar recirculation patterns visible above the droplet in the field
of view, but these are almost certainly the result of similar recirculation generated from

previous droplets in this continuous process.
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Figure 69: Ghost particle velocimetry image of a water droplet in a sunflower oil continuous phase, formed
at a flow rate of 42 uL min™' (sunflower oil), and 8 uL min™! (water). Both fluids have CLPs formed from
CBS-LC extract at 3.5 mg mL"'. The flow field has a linear transformation applied of v = 5.5 px/frame to
each vector to extricate the fine movement from the overall movement of the frame. Image (right) shows

the recirculation pattern from droplet formation.

In removing the contribution to the velocity of the droplet of 5.5 px per frame to elucidate
the recirculation, the magnitude of the values becomes self-consistent, but no longer
quantitative, and therefore analysis is conducted in the units of px frame™'. Nonetheless,
the lateral component of the flow is observable in Figure 70 (Ieft). From the construction
of the microfluidic device, it is expected that the droplet would be in the central position
of the channel. As validated, the CLPs present can generate a ‘speckle’ pattern, allowing
for the flow field to be visualised. What can be seen is the recirculation in the device in a

sunflower oil phase resulting from the presence of a droplet in the channel. From this, the
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vortices caused by the presence of the droplet can be qualitatively observed,

simultaneously with the recirculation inside the droplet as discussed.
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Figure 70: Lateral component of recirculation caused by the formation of a droplet in a microchannel, taken

from a line profile (right, dashed).

Whilst this system remains a model example of the ability to quantify these fields, this is
not a trivial result, as by using such particles in both phases, and used to inform the design
of devices which can be used to aid the design of micro-reactors such as those described

at the outset of the chapter.

This chapter demonstrates the ability of CLPs to visualise multiphase flows. Whilst the
result is significant, representing an example of simultaneous flow field visualisation in
both aqueous and non-aqueous phases, its usability in the current form is limited, as both
the CLPs and the sunflower oil non-aqueous phase contains molecular surfactant (lipid),
which will directly affect the droplet formation phase. For use as a model system for
micro-reactor modelling, a consistent surface tension is required. Whilst the use of a bio-
residual extract from a waste product for quantification of flow fields represents an

interesting result, offering a circular economy novelty over polystyrene, the presence of
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co-extractives, particularly lipids are a significant disadvantage in attempts to use these

particles directly.

7.4. Effect of surfactant on GPV

To rationalise the role of the lipid within the system described throughout this chapter,
the final section concerns the effect of manipulating the molecular surfactants inherent to
the system, in the context of dispersibility of particles, and influence on droplet formation

in a selected range of oils, and for a range of particle systems.

7.4.1. Effect of surfactant on the dispersibility of CBS-LC CLPs

for GPV analysis

The learning of Chapter 7 offers insight into the conditions within a specific channel for
a model system, and as such one can learn about the impacts of geometry modification
on the flow inside a device. One limitation of the research, however, was the retention of
the lipid fraction within the system resulting from co-extractives as defined in Chapter 3,

and in the sunflower oil phase.

Table 16 shows the dispersibility of CLPs formed from CBS both with and without the
presence of lipid co-extractives in a series of synthetic and natural oils. For the case of
CBS-LC CLPs, where there are lipids associated with the particles, dispersal is possible
in both natural oils (sunflower and vegetable), and in treated sunflower oil (TSO) where
the lipid fraction was removed. In CBS-LR CLPs, where the associated lipid fraction was
removed before dispersal, it was again possible to disperse the CLPs in the natural oils,
although it was not possible to disperse them in the TSO. From this, it was concluded that
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the particles were only dispersible in the presence of a lipid, although this can be from
either the particle system or the oil systems. In both LC and LR cases, it was not possible
to disperse the particles in a synthetic (mineral or silicone) oil.

Table 16: The effect of molecular surfactant presents in both lignin bioresidue and sunflower oil on the

ability to transfer CLPs into a sunflower oil-based phase.

CBS-LC CLPs  CBS-LR CLPs

Vegetable Oil Dispersible Dispersible
Sunflower oil Dispersible Dispersible
Treated sunflower oil Dispersible X
Mineral oil X X
Silicone oil X X

As a result of these data, it was concluded that molecular surfactant is critical for
dispersibility of CLPs. This is in line with the conclusions of Chapter 6, where the role of

the lipid in the dispersal of CLPs was posited.

7.4.2. Effect of surfactant inherent in the CBS-LC CLP system on

droplets for segmented GPV analysis

In the final section of this chapter, the impact of surfactant on the segmented flow system
is quantified. It has been established that molecular surfactant is required for dispersal of
CLPs in a non-aqueous phase. In quantifying the impact of surfactants, both present in
the natural oils and the CBS-LC extract itself, the impact of the surfactant can be
quantified. Droplets of water in oil were formed using a HFF device, and the time between
droplets was assessed relative to a blank system in the absence of dispersed CLPs, Figure

71.
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From this data, three conclusions may be drawn. The first conclusion may be drawn by
comparison between the normal sunflower and that with molecular surfactants removed
(TSO). Between these two systems, given the overlapping error bars, it is suggested that
there is a conclusive difference in formation time related to the removal of amphiphiles
from the CBS bioresidue, and molecular surfactant from the non-aqueous phase. The
second conclusion from this is that in the absence of lipids in either the water or oil phase,
the formation time of droplets is increased. This would suggest that given a constant flow
rate, the droplets formed are larger. As this is the case in both systems independently of
the lipid, this suggests that the CLPs are interacting with the oil and water interface.
Previous work in Chapter 6 indicated that the particles do not remain kinetically stabilised

at the interface, without a large amount of energy supplied to the system.

In nearly every example, the LR system had the quickest formation time, suggesting that
in this instance, the interaction between the CLPs and the interface is greatest. This would
offer an indirect corroboration that the lipids co-extracted from CBS are decorating the
CLPs, as this would inhibit the migration to the interface of the CBS-LC CLPs, explaining

the droplet formation time being closer to that of distilled water.

The third observation is that filtering the system with a 1 pm filter does not affect the

droplet formation time. This removes the possibility that larger aggregates are responsible
for the surfactancy effect during droplet formation, rather than action from molecular

surfactant or CLPs.
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Figure 71: A bar chart demonstrating the formation time of a droplet of water in oil under conditions of 8
uL min! flow rate of water, and 42 uL min! flow rate of sunflower oil. Where CLPs are dispersed, they

are done so at a concentration of 3.5 mg mL-!. Error bars represent + 2 standard deviations from the mean.

The implications of having a system containing amphiphiles or surfactant is that the
interface could be mobile dependant on the concentration, owing to the presence of
surfactant coating it. In addition to the refractive index mismatch described earlier, this is

a significant limitation in using this setup to observe phenomena at or near the interface.

The results of this section do however demonstrate suitability for measuring the
movement of fluid within a dynamic system. This is significant, particularly for confined
flow geometries, which may have unusual circulation patterns. To expand the use of
lignin CLPs to other systems, it is necessary to increase the inertness of the system
compared to a channel is much greater than the droplet dimensions such as plug flow. For

this, an oil with a constant surface tension and CBS-LR CLPs is required.
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7.5. Conclusions

In this chapter, an application of lignin-rich colloidal particles as a dispersible particle for
imaging fluid flows by GPV was demonstrated. The initial findings of this chapter were
that the lignin-rich particles formed in earlier chapters of this research thesis were capable
of imaging flow fields both precisely and accurately in a similar fashion to a commercially
available equivalent. In addition, it was discovered that the same particles are dispersible
in non-aqueous media, with sunflower oil demonstrated as an example. The precision of
flow fields generated using CLPs as the dispersed particle are lower than polystyrene,
however this was overcome by averaging a greater number of frames to achieve an

accurate determination of the flow in a straight channel.

The finding of Chapter 6 that the lignin-rich particles were dispersible in sunflower oil
represents a significant result, as scarce examples of non-aqueous dispersible particles
exist. This is exploited here to present an application of such dispersed particles in GPV.
Typical micro-reactors use a non-aqueous medium to transport aqueous reactants as
droplets. The ability to disperse lignin-rich particles as demonstrated in this research
chapter offers the potential for further characterisation of the kinetics of such coalescence
in real time, and on the system in question. This research offers a significant contribution
in both the applicability of lignin-rich particles for tracing applications and represents the

first example of lignin valorisation for this application.

The ability to disperse particles in both phases and simultaneously quantify the flow field
suggested some novel functionality, to include qualitatively assessing the behaviour of a
droplet in its recirculation pattern, and the impact it had on the continuous phase,
simultaneously. This is of particular interest in the field of microfluidics, where the recent

influx of applications has given rise to microchannels of vastly different geometries.
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Examples of another application of this would be heat exchangers, where regime of heat
transfer could be evaluated using dispersed colloidal particles. Of particular interest is the
ability to utilise the study of dynamic systems using tracer particles in multiphase flows.

The application of this is for modelling restricted flow channels for micro-reactors.

The principal drawback of this work at present is that it has not been able to demonstrate
either dispersion of particles of quantification of flow fields in the absence of a surfactant.
Should this be addressed in future research, it would be possible to quantify flow fields
related to many microfluidic processes including drop formation, mixing in the moving
drop, coalescence of droplets, and potentially even the kinetics of a coalescence driven

reaction inside a micro-reactor.

Further theoretical assessment could be conducted, considering factors such as the shear
impacts at the wall, and the 3D profile of the confined channel could be examined by
altering the focal plane, however this was assessed to be beyond the scope of this research
chapter, which is focused on achieving objective 5 of this thesis. This has been achieved,
not only by validation of the system, but by simultaneous imaging of a droplet and

continuous phase, and resolution of recirculation within a droplet.
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8. Overall conclusions and future work

This research thesis demonstrates the extraction and application of a lignin-rich extract

from cocoa bean shell in the form of colloidal particles.

Chapter 3 focused on the characterisation of a crude organosolv extract of cocoa bean
shell and introduced new research by the identification and relative quantification of co-
extracted molecular amphiphiles and identification of a triglyceride present in the extract.
The recovered bioresidue had a significant lignin component (>50%) and was used as a
crude extract. The characterisation of this extract fulfilled the first research objective set

out in the introduction, of extracting and characterising an extract of cocoa bean shell.

Should future work be undertaken to further characterise the extract, two main routes are
proposed. The first route would be to use multiple ionisation mass spectrometry to
identify the molecular weight of the extracted lignin. As the molecular weight is too large
for normal mass spectrometry, multiple ionisation techniques such as matrix assisted laser
desorption and ionisation would allow for characterisation of the molecular weight up to
10,000 Da. In understanding this information, one would be able to more precisely
correlate extraction conditions and molecular weight to the observed wetting properties.
Conducting this on multiple sources of lignin would further expand the relevance of this
research and offer other potential valorisation avenues for co-products of industry, such

as wheat straw and others identified in the literature review.

A second extension of the work of Chapter 3 would be to use more advanced spectroscopy
to resolve the position of lignin in space more accurately, such as Raman spectroscopy.
In identifying the spatial arrangement of the functional groups in these structures, it may

be possible to direct functionalisation reactions using basic chemical synthesis methods
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and specify the desired functional groups present on the outer shell of the particle.
Another avenue which could be taken would be to alter the extraction method. Using an
ethanol extraction process has limitations in that co-extractives from the process are
soluble in ethanol. This will influence the character of the lignin and resulting particles.
Future work on alternative extraction methods would address the limitation in this
research, as by extraction methods which can produce co-extractives other than ethanol
soluble could offer potential for resulting lignin rich particles to have alternative surface
properties. This could offer a route to the specification of the wetting properties of
particles as desired. This would allow for another factor to be controlled in generating
particles, and the effects of functionalisation would be observable in the form of emulsion
stability, in the same way work in Chapter 6 identified wetting properties of the CBS-LC

extract.

Chapter 4 focused on the use of hydrodynamic flow-focusing (HFF) devices for
continuous preparation of droplets of a lignin-rich extract solubilised in ethanol, for
subsequent precipitation against water to generate lignin-rich particles, in pursuit of
research objectives 2 and 3. HFF was chosen due to the ability to control the size of
droplets formed, thus allowing for generation of particles large enough for direct contact
angle measurement. Ultimately, the use of these devices in such a way proved
unsuccessful, due to fouling caused by interactions between the PDMS-based device and
the componentry of the extract. As modifying the componentry of the extract would be
contrary to the motivation of using an inhomogeneous extract for particle production,
device modification methods were sought, and modification of the contact angle
demonstrated. Nonetheless, fouling was persistent, thus necessitating an alternative

method for particle production.
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Should further research be undertaken to develop this method, the principal suggestion is
that further modification of the HFF device be pursued further, to mitigate the interaction
between the dispersed lignin phase and the PDMS. This could be achieved in two ways;
by significantly increasing the channel height of the device to form a plug flow, or by
altering the construction material. A plug flow would likely remove the interaction
between the device and the device edges identified in Chapter 4, owing to the increased

distance between a formed droplet and the boundaries.

Chapter 5 evidenced the ability to use flow conditions in a coaxial jet mixing device to
aid precipitation of CLPs in a controllable manner from a crude CBS extract offering
fulfilment of research objectives 2 and 3.. In this research chapter, the wetting
characteristics of the system was investigated, offering evidence that the wetting

characteristics can be controlled and influenced by the precipitation process.

By varying volumetric flow conditions of the ethanol solubilised lignin rich extract and
water as antisolvent such that the Reynolds number ranged from 30 — 500, it was found
that particle dispersions with the average particle diameter between 150 — 600 nm could
be produced. In aqueous dispersion, these particles were found to be stable against
aggregation for 14 days, irrespective of the presence of the lipid fraction in the extract.
This offers a new method for continuous production of colloidal lignin-rich particles from
a crude extract of CBS and provides an example of the ability to produce colloidal particle
dispersions with specifiable average diameter. Another factor which was demonstrated to
affect the particle diameter was the volumetric flow ratio of solvent to antisolvent, termed
R. By increasing the R value, the average particle diameter of resulting dispersions

generated was increased.
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Were further research into this system to be pursued, there are two principal avenues
which could extend this research. The first would be to develop another solvent
antisolvent pairing for particle production and compare features such as the solvent
parameters to the resulting size and stability of resulting particle dispersions. Should
another pairing be developed, it would be possible to assess the impact of this on the
surface chemistry of the precipitated particles by examining the wetting properties. This
research has indicated that the surface properties are dependent on the precipitation
conditions, and as such, using an alternative solvent for antisolvent precipitation could
develop the research shown in Chapter 5 by altering the surface properties of formed
colloidal particles. This approach to designed colloids from a food adjacent resource
would offer a large formulation space for using CBS derived lignin as a mimetic for
current Picking stabilisers in food systems. This would have significant ‘green labelling’

potential, where a naturally derived product replaces a less sustainable ingredient.

The second avenue which could be pursued would be to assess the impact of solute
concentration on the size of particles produced in dispersion. In this research, a single
concentration was pursued, rather than alteration of solute concentration, as the validation
of the setup remained the most important goal in pursuit of research objective 2. Adding
this as a third variable would likely increase the range of particle diameters achievable

and available for formulation.

Chapter 6 focused on expanding the relatability of the lipid fraction identified in chapter
3 to the colloidal particle dispersions formed in chapter 5, to offer fulfilment of research
objectives 3 and 4 by assessing the ability to use colloidal lignin rich particles to stabilise

emulsions.
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Chapter 7 demonstrated an application of the colloidal particle dispersions produced in
chapter 5 as a tracer particle, using the wetting parameters identified in Chapter 6. It was
found that by specifying a Reynolds number of 500, particles of 150 nm were producible,
which was in the same diameter range of colloidal particle dispersions used to generate a
diffraction pattern in solution which can be traced by particle imaging techniques to
experimentally model flow fields, fulfilling research objective 5 of this thesis. The system
was initially validated against the current literature standard in polystyrene particles, and
then expanded to include segmented flows, specifically for droplet formation and
recirculation in oil and water systems. This is a significant development on current
capability of the Ghost Particle Velocimetry technique, which had noted limitations in
being able to quantify non-aqueous phases, due to a lack of particles which are dispersible
in non-aqueous media. One limitation of the particle system used was the presence of
amphiphiles or surfactants being required to maintain dispersibility of the CLPs. As a
result, one avenue of research for future work would be to continue the initial work into
dispersibility in oils with a constant surface tension, to allow for greater scope of
application. One result which shows promise is the use of IPM as a non-aqueous phase.
As the CLPs require lipids for transfer from the aqueous to non-aqueous phase, the use
of the largest lipid present inherently to the extract of IPM as identified in Chapter 3 offers
potential. IPM has a constant surface tension of 24.5 mN m'. Naturally, there is a
limitation in that other molecular surfactants are present in the system which can act at
the interface. Attempts to disperse lignin CLPs in synthetic oils such as mineral and

silicone oil were proven unsuccessful in Chapter 7.

Another validation of the use of GPV as a technique would be 3D imaging of flow fields,
as suggested by literature in 1.7. CLPs derived from CBS-LC and CBS-LR are capable

of visualising flow fields in multiphase (oil and water) flows. The work presented in this
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thesis focused more strongly on the material properties of the extract, using GPV as an

application, and thus all work was conducted in the focal plane of the channel.

Given that there is a large amount of cocoa bean shell present, the feedstock represents a
suitable choice for scale up. Industrial scale up oof colloidal particle production can utilise
the presence of CBS and as such there are likely to be no issues with scale-up. The major
challenges for scale-up would be twofold. One challenge would be the extraction method,
which is currently performed at the gram scale. Other methods which are beginning to
gain interest such as deep eutectic solvent extraction as identified in the literature review
can negate the limitation observed by small-scale extraction identified in this research.
The findings such as colloidal particle production and application as ghost particles can

be applied to another extraction process, which should allow for scale up to be pursued.

The second scale-up challenge is the precipitation of colloidal particles. Whilst the current
process is continuous, which is far easier to increase to scale than a batch process, the
process for particle production uses microfluidic processes on the mL per minute scale.
One method of scaling the process would be to have many of the microfluidic devices
demonstrated in this research thesis in parallel, however this would still be significantly

below the kilogram scale.
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Appendix A — Statistical analysis of particle dispersions

As identified in section 5.1.2, there was an overlap in the distributions of two
independently assembled CJM devices. To further assess the similarity, the intensity of

particle distributions was correlated to assess statistical similarity,
Figure 73. A gradient of y = 1.10 x was observed, and R? value of 0.99.
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Figure 73: Linear regression analysis of the size-weighted intensities of particle dispersions formed in two
CIM devices plotted as an x,y scatter. Trendline indicates the linear correlation between the two devices (y

=1.10x), R? 0.99.

Similarly, the overlap observed between successive material extractions was assessed
statistically, Figure 74. The recorded gradient and R? values of 1.10 and 0.99 respectively

offer further evidence for the reproducibility of the device.
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Figure 74: Linear regression analysis of the size-weighted intensities of particle dispersions formed in a

CIM device from two separate material extractions, plotted as an x,y scatter. Trendline indicates the linear

correlation between the two devices (y = 1.10x), R? 0.98.

When comparing lipid containing and lipid removed systems, a difference in overlap of

distributions was observed. This suggests that there is a statistically significant difference

between the lipid-containing and lipid-removed datasets. This difference was quantified

by correlating the intensities of an extract with lipid containing, and lipid removed, Figure

75.
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Figure 75: Linear regression analysis of the size-weighted intensities of particle dispersions formed in a
CIM device from a material extraction containing lipid fraction (x) against a hexane washed lipid removed
version (y), plotted as an x,y scatter. Trendline indicates no linear correlation between the two devices (y =

1.07x), R? 0.70.

Assessing the reproducibility of two successive lipid removed extractions, there was an
observed overlap between the two particle distributions. To quantify the similarity, the
intensities of two independent distributions were correlated, Figure 76. An R? value of

0.95 was observed.
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Figure 76: Linear regression analysis of the size-weighted intensities of particle dispersions formed in a

CIM from two batches of lipid-removed lignin-rich cocoa bean extract. Trendline indicates the linear

correlation between the two devices (y = 0.94 x).
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