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Abstract

Liquid residues and moisture within the packaging is a big challenge to fresh food
packaging, particularly for liquid-exuding food, such as meat, fish and poultry. The
free-moving liquid (exudate) in the bottom of plastic food trays adversely affects the
safety, quality and presentation of packaged meat products. However, the current food
packaging solutions to isolate meat exudate including the addition of absorbent meat
pads are not efficient, restricting the recycling process of plastic packaging and
increasing plastic waste that ends up in landfill and oceans.

This work reports the development of innovative plastic packaging solutions capable
of effectively isolating the meat exudate within the packaging itself, ensuring more
sustainable and recyclable plastic food packaging. The developed solutions include
three innovative technologies:

Geometry modification of liquid-holding recesses integrated into plastic food tray. The
raised rims of the modified recesses act as capillary geometrical valves, enhancing the
liquid pinning and pressure barrier. This results in an approximately 2.8 times increase
in liquid retention capacity of the recesses, compared with a design without raised rims.

Surface modification of liquid-holding recesses with oxygen plasma treatment. The
localised plasma treatment of recess walls implants polar oxygen groups on the wall
surfaces. This induces contrast in the surface wettability between plasma treated walls
and untreated outer edges of the recesses, increasing their liquid pinning and pressure
barrier, thus their liquid retention capacity. The functionality induced by plasma
treatment was reserved long enough (> 60 days) for increasing the liquid retention
capacity of ~2.2 times in comparison with untreated recesses.

Surface modification of open-cell polymeric foam with oxygen plasma treatment. The
plasma treatment results in improving the surface wettability of foam porous structure
due to introducing polar oxygen groups on the pore walls. The improved wettability
increases the sucking capillary pressure acting on the foam pores, allowing for higher
liquid uptake and absorption of open-cell foam. The plasma treatment has sufficiently
long effect on wettability improvement (> 60 days) to be used for the treatment of
plastic foam packaging with an increase in the liquid absorption capacity of ~8 times.

This work has led to developing innovative and sustainable plastic meat packaging for
effective self-isolation of meat exudate. The plastic packaging trays incorporated with
recesses are fully recyclable with liquid retention capacities comparable to the
conventional absorbent meat pads. Therefore, plastic food packaging with liquid
isolation capability can be manufactured with no need for additional absorbent
components. The plasma treatment of open-cell polymeric foam can also replace the
use of chemical wetting agents for facilitating liquid absorption, protecting human
health and environment.
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Chapter 1

Introduction

1.1  Food Packaging: Functionalities and Challenges

Food packaging has a vital role in prolonging food shelf life and ensuring safer and
fresher food in the supply chain.[1] The packaging provides a protection to contained
food from various physical and chemical contaminants, and it inhibits the growth of
spoilage and pathogenic bacteria. It also facilitates promotion and convenience of
packaged food within food markets.[2-5] Plastic packaging is the most used packaging
for food products in the supply chain, particularly after increased safety concerns and
customers’ demand for packaged food during the coronavirus pandemic.[6] Food
packaging value in the global market is estimated to reach US$ 378.58 billion in
2022.[7] Thermoplastic polymers account for the majority of plastic materials used in
food packaging, such as polyethylene terephthalate (PET), polyethylene (PE),
polystyrene (PS) and polypropylene (PP).[8] These plastic materials are appealing to
the food packaging industry as they are low-cost, transparent, light and offer excellent
mechanical and barrier properties.[9] Plastic packaging constituted 40.5% (~19.9
million tonnes) of the annual European demand for plastics in 2020.[10] Food
packaging can be made from flexible and rigid plastics, taking several forms (e.g. trays,
films and pouches) to address market demands in terms of appearance, convenience,

practicality and ease of use.[8,11]

The development of food packaging functionalities is gaining more interest in the
light of growing demand for safer, healthier and longer shelf-life food. Further, the
global population is estimated to exceed 9 billion in 2050, and the supply chain will be
required to secure 70% more food.[12,13] These factors stress the key role of
functionalised food packaging in reducing food waste and securing adequate food
supply,[3,5,8] particularly since 1/3 of globally produced food is wasted as equivalent
to 1.3 billion tonnes/year.[14] The large food waste across the food chain also makes a
profound impact on the global economy with lost value of US$ 1 trillion/year.[15]
Therefore, the packaging industry has been driven to develop packaging solutions to
address current challenges of packaged food products, such as limited shelf life and
exuded liquid of food.[1,3,16]



Liquid residues and moisture within the packaging is still a big challenge to fresh
food packaging, in particular for liquid-exuding food, such as meat, fish and poultry.
These meat products are perishable and tend to excrete liquid (exudate) in the packaging
trays during their shelf life,[3,17] as shown in Figure 1.1. High exudate content has a
negative impact on the packaged meat as it accelerates quality deterioration and
compromises safety of the packaged meat. This is due to the increase in water activity,
and thus greater proliferation of microorganisms responsible for spoilage and limited
shelf life of the packaged meat products.[3,18] This can undermine the efforts to meet
the increased meat consumption with currently more than 20% of meat supply
wasted.[19] The free-moving exudate in the meat packaging also provides an unsightly

appearance to consumers and it can leak from the packaging trays.[18]

Figure 1.1: A plastic tray with meat exudate collected in the bottom of tray.
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Isolation of the meat exudate has traditionally been achieved with polymeric or
paper-based soak away pads (Figure 1.2) in contact with the meat. These pads in
themselves are not recyclable and have to be removed by the customer, are often glued
in place, and act as barriers to the recycling of the plastic trays.[20,21] Therefore, it is
crucial to develop packaging solutions to isolate the released exudate from packaged

meat products.

ARSI
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Figure 1.2: Plastic meat tray with absorbent pad (tray and pad source: Klockner
Pentaplast Group).

While plastic food packaging contributes to the sustainability and waste reduction
of food products, the growing use of plastic packaging has itself a concerning
environmental impact.[9] More than 30% of the global production of plastic materials
(>300 million tonnes/year) is designated for plastic packaging.[7,22] These plastic
materials are not generally biodegradable and more than half of the plastic packaging
including most plastic food packaging are intended for a single use and then sorted as
packaging waste. This exacerbates the environmental burden of plastic packaging with
< 10% of plastic waste being recycled. Most plastic packaging is sent to landfill or ends
up in the oceans,[7,23-26] as shown in Figure 1.3. Oceans annually receive 5-13
million tonnes of plastic waste with estimation to exceed fish quantities by 2050.[27]
Recycling of plastic waste is the most efficient approach to minimise the environmental
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footprint and achieve greater sustainability of plastic food packaging.[9] However,
plastic packaging manufactured from multilayers or different types of polymers, and
difficulty in removing food residues are the major constraints on the recyclability of
plastic packaging. This makes the plastic recycling impracticable with high cost and
complexity of separating and processing of these plastic materials.[7,16] Therefore, this
work will investigate the development of fully recyclable plastic food packaging with
embedded functionalities to isolate the liquid residues of packaged food products. This
can lead to more sustainable food and packaging over the supply chain.

Figure 1.3: Environmental challenge of plastic packaging waste (photo source:
waste360).

1.2 Thesis Objectives and Layout

This thesis aims to explore different innovative packaging solutions for scavenging and
isolation of meat exudate within plastic meat packaging itself and without the need for
additional components. This is based on the functionalities of capillarity and interfaces
with a focus on enhancing capillary pressure and liquid pinning to increase liquid
retention. These functionalities are gained through modification of both the geometry

and surface chemistry of plastic meat packaging.
The thesis reporting this work has been laid out as follows:

e Chapter 2. Literature review: This chapter reports reviews of current literature
on meat exudate, surface wettability and capillary phenomena, capillary valves,
porous materials and surface modification of polymers.



Chapter 3. This chapter reports a description of the materials and methods used
for characterising the meat exudate and new packaging solutions. The first stage
of this work was to prepare simulant liquids of meat exudate, with appropriate
surface tension and rheology, to evaluate the liquid retention capacity of the
packaging solutions with various modifications. The second stage was to apply
surface and geometrical modifications to the packaging solutions, characterise
the properties of packaging samples and test their liquid retention capacity.
Chapter 4. This chapter reports the rheological and physical characterisation of
pork meat exudate in addition to the formulation and characterisation of exudate
simulants.

Chapter 5. This chapter reports the investigation of the ability of specifically
designed thermoformed recesses in the plastic film tray to trap liquids.

Chapter 6. This chapter reports the investigation of the use of targeted oxygen
plasma treatment as a means of improving the trapping of liquids through the
different wetting abilities of the plastic tray face and recesses.

Chapter 7. This chapter reports the studies on the application of oxygen plasma
treatment as alternative means of chemical wetting agents to enhance the liquid
absorption capacity of open-cell polymeric foam.

Chapter 8. Conclusions and recommendations: This chapter reports the key

outcomes of this work with recommendations for future work.



Chapter 2

Literature Review

2.1 Introduction

This chapter first explores the characteristics of meat exudate in terms of how it is
formed, physical properties and the challenges it presents in food packaging. This
enables the formulation of effective simulant liquids for assessing the liquid retention
of new packaging solutions. Current methods for dealing with meat exudate are
discussed followed by a review of the underlying phenomena behind flow and wetting
characteristics of meat exudate. Surface wettability, capillarity and valving phenomena
are researched for proposing new technologies that are effective for trapping meat
exudate within wells and open-cell foam. These involve geometrical valves and wetting
variation-based valves as well as liquid wicking in the porous materials under capillary
action. This is followed by a review on surface modification of polymers with a focus

on plasma treatment for improving surface wettability and capillary actions.
2.2 Meat Exudate
2.2.1 Exudate Formation and Structure

Liquid exudation from packaged fresh food is problematic to food packaging. Liquid
excreted within food packaging is unsightly, affecting the safety and quality properties
of packaged food products.[28,29] Fresh meat, seafoods, fish and poultry are naturally
liquid-exuding foods and are typically packaged in plastic trays. In the case of prepared
packaged foods, this liquid accumulates in the packaging during storage. While this
phenomenon is not exclusive to meat products, in this case particularly, the liquid
emitted is an undesirable consequence of preparation and storage. Packaged meat
products tend to release an exudate (drip) during their shelf life.[3,18] This exudate
flows under gravity from the meat surface as a result of protein denaturation and lateral

shrinking of muscle fibres during the post-mortem period.[30,31]

Meat muscle primarily consists of 75% water in addition to 20% proteins, while
other components, such as lipids, minerals and vitamins only form smaller portions of
the meat. The water content of muscle can be found in three different forms based on
the structural bonds with meat proteins (free, immobilised and bound water). Most

water is retained under forces of capillarity or charge attraction in compartments and
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channels between structural myofibrils, meat cells and filaments.[31] This water can be
re-distributed inside the meat structure during post-mortem period with a decrease in
pH of the muscle due to glycolysis and formation of lactic acid.[30,32] The increased
environmental acidity induces equal positive and negative charges of muscle proteins
leading to a reduction of their capacity to hold and bind water. Myofibrils also undergo
contraction and shrinkage leading to a reduction in the size of structural muscle cells
and cross-section of the fibres with nearly 9%. This results in a decrease of the spaces
available to hold entrapped water inside meat muscle.[31,32] Therefore, the muscle
water is expelled from the structural gaps and drained as meat exudate under

gravity.[33]

The exudate expressed from fresh meat is estimated to be around 1-3 wt% of the
red meat cut weight and it can reach 10 wt% for pale-soft, exudative (PSE) pork
meat.[31] This liquid loss also increases as a consequence of meat handling or
processing, such as cutting and freezing.[34] The meat exudate is an aqueous liquid
containing soluble sarcoplasmic proteins with a mixture of amino acids and
enzymes.[35] The protein concentrations can reach 112 mg for each millilitre of the
meat exudate.[31] Exudate content of proteins can vary according to the amount of
exudate expressed from meat. Various works reported that protein concentration is
negatively proportionate with the volume of released exudate. This can be explained by
the dilution effect as the increase in water released from muscle tissues results in
diluting the proteins concentration in the exudate[36-40] The sarcoplasmic proteins in
meat exudate are water soluble and have low molecular weights. These proteins are
globular with more than 500 proteins primarily in the form of enzymes in addition to
myoglobin.[30,41] The molecular weights of sarcoplasmic proteins are less than 100
kDa, and more specifically in the range of 17-92.5 kDa.[30,42] Many researchers have
analysed the protein composition of meat exudates. Protein analysis carried out by Ursu
et al.[43] for pork exudate showed that it primarily contained protein bands with
molecular weight ranging from 20 kDa to 100 kDa. These bands are consistent with
protein bands found in pork exudate by Di Luca et al.[44] as the most abundant bands
were 83, 68, 63, 42, 31 kDa. Bowker et al.[37] found that the majority of soluble
proteins detected in beef exudate had molecular weights of 47, 43, 36 kDa. However,
further breakdown of sarcoplasmic proteins occurs during meat ageing and proteins

with lower molecular weights can be observed in the meat exudate. Proteins with high



molecular weights > 100 kDa were also detected in meat exudate including proteins
with 167 kDa in beef exudate.[37] These protein fractions originate from breakdown of
myofibrillar proteins through proteolysis processes during meat ageing.[44] This
degradation of myofibrils proteins was also observed during ageing stage of beef by
Laville et al.[45]

2.2.2 Rheological and Physical Properties of Meat Exudate

The presence of soluble proteins in meat exudate has a significant impact on its
rheological and physical characteristics. These are manifested in higher viscosity and
lower surface tension of meat exudate when compared with pure water.[33,43,46] This
might affect the ability of packaging systems to retain this liquid. Literature indicates
that there is a range of properties for meat exudate depending on the meat type and
other considerations, such as ageing. Meat exudates typically have a range of viscosities
< 10 mPa.s and reduced surface tensions down to 50 mN/m as reported in several works.
Pork exudate characterised by Ursu et al.[43] showed Newtonian flow properties with
viscosity values ranging from 3 to 10 mPa.s at a temperature of 20 °C, and the surface
tension as low as 50 mN/m. Shibata-Ishiwatari et al.[46] found that beef exudate had a
viscosity of 3.12mPa.s at 20 °C. The viscosity of beef exudate was also between 3 and
4 mPa.s as reported by other work.[47] However, the viscosity was higher for exudate
expressed from aged meat due to the increase in protein concentration with more protein

fractions being degraded and dissolved in the meat exudate.[47]
2.2.3 Challenges of Exudate in Meat Packaging

Meat exudate presents a major challenge to the meat packaging industry. This exudate
is usually expressed from meat surface and accumulated in the meat plastic trays.
Consumers perceive the free-moving exudate as unattractive and unhygienic, leading
to a rejection of the product at point of sale. The exudate can also leak from the meat
packaging during handling and display on the shelf.[18,48] The meat exudate has a high
content of soluble nutrients transferred from the meat structure including amino acids,
vitamins and soluble sarcoplasmic proteins.[49,50] This offers a rich media of nutrients
with high water activity for greater proliferation of existing pathogenic bacteria and
spoilage microorganisms. This can limit the meat shelf life and result in compromised
meat safety and deterioration of meat quality characteristics.[3,18] Kim et al.[51]

studied the effect of pork exudate on the microbial activity inside meat packaging



during chill storage at a temperature of 1 °C. They found that removing the exudate

from the packaging bags resulted in a considerably lower load of microorganisms.[51]
2.3  Conventional Plastic Packaging Solutions for Exudate Scavenging

Fresh meat products are normally packaged in polymeric trays and sealed with thin
flexible film.[18] Isolation of the meat exudate in these trays has thus far been addressed
by different packaging solutions. An absorbent pad is commonly placed between the
contained meat and bottom of packaging tray to absorb the meat exudate. It can be in
different forms including multi-layered pads, paper sheets, blankets, or non-woven
polymeric layers with incorporated superabsorbent material.[52—54] These absorbent
pads immobilise the exudate in their absorbing bulk leading to a reduced water activity
inside the plastic packaging.[55,56] Incorporation of meat trays with liquid-holding
micro-wells is also another approach to trap the released meat exudate in film
packaging. This includes arrays of micro-wells with hexagonal shape to act as a liquid
retention system.[57] A polymeric foam tray with an open-cell structure is another
packaging solution as soak-away for the meat exudate as reported in different
patents.[58—60] This absorbent tray has an interconnected porous structure and draws
the meat exudate into the foam pores through perforations made in the tray skin.[61]
The liquid absorbency of polymeric foams is attributed to their porosity and pore
interconnectivity, which ensure a network of interconnected voids accessible to the
wicking liquids.[62,63]

The current food packaging solutions for liquid scavenging have various
drawbacks. Micro-wells and foam are not sufficient to hold the volume of exudate and
only absorbent pads are appropriate at the moment.[55,57,64] Additional components
such as absorbent pads and foams present a problem in terms of recycling of the
packaging film since soaked pads and foams are non-recyclable, and these are often
glued to the packaging and must be manually removed.[9,65,66] This makes the
recycling of plastic meat packaging impractical and increases the environmental
footprint of plastic packaging waste that ends up in landfill and oceans.[7] Saturated
absorbent pads can also be separated, and inadequate apertures on the outer pad film
can cause tearing of the pad film and direct contact between the absorbing layer and
packaged product.[55] Further, foam trays and pad-embedded trays of meat products
are usually tilted at different angles (45°, 70°) during shipping and displaying that may



result in noticeable accumulated exudate at the tray edges.[67] Therefore, it is of a great
interest to develop sustainable and innovative packaging solutions to isolate the
released exudate away from the packaged meat products that does not rely on additional

components.
2.4 Surface Tension and Wettability Phenomena

Surface wettability and surface tension are crucial phenomena in nature and practical
sciences, such as physics and engineering. These are attributed to the molecular
interactions that occur at material interfaces, giving liquids their characteristic surface
forces and defining the liquid spreading on solid surfaces.[68,69] Several solutions and
phenomena, including capillarity, are based on liquid surface tension and wettability of
solid surfaces that can be observed in nature. For example, moisture collection by
patterned surface wettability of Namib desert beetles and non-wetting properties of
lotus leaves and butterfly wings for self-cleaning surfaces.[70,71] These and other
bioinspired wettability-based solutions can be exploited to explore innovative solutions
for liquid isolation within food packaging. Hence, capillarity and capillary valving
phenomena will be investigated to develop food packaging capable to isolate and retain
the meat exudate. The interaction of the exuded liquid with the packaging material
surface/bulk will determine the extent to which the liquid can be trapped or retained
within the packaging. While the properties of the liquid are due to the type of meat
product and its treatment, the packaging may be manipulated to change the liquid/solid

interaction.
2.4.1 Surface Tension

Surface tension and surface energy are important physical characteristics of liquid and
solid materials, responsible for interactions taking place on the interface of contacting
surfaces. These include liquid wicking and adsorption onto solid surfaces, surface
wettability and adhesion that are utilised in various technological applications, such as
packaging, textiles, pharmaceutical products, coating and printing.[68] The surface
tension is particularly crucial to meat exudate as it will determine the potential
mechanisms to trap meat exudate in food packaging. The surface tension is attributed
to attractive intermolecular forces expressed on the top boundary layer of a material,
and originates from the cohesive intermolecular forces between the material molecules

as no outer neighbouring molecules are present to interact or balance this layer. These
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surface forces are directed towards the material bulk to minimise the surface area, thus,
generating a meniscus for liquid materials. Any increase in the material surface
increases the imbalance of molecules existing on the top surface layer and induces more
forces towards the bulk. This is not the thermodynamically favourable state of
materials. Therefore, surface tension tends to reduce the liquid surface area. The
increase in the material surface requires additional force to overcome the dominant
force of surface tension. This is observed in floating insects like gerridae on water
where the surface tension forces are larger than the gravitational forces exerted by the
insect on the water surface. The surface tension is commonly determined as the force
required to increase a length unit presented in terms of N/m for liquids. For solid
surfaces, the equivalent surface tension is referred to as surface free energy, defined as
the work needed to increase a unit of surface area and estimated in J/m?.[72-74]

The surface tension of liquids can be determined by direct methods, such as pendant
drop and capillary rise techniques, while the measurement of surface free energy of
solid surfaces is carried out by indirect approaches that rely on contact angle
measurements of known liquids and semiempirical models.[75] The surface free energy
depends on the chemical surface structure of solid materials, and it is divided into polar
and dispersive components. The polar component is attributed to hydrogen and
inductive bonds, while the dispersive component accounts for various dispersive forces,
such as van der Waals and other London forces.[76] The surface free energy and its
components are commonly determined by measuring the contact angle of test liquids
with known surface tensions and using one of the semiempirical models referred in
different indirect methods, such as Fowkes, Geometric mean and Zisman.[75,77]
Therefore, solid material surfaces with molecules interacted in their bulks by primary
bonds have high surface free energy, such as metals and inorganic materials. On the
other hand, organic materials generally express lower levels of surface free energy,
particularly the polymers as their surfaces lack polarity and the polymer chains are

bonded with weak forces, such as van der Waals and London forces.[72,73]
2.4.2 Surface Wettability

Wettability is a surface characteristic of materials that reflects the affinity of a liquid to
spread and adhere to another surface. It can be observed as wetting or non-wetting

behaviours in nature and various technological applications, such as water droplets on
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plant leaves, oil-water separation technology and printing.[71,72,78] Wetting
phenomena occur when surfaces of liquid and solid material are in direct contact as the
outer molecular layers on the interface interact to balance their surface forces. This
causes formation of a liquid/solid interface. The resulting adhesive forces on interface
are based on molecular interaction of the dispersive and polar elements of both liquid

and solid material on the interfacial area.[79]

The wetting and spreading depend on the surface chemical structure and acting
forces that include electrostatic, van der Waals and other long-range forces. The wetting
properties of solid material surfaces can be characterised by the contact angle (6)
formed at the three-line interface between solid, liquid and air in equilibrium. The
measured contact angle of a liquid drop on a flat surface or liquid meniscus on a 3D
geometrical structure surface allows to determine the surface wettability.[69,80] This
contact angle reflects the competition between the molecular cohesive forces exerted
by the liquid to reduce its surface and the adhesive forces on the liquid/solid interface
to extend the liquid spreading in the thermodynamic equilibrium.[68] These molecular
interactions are extremely weak between low density fluids, such as air with the solid
or liquid surface.[81] Based on the measured contact angle, the wettability of a solid
surface can show different thermodynamic states that can be explained by full and
partial wetting regimes under equilibrium conditions. As a liquid tends to completely
wet the solid surface forming a thin liquid layer, a contact angle of 0° is achieved. For
a liquid partially wetting the solid surface, a characteristic drop with contact angles >
0° can be obtained in equilibrium as illustrated in Figure 2.1. There are two
distinguished cases for the partial wetting states, which include wettability with contact
angles < 90° known as wettable surface and corresponding to hydrophilic surface
regarding water as a wetting liquid. This partial wettability occurs as the solid surface
has surface energy enough to compensate the surface tension of the wetting liquid. On
the other hand, a partial wetting state with contact angles > 90° accounts for a non-
wettable surface with a finite shaped drop. This corresponds to hydrophobic surface

regarding water as a wetting liquid.[69,72,82]
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(a) (b)

Figure 2.1: (a) non-wettable solid surface (contact angle 8 > 90°), (b) wettable solid
surface (contact angle 8 < 90°). Figure was redrawn from Grundke et al.[69]

Surface wettability of solid materials is governed by their surface chemical
composition, surface free energy and topography. It is also dependent on liquid surface
tension.[83,84] The mechanism of wetting behaviour is defined by Young’s model
according to the thermodynamic theory of adsorption. This model considers a liquid
drop is settled on a smooth, uniform and solid surface in thermodynamic equilibrium
(Figure 2.2) with no impact of any external forces on the deposited drop, such as
gravity.[68,85] Young’s model relates the resulting static contact angle (&) at the three-
phase interface with three characteristic interfacial tensions as shown in equation
(2.1)[69]:

Ysv — Psl
Vv

cos 0. =

2.1)

The contact angle can be measured by the sessile drop technique that is based on
analysing the drop shape profile. Therefore, the surface wettability increases for higher
surface free energy of solid surface represented by solid/vapour interfacial tension (ysv),
and for lower solid/liquid interfacial tension (ys)) and liquid/vapour interfacial tension
(yv)[68]. On the other hand, the wetting behaviour involves formation of adhesive
forces on the liquid/solid interface as the contacting surfaces tend to minimise the
energy on their interface in equilibrium condition.[68,71] This is represented by the
work of adhesion (W,) needed to separate the contacting surfaces of liquid and solid

phases as given by Dupré equation (2.2)[68]:

Wa= PYsv + Plv — Psl (22)
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This equation can be modified to relate the work of adhesion with the contact angle
and liquid surface tension by introducing Young’s model, which leads to Young-Dupré

equation (2.3) for work of adhesion[68]:

Wa=yv(1 + cos 6;) (2.3)

Figure 2.2: Equilibrium contact angle (8e) and three-phase interfacial tensions (ysv, ys,
yv) according to Young’s model. Figure was redrawn from Grundke et al.[69]

2.4.2.1 Effect of Surface Topography and Chemical Composition on Surface
Wettability

Although the wetting behaviour of a liquid on solid surface is commonly characterised
through Young’s model by measuring the static contact angle, this approach is only
valid when the solid surface is consistent regarding chemical uniformity and surface
smoothness. However, solid surface characteristics are highly dependent on the surface
topography and chemical heterogeneity of a solid surface. Most surfaces of real-world
solid materials are non-ideal exhibiting a degree of roughness or chemical non-
uniformity, which affect the contact angle in the thermodynamic equilibrium.
Therefore, the surface chemical composition and roughness are considered when
studying the wettability and surface energy of non-ideal solid surfaces.[68,69,76] The
surface free energy of non-ideal solid surfaces is determined by measuring the apparent
contact angle in thermodynamic equilibrium. This angle may deviate from the Young’s
contact angle (¢) on an ideal surface due to the effect of surface roughness or chemical
heterogeneity. Wenzel determined the correlation between the apparent/Wenzel contact
angle (Aw) on a rough surface and Young’s contact angle on corresponding ideal
surface.[86,87] This was based on using roughness factor (rw) to include the effect of
surface roughness in Young’s model. The surface roughness was found to influence the
surface energy of solid surface and interfacial tension between solid and liquid

materials. The roughness factor represents the ratio of rough surface area to the
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equivalent smooth surface area, and it can be embedded in Young’s model as shown in
equation (2.4)[69]:

Fo(Psv — Ps1) = PIvCOS By (2.4)

The apparent/Wenzel contact angle on the non-ideal rough surface can also be

estimated from the Young’s contact angle and roughness factor as shown in Wenzel

equation (2.5)[69]:
cos By = rwcos 6 rw>1 (2.5)

The roughness parameter ry in Wenzel equation >1 reflecting that rough surface
has a larger contacting surface than the corresponding smooth geometric surface.
Consequently, the surface roughness has a considerable impact on the apparent surface
wettability leading to an increase in the magnitude of the wetting or non-wetting
(repellency) of solid surfaces. This is observed in the decrease in measured contact
angle on rougher surfaces with intrinsic contact angles < 90° that exhibit improvements
in the wetting and spreading behaviours. On the contrary, any increase in roughness of
hydrophobic surfaces with intrinsic contact angles > 90° results in higher contact angles

and improved surface repellency.[69].

Surface wettability is also influenced by the chemical heterogeneity of solid
surfaces. The effect of heterogeneous surface was described by Cassie, who defined the
contact angle on a solid surface with two different chemical components. The overall
apparent contact angle (6c) according to Cassie was found to be dependent on the
proportion of each surface component and corresponding to local contact angle on each

surface component as shown in the Cassie equation (2.6)[68]:
cos 6. = Picos 01 + Pxcos 6» (2.6)

where Py is the fractional area of the component 1 of surface with its local contact angle
01, P2 is the fractional area of the component 2 of surface with its local contact angle
6>.[68]

The heterogeneous solid surfaces (chemically or topographically) can show various
apparent contact angles with mechanical stabilities of a deposited liquid drop. The
apparent contact angle can take a range of contact angle values as the liquid drop tends
to advance or retract from its position in equilibrium. Therefore, a contact angle

hysteresis phenomenon can be used to reflect the effect of surface heterogeneity on
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these dynamic contact angles and wettability of solid surfaces. The hysteresis induces
pinning to a liquid drop as it advances on non-ideal solid surface towards new non-
wetted surface. This causes increases in the contact angles of advancing drop sides until
reaching a maximum value. On the other hand, the liquid drop boundary can be pinned
when the drop side is retracting leading to decreases in the contact angle until reaching
a minimum value. These maximum and minimum values of apparent contact angles are
the characteristic advancing (6.) and receding (6r) angles respectively. The difference
between these extreme angles determines contact angle hysteresis (Ad), which arises
from the deviation from the ideal smooth and uniform solid surface as given by the
equation (2.7)[68,69]:

A 6= 0, 6 (2.7)

Contact angle hysteresis is determined by measuring the advancing and receding
angles of a liquid drop using dynamic measuring methods. These include contact angle
measurements when increasing and decreasing the volume of the sessile drop or using
a tilting plate.[88]

The effect of surface roughness on contact angle hysteresis is crucial in
characterising the solid surface wettability and it was first studied by Johnson et al.[89]
It has been demonstrated that contact angle hysteresis for rough surfaces increases with
the degree of roughness as the advancing contact angle becomes larger and receding
contact angle becomes smaller. The increase in surface roughness can induce a capillary
effect when it reaches a specific degree depending on the geometrical topography. The
resulting capillary forces facilitate liquid wicking into the confined surface grooves and
features when the Young’s contact angle < 90°. This leads to a reduction in advancing
contact angles, thus improving the surface wettability. However, the hydrophobic rough
surface with Young’s contact angle > 90° will resist the liquid wicking into the
structural surface grooves converting the homogeneous rough surface into
heterogeneous composite of solid surface and air fractions. This surface configuration
occurs due to the air trapped in the surface pores and features that results in a dramatic
reduction in surface energy and contact angle hysteresis of the surface as reported by
Grundke et al.[69] Therefore, the rough surface can be tuned from homogeneous state
described by Wenzel model to heterogeneous state described by air-rough surface

composite that is called Cassie-Baxter model as shown in equation (2.8)[90]:
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c0s b= Psi(cos O+ 1) — 1 (2.8)

where 6, is the total contact angle according to Cassie-Baxter model, P is proportion
area of contacting liquid drop with solid surface, &s is local contact angle of liquid drop
on solid surface proportion. This is a special case of Cassie model where the solid
surface and air phase represent the two heterogeneous material fractions with different
wetting characteristics (complete non-wetting of liquid drop with air proportion, 6 =
180°).[90]

2.4.2.2 Exploitation of Surface Wetting Phenomena

Inspired by the natural biological systems, engineered surfaces with special wettability,
such as super-repellent surfaces and superhydrophilic surfaces, various functional
surfaces have been developed for different technological applications. Synthesis of
surfaces with desired wetting properties depends on both surface chemistry and
topography.[70] Self-cleaning and water repellency are among the common
applications of surface wettability, particularly for fabrics and textiles industry. Surface
modification of the fibrous structure of textiles is used to impart superhydrophobic
properties, hence self-cleaning functionality. This includes applying a hydrophobic
coating onto the textiles, such as silicone coating.[91] Separation of oily components
from water is another wettability-based approach for water recovery in industries, such
as food and pharmaceuticals, or oil spills remedy in oceans. This involves different
techniques including the use of porous polymeric materials (sponges) and filters. These
are based on manufacturing materials with affinity for oils (oleophilic) and water
repellency (superhydrophobic) that provide micropores permeable to oils and
impermeable to water.[70,92] Wettability manipulation was also used to reduce friction
resistance in microchannels and develop smart microfluidic devices to perform sample
dosing, separation and analysis.[93,94] The advances in surface engineering and
functionalisation of solid materials led to many other applications of wettability, such
as Biofouling control, fog collection system, antifogging surfaces and water
desalination.[70,95]

The wettability also has its applications in food packaging. Surface wettability
modification of plastic packaging waste is an important approach in separating different
polymer materials prior to recycling process. The separation process is based on

adjusting the wettability of mixed polymers. Thus, polymers with varied surface

17



wettability exhibit different floating behaviours. This technique was applied to mixed
PET and polyvinyl chloride (PVC) parts as the main components of plastic bottles used
in soft drink industry. The PET could be isolated from PVC by inducing the
hydrophilicity on one polymer while the hydrophobicity of the other polymer was
maintained. Another application of wettability on food packaging showed that the
improved wettability of plastic packaging surfaces increased the rate of biological
degradation by microbial colonisation. This was proved for low-density polyethylene
(LDPE) treated with corona technology.[68] Antifogging functionality of plastic food
packaging is fundamentally dependent on the surface wettability of packaging films.
One of the common approaches to impart antifogging properties is the increase in
wettability of film packaging surface. Previous antifog LDPE surface was
manufactured by the application of hydrophilic pullulan coating, leading to a decrease
in WCA from 89.2° to ~24°. The improved wettability of LDPE film allowed for
antifog plastic film suitable for food packaging applications.[96] Therefore, the design
of plastic packaging with varied wetting properties can provide different surface
functionalities desired for food packaging applications.

2.5  Capillarity and Capillary Valving Phenomena

Capillarity and capillary valving are among the most common phenomena based on
wettability and surface tension. Liquid flow and retention can be effectively controlled
by capillary features and valves. Therefore, capillary-based techniques can be
developed and incorporated into the plastic food packaging to allow mechanisms of

liquid retention within the bulk or surface of packaging itself.
2.5.1 Capillarity Phenomenon

Capillary-induced wetting (capillarity phenomenon) is a ubiquitous process in nature
for transport of water in soil and plants.[80] Capillarity is based on the wettability
phenomena and fundamentally depends on liquid surface tension and wetting properties
of a solid surface, which can be used to develop new technologies for liquid isolation
and liquid flow management within the food packaging. The capillarity accounts for
the unique spreading of a liquid on a tilted surface against the pulling effect of gravity,
and liquid rising or retracting in a thin tube connected with a liquid reservoir. As liquid
wets a vertical or tilted solid surface, it can rise over the wetted surface forming a

meniscus due to the acting negative Laplace pressure. This capillary pressure is induced
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by interplayed cohesive forces of the wetting liquid with adhesive forces on liquid/solid
interface.[71,80] Therefore, capillary forces are generated to drive the liquid meniscus
for a certain height (z) until the hydrostatic pressure balances Laplace pressure in
equilibrium as shown in equation (2.9):

Po+ Ri = Py pgz 2.9)

where P, is atmospheric pressure, y is liquid surface tension, R™ is meniscus curvature

of liquid, p is liquid density, g is gravity acceleration.[71,80]

The liquid spreading and rising tend to minimise the free energy on the contact line
of solid, liquid and air interfaces.[97] Liquid rise and flow in a confined thin tube is one
of the most common applications of capillarity where a liquid can spontaneously transit
into the tube space. This phenomenon is observed when the capillary tube with small
radius is connected to a wetting liquid reservoir, and a differential pressure called
Laplace pressure (capillary pressure) is induced by the gradient energy between the
interfaces of liquid/solid (wetted region) and air/solid (dry region). This pressure allows
pulling capillary forces within the confined tube to drive the liquid to spread on the
capillary walls while the cohesion forces of the liquid raise the rest of the liquid mass
leading to a liquid column with a curved meniscus. The rise of liquid meniscus in a
confined tube differs from the case observed on a tilted flat surface as the meniscus is
boosted by the tube curvature.[71,80,98] The Laplace pressure/capillary pressure (AP)
is described by Young-Laplace equation (2.10) for a capillary tube:

11
AP, =yp(—+ —
V(Rl Rz)

(2.10)

where Ry and R> are principal curvature radii of rising meniscus. For circular capillary
tube with radius (r), R1 = Rz = r/cos 8 where 6 is meniscus contact angle with tube wall.
Therefore, Laplace pressure depends on the contact angle as described in equation
(2.11)[99,1007]:

2ycos 0
AP = (2.11)

7

This pressure gives the liquid meniscus a curved shape and drives the liquid within
the capillary tube. The rising liquid experiences an increase in the hydrostatic pressure

during liquid transit (imbibition) process due to the increase in liquid column weight as
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illustrated in Figure 2.3. The liquid reaches a certain height when the driving Laplace
pressure is balanced with the hydrostatic pressure (APy) in equilibrium, which is given
by equation (2.12)[71,101]:

APy = pghe (2.12)

where p is liquid density, g is gravity acceleration, he is height of liquid column in

equilibrium.

Figure 2.3: Sketch of capillary liquid rise within capillary circular tube with radius (r);
equilibrium liquid height (he), hydrostatic pressure (APy), capillary pressure (APc).
Figure was redrawn from Yifan et al.[71]

The dynamic flow of the rising liquid in capillarity is influenced by different forces
acting on the meniscus during transit process. These forces include driving capillary
force with viscous, gravitational and inertial forces. Lucas-Washburn (L-W) model was
an early analysis of liquid flow in a capillarity.[102] It considers a horizontal flow in
tube with radius (r) and dominant Poiseuille law for velocity gradient in adjacent liquid
layers. The model explained the liquid transit based on a constant contact angle (¢) and
under the influence of only driving capillary force against frictional and gravitational
forces. This model shows that the liquid meniscus flows to lengths along the capillarity

in proportion to the square root of time (t) as described in equation (2.13)[103,104]:

rcos 0

h2
2

(2.13)

where h is liquid height at time (t) in capillary tube, 7 is liquid viscosity.
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(L-W) model also explained the major mechanism of rising liquid in vertical
capillaries under normal gravity, while the effect of gravity and inertial forces on liquid
flow kinetics was not considered. These forces have a significant effect on flow
dynamics, particularly over a short time scale. Further, the liquid dynamic flow involves
generating a dynamic contact angle that is higher than the static angle and proportionate
with liquid flow speed. This was manifested in the deviation of the initial stage of liquid
flow process from the model of (L-W) law.[102,105] A number of researchers have
studied the capillary liquid flow in tubes under different conditions to include more
parameters governing the kinetics of rising liquid in capillarity, such as inertial forces
and dynamic contact angle.[102,104,106] In equilibrium conditions, capillary force and
gravitational force are the only balanced forces as the other forces diminish. This
corresponds to the balanced Laplace and hydrostatic pressure. This enables to
extrapolate equilibrium liquid height (he) inside circular tube that is vertically oriented

as shown in equation (2.14)[99]:
_ 2ycos 0

he (2.14)
pgr

Therefore, liquid surface tension, surface wettability and size of the capillarity are
the key parameters governing the driving capillary force and equilibrium liquid height
under normal gravity.[98,99,107] Various studies investigated the influence of these
parameters on liquid rise in capillarity. Capillary force is positively proportionate to the
liquid surface tension as reported by a previous study,[108] showing an increase in
water height (y: 72 mN/m) of three times that of surfactant solutions (y: 23 mN/m)
within a capillarity of the same size. The study findings also showed a decrease in the
height of surfactant solutions with an increase in diameter of the capillary tube.[108]
This was in line with another study on the increase in height of imbibed liquids in
capillary tubes for smaller radii.[102] The contact angle of a liquid with capillarity walls
has a considerable effect on liquid rise height in equilibrium. The contact angle reflects
the interaction between capillarity surface and rising liquid. It was found that a lower
liquid contact angle on capillarity surface improved the capillary force and increased
the liquid height.[102,109] A further factor affecting liquid rise height is the inclination
of the capillarity. Barozzi et al.[107] investigated the effect of inclination angle of a
capillary tube on the liquid rise heigh. It was reported that tube inclination reduced the

impact of gravitational forces acting on rising meniscus. The study involved inclination
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angle (p) in the range of 0-88° from the vertical, showing longer liquid extension (L)
along the capillary tube with the increase in inclination angles as predicted from the
theoretical model in equation (2.15)[107]:

p= ——0 (2.15)

where Hg is liquid height in capillary tube inclined at angle of S.
2.5.2 Capillary Valving Phenomenon

Capillary valves are an abrupt change in the dimensions or surface wettability of a
capillarity which exploit the capillary forces to restrict liquid motion. These valves can
be introduced to the food packaging by a special design or surface treatment to enable
liquid retention within the packaging itself. The liquid retention and flow can be
controlled in capillary channels and features under the effect of capillary forces.[110]
The capillary forces govern liquid flow and behaviour in the capillary systems where
these forces are magnified in comparison with existing body forces.[80,82] Valving
functionality is usually introduced to use the capillary forces in liquid retention and
flow control by using passive stop valves in capillary systems and channels.[110,111]
These capillary valves are mostly used in micro-sizes and divided into geometrical
valves and wetting-based variation valves, which generate a pressure barrier to retain
liquids.[112-114] The working principles of valving functionality are based on
inducing liquid pinning at the sudden change in geometrical dimensions or surface
wettability of a capillary channel. This allows liquid to form a specific pressure barrier
preventing liquid flow. Therefore, any increases in the air/liquid interfacial area result
in rises in the pressure barrier until reaching a maximum value that is called burst
pressure.[113] The use of capillary valves is very common in liquid flow control due to
their low cost, simple design, easy fabrication and good anti-clogging
properties.[112,115] Capillary passive valves are widely used for liquid manipulation
and flow control in various technological applications in biology and chemistry, such
as sample handling and analysis in microfluidic devices, liquid micropump and drug
delivery.[112,116] Therefore, the functionality of capillary valves can be exploited to
improve the liquid retention of recesses of extended sizes that can be integrated into

plastic meat trays as a solution for self-isolation of meat exudates.
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2.5.2.1 Capillary Geometrical Valves

The geometrical passive valves are a sudden expansion/enlargement in the capillary
geometry, where the liquid can be pinned on the diverging capillary walls.[113] The
liquid on the passive valve expands and adapts to the geometrical expansion. This
induces a liquid pinning effect on the valve walls and generates a capillary pressure
barrier to prevent the liquid flow.[113,115,117] For a micro-sized capillary channel
with circular cross-section that ends up with a sudden expansion with an opening angle
(w), aliquid forms a contact angle (&e) with internal channel wall surface in equilibrium,
exhibiting capillary pressure (Laplace pressure) given in equation (2.11). As an external
pressure acting on the liquid, the liquid meniscus will be pinned on the valve walls
restricting the liquid advancement. Further increases in the external pressure will make
the liquid meniscus bulge outwardly forming a convex shape and reducing its radius of
curvature. The liquid meniscus will be maintained pinned until the contact angle
reaches the maximum advanced angle (6a) on the valve walls (Figure 2.4). This
corresponds to a maximum pressure barrier on the capillary valve before the liquid can
advance and flow. This pressure is called valve burst pressure (APgy) as given by
equation (2.16)[113,118]:

2ycos (6, +
APy = eSOt @) (2.16)

7

Figure 2.4: Sketch of capillary geometrical valve with opening angle () on a capillary
channel with radius (r); fa is advanced liquid angle on valve wall. Figure was redrawn
from Cho et al.[113]
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Various studies investigated the mechanism and functionality of capillary valves to
control liquid flow in microfluidic systems.[110,113,118] The burst pressure barrier is
the defining feature of geometrical passive valves, and it allows to determine the force
needed to overcome the pressure barrier of a certain valve. This pressure is
fundamentally governed by different parameters including liquid surface tension, valve
opening angle, capillarity size and surface wettability. The magnitude of the pressure
barrier increases for liquids with higher surface tensions as reported in previous
works.[110,113,118] Other studies found that increases in the size or diameter of the
capillary channel led to reductions in the resulting pressure barrier of geometrical
passive valves.[111,115] The surface wettability of the walls of a geometrical valve has
an impact on the valve pressure barrier. For high surface wettability of valve walls, the
valve exhibits a low pressure barrier. This was demonstrated in the research work of
Kazemzadeh et al.[119] who studied the effects of capillary surface wettability on liquid
burst from a capillary channel at different water contact angles. The capillary channel
and valve walls with contact angle of 60° had a convex liquid meniscus on the valve
walls with high burst pressure barrier, while the meniscus had concave shape with lower
burst pressure barrier for lower contact angle of 20°. This is due to the substantial
increase in adhesive forces on the wall surface of capillary valves. These adhesive
forces are large on highly hydrophilic surfaces and compete with the cohesive forces
on advanced liquid curvature leading to reduced pressure barrier.[119]

The pressure barrier of a geometrical passive valve depends on the expansion valve
angle. Valves with larger opening angles result in higher burst pressures. The highest
burst pressure of a valve with a specific diameter is attained when the sum of its opening
angle and advanced contact angle (w + 6a) >180°.[110,120] Therefore, flow control of
highly wetting liquids entails designing capillary valves with very large opening angles
to ensure a sufficient pressure barrier.[121] The impact of valve opening angle on the
burst pressure barrier was investigated and demonstrated in other studies on capillary
passive valves.[111,117] The sharpness of valve opening angle has also a significant
effect on the pressure barrier as round opening angles cause gradual increases in the
capillary size. This reduces the burst pressure experienced by a liquid on the valve
expansion in comparison with a corresponding valve with a sharp opening angle.[113]

Capillary valves with round or flat expansion edges (e.g. open end of a capillary tube)
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exhibit lower pressure barrier with the increase in their edge width as reported by a

previous work.[121]
2.5.2.2 Capillary Wetting-Based Variation Valves

Capillary valves based on surface wetting variation are designed with a sudden change
in the wetting properties of a capillary channel.[113] These valves are also called
hydrophobic passive valves and can be fabricated by applying a hydrophobic material
layer to make patterns on hydrophilic capillary walls.[114,118] The valving
functionality is attributed to the pinning of liquid meniscus on the hydrophobic surface
introduced to a capillary channel providing the contact angle > 90°. The increase in
hydrophobicity of capillary channel walls to fabricate a burst valve can vary from
hydrophobic to superhydrophobic surfaces. The sudden change in the surface wetting
properties of a capillary channel requires the liquid meniscus to adapt new hydrophobic
surface, creating larger contact angle (Figure 2.5). Therefore, the liquid meniscus can
generate a pressure barrier restricting the liquid flow or drainage. The valve burst
pressure (APhy) that can be achieved for a hydrophobic micro-sized channel with

circular cross-section is given in equation (2.17):

_ 2ycos (6a)

hv (217)

where 6, is the advanced contact angle of liquid on the hydrophobic wall surface.[112—
114,122]

Wettable Walls Non-Wettable Walls

Figure 2.5: Sketch of capillary valve based on wetting variation on a capillary circular
channel with radius (r); wettable (hydrophilic) capillary walls vs non-wettable
(hydrophobic) capillary walls, 6. is advanced contact angle on non-wettable wall
surface. Figure was redrawn from Feng et al.[114]
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The maximum pressure barrier of wetting-based variation (hydrophobic) valves is
governed by key parameters comparable to the geometrical valves. These include liquid
surface tension, valve dimensions and liquid contact angle on valve wall surface.
Smaller sizes of hydrophobic valves lead to increases in the resulting pressure barrier
as reported in previous work.[123] However, there is another type of hydrophobic valve
used in microfluidic systems that is based on narrowing the hydrophobic capillary
channel to allow higher pressure barrier.[114] A sudden enlargement can also be
introduced to hydrophobic capillary channels to improve the valving functionality and

pressure barrier.[123]
2.6 Liquid Retention and Drainage in Capillarity

The use of capillarity to contain exuded liquids in confined spaces within the food
packaging is an effective approach to isolate the liquid/exudate from packaged product.
Various means were explored for getting liquid into capillarity, such as recesses and
pores. However, liquid must be retained in place and prevented from drainage during
handling the food packaging. This requires introducing technologies to trap the liquid
inside the capillarity, such as capillary valves. The liquid retention and drainage are
common phenomena occurring in nature and have a particular importance in capillary
systems for their various technological and industrial applications, such as transfer
processes of chemicals. Drainage of a liquid in a closed capillarity with open end
(capillary tube, container with capillary orifice) can be initiated as the capillarity is
inclined. The mechanism of liquid drainage from the open end of a vertically oriented
tube is based on the Taylor finger phenomenon. This involves the formation of an air
finger that propagates into the unstable liquid-air interface at the open side of the tube,
replacing the liquid with air.[124] Hence, the liquid flows forming a film over the tube
walls and drains out of the tube under the influence of gravitational and capillary
forces.[124-126]

Liquid drainage and retention in closed capillary systems with open bottom ends
were studied during vertical orientation and inclination by different researchers.[125—
127] The stability of the liquid meniscus is crucial for liquid retention inside a
capillarity. The liquid meniscus within an inclined capillary tube undergoes
atmospheric pressure acting upwardly against a hydrostatic pressure in addition to the
capillary pressure. Therefore, stable liquid menisci in inclined tubes allow the dominant
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atmospheric pressure to maintain the liquid trapped inside the tube cavity while
unstable menisci are prone to air finger propagation.[125,126] The capillary pressure
largely influences the stability of liquid meniscus within an inclined capillary tube or
channel. As tube openings are assumed to have capillary valving functionality, the
capillary pressure can also generate a pressure barrier strengthening the meniscus
stability and liquid pinning effect.[120] This pressure was sufficiently strong for
capillary tubes of small sizes (diameter < 9.7 mm) to produce stable meniscus and
prevent water drainage as described by Extrand.[125] However, liquid menisci were
less stable for larger sizes of the capillary tubes and lower surface tension liquids
resulting in water drainage.[125] A comparable study on liquid retention and drainage
reported that very low surface tension liquids and large-sized capillary tubes led to
easily initiated liquid drainage as the energy required to generate air finger was
minimised.[126] Liquid menisci with reduced stability can exhibit sinusoidal shapes as
an outward bulge is expressed on one side with increased local hydrostatic pressure.
The other side shows inward curvature with reduced local hydrostatic pressure. The
bulge side of the liquid menisci tends to pin on the opening edge of tube or orifice
generating a pressure barrier against the local hydrostatic pressure.[125,127] It was
found by Extrand[125] that liquid maintains trapped in a vertical capillary tube
providing the pressure barrier is higher than the local hydrostatic pressure acting on the
meniscus. The pressure barrier prevents the liquid meniscus from advancing on the
opening edge to impede the liquid drainage. This improves the pinning of the liquid
meniscus on the tube opening giving the meniscus more stability and preventing
propagation of the air finger.[125] Liquid drainage and retention phenomena also occur
for liquid in relatively large capillary tubes and orifices during the inclination process
where the meniscus presents advancing bulge and receding curvature. Liquid drainage
is initiated when the growing hydrostatic pressure on bulge side of meniscus becomes
higher than the pressure barrier as reported in another study.[127] Therefore, capillary
valving functionality is essential for enhancing liquid retention and restricting the

mechanism of liquid drainage.[120]
2.7  Liquid Uptake into Porous Materials

Porous materials are microstructural composites, contributing to various natural and
industrial applications due to their structural characteristics of adequate rigidity and low

density. These materials contain micropores, which can act as capillary features with
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capability to suck and retain wetting liquids. Therefore, porous materials can be
explored to absorb and trap liquid/exudate inside the food packaging. These materials
are commonly observed in nature or synthesised from different materials, such as
ceramic, metals and polymers that can be used for applications of heat and sound
insulation, porous electrodes, bioengineering, liquid filtration and packaging. The
porous materials are formed of continuous solid phase with pores occupied with gas or
liquid.[128-131] Surface chemistry and structural characteristics of porous materials,
such as pore size, porosity and interconnectivity of pores are the most crucial properties
responsible for their capacities to absorb liquids.[132,133] Porous material structures
with small-sized pores behaving as capillaries, exhibit liquid penetration and wicking
when they are in contact with wetting liquids.[134] The characterisation of liquid
penetration into a porous structure is important for porous materials, such as foam and
fibrous sheets for applications of liquid absorption.[135] The liquid penetration is a
capillary suction process of a liquid into porous materials under the effect of capillary
pressure acting at the pores.[136,137] This capillary pressure is called displacement or
entry pressure as previously described in the Young-Laplace equation (2.11) for a

circular capillary tube, considering the radius of pore is (r).

The liquid can wick into the pore space when it wets the pore surface and forms a
contact angle smaller than 90°. The capillary pressure and liquid penetration are
governed by liquid surface tension, size and wettability of the pores.[133,134] The
liquid is driven by capillary forces generated by the difference in surface energy
between the wet and dry interfaces of porous material as the wicking liquid wets the
pore surfaces.[136,137] Liquid penetration and wicking through porous media are
complex phenomena due to irregular morphology and varying sizes of the pores.[138]
Equivalent/effective pore radius (re) is usually estimated to determine the capillary
pressure and model liquid flow across porous structures. Therefore, the corresponding

capillary pressure (APc) can be described in equation (2.18)[137]:
2ycos 6
AP, = (2.18)

Ve

The liquid penetration involves displacement of the penetrating liquid to the fluid
inside the pore space and flow of the liquid behind its front advancing meniscus.[134]
The complex geometry of porous media has a significant blocking effect on the liquid
wicking due to the induced geometrical hysteresis. As the penetration distance by a
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wetting liquid is limited by the widest pore, the penetration distance decreases with an
increase in the pore radius.[105] On the other hand, the kinetics of liquid wicking inside
porous materials are governed by different forces of capillary, gravity, viscosity and
inertia.[139,140] The liquid flow during wicking in the porous materials is commonly
considered laminar, where the inertial forces are minimal in comparison with the
influence of capillary forces and viscosity,[141] thus the effect of inertial forces on
liquid flow can be neglected due to the small size of pores and prevalence of viscous
forces.[142] Although porous materials are attributed to their complex porous structure
and irregular shapes and sizes of pores, various models have been developed to
characterising the liquid flow and wicking inside porous media.[141] These models
considered liquid flow in a porous structure to be similar to uniform and parallel
capillary tubes as in the Lucas-Washburn model, or capillary tube with alternating cells
and throats as in the sinusoidal model. Another model based on Darcy Law considered
the relationship between the liquid wicking speed and corresponding pressure gradient

exhibited across the porous material.[135,137]
2.7.1 Open-Cell Polymeric Foam

Liquid uptake into the open-cell polymeric foam will be studied as a type of porous
materials. Polymeric foams are porous or expanded polymers with a structure of cellular
composite that contains gas phase distributed in solid polymer matrix.[63] These foams
have complex and irregular microstructure, which are classified into two types
including open-cell foam and closed-cell foam.[143] The polymeric foam with open
cells is attributed to high permeability to fluids with a network of highly interconnected
gas cells and compartments with pores on the cellular walls, while closed-cell foam
contains isolated gas «cells as their pores covered with polymeric
membranes.[130,144,145]

Polymeric foams can be produced through different foaming processes, such as
extrusion and injection moulding. The foaming process involves introduction of a
blowing agent into the polymeric melt under pre-determined foaming conditions of
temperature and pressure.[146] The blowing agent can be a chemical organic
compound that decomposes at high temperature generating a gas, such as
Azodicarbonamide, or physical agent, such as CO2.[147,148] Various polymers can be
foamed, such as PS, PET and PP, and the open-cell structure of polymeric foams are

29



often achieved at high foaming temperatures.[146,148,149] Open-cell polymeric foams
are desired for their high porosity, fluid permeability and light weight required for
applications, such as liquid filtration and absorption, drug delivery systems, energy and
sound absorption.[92,145,150]

2.7.1.1 Liquid Uptake of Open-Cell Polymeric Foam

Open-cell foams are widely used as a liquid absorber of sucking and retention of
oil, food residues and liquid wastes for applications of water purification, remediation
of oil spills and liquid isolation within food packaging.[133,143,151,152] Liquids are
penetrated and wicked into the cellular foam structure, similarly to other porous
materials, under the influence of the driving Laplace pressure as given by Young-
Laplace equation (2.11). Therefore, a reduction in pore size and increase in wettability
of the pore surface increases the capillary pressure across the foam pore. Liquids with
higher surface tensions also exhibit larger capillary pressures and improved liquid
penetration when the liquids wet the pore walls. The liquid absorption performance of
polymeric foams can be enhanced by modifying their pore surfaces to be more
hydrophilic or hydrophobic depending on the liquid characteristics and
application.[133,151] Liquid uptake capacity of open-cell foams depends on different
foam structural properties. This includes foam density, open-cell content, porosity and
pore size.[151] Lower foam densities lead to formation of larger foam cells with thinner
walls that increases their liquid absorption capacity.[153,154] Open-cell content is an
important characteristic parameter for liquid uptake as it represents the foam
interconnectivity and structure accessible to the liquid.[63] This was manifested in the
increased oil uptake of polyurethane foam with higher open-cell content.[154] Pore size
also governs the liquid uptake capacity with a direct impact on the driving capillary
pressure. The reduced pore size of polyurethane foam led to higher oil uptake capacities
as reported by a study.[133] The surface wettability of foam pores is crucial in liquid
penetration and absorption. Lower surface wettability of the pores results in a decrease

in the liquid uptake capacity and magnifies the impact of geometrical hysteresis.[105]

The wettability of foam pores can be increased by the application of a surface
modification treatment, such as plasma treatment and polymer grafting.[155,156]
Open-cell polyurethane foams showed high oil uptake capacity and oil/water separation
attributed to their superhydrophobicity and superoleophilicity.[155] Wetting agents can
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be added to enhance the pore wettability of polymeric foams, facilitating liquid
absorption as used in absorbent polymeric trays for food packaging.[152] However,
these chemical wetting agents (surfactants) might accumulate in the environment and
food chain at high concentrations, introducing potentially toxic effects.[157,158]

2.8  Surface Modification of Polymers

The surface properties of polymers are not always well suited for their end application.
Polymeric surfaces exhibit low polarity and surface energy due to the lack of polar
groups. This results in poor wettability of polymers, particularly towards water-based
liquids, hence polymers may not be suitable for applications based on wettability and
capillarity. Polymer surfaces undergo various surface treatments to modify their
characteristics for different industrial applications. These treatments target the surface
of polymer bulk by introducing functional chemical groups to impart new surface
characteristics desired for the polymer product applications.[4,76,159,160] Surface
modification treatments of the polymers are advantageous over the bulk treatments for
targeting only the outer layer of the polymer structure, maintaining the bulk properties
of polymeric materials. These surface treatments are economical, functionalising the
surface of polymers to be compatible with different applications without the need to re-

shape or manufacture the polymers again.[161]

Polymeric materials can be surface treated for improving their surface properties to
suit different applications, such as wettability, adhesive and sealing properties, dyeing,
and barrier characteristics.[160,162] One of the common methods of surface
modification treatments is to increase surface free energy and wettability of polymeric
surfaces by introducing polar functionality, such as oxygen-containing groups to the
treated surfaces. This can be achieved by oxygen plasma surface treatment as
wettability improvement is particularly crucial for polymers due to their poor polarity
and surfaces energy, which restrict the use of polymers for adhesion-based
applications.[4,76] On the other hand, polymeric surfaces can be functionalised with
more hydrophobic materials, such as silicones and hydrocarbons to further reduce their
surface free energy and increase their hydrophobicity. This reduction in wettability is
widely used to induce liquid-repellent properties that are used in self-cleaning and anti-
fogging applications.[163-165] There are various surface treatment techniques and
methods to functionalise and modify polymer surfaces. This includes physical,
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chemical and biological treatment approaches.[160,162] Physical methods of surface
modification are well suited for functionalisation of polymeric surfaces as these
treatments are inexpensive, consistent, scalable with low environmental impact and
produce no hazardous chemical waste.[162,166] Physical surface modification methods
include various techniques, such as plasma, corona, UV and flame surface treatments
that can be used to modify and functionalise the polymer surfaces for different
applications.[160,162]

2.8.1 Plasma Surface Treatment of Polymers

Plasma treatment is widely adopted for modification techniques of the polymer surfaces
as it can alter the surface hardness, wettability, roughness and improve the adhesion of
the treated polymers.[167,168] It is advantageous surface treatment for its desired
properties when compared with other physical and chemical treatments.[160] Plasma
treatment is environmentally safe, inexpensive and suitable for surface modification of
three-dimensional products and polymers with heat sensitivity. It is also a uniform
treatment maintaining the bulk characteristics and modifying only the outer surface to
a depth range of 0.05-0.005 um.[159,169,170]

Plasma treatments are classified into thermal and non-thermal types. While the
thermal plasma is attributed to very high temperatures, the non-thermal plasma provides
excited gases with low temperature and usually called cold plasma. Non-thermal
plasma is the more common treatment for surface modification of polymers,[162] and
can be categorised into different types based on the working gas, pressure and discharge
power. Different gases can be used with the plasma treatment, such as oxygen, nitrogen,
hydrogen and air and the plasma glow can be generated under low or atmospheric
pressures. Although the low-pressure plasma operates at vacuum with high uniformity
and stability, it suffers from the high cost of vacuum equipment and process complexity.
This has led to a preference for atmospheric-pressure plasma, which avoids the need
for vacuum equipment thus ensuring lower operational costs and facilitating more
readily the incorporation of plasma units into production lines. For the discharge power,
plasma can be based on direct current (DC) or alternating current (AC). Polymer
surfaces are commonly treated by plasma with (AC) discharge due to high efficiency
and uniformity. The AC discharge plasma can operate on a wide range of frequencies,
which involve radio frequency (kHz) to microwave frequency (GHz).[168,169,171]
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2.8.1.1 Plasma Generation and Working Principles

Plasma glow is generated by ionising the molecules of a supplied working gas under
the influence of an electric field. The plasma consists of a very reactive gaseous mixture
of positively and negatively charged ions, electrons and excited gas molecules with UV
irradiation. Neutral and charged oxygen molecules can be found in the oxygen plasma,
such as O, 0., O and 0,".[169,172] The overall plasma is neutral as the quantity of
positively and negatively charged species are equal. These charged gas molecules
undergo collision with other gas particles within the plasma glow. The charged and
non-charged gas particles of the plasma are very reactive and consequently interact with
the exposed polymer surface leading to the modification of the polymer surface
chemistry and morphology.[169,173] For low-pressure plasma, the electrons in gaseous
plasma move faster than other ions and excited species and tend to collide and interact
with the polymer surface. This results in generation of an electric potential between the
plasma and exposed surface, which works as a driving force to attract the positively
charged molecules to the polymer surface so that their interaction rate can reach 100%.
Neutral plasma species are also able to interact with the solid surface due to their
predominantly random movements.[169] These reactive species with enough potential

energy are able to activate the surface and break down the chemical bonds.[174]

Plasma treatment can induce changes in the surface properties of polymers by
different mechanisms including etching, crosslinking and polymerisation with chemical
modification. Polymer characteristics, working gas composition and process
parameters, such as working pressure, discharge power and treatment time determine
the prevalent mechanism during the plasma treatment.[167,168,175] Oxygen plasma
has widely been used for surface functionalisation of polymers and such treatment
usually results in an increase in the oxygen content and surface hydrophilicity of the
treated polymer surface. The functionalisation process involves different interactions
between the excited plasma species and polymer surface. These interactions are
initiated with scission of polymer chains and hydrogen abstraction by the highly
reactive oxygen plasma species, such as radical oxygen and hydroxyl groups. This has
etching effects that leads to removing parts of the sub-surface of the polymer and
forming volatile compounds.[169,176] As well as the plasma process, the etching
mechanism is influenced by the characteristics of the polymer being treated, such as

degree of crystallinity, which is one of the key properties of a polymer with respect to
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the plasma etching rate. The crystalline regions on the polymer surface exhibit higher
resistance to the etching process than amorphous regions. This results in increasing the
crystallinity content of the plasma-treated polymer as the amorphous parts are etched
in preference. This induces modification of the surface morphology forming
topographical features at the scale of nanometres that may increase the roughness of the
treated polymer surface.[173,174] On the other hand, the scission and hydrogen
abstraction processes generate radical sites on the polymer surface. These very active
sites react with the excited oxygen species of plasma resulting in implanting new
functional oxygen groups on the treated polymer surface, such as C-OH and -O-C=0
and C=0 as illustrated in Figure 2.6. Peroxy and alkoxy groups can also be among the
oxygen groups on the treated polymer surface. These unstable groups can be broken
down into different oxygen groups. The polymer surface can be saturated with oxygen
groups for extended times of plasma treatments. However, the chemical
functionalisation process terminates by the chemical interaction of all free radical sites
on the polymer surface.[169] The radical sites can react together forming cross-linked
networks of polymeric chains with a significant impact on the properties of the polymer
surface, such as wear, shear resistance and adhesion. Plasmas with inert working gases
are commonly used to induce cross-linking on the polymer surface.[168,177] The
cross-linking process was investigated by a study[177] on Low-density polyethylene
(LDPE) surface treated with Argon plasma. Furthermore, the radical sites left on the
polymer chain after a plasma treatment remain active and can react with the gaseous
molecules in air causing further oxidation of the treated polymer surface.[178] The high
capability of plasma treatment to modify the polymer surface properties makes it an
effective means for the surface functionalisation with oxygen and other functional
groups. The plasma treatment is also clean and eco-friendly with no need to introduce
additional materials or change the polymer bulk properties. Therefore, oxygen plasma
will be used to implant functional oxygen groups on the polymer surfaces to increase
their wettability.
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Figure 2.6: Sketch on oxygen plasma treatment of polymer surface; polar oxygen
groups (C=0, C-OH, -O-C=0) are implanted on the plasma-treated surface. Figure was
redrawn from Puliyalil et al.[174]

2.8.1.2 Ageing Phenomenon (Hydrophobic Recovery)

Surface treatments have transient effects which decay over time. In the context of food
packaging, this treatment must give the required functionality from the time the
packaging is produced until the product inside is used. Plasma-treated polymer surfaces
experience gradual degradation and loss of the gained polarity and surface energy over
time. The polymer surfaces revert to a more hydrophobic nature showing a tendency to
recover their original surface properties before the plasma treatment. This phenomenon
is called hydrophobic recovery (ageing) and reflects post-treatment changes in the

surface chemistry of the treated polymers.[172,179,180]

Ageing process of the polymer surfaces is proposed to occur via different
mechanisms, such as reorientation or diffusion of the functional polar groups into the
bulk of polymers.[79,168] Another mechanism is the conversion of polar groups (C-O)
to more stable groups (C=0) that ultimately decrease the concentration of polar groups
on treated surfaces as explained in a previous study.[181] The changes in surface
properties of aged polymer surfaces after a plasma treatment are usually progressively,
but not linearly, observed over time. This can be evaluated by determination of water
contact angle (WCA) and chemical composition to reflect the degradation of surface
wettability and depletion of polar groups.[179] The hydrophobic recovery of plasma-
treated polymer surfaces is often partial, exhibiting some long-lasting surface
modification as reported by various studies,[179,182,183] albeit not to the original
extent. The surface properties of polymer surfaces experience fast recovery
immediately after the plasma treatment while recovery rate slows down over time.
Homola et al[182] found that WCA of PET film increased from 36.2° to 51.2° after 6
hours post plasma treatment. The WCA for this film then increased to 55.6° after 90
days of storage time. The ageing process and rate of plasma-treated polymers are
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influenced by the storage temperature and environment,[168] plasma working gas,
plasma treatment time and polymer type.[169] For feasible application of the plasma to
food packaging, plasma treatments would have to factor in the likely shelf life of the
packaging. In other words, these treatments would last long enough to cover packing,

transport, storage and end use.
2.9 Summary of Review

This chapter has reviewed the relevant literature on meat exudate, wettability and
surface tension phenomena, capillarity and capillary valving phenomena, porous
materials and open-cell foam, surface modification and plasma surface treatment of
polymers. Packaging materials can potentially be modified in terms of their geometry
and surface wetting characteristics in a way that offers the ability to trap exuded liquid
within the packaging itself. Current packaging solutions are not in themselves capable
of trapping meat exudate and require separate soak pads, which have to be removed and
act as a barrier to recycling. As a result, a series of experimental trials are required to
develop new packaging technologies capable of trapping exudate within the packaging
itself, without the need for extra components. The first part of this work will be the
development of simulated meat exudate for consistent evaluation of the effects of
packaging modification. Following on from this, the geometry of plastic film packaging
and surface wetting characteristics of both plastic film and foam packaging will be
investigated as means of containing exudate within the packaging. These include the
following experiment chapters:

Chapter 4 investigates the rheological and physical properties of pork exudates to
formulate simulated meat exudate for testing the liquid retention capacity of the
following packaging solutions.

Chapter 5 investigates the modification of recess geometry to incorporate raised rim on
the liquid-holding recesses to enhance their geometrical valving functionality, hence
the liquid retention capacity.

Chapter 6 investigates the localised plasma surface treatment of liquid-holding recesses

to improve their wetting-based valving functionality and liquid retention capacity.

Chapter 7 investigates the plasma surface treatment of open-cell polymeric foam to

increase the liquid uptake of foam packaging.
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Chapter 3

Materials and Methodology
3.1 Introduction

As stated in the literature review (Chapter 2), there is potential for the development of
innovative packaging solutions for isolation and retention of food exudates. These are
based on introducing capillary valving functionalities for liquid-holding PET recesses
in addition to improving wettability and capillary sucking pressure for open-cell
polymeric PS foam. Therefore, a series of experiments were carried out to assess the
capacity of these solutions to scavenging and retaining liquids. This chapter describes
the materials and methods used in this work, starting with the preparation and
characterisation of pork exudate and exudate simulants in Section 3.2. The materials,
design and preparation methods of packaging samples are reported in Section 3.3. The
geometrical and structural characterisation of samples are described in Section 3.4.
Plasma surface treatment and characterisation of sample surface properties are
explained in Section 3.5 and 3.6 respectively. Finally, Section 3.7 includes liquid

retention and absorption tests of samples.
3.2 Preparation and Formulation of Meat Exudate Simulants

From a research perspective, the direct use of exudate is problematic. Firstly, the
exudate will vary depending on the type of meat, storage and preparation method and
duration of storage (Section 2.2.1). Secondly, the exudate is an unhygienic material to
work with. It changes and degrades over time and can only be obtained in small
amounts (millilitres) from fresh meat products. Simulated exudates were, therefore,
produced using rheology and surface tension modifiers to mimic the physical and
rheological properties of real meat exudates. The exudate simulants are safe, stable and
easy to clean liquids, which give physical and rheological behaviours comparable to
real meat exudates in a controllable fashion. To benchmark the exudate simulants, fresh
pork exudates were characterised in terms of surface tension, shear viscosity and
viscoelastic properties. This allows to define the range of surface tensions and flow

behaviours that can be exhibited by meat exudates.
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3.2.1 Pork Exudate

Pork exudate (PE) was selected as a model of meat exudates to characterise its physical
and rheological properties. This is due to the large production volume of pork meat in
the world and well documented studies on pork exudate.[184,185] Pork exudate is a
pink and aqueous liquid primarily contains sarcoplasmic proteins, enzymes, amino
acids and vitamins that are soluble in water.[35,186] Pork meat is mostly packaged in
plastic meat trays, where the pork exudate is excreted from the meat surface and
accumulated in the bottom of these plastic trays.[17,18] Therefore, pork exudate was
taken from fresh packaged pork purchased directly from major retailers (Sainsburys,
TESCO, Aldi, Lidl) in Swansea, Wales, United Kingdom. Pork exudates accumulated
in the plastic meat trays from each retailer was decanted into separate plastic bottles.
Although the exudate content in each tray was varied, the estimated average amount of
exudate taken from each tray was ~20 g. The plastic bottles with pork exudates were
labelled and stored in refrigerator at temperature of 4 £ 1 °C. Rheological and surface
tension characterisation of pork exudate was carried out to produce polymer-based
solutions as simulants of the meat exudate. These solutions were formulated with
rheology modifiers (Carboxymethyl cellulose and bovine serum albumin, Sigma
Aldrich, UK) and surfactant (Triton X-100, Sigma Aldrich, UK) to mimic the
rheological and surface tension properties of the characterised pork exudates. The pork
exudate itself (Sainsburys superstore, Swansea, Wales, UK) was also used in certain

retention tests as a test liquid.

3.2.2 Exudate Simulants

3.2.2.1 Materials

3.2.2.1.1 Carboxymethyl Cellulose

Carboxymethyl cellulose (CMC) with molecular weight of 90,000 g/mol (Sigma
Aldrich, UK) was used as a rheology modifier. CMC is a water soluble and cellulose
based polysaccharide commonly used in the form of sodium cellulose derivative salt.
CMC plays important functional roles as thickener, binder, stabiliser and even as film
forming material. It is widely utilised to control the rheological properties of fluids for
different applications in food, cosmetic and pharmaceutical industries.[187,188] CMC
can be obtained in a range of molecular weights, such as 90,000 g/mol, 250,000 g/mol

and 700,000 g/mol to impart different viscosities.[189] Apart from its desired
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functional properties, CMC exhibits non-toxicity and good biodegradability.[190]
CMC can be dissolved in water to make aqueous solutions with different
concentrations. Studies on the rheological characterisation of CMC solutions with low
concentrations show dominant viscous properties. In contrast, shear-thinning flow
behaviour and viscoelastic properties are attributed to higher concentrations of CMC
solutions.[187]

3.2.2.1.2 Bovine Serum Albumin

Bovine serum albumin (BSA) (Sigma Aldrich, UK) was used to mimic the presence of
proteins in meat exudate. BSA is a globular protein containing 583 amino acids with a
molecular weight of 66400 Da.[191] It is a water-soluble protein, isolated from bovine
blood and commonly used as model protein in food research.[192-194] BSA is widely
used in various applications due to its desired properties of binding, non-toxicity,
biodegradability, low cost, easy to prepare and use.[195,196] Aqueous BSA solutions
usually exhibit shear-thinning flow behaviour, particularly when small shear rates are
applied. The protein molecules also tend to migrate to the interface between fluid and
air, reducing the surface tension, which could be exhibited by the pork exudate.[197]
The surface tension of BSA solutions can be as low as 51.1 mN/m.[198]

3.2.2.2 Formulation of Exudate Simulants

Exudate simulants were formulated to act as test liquids to assess the samples of
developed packaging solutions against their liquid retention capacity. This included
CMC simulants for liquid retention of capillary recesses, BSA simulant and surfactant
simulants for liquid absorption of open-cell foam. Following a series of concentration
trials and associated viscosity measures, the final concentrations of the simulants were

determined to match the viscosity window of previously measured meat exudate.
3.2.2.2.1 CMC Simulants

CMC simulants were prepared to be used in liquid retention tests of capillary recesses.
These simulant liquids had different surface tensions (high, medium, low). To prepare
CMC simulants, sodium carboxymethyl cellulose (CMC) powder (Sigma Aldrich, UK)
with a molecular weight of 90,000 g/mol was used to formulate aqueous CMC solutions
with a concentration of 1 wt%. CMC powder was dissolved in DI water at temperature

of 20 £ 1 °C. The CMC solutions were gently mixed with a magnetic stirrer at low rate
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until the polymer was completely dissolved and any potentially trapped air was
released. The CMC solutions were diluted as required to prepare CMC 1 wt% with
varying surface tensions by adding varying amounts of 1 wt% solution of Triton X-100
surfactant (Sigma Aldrich, UK) and 1 wt% solution of E122 Azorubine dye

(FastColours LLP, UK) for visualisation purposes.
3.2.2.2.2 BSA Simulant

BSA powder with a molecular weight of 66,000 g/mol (Sigma Aldrich, UK) was
dissolved in DI water at temperature of 20 + 1 °C. The BSA solution was then diluted
with DI water and addition of 1 wt% solution (solid weight content: 0.01 wt%) of E122
Azorubine dye (FastColours LLP, UK) to prepare BSA solution with a concentration
of 8 wt%.

3.2.2.2.3 Surfactant Simulants

DI water was used to prepare surfactant simulants with different surface tensions. The
simulant liquids were DI water with added 1 wt% solution of Triton X-100 surfactant
(Sigma Aldrich, UK) and 1 wt% solution of E122 Azorubine dye (FastColours LLP,
UK). The resulting solutions were mixed with a magnetic stirrer at temperature of 20 +

1 °C until homogeneous.
3.2.3 Characterisation of Pork Exudates and Simulants

Rheological characterisation, density and surface tension measurements were
performed to adequately determine the rheological and physical properties of pork
exudate and simulant liquids. This allows for defining the behaviour of the pork exudate
and its simulants during retention and absorption tests. The rheological characterisation
techniques included evaluation of shear viscosity and viscoelastic properties. All
exudate simulants were characterised regarding surface tension and rheological
properties. The formulation of CMC 1 wt% and surfactant simulants with varying
surface tensions was to cover different wetting behaviours that may be exhibited by

meat exudates.
3.2.3.1 Density Pycnometer

Density (p) measurement was carried out by gravity pycnometer with a glass bulb
(nominal volume: 10 cm®). Liquid density is the ratio of measured liquid mass to the
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actual volume of pycnometer. The precise pycnometer volume was determined 5 times
with DI water and the actual bulb volume was 10.2362 + 0.0014 cm®. The pycnometer
stopper with a well-designed capillary channel allows accurate density measurement by
releasing any excessive liquid in the glass bulb. The pycnometer was gently filled with
liquid to prevent the formation of air bubbles. The mass of liquid was calculated by
subtracting the weight of empty pycnometer from pycnometer filled with liquid.

Density measurements were performed at temperature of 20 £ 1 °C.[199]
3.2.3.2 Shear Viscometry and Oscillatory Shear Viscometry

Flow behaviour was characterised by measuring the shear viscosity while viscoelastic
properties by oscillatory shear measurements with AR-G2 rheometer (TA Instruments,
UK) as shown in Figure 3.1. The rheometer was equipped with concentric cylinders
(bob diameter: 28 mm, bob length: 42 mm, cup diameter: 30.4 mm and operating gap:
6 mm). The predetermined volumes of pork exudate/simulant liquid samples were
precisely and consistently added to the cup by a pipette. The shear viscosity
measurements were conducted within a range of shear rates of 0.1-100 s*. For
oscillatory shear measurements, a stress amplitude sweep in the range of 0.01-5 Pa was
applied to shear samples at oscillation frequency of 1 Hz. The linear region of storage
and loss moduli (linear viscoelastic range) was identified for each fluid. A frequency
sweep measurement was then carried out in the range of 0.1-1 Hz at a specific stress
value obtained from the linear region of stress amplitude sweep. This allowed to
measure the viscoelastic moduli (G’ and G"), representing the elastic and viscous
characteristics respectively, in addition to phase angle (0).[200] The measurements
were carried out at temperature of 16 £ 1 °C for pork exudates and 20 + 1 °C for exudate
simulants. The inner cylinder (bob) was used as internal flow geometry to minimise the
artifact caused by the free semi-rigid surface film. Pork exudate and protein solutions
are biological fluids with surface active properties, tending to form protein film on the
fluid interface and leading to non-Newtonian behaviour artifact. Further, the artifacts
created by low torque and secondary flows of pork exudate and simulant liquids were

considered in all measurements.[201]
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Figure 3.1: AR-G2 rotational rheometer (TA Instruments) used for rheological
characterisation of pork exudate and simulant liquids.

3.2.3.3 Pendant Drop Method

Surface tension of liquid samples was measured by pendant drop technique that is based
on the analysis of shape profile of hanging liquid drop. The gravity tends to elongate
liquid drop while surface tension resists the gravity effect, tending to keep the spherical
shape of liquid drop. Therefore, dimensional analysis of the resulting drop shape in
equilibrium allows for determining the liquid surface tension.[202,203] Surface tension
measurement was carried out by (First Ten Angstroms FTA1000c, First Ten
Angstroms, Inc., UK) analyser system at temperature of 20 + 1 °C as shown in Figure
3.2. Each liquid was filled in a vertically aligned syringe (volume: 1 mL) with needle
G20 (external diameter: 0.9081 mm) and positioned on a hanger between a high-
resolution camera and light source. The liquid drop was generated at the tip of needle
and shape image of the elongated drop was taken by the camera. Drop shape profile
was analysed by FTA32 shape analyser software to measure the equatorial diameter
(de) and diameter (ds) at distance of de from bottom drop tip as illustrated in Figure 3.3

to derive liquid surface tension (y) value according to equation (3.1)[203]:
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(3.1)

where g is gravity acceleration, p is liquid density as an average value of six repeated

measurements by the calibrated pycnometer, H is physical quantity related to ds/de.
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Figure 3.2: First Ten Angstroms FTA1000c analyser used to measure the surface
tension of pork exudate and simulant liquids in addition to measure the liquid contact
angle on surface of recess and foam samples.

Figure 3.3: Liquid pendant drop profile for surface tension measurement.
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3.3 Design and Preparation of Packaging Samples
3.3.1 Packaging Materials

The work explored both plastic film and foam products. Amorphous polyethylene
terephthalate (PET) sheets were chosen as thermoforming substrates with capillary
recesses. The PET sheets with nominal thickness of 0.5 mm were supplied and
thermoformed in Klockner Pentaplast company, UK. PET polymer has various
properties attractive for manufacturing of packaging, such as inertness, low cost,
transparency, flexibility, strong mechanical strength, good barrier and thermal
resistance characteristics.[182,204] Further, PET is the most common plastic material
used in food and meat packaging, found in a variety of packaging designs and forms,
such as shrinkable films, wrapping films and rigid trays.[205,206] For open-cell foam,
white expanded polystyrene (PS) sheets with open-cell structure were supplied from
Klockner Pentaplast company, UK. The PS foam sheets had nominal thickness of 5 mm
with impermeable skin on top and bottom sides. Open-cell PS foam is widely used to

manufacturing meat trays as soak-away for exudate scavenging.[9]
3.3.2 Design and Thermoforming of Capillary Recesses

3D prototype models of flat substrates with arrays of circular capillary recesses were
designed to act as liquid-holding wells using SolidWorks designer software (Edition SP
4.0- 2016). This enables to sketch 3D models of capillary recesses with precise
dimensions and visualise their shapes before executing the models into plastic capillary
recesses.[207] Two substrate models were designed to assess the recesses with
modified geometry. These included one substrate of recesses with no rims and the other
substrate of recesses with peripheral rims raised from the substrate surface. The
substrate models were both configured into 8-recess arrays of the same recess size with
equal spacing distances. Other prototype models were sketched to design recesses with
raised rims of different rim heights and widths. These prototype models were used to
produce their thermoformed PET replicates as illustrated in Figure 3.4.

To assess the recesses for selective modification of their wall wettability, a substrate
model was designed with recesses of varying sizes. The recesses were configured into
6-recess arrays of the same recess size with equal spacing distances. The mould
manufacturing and vacuum thermoforming of PET sheets into substrates with recesses

were carried out in Klockner Pentaplast company, UK.
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Figure 3.4: 3D prototype model of recess substrates; (a) no rim, (b) raised rim and
photos of thermoformed PET recess substrates; (¢) no rim, (d) raised rim.

3.3.3 Open-Cell Foam

Plain PS foam sheets with open-cell structure of large-scale industrial foam were
obtained from Klockner Pentaplast company, UK. The foam sheets were cut into
rectangle-shaped samples for structural, surface characterisation and liquid absorption

tests.
3.4 Characterisation of Packaging Samples

3.4.1 Shape Profile, Dimensions and Volume Measurements of PET Capillary

Recesses
3.4.1.1 Digital Smartzoom 5 Microscopy

The geometrical dimensions and shape profile of the formed PET recesses were
determined by digital Smartzoom 5 microscope (Zeiss, UK) as illustrated in Figure 3.5.
This light microscope allows for producing 2D shape profiles and accurate dimensional
measurement using a camera with supplied motorised engine. The LED ring lighting
provided helps eliminate any glare or excessive light reflection.[208,209] PET recesses
were marked with a fine line over their centre axis and placed in the freezer at
temperature of -80 + 1 °C for 5 min. Each recess was cut directly after the removal from
freezer by a sharp scalpel in its vertical plane through the marked line. The recesses
were cut at low temperature to ensure a clean and uniform cut surface as the

thermoformed polymers exhibit glassy properties at low temperatures.[210] The
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resulting cross-sections of PET recesses were scanned by Smartzoom 5 microscope,
and stitched 2D images were taken using FWD 36 mm lens to generate their shape
profiles. A measurement tooling for dimensions in Smartzoom 5 software was used to
measure the opening diameter, cavity depth and wall draft angle of each recess in

addition to measuring the height and width of recess rims.

Figure 3.5: Digital Zeiss Smartzoom 5 microscope used to characterise the shape profile
and measure the geometrical dimensions of capillary recesses.

3.4.1.2 Liquid Displacement Method

Cavity volume of PET recesses was determined by liquid displacement method. This
involved measuring the mass of a liquid, with known density, occupying the recess
cavities using analytical scale (Model: A200S, Sartorius Analytic, Germany) with
resolution of 0.0001 g. A low surface tension 4-Hydroxy-4-methyl-2-pentanone liquid
(Sigma Aldrich- boiling point: 166 °C, density: 0.931 g/mL, surface tension: 32.37
0.59 mN/m) stained with methylene blue dye (Sigma Aldrich- M9140-25G) was used
to give a better levelling with the recess edges. The liquid volume was then calculated
by its known density and measured mass, representing the volume of the corresponding

recess cavity.
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3.4.2 Structural and Material Characterisation of Open-Cell PS Foam
3.4.2.1 Foam Density

Representative cubic samples were taken from PS foam sheets by a sharp scalpel. The
geometrical dimensions of foam samples were measured by a digital calliper. The foam
samples were weighed on analytical scale (Model: A200S, Sartorius Analytic,
Germany) with resolution of 0.0001 g. The foam density (pf) was determined by
calculating the ratio of sample weight to its geometrical volume according to American
Society for Testing and Materials (ASTM) standard D1622-14 and presented in
kg/m?3.[211,212]

3.4.2.2 Expansion Ratio

Expansion ratio of PS foam was based on the measured density of PS foam (pr) and PS
solid polymer (ps). This material property reflects the degree in the reduction of PS
density and is associated to the open-cell content of foam. The expansion ration (y) of
PS foam was represented by the ratio of solid polymer density to its corresponding foam
density as shown in equation (3.2)[211]:

w=" (32)
Py

3.4.2.3 Porosity

The porosity (n) is a characteristic property of foam that is associated with liquid uptake
capacity of open-cell foam. The foam porosity is based on the ratio of gas volume (Vgas)
occupying pore spaces to the geometrical volume of the foam sample (V). The volume
of pore space was determined by subtracting the volume of solid polymer (Vs) from the
geometrical volume of the foam sample (Vs). Therefore, the foam porosity was defined
by compensating the volume with the corresponding mass and density as explained in
equation (3.3)[62]:

—1- 4 (3.3)
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where ms is mass of foam sample, ps: density of foam sample, ps: density of solid

polymer.
3.4.2.4 Pore Size Distribution

The pore structure and pore size distribution of PS foam was characterised by scanning
electron microscope (SEM, Zeiss Evo-LS25, UK) as shown in Figure 3.6. SEM allows
for a high depth of focus through scanning foam cross-sections with electron beam. The
secondary electrons emitted due to the interaction between the striking electrons and
sample surfaces can be detected and analysed by SEM detector to be transformed into
digital images.[213] This makes SEM an effective technique for imaging and analysis
of morphology and dimensions of porous materials.[214] The cross-section surfaces of
intact porous structure were prepared for imaging by scoring the foam samples with
scalpel and immersing in liquid nitrogen. The scored samples were fractured and
sputtered with platinum coating using Agar High Resolution Coater (Model: 208HR,
Agar Scientific) to reduce the charging effect of the polymeric surface. Two adjacent
surfaces of each PS foam sample were scanned and imaged in the SEM operating at 15
kV and within width of 2.287 mm. The SEM images were analysed by ImageJ 1.47v
software to determine the pore size distribution. The pore size measurement was carried
out by fitting a circle on each pore perimeter and measuring the corresponding diameter.
The measured values of pore diameters were used to generate a histogram showing the
distribution of pore sizes.[146]

-
—_—
—_—
—_—
—_
—_

Figure 3.6: Scanning electron microscope (Zeiss Evo-LS25, UK) used to analyse the
pore structure and morphology of PS foam samples.
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3.4.2.5 Open-Cell Content

Open-cell content of PS foam was measured to evaluate the portion of interconnected
cells in the foam samples. The open cells form the accessible volume of foam matrix
where liquid can flow, while the remaining portion consists of closed compartments
and pore walls. The content of open cells was determined as the ratio of total open-cell
volume to the geometrical volume of the foam sample. This was measured by a gas
pycnometer (ULTRAPYC 1200e- Quantachrome Instruments, USA) using nitrogen
gas as shown in Figure 3.7 and according to the standard measurement method ASTM
D6226-10. The pycnometer is based on the gas displacement method to measure the
volume of solid material occupying the sample chamber (pycnometer sample volume).
Therefore, the open cell volume can be calculated from the difference between
pycnometer sample volume and geometrical sample volume, providing the open-cell
content as given by equation (3.4):

Ve=V,

£fXn

Open-cell content % = [ ]1x 100 (3.4)

The content of cell walls and closed cells was determined as shown in equation (3.5)
and (3.6) respectively:

ms
Py X Ve

Cell wall content % = [

1x 100 (3.5)

Closed-cell content % = 100 - (Open-cell content % + Cell wall content %) (3.6)

where V¢ (m®) is geometric volume of foam sample, V, (m3) is pycnometer volume, n
is porosity, ms (kg) is mass of foam sample, ps (kg/m?) is density of solid PS polymer.
The measurements were carried out based on ASTM Standard D6226-10 as detailed in
Appendix A.1.[211,215]

49



Figure 3.7: ULTRAPYC 1200e gas pycnometer (Quantachrome Instruments) used to
measure the open-cell content of PS foam samples.

3.5 Oxygen Plasma Surface Treatment

Plasma treatments with oxygen as a working gas are commonly used in low pressure
plasma units to increase the surface wettability of polymer materials. The plasma glow
includes excited oxygen molecules, ions and electrons that introduce oxygen groups
onto treated polymer surface, such as -OH and -COOH, leading to increased polarity
and hydrophilicity of polymer surfaces. The plasma treatment under vacuum ensures a

more uniform and consistent surface modification.[169]

A low pressure plasma unit (model: Nano, Diener Electronic, Germany) with a
cylindrical chamber (diameter: 26.7 c¢cm, length: 42 cm) was used for the surface
treatment of samples as shown in Figure 3.8. The plasma unit was coupled with a
frequency generator sourced with 230 V AC supply to provide a power source at 40
kHz. The distance between the powered electrode and sample-holding tray was 15 cm.
The glow discharge was produced by oxygen gas supply with the vacuum pressure
(base pressure: 0.1 mbar) in the plasma chamber as modified via the gas flow rate. The
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O plasma treatments were carried out at oxygen flow rate of 80 cm®/min, working
pressure of 0.14 mbar and power of 240 W. The plasma settings (power, pressure, flow
rate) were defined through preliminary testing on plasma treatment to consistently give
targeted surface wettability of samples, and in line with the equipment working range
envelope.[216,217]

—Diener electronic__

Figure 3.8: Low pressure plasma unit (Model: Nano, Diener Electronic, Germany) used
for the surface modification of recess and foam samples.

3.6 Characterisation of Surface Properties of Packaging Samples

Surface properties of PET and PS foam samples were characterised in terms of surface
wettability, surface chemical composition and surface topography. This helps explain
the changes in surface properties induced by O> plasma surface treatments and the
relationship between material surface properties and capillary liquid retention. The
study involved the use of different techniques to determine these surface properties
including contact angle measurement, X-ray photoelectron spectroscopy (XPS), atomic

force microscopy (AFM) and drop absorption test.
3.6.1 Contact Angle

The wetting properties of polymer materials were characterised by measuring the static
contact angle of DI water drops using sessile drop method. Small liquid drops deposited
on a solid surface form contact angle at the triple contacting point of air, liquid and
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solid phases. This contact angle in equilibrium (&) reflects the surface wettability of
solid surfaces as it depends on the competing cohesive and adhesive forces exhibited
by the contacting interfaces. The equilibrium contact angle is related to the interfacial
tensions of the air (vapour), liquid, solid interfaces as given by Young’s relationship in
equation (3.7):

Ysv — Psl
Vv

cos 6. = 3.7

where ysy is solid/vapour interfacial tension, ys is solid/liquid interfacial tension, y is

liquid/vapour interfacial tension.

Liquids present partial wetting properties on solid surface for 0° < e < 90°
corresponding to hydrophilic surface regarding water, while de-wetting properties for
6. > 90° corresponding to hydrophobic surface regarding water.[69,72] Therefore, DI
water drops of 3 puL were deposited by a micropipette on clean sample surfaces and
their contact angles were measured by (First Ten Angstroms FTA1000c) analyser
system at temperature of 20 = 1 °C and relative humidity of 54 + 5%. The measured
contact angle was an average of the left and right contact angles of DI water drops.[218]
The sessile drop technique was also used to determine the surface energy (') of sample
surfaces with its polar (y°) and dispersive (y%) components. The surface energy
measurement was based on Owens-Wendt method using DI water and diiodomethane
(Sigma Aldrich, 158429- 25 ML, UK). This method is explained in Appendix A.2.[204]

3.6.2 X-ray photoelectron spectroscopy (XPS)

The surface chemistry of sample surfaces was quantitively and qualitatively analysed
by the XPS technique. XPS is based on irradiating the solid surface with X-ray photons
with high energy that result in emitting electrons (photoelectrons) with different kinetic
energies. The electron intensities and corresponding binding energies can be
determined by an electron analyser. This analyser is used to generate XPS spectrum of

all elements and chemical bonds existed in 10 nm depth of the analysed surfaces.[219]

X-ray photoelectron spectroscopy (Kratos Analytical Ltd, UK) shown in Figure 3.9
was used to analyse the surface chemical composition of samples. The sample surfaces
were exposed to an exciting X-ray source of monochromatic Al Ka (1486.6 ¢V) in the
analysis chamber under low pressure. The XPS scans were carried out at take-off angle
of 90° and the emitted photoelectrons were received and analysed by an encountering
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hemispherical analyser. The surface charging was neutralised via the integral filament
and magnetic lens system. The wide scan spectra were generated at pass energy of 160
eV and within a range of binding energy of 0-1400 eV. The high-resolution scans for
C 1 s peaks were performed at pass energy of 20 eV. The peaks of all scan spectra were
fitted on Shirley background and processed by CasaXPS software (Version
2.3.22PR1.0, Casa Software Ltd) and calibrated according to the reference position of
carbon C 1s peak of 285.0 eV. Carbon peak components were deconvoluted and
normalised with Gauss—Lorentz peak models to represent the different chemical groups

in the carbon peak and calculate their concentrations.[220,221]

Figure 3.9: X-ray photoelectron spectroscopy (Kratos Analytical Ltd, UK) used for
analysis of the surface chemistry of recess and foam samples.

3.6.3 Atomic Force Microscopy (AFM)

The surface topography of sample surfaces was characterised by AFM as a 3D imaging
technique. AFM can scan solid surfaces with a resolution of sub-nanometre using a tip
held on cantilever. This tip undergoes attractive and repulsive forces, causing cantilever
deflections during probing sample surfaces. These deflections are captured and

transformed into 3D topographical image with roughness values of the scanned surface.
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Sample surfaces were scanned with atomic force microscopy (JPK NanoWizard 3) as
shown in Figure 3.10. The scans were carried out in tapping mode with a resolution of
512 x 512 pixels. A silicon cantilever (nanoworld FM) was used to scan the sample
surface and the tip was oscillating in resonance frequency of 75 kHz with force constant
of 2.8 N/m. The scanning images were analysed by Gwyddion software (Version 2.55)

to determine the surface roughness parameters.[222]

Figure 3.10: Atomic force microscopy (JPK NanoWizard 3) used to analyse the surface
topography of PET recess samples.

3.6.4 Drop Absorption Test

The effect of O, plasma surface treatment on the increase in surface wettability and
capillary liquid absorption of PS foam was assessed by drop absorption test. DI water
drops (10 pL) were placed on the cut sides of foam samples with exposed porous
structure (no skin). For foam pores with sufficient wettability towards water, DI water
drops can be wicked into the foam matrix by capillary action. The time for the water
drops to be fully wicked into the porous PS structure was measured by high-speed
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camera (Fastcam Mini, Model: UX100, Photron). A photograph was also taken for the
water drops on the porous structure of untreated and plasma-treated foam samples to

compare their surface wettability.[92]
3.7 Liquid Retention Tests

The liquid retention capacity of PET recesses and liquid absorption capacity of PS foam
were assessed with test liquids under normal gravity. Samples were tested with liquids
as exudate simulants of different surface tensions to cover a wide range of surface
tensions that might be exhibited by meat exudates. All retention tests were carried out
at temperature of 20 + 1 °C.

3.7.1 Liquid Retention Capacity of PET Recesses

Liquid retention capacity of PET recess samples was determined by retention tests.
These tests involved evaluation of the effects of localised plasma treatment and raised
recess rim on recess retention capacity. Therefore, the liquid retention capacity of
recesses was assessed for various combinations of recess size and rim presence, and
combinations of recess size and plasma treatment. The retention tests included tilting
the recess samples on purpose-built tilting board (horizontal to downward facing) for
an angle of 180° over 5 s, after filling with simulant liquids as illustrated in Figure 3.11.
The weight of simulant liquid in full recess sample was measured before tilting. The
recess sample was then mounted on a sticky tape on the board. The weight of trapped
liquid in the tilted sample was then measured representing the liquid retention capacity
(9).[127] For practicality of using the recesses in food packaging, the retention capacity
of recesses with best liquid retention performance was calculated in mL/m2. This was
based on the liquid volume retained in recesses with a hexagonal packing per square

metre of PET substrate with spacing of 1 mm between the neighbouring recesses.[223]
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Figure 3.11: Purpose-built tilting board for liquid retention test of PET recesses. The
board has a sticky tape to fix recess samples and can be turned freely around its axis.

3.7.2 Liquid Absorption Capacity of PS Foam

The absorption capacity of PS foam was determined for rectangular foam samples of
dimensions (L x W x T: 40 mm x 10 mm x 5 mm). The foam samples were treated with
0O plasma with samples oriented to focus the plasma on one cut side (L x T). The
absorption test was performed by freely placing the cross-sections (L x T) of untreated
and plasma-treated samples on the simulant liquid within a plastic plate. The
measurements of absorption capacity were estimated by the liquid weight in grams
absorbed per gram of dry foam sample in equilibrium. The dry foam samples were
weighed before the absorption test (Wq) and after their saturation with test liquid (Ws).
The foam samples were removed from the liquid for 30 s to allow any excess liquid to
drain before weighing. The resulting absorption capacity (R) was given by equation
(3.8)[133]:

R= (3.8)
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Chapter 4

Characterisation of Rheological and Physical Properties of Pork Meat

Exudate and Formulation of Meat Exudate Simulants

4.1 Introduction

The rheological and physical properties of meat exudate are important to understand
the exudate behaviour during liquid retention tests. These are also required to formulate
artificial exudate simulants with comparable properties. This chapter investigates
methods to characterise the rheological and surface tension properties of pork exudate.
Based on the measured properties of pork exudate, simulant liquids are prepared and
characterised to ensure these liquids exhibit similar flow behaviour and wetting
properties of the pork exudate. These simulant liquids will be used in Chapter 5, 6, 7 to
assess liquid retention technologies that are based on capillarity and interface
phenomena so that effective packaging solutions can be designed and developed to trap

meat exudate.
4.2 Materials and Experimental Methodology
4.2.1 Materials

Pork exudate (PE) was collected from packaged fresh pork meat purchased from four
major retailers in the UK (Sainsburys, TESCO, Aldi, Lidl), corresponding to retailer 1,
retailer 2, retailer 3 and retailer 4 respectively. The pork exudate accumulated in the
pork meat packaging trays from each retailer was decanted into a separate plastic bottle
(Section 3.2.1). Sodium carboxymethyl cellulose (CMC) (Sigma Aldrich, UK) was
used as a rheology modifier. Bovine serum albumin (BSA) (Sigma Aldrich, UK) was
used in simulant liquid formulation to mimic the presence of proteins in the meat
exudate (Section 3.2.2.1). Triton X-100 surfactant (Sigma Aldrich, UK) was used to
make simulant liquids of varying surface tensions. E122 Azorubine dye (FastColours
LLP, UK) was used to stain simulant liquids to improve the visualisation of these

liquids during liquid retention tests.
4.2.2 Formulation of Exudate Simulants

Simulant liquids were formulated to be used as alternative test liquids of real meat

exudate in liquid retention tests. These included three sets of aqueous simulant liquids
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(CMC simulants, BSA simulant, surfactant simulants) as presented in Table 4.1. CMC
simulants were prepared from aqueous CMC 1 wt% solutions and BSA simulant from
aqueous BSA 8 wt% solution. Surfactant simulants were prepared from DI water with
added surfactant. The simulant liquids were formulated with small amounts of
surfactant (Triton X-100) and red dye (E122 Azorubine), for easy visualisation, to

prepare simulant liquids of varying surface tensions (Section 3.2.2.2).

Table 4.1: Solid weight contents of simulant liquids.

CMC Simulant CMC (wt%) Surfactant (wt%) Dye (wt%)
High Surface Tension 1 0 0.01
Medium Surface Tension 1 0.0025 0.01
Low Surface Tension 1 0.1 0.01
BSA Simulant BSA (wt%) Surfactant (wt%) Dye (wt%)
8 0 0.01
Surfactant Simulant - Surfactant (wt%) Dye (wt%)
High Surface Tension 0 0.01
Medium Surface Tension 0.0025 0.01
Low Surface Tension 0.1 0.01

4.2.3 Characterisation of Pork Exudates and Simulant Liquids
4.2.3.1 Shear Viscosity and Oscillatory Shear Measurement

The flow behaviour and viscoelastic properties of pork exudate and simulant liquids
were characterised by carrying out measurements of shear viscosity and shear
oscillatory (Section 3.2.3.2). The measurements were performed by AR-G2 rheometer
(TA Instruments) equipped with concentric cylinders (bob diameter: 28 mm, bob
length: 42 mm, cup diameter: 30.4 mm and operating gap: 6 mm). The concentric
cylinders (bob and cub) geometry was chosen to adequately characterise liquids with
low viscosity and minimise their surface tension effects. The predetermined volumes
of liquid samples were added to the cup by a pipette. The shear viscosity measurements

were carried out within a range of shear rates of 0.1-100 s,
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For oscillatory shear measurements, a stress amplitude sweep in the range of 0.01-
5 Pa was applied to shear samples at oscillation frequency of 1 Hz. The linear region of
storage (G") and loss (G") moduli (linear viscoelastic range) was identified for each
fluid. A frequency sweep measurement was then carried out in the range of 0.1-1 Hz at
a stress value of the linear region of stress amplitude sweep. This allowed to measure
the viscoelastic moduli (G'and G"), representing the elastic and viscous characteristics
respectively, in addition to phase angle (6). The measurements were carried out at
temperature of 16 + 1 °C for pork exudate and 20 + 1 °C for simulant liquids.

4.2.3.2 Density Measurement

Density (p) measurement of pork exudate and simulant liquids were carried out by
gravity pycnometer with a glass bulb (nominal volume: 10 cm®). The measured density
was based on the ratio of measured liquid mass to the actual volume of pycnometer.
The precise pycnometer volume was determined 5 times with DI water and the actual
bulb volume was 10.2362 + 0.0014 cm?®. The pycnometer was gently filled with liquid
to prevent the formation of air bubbles. The mass of liquid was calculated by subtracting
the weight of empty pycnometer from pycnometer filled with liquid. Density
measurements were repeated 6 times at temperature of 20 + 1 °C (Section 3.2.3.1).

4.2.3.3 Surface Tension Measurement

The surface tension of pork exudate and simulant liquids was measured by pendant
drop technique. A pendant drop was produced at the tip of needle G20 (external
diameter: 0.9081 mm) and the drop shape profile was produced by a high-resolution
camera. The analysis of drop shape profile was caried out in (First Ten Angstroms
FTA1000c) analyser system to calculate the liquid surface tension at temperature of 20
+ 1 °C (Section 3.2.3.3).

4.3 Experimental Results
4.3.1 Flow Behaviour Properties of Pork Exudate and Simulant Liquids

The measured apparent shear viscosity of all four pork exudates and water are shown
in Figure 4.1. The pork exudates exhibited nearly constant shear viscosities within the
range of shear rates between 1 and 100 s*%. These measured viscosities were higher than
the viscosity of pure water, showing low viscosities in the range of 4-10 mPa.s. Both
pork exudates and water exhibited apparent viscosities that were variable at shear rates
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<1 s, while most measured viscosities were within low torque limit of the rheometer.
The low torque and secondary flow limits were calculated and plotted to determine the
reliable experimental window of viscosity measurements. The measured exudate
viscosities were within the determined experimental window of measurements.
Comparable flow behaviour of simulant liquids was observed through their apparent
shear viscosities in Figure 4.2. The CMC 1 wt% and BSA 8 wt% simulants exhibited
constant and low apparent shear viscosities. BSA 8 wt% simulant had viscosity nearly
twice higher than water, while CMC 1 wt% had viscosity of around 5 mPa.s. Similarly
to pork exudates, the simulant liquids showed variability in their measured viscosities
at shear rates < 1 s™* as the measured viscosities approached the low torque limit of the
rheometer. The experimental window of viscosity measurements also proved the

validity of the measured viscosities of simulant liquids as illustrated in Figure 4.2.
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Figure 4.1: Apparent shear viscosity vs shear rate (0.1-100 s) of DI water and pork
exudate (PE) from different retailers. Low torque (LT) and secondary flow (SF) limits
highlight the experimental window of shear viscosity measurements.
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Figure 4.2: Apparent shear viscosity vs shear rate (0.1-100 s™) of simulant liquids;
CMC 1 wt%, BSA 8 wt% and DI water. Low torque (LT) and secondary flow (SF)
limits highlight the experimental window of shear viscosity measurements.

4.3.2 Viscoelastic Properties of Pork Exudate and Simulant Liquids

The viscoelastic properties as represented by storage modulus (G"), loss modulus (G")
and phase angle (6) during frequency sweeps are illustrated in Figure 4.3 for pork
exudates and Figure 4.4 for simulant liquids. The frequency sweeps were conducted at
stress value of 0.02 Pa. For all four exudates, although elastic and viscous moduli (G,
G") increased with the applied frequency, it was difficult to accurately detect the very
low values of storage modulus (G') due to the low exudate viscosities. The loss
(viscous) modulus was higher than storage (elastic) modulus for pork exudates over
most frequency range. However, the two moduli were crossed and a slight increase in
magnitude of storage modulus over loss modulus was shown at high frequency
oscillation. This corresponded to phase angle ¢ > 80° at low frequency, which decreased
for higher frequencies. For CMC 1 wt% and BSA 8 wt% simulants, the measured
stresses representing viscoelastic moduli (G’, G") were also very low. The loss modulus
was higher than storage modulus at low frequencies. These moduli were crossed with

an increase in the storage modulus over the loss modulus at higher frequencies. The
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moduli crossing for BSA 8 wt% occurred at lower frequencies in comparison with CMC

1 wt%.
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Figure 4.3: Storage modulus G’ (blue symbol), loss modulus G” (amber symbol), phase
angle ¢ (green symbol) from frequency oscillatory sweeps of pork exudates; (a) retailer
1, (b) retailer 2, (c) retailer 3, (d) retailer 4.
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Figure 4.4: Storage modulus G’ (blue symbol), loss modulus G” (amber symbol), phase
angle o (green symbol) from frequency oscillatory sweeps of simulant liquids; (a) CMC
1 wt% and (b) BSA 8 wt%.
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4.3.3 Density and Surface Tension of Pork Exudate and Simulant Liquids

The measured surface tension and density values are presented in Table 4.2 for pork
exudates and Table 4.3 for simulant liquids. The pork exudates exhibited reduced
surface tensions with varying values in the mid-range of 52-59 mN/m. The exudate
surface tensions were based on the measured exudate densities that are necessary to
calculate the surface tension values. The simulant liquids had different surface tensions,
depending on their content of surfactant as shown in Table 4.3. The presence of CMC
alone with concentration of 1 wt% showed no significant effect on the surface tension
of the solution. However, BSA with concentration of 8 wt% resulted in a reduced
surface tension of BSA simulant to 52.03 + 0.52 mN/m. The surface tension of simulant
liquids decreased for higher concentrations of the surfactant.

Table 4.2: Surface tension (y) and density (p) of pork exudate purchased from different
retailers.

Pork Exudate y (mMN/m) £ SD p (9/mL) = SD

Retailer 1 54.84 £ 0.82 1.0334 + 0.0027
Retailer 2 55.31+1.33 1.0356 + 0.0015
Retailer 3 5240+ 1.11 1.0463 + 0.0007
Retailer 4 59.18 + 1.86 1.0417 £ 0.0026

Table 4.3: Surface tension (y) and density (p) of simulant liquids.

Exudate Simulant y (MN/m) £ SD p (g/mL) + SD?
CMC (High Surface Tension) 72.55+0.34
CMC (Medium Surface Tension) 52.33+0.52 1.0017 = 0.0005
CMC (Low Surface Tension) 31.52+£0.09

Surfactant Simulant (High Surface

Tension) 72.63+0.16

Surfactant Slr_nulant (Medium 5298+ 0.31 0.9982
Surface Tension)

Surchtant Simulant (Low Surface 3154 + 0.28

Tension)

BSA 52.03 +0.52 1.0229 + 0.0017

3 Density of water was taken as standard value of 0.9982 g/mL at temperature of 20 °C.
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4.4 Discussion

Pork exudates collected from the plastic packaging trays of fresh pork meat showed
essentially Newtonian-like shear flow behaviour. This was demonstrated in their nearly
constant low viscosity against the shear rates. Previous work reported comparable low
viscosities of pork exudate within the range of 3-10 mPa.s.[43] Work reported
previously showed that exudate from other meat types, such as beef exudate also had
low viscosities between 3 and 4 mPa.s.[47] The measured low viscosity of all pork
exudates was, however, higher than pure water which can be due to the presence of
soluble proteins in exudates.[46] The concentration and composition of exudate
proteins can vary according to the meat ageing and exudate amount released from
meat,[37,40] but protein concentration of meat exudate can be as high as 112 mg/mL.
This might have led to the variations in viscosity of pork exudates from different

Sources.

For simulant liquids of meat exudate, CMC 1 wt% and BSA 8 wt% solutions
exhibited flow performance comparable to the pork exudates. The measured viscosities
of the simulant liquids were closely matching the viscosity range of pork exudates. The
use of CMC as a rheology modifier allows for formulating aqueous solutions with low
viscosities at low CMC concentrations.[187] The Newtonian-like flow and constant
shear viscosity are usually observed for BSA solutions when characterised by geometry
with small liquid/air interface as the case of concentric cylinders. This was observed in
the viscosity measurements of BSA solutions with capillary viscometer in previous
work.[224] The observed variations in the measured viscosities of pork exudates and
simulants at shear rates < 1 st might arise from approaching the low torque limit of
rheometer instrument. On the other hand, the oscillatory frequency sweeps of pork
exudates reflected their very weakly viscoelastic properties with low levels of elastic
stresses. Comparable weak viscoelastic properties were observed for simulant liquids,
more notable in BSA simulant than CMC simulant. This indicates that the pork
exudates and simulant liquids were very weakly structured, with essentially low shear

viscosities and very weak elastic stresses.[225]

The presence of soluble proteins in pork exudates had also role in reducing their
surface tensions (52 to 59 mN/m). Other work on pork exudate showed reduced surface
tension to 50 mN/m.[43] Similar decrease in surface tension of aqueous BSA simulant
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was found due to the BSA protein molecules. The protein solutions experience
migration of the protein molecules to the air-liquid interface, leading to a reduction in
the liquid surface tension.[197] Surface tension of BSA solutions can be as low as 51.1
mN/m.[198] The addition of surfactant to the simulant liquids allowed for solutions
with reduced surface tension, covering the range of surface tensions of pork exudates.
Therefore, all simulant liquids had rheological and surface tension properties that could
cover the range of the pork exudates, hence these liquids can be used as alternative to
the real meat exudate. This is important in designing and developing food packaging

solution for exudate retention that are based on the interface and capillary phenomena.
4.5 Closure

The rheological and surface tension properties of exudate are of great importance to
capillary liquid retention and transport as described in Chapter 2. Based on the
measured exudate properties, the formulated simulant liquids showed a good match
with pork exudate regarding the surface tensions, essentially low and constant apparent
shear viscosities and weak elastic stresses. This enabled capturing the range of exudate
behaviours during liquid retention and absorption tests by using controlled and stable
simulant liquids. The obtained exudate simulants are used in liquid retention and
absorption tests of the developed plastic packaging solutions demonstrated in Chapter
5,6and7.
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Chapter 5

Improved Liquid Retention in Capillary Recesses with Raised Rims

for Food Packaging Applications

5.1 Introduction

Having developed suitable simulated exudate materials (Section 4.2.2), this chapter and
the following experiment chapters investigate methods for improving the retention of
these liquids in the packaging. The specific focus of this chapter is the development of
methods to trap liquid based exclusively on modifying the geometry of the

thermoformed meat packaging containers.

Liquid trapping in capillary tubes can be increased by a stronger pinning effect and
increased stability of the liquid menisci, assuming the tube openings act as capillary
valves. The increase in the expansion angle of capillary valves is critical for enhancing
their liquid pinning effect and pressure barrier. This technique can be exploited to
design capillary liquid-holding recesses with enhanced pinning effects. Thus, larger
capillary recesses with improved liquid retention capacity can be integrated into plastic
meat trays to develop a packaging solution for isolation of meat exudate (as described
in Section 2.5). This chapter, therefore, details an investigation into the use of capillary
recesses with a range of diameters, integrated with raised peripheral rims, as a means
of improving liquid retention in plastic trays. The recess rims are proposed to improve
the liquid pinning effects, hence liquid retention capacity of the recesses. Polyethylene
terephthalate (PET) sheets were thermoformed to produce substrates with arrays of
capillary recesses. These recesses were then investigated for their ability to retain

liquid.
5.2 Materials and Experimental Methodology
5.2.1 Materials

Polyethylene terephthalate (PET) sheets (nominal thickness: 0.5 mm) were supplied
and thermoformed in Klockner Pentaplast company (UK) to produce substrates with
capillary recesses for liquid retention tests (Section 3.3.1). The recesses were dipped
and rinsed with Isopropyl alcohol (IPA) (Propan-2-ol > 99.5%, Fisher Scientific, UK)

to remove any organic contaminants prior to testing. Aqueous test liquids were prepared
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to mimic meat exudate using sodium carboxymethyl cellulose (CMC) (Molecular
weight: 90,000 g/mol, Sigma Aldrich, UK) as a rheology modifier and Triton X-100
surfactant (Sigma Aldrich, UK) to prepare test liquids of different surface tensions
(Section 3.2.2.2.1). Exudate collected from plastic packaging of fresh meat pork
(Section 3.2.1) was used in retention tests. 4-Hydroxy-4-methyl-2-pentanone (Density:
0.931 g/mL, surface tension: 32.37 mN/m, Sigma Aldrich, UK) was stained with
methylene blue dye (M9140-25G, Sigma Aldrich, UK) to measure cavity volume of the
thermoformed recesses. Red azorubine colorant- E122 (FastColours LLP, UK) was

added to stain the test liquids in retention tests.
5.2.2 Prototype and Thermoforming of Substrates with Capillary Recesses

3D prototype models of two flat substrates with arrays of circle-shaped recesses were
designed to act as liquid-holding wells using SolidWorks designer software (Edition SP
4.0- 2016). One design included recesses with no rim and the other had recesses with
peripheral rims raised above the substrate surface (rim height: 2 mm, rim width: 0.5
mm). The substrates were both configured into arrays of 8-recesses each with the same
recess size and equally spaced. The recesses had circular-peripheral shapes with cavity
depths of 5 mm. The recess walls had a draft angle of 10° and the recess opening
diameters were 7, 8, 9, 10, 11, 12 mm. Other 3D models were designed with different
combinations of rim height and width. These models were used to produce

thermoformed PET parts (Section 3.3.2) as shown in Figure 5.1.
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(b)

(c) (d)

Figure 5.1: 3D prototype model of recess sample; (a) no rim, (b) raised rim and photos
of resulting thermoformed PET recess sample; (c) no rim, (d) raised rim (nominal recess
diameter: 10 mm).

5.2.3 Dimensions and Volume Measurement of Thermoformed PET Recesses

The geometrical dimensions (opening diameter, cavity depth, draft angle, rim height,
rim width) were determined for the formed PET recesses. Stitched 2D images of the
recess cross-sections were acquired using Smartzoom 5 microscopy (Zeiss, UK)
(Section 3.4.1.1). The resulting cross-section profiles were used to measure the
dimensions of the recesses with nominal diameters of 7, 8, 9, 10, 11, 12 mm. The
volume measurement of the recess cavities was based on the mass of a liquid filling the
recess cavity. The recesses of the studied sizes were filled with 4-Hydroxy-4-methyl-
2-pentanone coloured with methylene blue dye, and the corresponding liquid masses
were then measured. This liquid had a specific density and low surface tension to
provide a good liquid levelling with the recess openings. The recess volume was
defined as the volume of the liquid occupying the recess cavity and determined by the

measured liquid mass and density (Section 3.4.1.2).
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5.2.4 Wettability and Surface Energy of PET Recesses

The wettability of PET samples (recess and substrate surfaces) was characterised by the
sessile drop technique (Section 3.6.1). Small drops (3 pL) of deionised (DI) water were
placed on clean flat PET surface and the measurement of their static contact angles were
carried out in a goniometer (First Ten Angstroms FTA1000c analyser). The surface
energy of the PET sample surfaces was measured using polar and non-polar liquids
represented by DI water and diiodomethane (Sigma Aldrich, 158429- 25 ML, UK)
respectively. The surface energy values were determined by Owens-Wendt method
(Section 3.6.1). The contact angle measurements were performed 6 times at temperature
of 20 £ 1 °C and relative humidity of 54 + 5%.

5.2.5 Test liquids Used for Retention Capacity Tests

Test liquids were prepared as meat exudate simulants from CMC 1 wt% solutions with
varying amounts of Triton X-100 surfactant (Section 3.2.2.2.1) and as detailed in
Chapter 4. The test liquids had different surface tension values (y: 72.55, 52.33 and
31.52 mN/m) to cover a broad range of surface tensions that could be found in exudate
as well as mimicking the rheological characteristics. The test liquids were also stained
with food red colorant (azorubine- E122, FastColours LLP) to improve their

visualisation in the retention tests.
5.2.6 Retention Test of PET Recesses

Retention tests were conducted to assess liquid holding capacity of the PET recesses
for combinations of varying recess sizes and rim presence. The recess samples (8-recess
arrays) were placed horizontally, filled with test liquids and then tilted upside down on
a rotating board over a period of 5 s (Section 3.7.1). The weight of test liquid in the
recess samples was determined before and after tilting. The liquid retention capacity
(9) was defined by the weight of liquid retained in recesses after tilting. The retention
tests were also performed for recess samples with combinations of varying rim heights
and widths. For practicality of using the recesses in food packaging, the retention
capacity of recesses with best liquid retention performance was calculated in mL/m?.
This corresponded to the liquid volume retained in recesses with hexagonal packing
(recess spacing: 1 mm) on square metre of PET substrate.
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5.3 Experimental Results

5.3.1 Analysis of Geometrical Dimensions, Volume and Surface Properties of PET

Recesses

The thermoformed PET recess samples revealed a comparable replication of their 3D
prototype models as shown in Figure 5.1. This was also demonstrated in the cross-
section profiles and geometrical dimensions of the PET recesses in comparison with
their prototype models. The shape profile and key dimensional measurements of PET
recess and its prototype model (nominal diameter: 10 mm) are illustrated in Figure 5.2.
Table 5.1 shows the recess volumes for the various nominal diameters of recess
openings. Capacities increased with nominal diameter and there was close agreement
between capacities with rims and no rims (error < 0.007 mL). Table 5.2 and 5.3 show
the geometrical dimensions of the PET recesses with nominal opening diameters of 7,
8, 9, 10, 11, 12 mm. All recesses showed wall thinning and uneven thickness
distribution in the recess walls. The recess openings formed round edges, therefore, the
opening diameter was defined as the distance between the bottoms of opposing round
edges on the recess cross-section profiles. The measured dimensions of PET recesses
were consistent with their prototype models as shown in Table 5.2 and 5.3. The opening
diameters of the recesses with raised rim and with no rim had errors < 0.211 mm and <
0.156 mm respectively in comparison with their nominal diameters. The cavity depths
of the corresponding PET recesses had also small errors < 0.178 mm and < 0.137 mm
respectively. Although the geometrical dimensions of PET recess rims slightly deviated
from their nominal dimensions (height and width), these rims were dimensionally
consistent for the studied recess sizes. For PET recesses with different rim heights and
widths, the recess geometrical dimensions were also consistent as presented in
Appendix A.3.

The wetting properties of the PET recesses were characterised by the measured
water contact angles on the PET sample surface. The cleaned PET surface showed
water contact angle of 75.23 £ 0.74° with consistent measured values on the recess and
substrate surfaces. This lack of hydrophilicity corresponded to the measured low

surface energy of 48.14 mJ/m?2.
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Figure 5.2: Cross-section profiles of recess model; (a) raised rim, (b) no rim and
thermoformed PET recess; (c) raised rim, (d) no rim (nominal diameter: 10 mm).

Table 5.1: Average cavity volumes of thermoformed PET recesses.

Nominal diameter (mm)

Recess volume (mL)

Raised rim No rim
7 0.148 + 0.003 0.151 + 0.003
8 0.202 £ 0.002 0.208 + 0.002
9 0.262 + 0.003 0.266 + 0.002
10 0.329 + 0.009 0.331+0.001
11 0.409 + 0.003 0.412 £ 0.002
12 0.478 £ 0.011 0.485 £ 0.004
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Table 5.2: Average geometrical dimensions of PET recesses integrated with raised rims.

Measured dimensions (mm) of PET recesses with raised rims

Nominal Diameter Draftangle  Rim height  Rim width
diameter (d) Depth (h) (@ °) (b) w)
7 6.789 + 4.885 + 5433+ 1.666 + 0.652 +
0.097 0.032 0.416 0.023 0.081
8 7.947 + 4951 + 7.267 1.839+ 0.610 +
0.017 0.032 0.115 0.032 0.082
9 8.987 + 4933+ 6.767 £ 1791+ 0.578 +
0.058 0.022 0.231 0.042 0.065
10 9.939+ 4913+ 7.267 1.704 + 0.565 +
0.025 0.018 0.252 0.067 0.031
11 10911 + 4822 + 7.467 £ 1671+ 0.559 +
0.049 0.018 0.493 0.051 0.059
12 11.889 + 4,985 + 6.233 £ 1.753 0.520 +
0.112 0.071 0.814 0.057 0.035

Table 5.3: Average geometrical dimensions of PET recesses with no rims.

Measured dimensions (mm) PET recesses with no rims

Nominal Diameter Diameter (d") Depth (%) Draft Angle (a’, °)
7 7.037 £ 0.048 5.061 + 0.068 6.067 £ 0.115
8 8.025 £ 0.051 5.137 £ 0.014 6.367 + 0.987
9 8.918 + 0.046 5.043 £ 0.092 6.233 £ 0.416
10 10.094 £ 0.043 5.118 + 0.030 6.633 + 0.306
11 11.156 £ 0.211 5.036 + 0.021 7.033 £ 0.451
12 12.017 £ 0.067 5.089 + 0.028 6.700 + 0.624

5.3.2 Analysis of Liquid Retention of PET Recesses

The liquid retention capacity of thermoformed PET recesses was evaluated with test
liquids of different surface tensions (solutions A, B, C) and real pork exudate (solution
D) as shown in Table 5.4.
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Table 5.4: Composition and surface tension of liquids used in retention tests.

Surface tension

Test liquid Composition (MN/m)

Solution A CMC 1 wt% 72.55+0.34
Solution B CMC 1 wt% + surfactant 0.0025 wt% 52.33+0.52
Solution C CMC 1 wt% + surfactant 0.1 wt% 31.52 +£0.09
Solution D Real pork exudate 60.04 £ 1.22

5.3.2.1 Recesses with Rims vs Recesses with No Rims

The effect of incorporating rims on liquid retention capability of PET recesses was
evaluated by comparing recess samples (8-recess arrays) with raised rims (rim height:
2 mm and rim width: 0.5 mm) against their corresponding samples with no rims. The
retention capacity was estimated in grams for a combination of various recess sizes and
liquid surface tensions under normal gravity. Figure 5.3 illustrates the relative retention
capacities with nominal recess diameter of 10 mm with solution A (without surfactant).
The test liquid in the tilted recess sample with no rim notably drained, while the liquid
remained trapped in the tilted sample with the raised rim. Comparisons of liquid
retention capacity of recess samples (nominal recess diameter: 7, 8, 9, 10, 11, 12 mm)
with solutions A, B, C, and D are shown in Figure 5.4. Retention capacity of recess
samples was affected by nominal diameter, the absence of rims and the surface tension
of the test liquid. The presence of integrated recess rims considerably improved the
liquid retention capacity of the PET recesses with all test liquids including the real pork
exudate. This was most strongly observed for samples with recess diameter of 10 mm
with solution A (without surfactant), and samples with recess diameter of 9 mm with
solutions B and D (intermediate surface tension liquid and pork exudate respectively)
as shown in Figure 5.4a, b, and d. This corresponded to retention capacities of 2.53 g,
2.02 g and 2.12 g for rim-integrated recess samples respectively. On the other hand, the
retention capacities of the corresponding samples with no rims were only 0.79 g, 0.53
g and 0.79 g respectively. The beneficial effect of recess rim was diminished with the
increase in recess sizes as the liquid in the tilted recesses drained more readily. This
occurred for the samples of recess diameters > 10 mm with solution A and > 9 mm with

solutions B and D. For samples with small recess diameters, such as 7 mm and 8 mm,
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the tilted recesses with solutions A and B maintained full capacity regardless the

presence of raised recess rims.

The liquid surface tension had a significant effect on the liquid retention of the
recess samples as their retention capacity improved with increasing surface tension of
test liquids. The increase in liquid surface tension also magnified the effect of recess
rim on enhancing the retention capacity. However, at very low surface tensions, with
solution C, the recess samples lost their retention capacity. This very low surface
tension of the test liquid facilitated liquid drainage for the recesses of all sizes with only
slight improvement in the retention capacity for samples with raised rims as shown in
Figure 5.4c. The liquid retention was also evaluated in terms of the liquid volume (mL)
that can be trapped per square metre of PET substrate with recesses. Therefore, the
retention capacity (mL/m?) was estimated for hexagon-packed recesses (recess
diameter: 9 mm) with even spacing distance of 1 mm. The retention capacity of the rim-
integrated recesses with solutions B and D (intermediate surface tension liquid and pork
exudate respectively) was 2898 + 66 and 2921 + 63 mL/m? respectively, while the
corresponding recesses with no rims had retention capacities of 763 + 288 and 1059 +
126 mL/m? respectively. This can validate the practicality of introducing recesses with
raised rims to the plastic meat packaging considering the limited draw ratios that can

be achieved for plastic packaging trays.
5.3.2.2 Effect of Rim Height and Width

The effects of the geometrical dimensions of the recess rim on liquid retention capacity
were studied for rim-integrated recess samples of mid-range surface tension (solution
B). The liquid retention capacities of recess samples (nominal recess diameter: 9 mm)
with different rim heights and widths are shown in Figure 5.5a and 5.5b respectively.
For recess samples with nominal rim width of 0.5 mm, rim heights of 0.2 mm were
sufficient to give the full retention capacity, with no benefit in increasing the rim height
further. The recess samples showed partial liquid drainage with a decrease in the
retention capacity from 2.02 g to 1.18 g for rim height of 0.1 mm. On the other hand,
recess samples with nominal rim height of 2 mm and varied rim widths (0.2-5 mm) in
Figure 5.5b showed that the recess samples with rim widths of 0.2 to 0.5 mm maintained
their full liquid retention capacity, but that further increases in rim width reduced the

capacity so that the retention capacity was partially lost from 2.02 g to 1.23 g for rim
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width of 1 mm. The retention capacity then further decreased for wider rims until the
recess samples were comparable with samples with no rim.

Figure 5.3: Retention test of PET recess samples (8-recess arrays) with nominal recess
diameter of 10 mm (left: no rim, right: raised rim) with solution A (y: 72.55 mN/m); (a)
empty recesses, (b) before tilting, (c) after tilting.
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Figure 5.4: Liquid retention capacity of tilted PET recess samples (8-recess arrays) with
raised rim and with no rim; (a) solution A (y: 72.55 mN/m), (b) solution B (y: 52.33
mN/m), (c) solution C (y: 31.52 mN/m), (d) solution D (y: 60.04 mN/m).
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Figure 5.5: Liquid retention capacity of tilted PET recess samples (8-recess arrays,
nominal recess diameter: 9 mm) with solution B (y: 52.33 mN/m); (a) different rim
heights, (b) different rim widths.

5.4 Discussion
5.4.1 Characteristics of Recess Geometry and Dimensions

The thermoforming process of the PET substrates allowed consistent replication of the
recesses with respect to their 3D prototype models. The thermoforming technology is
widely used in the food packaging industry and performs effectively for both simple
and relatively complex-shaped plastic packaging products.[226] The variations in wall
thickness distribution of the PET recesses occurred as the heated polymeric sheet
deforms on the mould during the thermoforming process. This is usually observed in
thermoformed plastic products, such as food trays.[227] The relaxation and release of
residual stress experienced by thermoformed plastic products might also play role in
the small scale variation of the recess dimensions.[228-230] Therefore, the current
thermoforming technology, used for the manufacture of conventional plastic food trays,
is fit for the intended purpose giving sufficient accuracy to produce a range of recess

sizes at scale.
5.4.2 Liquid Retention Capacity of PET Recesses

The low polarity and surface energy of PET surface resulted in low surface wettability
of the recess surfaces.[76,204] The raised rims introduced to the PET recesses with this
consistent low surface wettability increased their liquid retention capacity. This enables

design and thermoforming of plastic meat trays with capillary rim-integrated recesses
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for improved liquid self-isolation. These trays can trap the exudate released from

packaged meat products during their shelf lifetime.

The mechanism of the capillary liquid retention fundamentally depends on the
effects of liquid pinning and dominant pressures on the liquid menisci. This was
described in studies conducted by Extrand[125,127] on the capillary liquid trapping and
draining in tubes and enclosures with small orifices. A liquid in inclined tube or
capillarity forms air-liquid interface on its open bottom end that undergoes capillary,
hydrostatic and atmospheric pressures.[125] While the atmospheric pressure upwardly
pushes the liquid into the capillarity cavity against the encountering hydrostatic
pressure, it introduces air fingers into the liquid bulk for unstable liquid menisci as
illustrated within capillary recess in Figure 5.6a. This phenomenon is called Taylor
finger, which can propagate into the liquid leading to liquid draining out from the
capillarity opening.[124-126] However, geometrical valves usually introduced to
capillary systems improve the liquid pinning on their expanded walls leading to
increases in the pressure barrier. The PET recesses have a capillarity structure with
recess openings acting as geometrical valves. These openings allow the liquid to be
pinned on their edges, and hence the capillary pressure generates a local pressure barrier
to prevent liquid drainage.[120] This results in more stable menisci and improved
resistance to air finger formation that causes the liquid drainage.[126] The capillary
pressure and stability of the liquid menisci significantly improved with the decrease in
recess sizes. Therefore, liquid menisci in the tilted small recesses were stable with a
sufficient pressure barrier to restrict Taylor finger development. This allowed
atmospheric pressure to prevent the liquid drainage from the recess cavities as described
by Extrand.[125] This was manifested as full liquid retention in inclined recesses with
diameter of 7 mm regardless the presence of raised rim. However, the liquid curvature
and capillary pressure decreased for larger recesses.[125] This could reduce the menisci
stability and undermine the liquid pinning on the recess openings. Thus, the air finger
was initiated since the pressure barrier was not sufficient to resist the growing local
hydrostatic pressure during the recess inclination.[125-127] This resulted in liquid
drainage of the recess cavities as manifested in the reduced liquid retention of larger

sized recesses, notably for recesses with no rim.
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Figure 5.6: Capillary action and liquid behaviour in tilted recesses; (a) no raised rim
(underlining unstable meniscus and liquid drainage), (b) with raised rim (underlining
stable meniscus and liquid retention).

The presence of thin recess rims above the substrate surface enhanced the valving
functionality of the recess openings. The raised rim introduced a larger expansion angle
to the recess opening, which improved their liquid pinning effect and the capillary
pressure barrier,[111,113] with the proposed action illustrated in Figure 5.6b. The
increased expansion angle of the recess openings leads to an increase in maximal
contact angle that liquid menisci form on the rim edges of the recesses. The resulting
liquid menisci were more stable with stronger pinning on the recess rims as explained
by Wang et al.[120] This improved the resistance of the liquid menisci to air finger
development and liquid drainage, especially for larger recesses in comparison with their
corresponding recesses with no rims. Therefore, the introduced recess rims led to
considerable increases in liquid retention capacity of the capillary recesses. The liquid
retention of the rim-integrated recesses was also enhanced with real pork exudate,
demonstrating the real-world application of this technology. This reveals that the
improved valving functionality by recess rims was insensitive to the presence of
proteins in the liquid. However, the liquid retention capacity decreased for lower liquid
surface tensions as the liquid menisci exhibited less stability and pressure barrier. The
reduction in liquid surface tension reduced the resistance to the liquid drainage by
facilitating the propagation of air finger as explained by Kumar et al.[126]. The PET
recesses with the very low surface tension liquid (y: 31.52 mN/m) lacked retention
capabilities. This could be attributed to the lost pinning effect as the PET substrate had
surface energy (48.14 mJ/m?), higher than the surface tension of the test liquid.
Therefore, the liquid fully wetted the recess edges resulting in liquid drainage out of
the recess cavities. Although the raised recess rim improved the liquid pinning effect,

it only led to slight increases in the retention capacity with the very low surface tension
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liquid for the studied recess sizes. However, meat exudates are unlikely to have such

low surface tension.[43]

The geometrical dimensions of the recess rims determined the effectiveness of their
valving functionality in enhancing the liquid retention capacity. A minimum rim height
(0.2 mm) was required for the full liquid pinning effect, while the recesses with rims of
lower height (0.1 mm) showed decreased capacity for enhanced liquid retention. The
rim width also governed the improvement in liquid retention capacity by influencing
the liquid pinning and pressure barrier. Larger rim widths reduced the sharpness of the
raised rim, diminishing the effectiveness of the increased expansion angle. This was
comparable with the study findings about liquid trapping on capillarity tips as reported
by Agonafer et al.[121]

This work demonstrates that recesses integrated with thin rims can be an effective
technology to isolate the exudate in plastic meat packaging. For pork exudate, rim-
integrated PET recesses with opening diameter of 9 mm had retention capacity of 2921
+ 63 mL/m? reflecting an increase of 2.76 times when compared with recesses with no
rims. This improved retention capacity is comparable to the absorbent pads used in
plastic meat trays, which typically have a liquid absorption capacity of ~3000 mL/m?
(2949 mL/m? based on experimental testing with a simulant liquid). The recesses with
raised rims have a permanent effect with low manufacturing cost as the recess
production takes place during the normal forming stage. Further, meat exudate trapped
in the PET recesses with raised rims can be readily removed by washing the recesses
with water to be ready for the recycling process. This allows the manufacture of fully
recyclable meat trays, and replaces the use of the non-recyclable absorbent pads that
restrict the recycling process of plastic trays and have additional material cost and
associated labour.[64] It can also reduce the footprint of the overall plastic packaging

waste.
5.5 Closure

The integration of raised thin rims on to PET capillary recesses with extended sizes was
an effective technology to substantially enhance their capacity to retain liquids. The
PET recesses with raised rims exhibited increases in liquid retention capacity (by 2.76
times for recess diameter of 9 mm, y: 60.04 mN/m) in comparison to the recesses with

no rims, with a potential capacity of around 2900 mL/m? which is comparable with
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current absorbent pads. The introduced thin rims improved the valving functionality of
the recess openings throughout increasing their expansion angles. The liquid menisci
on the recess openings were more stable and resistant to liquid drainage. As well as
polyethylene terephthalate, these plastic trays can also be made from other single
polymeric materials, such as, polypropylene and polyethylene to produce fully
recyclable trays, while the design of the recesses allows used trays to be rinsed and
cleaned to directly enter closed loop recycling. Having demonstrated that the capacity
of thermoformed recesses can be substantially increased by modifying their geometry,
the next chapter will explore the use of localised surface treatment as a further method

of improving retention capacity of thermoformed recesses.
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Chapter 6

Improved Liquid Retention of Capillary Recesses by Localised Plasma

Surface Treatment for Food Packaging Applications

6.1 Introduction

The previous chapter demonstrated that the capacity of thermoformed recesses for food
packaging can be substantially increased solely by modifying their geometry so that
their ability to retain liquid is comparable to current absorbent pad systems. This
chapter reports the development of an alternative method to trap liquid in plastic food
packaging through the selective surface modification of liquid-holding recesses via
plasma treatment, and without employing the raised recesses reported previously.
Localised plasma surface treatment of only the internal walls of the recesses is intended
to improve their surface wettability and free energy. This generates a contrast in the
wetting properties between the recess walls and recess edges. It is proposed that this
can induce valve functionality based on surface wettability variation, and thus may
improve stability of the liquid menisci and liquid retention capacity. This work used a
combined approach of varying both size and surface wettability of capillary recesses.
This was carried out through developing a 3D design of a substrate with capillary
recesses of different sizes. This design model was then used to produce thermoformed
polyethylene terephthalate (PET) substrate with capillary recesses as liquid holding
wells. For comparison, the recess samples underwent both localised (recess only) and
full plasma treatments to investigate the effect on their liquid retention capacity, using
a similar approach as detailed in the previous chapter. Prior to this, the surface
properties of PET recesses were characterised by measuring the surface wettability,
surface energy, surface chemical composition and topography of the PET surface
before and after the plasma treatment. Such treatment may be transient but if it is to be
a practical solution it must retain effectiveness during the anticipated lifetime of the
packaging product, therefore the longevity of the plasma treatment effect was
investigated in terms of the aforementioned properties and crucially in terms of the

liquid retention of recesses over extended storage times.

82



6.2 Materials and Experimental Methodology
6.2.1 Materials

Amorphous polyethylene terephthalate (PET) sheets with thickness of 0.50 mm
(Klockner Pentaplast Group, UK) were used to thermoform substrates with capillary
recesses (Section 3.3.1). Isopropyl alcohol (IPA) (Propan-2-ol > 99.5 %, Fisher
Scientific, UK) was used to clean the recess surfaces by dipping and rinsing the samples
in IPA solvent. 4-Hydroxy-4-methyl-2-pentanone (Sigma Aldrich- boiling point: 166
°C, density: 0.931 g/mL, surface tension: 32.37 mN/m) with methylene blue dye (Sigma
Aldrich) were used for volume measurement of recess cavities. Test liquids formulated
with aqueous solutions of sodium carboxymethyl cellulose (CMC) powder with
different surface tensions were prepared as simulant liquids of the meat exudate for
retention tests (Section 3.2.2.2.1) as shown in Table 6.1. Red azorubine colorant- E122
(FastColours LLP, UK) was used to dye the simulant liquids for retention tests.

Table 6.1: Test liquids and their surface tensions used in retention tests.

Test liquid Surface Tension (mMN/m)
CMC 1 wt% (High Surface Tension) 7255+£0.34
CMC 1 wt% (Medium Surface Tension) 52.33+£0.52
CMC 1 wt% (Low Surface Tension) 31.52+£0.09

6.2.2 Design and Thermoforming of Substrates with Capillary Recesses

The 3D model design of a substrate with arrays of capillary recesses of different sizes
was generated by computer-aided design (CAD) SolidWorks software (Edition SP 4.0-
2016). The recesses had truncated cone shape with internal depth of 6 mm, draft angle
of 10°. The opening diameters of the recesses were in the range of (4-12 mm). The
substrate was configured with arrays of 6 even-spaced recesses of the same diameter
(Section 3.3.2) as shown in Figure 6.1. The 3D design of the substrate was used for
mould designing and thermoforming process to produce PET replicates of the substrate
with capillary recesses that were carried out in Klockner Pentaplast Company, UK.
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Figure 6.1: (a) 3D model design, (b) photo of thermoformed PET replicate of substrate
with capillary recesses.

6.2.3 Shape Profile and Volume of Capillary Recesses

The dimensions and shape profile of the formed PET recesses were determined by
digital Smartzoom 5 microscopy (Zeiss, UK) for recesses with nominal diameters of 7,
8, 9, 9.5, 10, 11 mm. The shape profiling with measurement of the geometrical
dimensions and cavity volume of PET recesses were described previously in Section
5.2.3.

6.2.4 Oxygen Plasma Treatment of Capillary Recesses

The formed PET substrate was trimmed to separate each 6-recess array of the same
recess size in one sample. The recess samples were cleaned to eliminate any organic
contaminants by rinsing with Isopropyl alcohol.[180] A low pressure plasma unit
(model: Nano, Diener Electronic, Germany) with a cylindrical chamber was used for
the surface treatment (Section 3.5). The glow discharge was produced by oxygen gas
supply with the vacuum pressure (base pressure: 0.1 mbar). Based on application of
plasma treatment, the recess samples were separated into groups (no treatment,
localised plasma treatment of recess walls, plasma treatment of recess walls and edges)
as illustrated in Figure 6.2. The plasma treatments were carried out at oxygen flow rate
of 80 cm®min, working pressure of 0.14 mbar and power of 240 W. The recesses were
treated for two exposure times of 6 and 18 s to obtain the target levels of surface
hydrophilicity. For localised plasma treatments of the recess walls, the selective plasma
treatments of only internal surface of recess walls were conducted by placing an
electrostatic film mask (made from polypropylene, PP) on the sample face surface as

shown in Figure 6.3. The mask had holes for each recess, while it formed a barrier
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between PET surface and excited plasma species preventing the treatment of masked
areas. The PP film mask was prepared via laser cutting (Epilog Laser) and discarded

after the plasma treatment.

Untreated Treated walls only Treated walls + edges

Figure 6.2: Illustrative sketch of plasma-treated areas of PET recesses based on oxygen
plasma application; (from left to right) untreated, treated walls only, treated walls and
edges.

Figure 6.3: Oxygen plasma treatment of (a) unmasked and (b) masked (with perforated
PP film) PET recess samples.

6.2.5 Characterisation of PET Surface Properties
6.2.5.1 Wettability and Surface Energy Measurements

Static contact angle measurements were carried out by sessile drop technique to
characterise the surface wettability of the PET recesses. The contact angle of 3 puL DI
water drops was measured on flat surface of the untreated and plasma-treated recesses.
The measurements were conducted in (First Ten Angstroms FTA1000c) analyser
system and repeated 6 times at temperature of 20 £ 1 °C and relative humidity of 54 +
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5%. The contact angle values were obtained within 2 h after plasma treatment as a mean
of measured values for 6 samples. Surface energy (ys®) with the polar (ys") and
dispersive (ys%) components were also determined for the recess surfaces. The surface
energy measurement was based on Owens-Wendt method (Section 3.6.1).

6.2.5.2 Surface Chemical Composition by X-ray Photoelectron Spectroscopy
(XPS)

X-ray photoelectron spectroscopy (Kratos Analytical Ltd, UK) was used to analyse the
surface chemistry of pristine and O, plasma-treated PET recess samples (Section 3.6.2).
The chemical composition of the PET surfaces was characterised (5 min after the
plasma treatment) in the analysis chamber under pressure in order of 10® Torr. The
sample surfaces were exposed to an exciting X-ray source of monochromatic Al Ka
(1486.6 eV). The photoelectrons emitted from each analysis location area were
analysed by hemispherical analyser. The charge effect of the polymer surfaces was
neutralised by magnetic neutralisation lens. Each sample was scanned at pass energy of
160 eV in five analysis locations. The same analysis locations were also analysed with
large area scan at pass energy of 20 eV. The resulting peaks were processed with
CasaXPS software (Version 2.3.22PR1.0, Casa Software Ltd). The element peaks were
fitted on Shirley background and calibrated according to the reference position of
carbon C 1s peak of 285.0 eV.

6.2.5.3 Surface Topography by Atomic Force Microscopy (AFM)

The effect of oxygen plasma on surface roughness of capillary recesses was evaluated
by scanning their surface topography with atomic force microscopy (JPK NanoWizard
3). Cut samples in the size of 1 cm x 1 cm were taken from pristine and O plasma-
treated PET recesses and scanned by the AFM over areas of 1 um x 1 um in tapping
mode (Section 3.6.3). The scanning images were analysed by Gwyddion software
(Version 2.55) to determine the surface roughness parameters. The average roughness
(Ra) and root mean squared roughness (RMS) values were averaged from scans of 3

different areas.
6.2.6 Liquid Retention Test of Capillary Recesses
Liquid retention capacity of the recesses was evaluated for various combinations of

recess size and plasma treatment by retention test under normal gravity. The test
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included tilting the recess samples (diameter: 7, 8, 9, 9.5, 10, 11 mm) for an angle of
180° over 5 s, after filling with simulant liquids as shown in Figure 6.4 (Section 3.7.1).
The weight of simulant liquid in full sample (6-recess array) was measured before
tilting and mounted on a sticky tape on a built-in tilting board. The weight of trapped
liquid in the tilted sample was then measured representing the liquid retention capacity
(9). The retention capacity was also estimated in mL/m? with simulant liquid (CMC 1
wt%, density: 1.0017 g/mL) for recesses of optimised retention capacity. This was
based on a hexagonal packing of recesses per square metre with spacing of 1 mm

between the neighbouring recesses.[223]

Untreated | Treated walls only I Treated walls + edges

Figure 6.4: Retention test with simulant liquid (CMC 1 wt%, y: 72.55 mN/m) of PET
recesses (untreated, plasma-treated walls, plasma-treated walls and edges) with
nominal diameter of 10 mm; (a) empty recesses, (b) before tilting, (c) after tilting.

6.2.7 Ageing Effect on Plasma-treated Capillary Recesses

The effect of hydrophobic recovery on surface properties and liquid retention capacity
of the plasma-treated recesses (diameter: 8 and 9 mm) was assessed for different storage

periods. The PET recess samples were treated with O2 plasma for 18 s and stored in
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clean plastic boxes at controlled temperature of 20 + 1 °C (humidity 40-60 % RH). The
degradation of wettability and surface energy was evaluated by measuring the contact
angles of the test liquids on PET surfaces over storage times of 0, 1, 2, 3, 7, 14, 21, 28,
60 days. The chemical composition of the aged PET recess surfaces was analysed by
XPS technique, and the liquid retention capacity was evaluated with CMC 1 wt% (y:

52.33 mN/m) under normal gravity.
6.3 Experimental Results
6.3.1 Shape Profile and Size of Model and PET Recesses

Geometrical characterisation of the PET recesses showed consistent wells in line with
nominal dimensions. Figure 6.5 shows cross-section profiles of recess model and
corresponding thermoformed PET recess with diameter of 9 mm. All thickness,
dimension and volume values were measured for recesses with nominal diameters of 7,
8,9, 9.5, 10, 11 mm and presented in Table 6.2. The PET recesses had a comparable
replication of geometrical dimensions of their models with error less than 0.04 mm for
opening diameters, 0.08 mm for cavity depths and 3.17° for draft angles. The wall
thickness profiles exhibited wall thinning towards the bottom corners. This is due to
deformation and stretching during thermoforming process.[227] The opening of the
PET recesses had round corners due to irregular wall thickness resulting in a variation
of their opening diameters. Therefore, the bottom of the round corners was a reference
point to measure the opening diameters. The measured recess volumes were
proportional with recess sizes. Recesses with diameters of 7 mm and 11 mm had the

smallest and largest cavity volumes of 0.208 mL and 0.521 mL respectively.

Figure 6.5: 2D cross-section profile of (a) recess model and (b) thermoformed PET
recess with nominal diameter of 9 mm. The wall thickness measurements are taken for
the substrate (w) and recess base (m). The geometrical dimensions of the recesses are
measured for opening diameter (d), cavity depth (h) and wall draft angle («).
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Table 6.2: Average recess cavity volume, geometrical dimensions, and wall thickness
of thermoformed PET recesses.

Recess Model Thermoformed PET Recess
Geometrical Dimensions (mm) Wall Thickness (mm) Recess
Volume
) Diameter Draft Substrate (mL)
Diameter Depth (h) Base (m)
(d) Angle () (W)
7 6.992 5.975 7.010 0.496 0.043 0.208
+0.009 +0.028 £0.605 +0.041 +0.011 +0.003
8 8.004 5.982 7.078 0.464 0.059 0.270
+0.004 +0.032  £0.402 +0.037 +0.019 +0.005
9 8.961 5.974 6.867 0.478 0.077 0.346
+0.023 +0.060 £0.252 +0.008 +0.004 +0.006
95 9.470 5.923 6.833 0.456 0.087 0.389
+0.035 +0.085  £0.379 +0.027 +0.007 +0.008
10 9.965 5.952 6.900 0.495 0.104 0.440
+0.046 +0.074  £0.400 +0.015 +0.003 +0.008
11 10.970 5.929 6.967 0.483 0.121 0.521
+0.023 +0.072 £0.208 +0.047 +0.005 +0.004

6.3.2 Wettability and Surface Energy Analyses for Plasma-treated PET

The surface wettability of untreated and plasma-treated PET recesses is represented by
measured WCA in Figure 6.6a. The untreated PET surface exhibited a WCA of 77.6 =
0.6°. The O2 plasma treatment resulted in a dramatic increase in surface wettability
reflected in the decrease of WCA to 46.5 + 0.5° and 15.3 + 0.4° for treatment times of
6 s and 18 s respectively. The PET surfaces will be identified by their characteristic
WCA due to the consistency in their wettability results. Figure 6.6b illustrates the effect
of O, plasma treatment on surface energy of PET recesses. The total surface energy of
untreated PET was 47.7 + 0.5 mJ/m? with a dispersive component of 44.3 + 0.7 mJ/m?
and a polar component of 3.4 + 0.4 mJ/m2. The surface energy of plasma-treated PET
considerably increased and was proportional with the treatment time. The total surface
energy reached 76.5 + 0.5 mJ/m? after O, plasma treatment for 18 s. This corresponded
to an increase in polar component by a factor of approximately 9 times, while dispersive

component showed no significant changes.
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6.3.3 Chemical Composition of Plasma-treated PET

The chemical composition of untreated PET and plasma-treated PET was characterised
through XPS survey spectra as shown in (c) and (d) of Figure 6.6. Both untreated and
plasma-treated PET surfaces had distinct peaks for carbon C 1s and oxygen O 1s. Small
peak of Si 2p for silicon was also detected as it was potentially originated from the
silicon oil used in food packaging production as a de-nesting agent. The wide spectrum
of plasma-treated PET surface showed an increase in O 1s peak intensity and decrease
in C 1s peak intensity with appearance of additional small peak of nitrogen N 1s. Table
6.3 presents the O/C ratio and atomic concentration of the elements detected on
untreated and plasma-treated PET surfaces. The O/C ratio of untreated PET was 27.07
% corresponding to O% of 21.28 % and C% of 78.63 %. The O, plasma treatment
increased O/C ratio to reach 40.12 % and 44.29 % for PET surface treated for 6 s and
18 s respectively. This corresponded to an increase in the oxygen concentration and
reduction of carbon concentration as shown in the Table 6.3. The nitrogen element was
present after plasma treatment in small concentrations of 0.11 % and 0.20 % for
treatment times of 6 s and 18 s respectively. The C 1s peak was deconvoluted into
different components to characterise the functional groups on the PET surface as shown
in Figure 6.7. The analysed C 1s peak of untreated and plasma-treated PET showed four
peak components at binding energies of 285.0, 286.6, 289.0 and 291.5 eV accounting
for C-C/C-H, C-0O, O-C=0 and pi-pi* shake-up bonds respectively. Functional group
of C=0 bond was formed at a binding energy of 287.5 eV after the plasma treatments.
Concentrations of the functional groups are presented in Table 6.4. The C=0 bond was
emerged with concentrations of 2.95 % and 5.09 % for plasma treatments of 6 and 18 s

respectively.
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Figure 6.6: Changes in surface properties of PET recesses over O» plasma treatments;
(a) water contact angle, (b) surface energy, (c) wide XPS spectrum of untreated PET,
(d) wide XPS spectrum of plasma-treated PET for 18 s, () 3D AFM image of untreated
PET, (f) 3D AFM image of plasma-treated PET for 18 s.
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Table 6.3: Elemental composition and O/C ratio of PET recess surfaces.

Atomic Concentrations of Surface Elements on the PET surface

PET Recess Surface C% 0% Si% N% o/C
78.63 21.28 + 0.09 + 27.07 +
Untreated 0.13 0.16 0.06 - 0.25
Plasma-treated for 6 s 71.17 + 28.55 + 017 + 0.11+ 40.12 +
0.14 0.12 0.06 0.06 0.21
69.11 + 30.61 + 0.08 + 0.20 £ 44,29 +
Plasma-treated for 185 5 44 0.18 0.04 0.13 0.22
x 10° : 103
o 0] Cis G0/ cH & 20 Cs cc/cH
o o
O 159 Q15
> ] > ]
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c 1 e 7
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Figure 6.7: Functional groups deconvoluted from high-resolution C 1s peak for (a)
untreated PET and (b) plasma-treated PET for 18 s.

Table 6.4: Atomic concentrations of functional groups of C 1s for PET recess surface
before and after O, plasma treatment for 18 s.

Atomic Concentration (%) of C 1s Components

C-C. C-H c-0 c=0  0-C=0 Pi-Pi*
Binding Energy (V) 285.0 2866 2875 289.0 2015
Untreated 6380+ 1846+ _ 1644+ 122+
0.18 0.18 0.22 0.14
o lasmatreated for 6 < 5461+  21.65+ 295+ 1037+ 141+
0.65 0.45 0.13 0.26 0.12
6022+ 1668+ 509+ 1721+ 080+
Plasma-treated for 18 s 0.50 0.38 0.43 0.28 0.31

6.3.4 Nanoscale Surface Topography of Plasma-treated PET

The surface texture of PET recesses was studied at nanoscale using AFM for scanned

areas of 1 um x 1 um. The surface topography before and after plasma treatment were

characterised by surface roughness parameters of RMS and Ra as presented in Table
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6.5. The RMS and Ra before plasma treatment were 1.44 nm and 1.12 nm respectively.
The PET recesses had rougher surface after 18 s of the plasma treatment attributed to
RMS of 6.73 nm and Ra of 4.84 nm. The topological features are visualised in the 3D
AFM images for untreated PET (e) and plasma-treated PET (f) in Figure 6.6. The
untreated PET had nearly smooth surface, while it showed rougher surface with small
spike-like features after the plasma treatment.

Table 6.5: Root mean squared roughness (RMS) and average roughness (Ra)
parameters of PET recess surfaces.

PET Recess Sample RMS (nm) Ra (nm)
Untreated 1.44+0.29 1.12+0.25
Plasma-treated 6.73 £1.68 484 +2.12

6.3.5 Liquid Retention Test of PET Recesses
6.3.5.1 Effect of Recess Size and Surface Wettability

Retention capacity of PET recess samples (6-recess arrays) of each size (nominal
diameter: 7, 8, 9, 9.5, 10, 11 mm) was investigated after mild plasma treatment for 6 s
and strong treatment for 18 s. The corresponding surface wettability of the plasma-
treated recesses was represented by the characteristic WCA of 46.5° and 15.3°
respectively. Figure 6.8 shows retention capacity of the recess samples before, after
non-localised and localised O plasma treatments of their inner walls. The retention
capacity value was average of 6 repeated measurements with simulant liquid (CMC 1
wit%, y: 52.33 mN/m). The samples with recess diameter of 7 mm maintained full
(retention capacity: 1.214 g) before and after localised plasma treatments. The retention
capacity of all recesses with diameter > 8 mm decreased with the increase of their sizes.
The recess samples treated with localised O2 plasma exhibited higher retention capacity
than untreated samples. The selective improvement in wall surface wettability
increased recess capacity to trap the simulant liquid. In contrast, wettability
improvement of the combined recess edges and walls (non-localised treatment)
diminished their retention capacity to even lower than untreated samples. For example,
the retention capacity of untreated sample (recess diameter: 9 mm) increased from
0.696 g to 1.500 g after localised plasma treatment for 18 s. However, the corresponding
non-localised plasma decreased the retention capacity to 0.392 g. The retention capacity
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was proportionate to the wall surface wettability of PET recesses as it was higher for
WCA of 15.3° than WCA of 46.5°.

35
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Figure 6.8: Retention capacity of tilted PET recess samples (6-recess arrays) with CMC
1 wt% (y: 52.33 mN/m) after oxygen plasma treatments; untreated, mild localised
treatment (6 s, WCA: 46.5°, recess walls only), strong localised treatment (18 s, WCA:
15.3°, recess walls only), strong full-area treatment (18 s, WCA: 15.3°, recess walls +
edges).

Simulant Weight (g)

6.3.5.2 Effect of Liquid Surface Tension and Recess Surface Wettability

Simulant liquids (CMC 1 wt%) with surface tension values of 72.55, 52.33, 31.52
mN/m were used for retention test of the recess samples. Figure 6.9 illustrates the effect
of liquid surface tension on retention capacity of untreated samples (a) and samples
with localised plasma treatment of 18 s (b). The recess walls treated with O, plasma
had WCA of 15.3° while the outer edge surface had WCA of 77.6°. For both untreated
and plasma-treated samples, the retention capacity was proportionate with the liquid
surface tension. For the simulant liquid with surface tension of 72.55 mN/m, the
untreated samples maintained full after tilting until recess diameter of 9 mm while
plasma-treated samples until recess diameter of 10 mm with retention capacity of 2.594
g. The corresponding untreated sample (recess diameter: 10 mm) had only retention
capacity of 0.783 g. The increase in liquid surface tension notably magnified the plasma
treatment effect (wall surface wettability) on improving liquid retention of recess
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samples. Lower surface tension of 52.33 mN/m led to a sharp decrease in retention
capacity of untreated recess samples. This had less impact on the retention capacity of
the plasma-treated samples as shown in Figure 6.9. However, both untreated and
plasma-treated samples for all recess sizes could not retain the lowest surface tension
liquid (31.52 mN/m).
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Figure 6.9: Retention capacity of PET recess samples (6-recess arrays) with CMC 1
wt% (y: 72.55, 52.33, 31.52 mN/m) before (a) and after (b) localised O, plasma of
internal recess walls.

6.3.6 Ageing Effect Analysis
6.3.6.1 Ageing Effect on Surface Properties of Plasma-treated PET Recesses

The surface hydrophobic recovery of plasma-treated PET recesses was investigated for
their wettability, surface energy and chemical composition over different ageing times.
The recess samples treated with O2 plasma for 18 s were stored in air. WCA, surface
energy and XPS measurements were performed for the aged samples during storage
periods of 0, 1, 2, 3, 7, 14, 21, 28, 60 days. Figure 6.10 shows WCA (a) and surface
energy (b) developed on plasma-treated PET over the storage times. The WCA sharply
increased from 15.3° to 34.6° in the first three storage days as the ageing rate of treated
PET surface was high. It was then increased gradually to reach 54.8° after 28 days. The
WCA was almost stable between 28 and 60 days. The surface energy of plasma-treated
PET substantially decreased in the first three days from 76.5 mJ/m? to 66.1 mJ/m?. It

then decreased gradually forming a plateau after 28 days. This corresponded to a similar
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decrease in the polar component of surface energy while the dispersive component was
constant. The reduced wettability and surface energy of the aged PET reflected its

tendency to return to its original surface properties before the plasma treatment.

The elemental composition of aged PET surface after O, plasma treatment showed
a decrease in oxygen concentration over the storage periods as shown in Table 6.6. This
revealed a loss of functional polar oxygen groups on the aged PET surface. The highest
ageing rate was observed in the first day with a reduction in oxygen concentration from
30.61 % to 28.30 % corresponding to a decrease in O/C ratio from 44.29% to 39.65%.
The oxygen concentration then slightly decreased over the ageing time. After 60 days,
the oxygen concentration was 27.23 % and O/C ratio was 37.90 %, which are still
higher than the corresponded values of untreated PET with O% of 21.28 % and O/C of
27.07 %. Therefore, part of oxygen groups introduced by the plasma treatment remains
on PET surface for relatively long ageing time. The nitrogen content showed a slight
increase over time, while the silicon element showed no significant changes in its
concentrations.
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Figure 6.10: Changes of surface properties of PET recess surface treated with plasma
for 18 s over different storage times; (a) water contact angle, (b) surface energy.
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Table 6.6: Changes in elemental composition and O/C ratio of O, plasma-treated PET
surface over ageing times.

Atomic concentrations of surface elements on the aged PET surface

Tiﬁg%‘fys) C% 0% Si% N% oic
0 69.11+036 3061+0.18 008+0.04 020+013 44.29+022
1 71384010 2830+009 013+0.02 018+006 39.65+0.17
2 71454011 28.08+008 0154003 032+008 39.30+0.15
3 71504015 27.93+009 014+002 034006 39.01+021
7 71734013 27.87+007 014+003 026+004 38.85+0.16
14 71604007 27.60+004 045+001 027+005 3850008
21 71844009 27.63+009 024+003 029+010 3846014
28 71874006 2754+008 027+007 031+007 38324013
60 71844021 2723+015 037+005 057+005 37.90+032
Untreated  78.63+0.13 21.28+016 0.09+0.06 i 27.07+0.25

6.3.6.2 Ageing Effect on Retention Capacity of Plasma-treated PET Recesses

Liquid retention capacity of recess samples after localised Oz plasma treatment was
investigated for storage times of 0, 1, 3, 7, 14, 21, 28, 60 days. This was illustrated in
Figure 6.11 for samples with recess diameter of 8 mm (a) and 9 mm (b) with simulant
liquid (CMC 1 wit%, y: 52.33 mN/m). The plasma-treated samples with recess diameters
of 8 and 9 mm maintained constant retention capacity of 1.664 g and 1.558 g
respectively over the storage times. However, the corresponding untreated samples had
retention capacity of 1.165 g and 0.696 g respectively as shown in Figure 6.11. For
practical application of liquid-holding recesses within food packaging, the retention
capacity is also assessed by the liquid volume (mL) retained in a square metre. This
capacity can be optimised by hexagonal packing with spacing distance of 1 mm
between the circular recesses in 0.9 m? taking limited draw ratio of thermoforming

process into consideration.[223] Therefore, the retention capacity of plasma-treated
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recesses with diameter of 8 and 9 mm was 3901 + 22 and 2972 + 62 mL/m? respectively

after 60-day ageing period.
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Figure 6.11: Liquid retention capacity of plasma-treated PET samples with nominal
recess diameters of 8 mm (a) and 9 mm (b) over different storage times.

6.4 Discussion
6.4.1 Shape Profile and Dimensions of Recesses

The thermoformed PET recesses were dimensionally very consistent and similar to the
designed models with only very small deviations as observed in their cross-section
visualisation. These deviations may occur due to irregular distribution of wall thickness
during vacuum thermoforming with high draw ratios. The elastic shrinkage and release
of residual stress of the formed PET recesses can also contribute to these small scale

dimensional deviations.[228-230]
6.4.2 Plasma Impact on Recess Surface Properties

The O2 plasma treatment of PET recesses increased their surface hydrophilicity and
therefore their wettability for water-based liquids.[68,169,176] It functionalised the
untreated PET surface with hydrophilic oxygen groups, such as C-OH and COOH
causing a decrease in WCA. The prolonged plasma treatment further decreased the
WCA to 15.3° as more hydrophilic groups were attached on the treated
surface.[179,222] The modification treatment is initiated with scission of C-C bonds in
the polymer chains and hydrogen abstraction. This is carried out by the highly reactive

plasma species, such as radical oxygen and hydroxyl groups forming radical sites. The
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excited oxygen in plasma glow reacts with the radical sites to generate different oxygen
groups including C-OH, C=0 and COOH.[169,204] A comparable decrease in WCA
from 72° to 19° on PET surface was found after O, plasma in work of Junkar et al.[222]
The polar oxygen groups also contributed to the substantial increase in polar component
of surface energy by 28.5 mJ/m? (3.4 to 31.9 mJ/m?), which primarily accounted for the
increase in total surface energy of 28.8 mJ/m?. A comparable increase in surface energy

of plasma-treated PET was found by Yang et al.[204]

Oxygen plasma treatment resulted in increasing oxygen concentration and hence
O/C.[169,222] This was manifested as additional oxygen groups, such as C=0 were
introduced to the treated recess surface.[204] The O/C was also proportionate with
treatment time as high number of active sites are ready to incorporate oxygen groups
for prolonged treatments.[179] Therefore, the increase in oxygen concentration can
explain the increased wettability and surface energy of the plasma-treated PET. Similar
effects of plasma treatments have been reported by different studies.[182,204,222] The
C 1s peak analysis (Table 6.4) showed that under the plasma treatment new C=0 was
formed, while absent from the untreated samples. This has been observed to
significantly improve the surface polarity and wettability in literature.[179,231] As well
as an increase in oxygen to carbon ratio, small amounts of nitrogen were detected in the
plasma-treated samples. This element might be present due to post-plasma reaction
between the activated surface and the nitrogen in air.[217] The peak of pi-pi satellite

appeared due to the emitted photoelectrons of excited aromatic phenyl groups.[220]

Etching effect of the plasma treatment led a substantial increase in nanoscale
surface roughness of the PET recesses. The excited plasma particles have more
predominating etching and eroding impact on the amorphous areas of the PET surface
than crystalline areas. The varied etching rate over the treated surface may have resulted
in rougher PET surface with larger projected area.[180] This could contribute to long-
lasting improvement in wettability of PET recesses even after ageing due to increased
interface between the PET surface and contacting liquid,[180,232] based on Wenzel
law.[87]

6.4.3 Liquid Retention Capacity of PET Recesses

The localised increase in wettability and surface energy was an effective means of

enhancing liquid retention of the PET recesses. This allows manufacturing of food
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plastic trays incorporated with recesses of increased liquid-holding capacity. Therefore,
food exudate released from even very exudative food products can be isolated and
retained in the designated recesses during the product shelf life. The liquid trapping
functionality gained by the capillary recesses can be explained by the liquid pinning
phenomenon and pressures acting on liquid interface. This was investigated by
Extrand[125,127] for capillary tubes and orifices in vertical and inclined positions.
Liquid in a capillarity with closed-top end is subject to encountering atmospheric and
hydrostatic pressures. A capillary pressure also acts on the liquid to form a meniscus
on the recess walls.[125] Liquid drainage in a tilted large capillarity such as a recess is
induced by propagation of air finger (Taylor finger) into the liquid-air interface due to
instability in the liquid meniscus. This results in replacing the liquid with air as the
liquid forms a film on the capillarity walls and drains out of the open end.[124,126]

The recess opening has a geometrical valving functionality where the capillary
pressure induces liquid pinning effects and forms valving pressure barrier.[120] This
enhances stability of the liquid menisci and prevent liquid drainage due to phenomenon
of Taylor finger.[126] This was manifested in stable menisci on recess openings of
small sizes as the capillary pressure and pinning effects are large enough to restrict
initiation of the air finger. The atmospheric pressure upwardly acting on liquid
meniscus, therefore, was able to retain the liquid in the tilted small recesses as explained
by Extrand.[125] For example, the recesses with diameter of 7 mm were maintained
full during and after tilting even without plasma treatment. However, the liquid
interface had smaller curvature for untreated recesses with larger sizes as the capillary
pressure decreased.[125] The recess inclination during tilting resulted in local change
in the hydrostatic pressure acting on the liquid interface.[233] This resulted in liquid
advancing on one recess wall and receding on the other wall as described by work of
Extrand.[127] The low capillary pressure of untreated large recesses resulted in
unstable meniscus and diminished pining effect against the advanced meniscus. This

facilitated air finger propagation leading to liquid drainage of the recesses.[125-127]

On the other hand, the localised plasma treatment of internal recess walls improved
the pinning effect and pressure barrier on the recess opening. The low surface energy
of PET recesses allowed localised plasma treatment to induce a considerable variation
in wetting properties between the inner walls and outer edges of the treated

recesses.[76] This introduced additional pinning effect due to the wettability variation,
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which acts as capillary burst valve. Therefore, the recess openings gained improved
liquid pinning from combined valving effects of geometrical and wettability
changes.[113,114] This provided the liquid menisci with more resistance to the air
finger propagation and liquid drainage, particularly for larger recesses in comparison
with corresponding untreated recesses. Consequently, the stability of liquid menisci and
pinning effects were enhanced for the plasma-treated recesses leading to higher liquid
retention capacity. The retention capacity was also proportionate with wall surface
wettability as the wetting properties between the walls and outer edges were further
magnified.[113,125,234] However, the decrease in liquid surface tension resulted in
less stable liquid interfaces and lower capillary pressure barriers. Therefore, the recess
resistance to drainage was undermined causing reduced retention capacity. This was

also found by Kumar et al[126] in liquid drainage from closed tubes.

For liquid with the lowest surface tension (31.52 mN/m), there was a lack of
retention capacity as the liquid surface tension was lower than the surface energy of the
untreated substrate (47.7 mJ/m?). This caused a complete wetting of the recess edges
leading to evacuation of the liquid from recess cavities in all conditions (both untreated
and locally treated). Non-localised plasma treatment increased hydrophilicity (WCA:
15.3°) on both wall and edge surfaces. The highly hydrophilic outer edges led to
enhancing adhesive forces on the edges surface. These forces compete with cohesive
forces of the liquid and prevent pinning of liquid menisci. This was reported by
Kazemzadeh et al[119] for highly hydrophilic capillary valves. The retention capacity
of samples (recess diameter: 9 mm) with localised and non-localised O2 plasma
treatment (WCA: 15.3°) was 1.500 g and 0.392 g respectively, but retention capacity
of the corresponding untreated samples was 0.696 g. This provides the conclusion that
the liquid retention improvement requires a distinct difference in wetting characteristics

between the recess walls and their outer edges.
6.4.4 Longevity and Practicality of Plasma Treatment

The improved retention capacity and surface properties of PET recesses gained by the
0. plasma treatment were subject to ageing during the storage periods. This was
manifested in increasing WCA and decreasing surface energy over 60 days. It also
corresponded to the decrease in oxygen concentration and O/C ratio over the ageing

time. Ageing phenomenon is observed in polymer surfaces after plasma treatments as
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the aged surfaces exhibit tendency to lose their polar groups and become more
hydrophobic surfaces.[179] This includes migration of non-polar groups from the
polymer matrix to the treated surface. The polymer chains may also experience
reorientation resulting in burying the functional groups inside deeper layers of the
polymer surface.[180,235] However, WCA on the aged PET after 60 days was still
substantially lower than untreated PET (53.7° vs 77.6°), and surface energy remained
higher than the untreated PET (see Figure 6.10). This suggests that plasma treatment
induced a permanent increase in the surface wettability and energy.[182] A comparable
recovery behaviour was reported by Kostov et al[180] and Homola et al.[182] Despite
the apparent reduction in surface wettability and oxygen to carbon ratio, the partial
hydrophobic recovery still allowed the wettability transition between the recess walls
and outer edges to be maintained. This contributed to improved pinning effect and
retention capacity of the treated recesses during ageing times.[234] Even after 60 days,
the treated recess cavity was fully functional, allowing similar high retention, with no

drop in performance.

For liquids with comparable surface tension value of meat exudate, retention
capacity of aged PET recesses with diameter of 9 mm was 2972 + 62 mL/m? as an
increase of 2.24 times after the localised plasma treatment. This showed a comparable
retention capacity with conventional absorbent meat pads. These absorbent pads are
typically used in meat packaging industry with retention capacity of 3000 mL/m? (2949
mL/m? as assessed in laboratory by simulant liquid on a sample). The enhanced liquid
retention lasts long enough for practical use by packaging companies, and realistically
a plasma unit could easily be incorporated to the production line.[171]

6.5 Closure

This work has demonstrated that localised increases in surface wettability of capillary
recess walls by plasma treatment is an effective method to increase their liquid retention
capacity. Plasma-treated PET recesses of extended sizes demonstrated a considerable
and long-lasting increase in their liquid retention capacity (2.24 times) when compared
with untreated PET samples. The localised oxygen plasma treatment introduced polar
oxygen groups onto the PET recess surface resulting in an increase in surface
wettability and energy. These surface energy increases were partially diminished over
time due to ageing effects. However, this was not at the expense of liquid retention
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capacity as the plasma-treated inner walls maintained wetting characteristics different
to the untreated outer edges. The treated recesses were able to exploit the capillary
valving functionalities, even after 60 days of ageing, to form more stable menisci and
prevent liquid drainage. This resulted in a potential capacity of around 2900 mL/m?2,
This liquid retention capacity, and the relative improvement offered by the modification
vs standard recesses were very similar to the benefits provided by the capillary recesses

reported previously (Chapter 5) and both were comparable with current absorbent pads.

Having demonstrated that the capacity of thermoformed recesses can be substantially
and similarly increased by either modifying their geometry or via selective plasma
treatment, the next chapter will explore modifications that can be made to foam

packaging so that it may also act as a reservoir for exudate.
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Chapter 7

Improvement in Liquid Absorption of Open-Cell Polymeric Foam by

Plasma Treatment for Food Packaging Applications

7.1 Introduction

In the previous two chapters, substantial increases in the liquid retention within food
packaging could be achieved via thermoformed plastic recesses with either modified
geometry of the recesses or selective plasma treatment. This chapter describes an
innovative approach in scavenging meat exudate within commercial plastic packaging
by surface modification of the porous structure of plastic foam packaging. This involves
improving the liquid absorption capabilities of open-cell polystyrene (PS) foam through
the application of oxygen plasma treatment rather than chemical wetting agents. The
excited plasma species diffuse into the porous foam structure introducing polar oxygen
groups onto the pore walls and improves their surface hydrophilicity. Hence, the foam
pores, with enhanced wettability towards water-based liquids, are proposed to have a
larger sucking capillary pressure thus increasing the absorption capacity of the porous
PS foam. Open-cell PS foam sheets were extruded and cut into cubic samples. Oxygen
plasma was used to treat the foam samples and the impact of this treatment on their
liquid absorption capacity and surface properties was evaluated. The longevity of the
plasma treatment was investigated by carrying out liquid absorption tests after different
post-treatment times.

7.2 Materials and Experimental Methodology
7.2.1 Materials

Open-cell PS foam was supplied as plain sheets with thickness of 5 mm from large-
scale industrial foam (Klockner Pentaplast Group, UK) as shown in Figure 7.1. The
foam sheet had impermeable skin on top and bottom sides (Section 3.3.1), and it was
cut into rectangle-shaped samples for surface characterization and absorption tests. DI
water and Triton X100 surfactant (Sigma Aldrich, UK) were used to prepare test liquids
(surfactant simulants) with different surface tension values to cover a range of wetting
behaviours of meat exudate (Section 3.2.2.2.3). BSA simulant was also prepared to
mimic the presence of proteins in meat exudate and assess their effect on the liquid

absorption capacity of PS foam (Section 3.2.2.2.2). Red azorubine colorant- E122
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(FastColours LLP, UK) was added to stain the test liquids in absorption tests. The test

liquids and their surface tensions are presented in Table 7.1.

Figure 7.1: (a) Photo of white open-cell PS foam, (b) SEM micrograph of cross-section
of open-cell PS foam. The letter “C” is the label of control sample.

Table 7.1: Test liquids and their surface tensions used in absorption tests.

Test liquid Surface Tension (mMN/m)
Surfactant Simulant (High Surface Tension) 72.63+£0.16
Surfactant Simulant (Medium Surface Tension) 52.28 +0.31
Surfactant Simulant (Low Surface Tension) 31.54+0.28
BSA 8 wt% 52.03 £ 0.52

7.2.2 Structural Characterisation of PS Foam Materials
7.2.2.1 Foam Density and Expansion Ratio

Representative cubic samples were taken from PS foam by a sharp scalpel. The foam
samples had dimensions (L x W x T: 20 mm x 20 mm x 5 mm) and were weighed on
analytical scale (Model: A200S, Sartorius Analytic, Germany) with resolution of
0.0001 g. The density of PS foam was based on ratio of the mass of the foam samples
to their geometric volumes (Section 3.4.2.1). Expansion ratio () measurement was
based on the ratio of solid PS polymer density (ps) to the measured density of PS foam
sample (pr) (Section 3.4.2.2) as shown in equation (7.1):

= — (7.1)
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7.2.2.2 Porosity and Pore Size Distribution

The porosity (n) of PS foam represents the ratio of gas volume (Vgas) 0ccupying pore
spaces to the geometric volume of the foam sample (V) (Section 3.4.2.3). The volume
of pore space was calculated by subtracting the volume of solid polymer (Vs) from the
geometric volume of the foam sample (Vf) with dimensions (L x W x T: 20 mm x 20
mm x 5 mm). Therefore, the porosity is presented in equation (7.2):

My Mg
W=V Py P Py

Vf ﬂ ps
P

n (7.2)

where ms is the mass of the foam sample, pr is the density of the foam sample, ps is the
density of the solid polymer.

The pore structure and pore size distribution of PS foam was characterised by
scanning electron microscope (SEM, Zeiss Evo-LS25, UK) (Section 3.4.2.4). The
cross-sections of intact foam samples were prepared for imaging by scoring the foam
samples with a scalpel and immersing in liquid nitrogen (30 min). The scored samples
were then fractured and sputtered with a layer of platinum coating (approximately 10
nm) using Agar High Resolution Coater (Model: 208HR, Agar Scientific, UK). The
foam samples were scanned and imaged by SEM operating at (15 kV) and within width
of 2.287 mm. The SEM images were analysed by ImageJ software (Version: 1.47v) to
determine the pore size distribution. The pore size measurement was carried out by
fitting a circle on each pore perimeter and measuring the corresponding diameter. The
measured values of pore diameters were used to generate a histogram showing the

distribution of pore sizes.
7.2.2.3 Open-Cell Content

Open-cell content of PS foam was measured to evaluate the portion of interconnected
cells in the foam samples. The content of open cells was based on the ratio of total
open-cell volume to the geometric volume of the foam sample (Section 3.4.2.5). This
was measured by a gas pycnometer (ULTRAPYC 1200e- Quantachrome Instruments,
USA). The open cell content was calculated from the difference between the

pycnometer volume and geometric volume of foam samples as given by equation (7.3):
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The content of cell walls and closed cells was determined as shown in equation (7.4)
and (7.5) respectively:

m
Cell wall content % = [ ——1 x 100 (7.4)
py X Ve
Closed-cell content % = 100 - (Open-cell content % + Cell wall content %) (7.5)

where Vr is geometric volume of foam sample, Vp is pycnometer volume, n is porosity,

ms is mass of foam sample, ps is density of solid PS polymer.
7.2.3 Oxygen Plasma Surface Treatment of PS Foam

Samples for plasma treatment were taken from PS foam sheets of 5 mm thickness, with
skin on the top and bottom faces of the sheet. Cut foam sections were treated with low
pressure plasma (Diener Electronic, Germany), with samples oriented to focus the
plasma on the skin or edges as required. The plasma discharge was generated using
supplied oxygen gas under an electric field of 40 kHz (Section 3.5). The loaded samples
were outgassed as the unit chamber was pumped to low pressure (0.12 mbar). The O>
plasma treatments were conducted for exposure time of 27 s at power of 240 W to
achieving a target wettability (WCA: ~ 15°) on foam skin. The treated foam samples

were then put in clean plastic containers to minimize any accidental contamination.
7.2.4 Surface Characterisation of the PS Foam
7.2.4.1 Surface Chemical Composition by XPS Analysis

The surface composition and functional groups of PS foam surface were analysed by
X-ray photoelectron spectroscopy provided with Axis supra system (Kratos Analytical
Ltd, UK). Survey scans were carried out to determine the surface elements on untreated
and O plasma-treated PS samples. The foam samples were irradiated at 1486.6 eV
from an X-ray source of monochromatic Al Ka. The XPS scans were carried out at
take-off angle of 90° and the resulting photoelectrons were received and analysed by
an encountering hemispherical analyser. The surface charging was neutralized via the
integral filament and magnetic lens system. The wide scan spectra were generated at
pass energy of 160 eV and within a range of binding energy of 0-1400 eV. The high-

resolution scans for C 1s peaks were performed at pass energy of 20 eV. The peaks of
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all scan spectra were fitted on Shirley background and processed by CasaXPS software
(Version 2.3.22PR1.0, Casa Software Ltd). Carbon peak components were
deconvoluted and normalized with Gauss—Lorentz peak models to represent the
different chemical groups in the carbon peak and calculate their concentrations (Section

3.6.2) The surface chemical analysis was carried out for three PS foam samples.
7.2.4.2 Contact Angle Measurement

Static contact angles were measured on PS foam skin of untreated and plasma-treated
samples using the sessile drop method. A micro-pipette was used to produce drops of
DI water (3 pL) on the sample skin to evaluate the surface wettability. The
measurements of the contact angles were carried out by goniometer (FTA1000c, First
Ten Angstroms, USA) and the resulting drop profiles were analysed by FTA32 shape
analyser software. All contact angle measurements were conducted 6 times at a room
temperature of 20 £ 1 °C (Section 3.6.1).

7.2.4.3 Water Drop Absorption Test

DI water drops (10 pL) were placed on the cut sides of the foam samples with exposed
porous structure (no skin) before and after plasma treatment. The time for the water
drops to be fully wicked into the porous PS structure was measured by high-speed
camera (Fastcam Mini, Model: UX100, Photron, Japan). The recorded wicking times
were averaged for 6 water drops in different locations of the foam samples. A
photograph was also taken for the water drops on the porous structure of the untreated
and plasma-treated foam samples to compare their surface hydrophilicity (Section
3.6.4).

7.2.5 Liquid Absorption Capacity

The absorption capacity of PS foam was determined for foam samples of dimensions
(L XWX T:40 mm x 10 mm x 5 mm). The liquid absorption capacity was assessed
against liquids with different surface tensions as described in Table 7.1. The foam
samples were treated with Oz plasma for 27 s with samples oriented to focus the plasma
on one cut side (L x T). The absorption test was performed by freely placing the cross-
sections (L x T) of the untreated and plasma-treated samples on the test liquid within a
plastic plate. The measurements of absorption capacity were repeated three times at

room temperature of 20 £ 1 °C, and estimated by the liquid weight in grams absorbed
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per gram of dry foam sample in equilibrium. The dry foam samples were weighed
before the absorption test (Wq) and after their saturation with test liquid for 15 min (Ws).
The foam samples were removed from the liquid for 30 s to allow any excess liquid to
drain before weighing (Section 3.7.2). The resulting absorption capacity (R) was given

by equation (7.6):

r= Ll 7.6
- (7.6)

7.2.6 Ageing Effect

The changes in surface characteristics and absorption capacity due to ageing
phenomena were studied for plasma-treated PS foam after various storage times. All
samples were stored in sealed plastic boxes at room temperature of 20 £ 1 °C as normal
storage conditions after oxygen plasma treatment of 27 s. The surface wettability and
chemical composition of the aged foam samples were characterised by WCA and XPS
techniques respectively. The absorption capacity (R) was measured for the foam
samples with BSA 8 wt% (y: 52.03 mN/m). The surface wettability, chemical
composition, and absorption capacity were determined with 3 repeats per measurement
in different durations over 60 days. For practicality of using PS foam as a soak-away in
food packaging, the liquid absorption capacity was also estimated in kilograms of
absorbed liquid per cubic meter of the PS foam.

7.3 Experimental Results
7.3.1 Porous Structure Properties of PS Foam

Table 7.2 shows the material characteristics of PS foam samples. The PS foam had low
density (41.61 kg/m®) and large expansion ratio (25.24). The gaseous void content of
the foam structure was represented by a porosity of 96%. This high porosity included
closed and open cells, which are determined by the ratio of gaseous volume to the foam
matrix volume. The open cells presented the interconnected foam pores showing high
connectivity and open-cell content (90.91%).[63] The closed-cell content was only
(4.24%) and solid PS material was estimated by the cell wall content (4.86%).

The morphology of the cellular PS structure was characterised by the SEM
micrographs as shown in Figure 7.2a. The foam structure primarily exhibited open cells

(pores) with irregular shapes. The open cells were interconnected with smaller pores on
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their cellular walls (Figure 7.2a). This can provide the porous foam matrix with tortuous
paths. Each pore size was determined by diameter of the fitted circle on its perimeter.
The measured diameters of foam pores on the sample cross-section are dependent on
the fracture position and will therefore not be reflective of the maximum pore diameters
of all cells. The cross-section plane formed during the sample fracturing may not cross
the centre of symmetry of individual foam cells leading to errors in the diameter
measurements. However, the pore diameter measurements were performed on two
adjacent cross-sections of six foam samples, with a total of 738 pores measured. This
improves the representation of actual diameters of foam pores and reduces any

directional skews of the results.

The frequency of the measured pore diameters is presented in a histogram shown in
Figure 7.2b. The reticulated PS foam showed a wide pore size distribution with (93.8%)
of the pores with diameters in range of (120-280 um). However, a substantial portion
of the pore diameters (36.6%) was distributed in the narrower range of (180-220 pum).
Large pores with diameter (> 280 um) formed (3.9%) with pore diameters reaching
(340 pm).

Table 7.2: Material properties of open-cell PS foam.

Material Property Measured Value
Density [kg/m®] 41.61 (+ 0.94)
Expansion ratio 25.24 (+ 0.58)
Porosity % 96% (£ 0)
Open-cell content % 90.91 (x 0.21)
Closed-cell content % 4.24 (£0.28)
Cell wall content % 4.86 (x£0.11)

110



Frequency [%]
[
o

o N B O

Pore Diameter [um] (b)

Figure 7.2: (a) SEM micrograph of open-cell PS foam with view width of 2.287 mm,
(b) histogram of pore size distribution.

7.3.2 Chemical Composition of PS Foam

The elemental composition of PS foam before and after plasma treatment is illustrated
in the XPS survey spectra in Figure 7.3a and b. The atomic concentrations of the
detected surface elements are presented in Table 7.3. The spectrum of untreated PS

showed a distinct C 1s peak for carbon and small O 1s peak for oxygen as the major
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elements of the PS surface. This revealed the predominantly carbon-based composition
of pristine PS with C% of 99.49% and O% of 0.47%. The plasma-treated PS spectrum
exhibited a very small new peak for nitrogen N 1s with a more distinct O 1s peak as
shown in Figure 7.3b. The O plasma treatment introduced more oxygen to the PS
surface resulting in a higher relative oxygen concentration of 18.38%, while the carbon
concentration decreased to 81.17%. The corresponding Oxygen/Carbon ratio (O/C) of
untreated and plasma-treated PS was 0.47% and 22.64% respectively. The nitrogen
element was incorporated to the plasma-treated PS accounting for small concentration
of 0.32%, and traces of silicon element < 0.20% was also found on PS foam surface as

presented in Table 7.3.

The high-resolution C 1s peak was deconvoluted to its components to identify the
bonds and functional groups on the PS surface. Figure 7.3c and d show the sub-peaks
of the deconvoluted C 1s peak before and after plasma treatment. The analysed C 1s
peak revealed three peak components for untreated PS defined at binding energy of
284.6, 286.2, and 291.2 eV. This corresponded to bonds of C=C/C-C/C-H, C-0O, and =n-
n* shake-up respectively. The plasma treatment led to emerging new functional groups
of C=0, 0-C=0, and O-C(=0)-0 at binding energies of 287.3, 288.4, and 289.5 eV
respectively. The C=C, C-C, C-H bonds were defined at binding energy of 284.6 eV,
lower than their normal binding energy (285.0 eV) due to the presence of aromatic rings
in the PS structure.[221] The untreated PS showed prevalence of C=C, C-C and C-H
bonds with concentration of 92.74% as presented in Table 7.4. C-O and shake-up bonds
were detected with small concentrations of 2.73 and 4.54% respectively. On the other
hand, the plasma treatment resulted in a substantial decrease in the C=C, C-C, and C-
H bonds to reach 80.56% with increasing concentration of C-O bond to 10.67%. The
shake-up (mn-n*) bond concentration notably decreased to 0.89% after the plasma
treatment and the new polar functional groups of C=0, O-C=0 and O-C(=0)-0 had
small concentrations of 4.38, 1.57 and 1.94% respectively.
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Table 7.3: Analysis of elemental composition and O/C ratio of PS foam surface.

PS foam surface C% 0% N% o/C?

Untreated 99.49 0.47 - 0.47

Plasma-treated for

81.17 18.38 0.32 22.64
27s

ITraces of Si < 0.20%

Table 7.4: Analysis of C 1s components of PS foam surface.

Bond c=C,C-C,C-H C-O C=0 0-C=0 0-C(=0)-0 m-m*
Binding Energy (eV) 284.6 286.2 287.3 288.4 289.5 291.2
Untreated 92.74 2.73 - - - 4.54
Plasma-treated for 27 s 80.56 10.67 4.38 1.57 1.94 0.89
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Figure 7.3: Wide XPS spectra of (a) untreated and (b) plasma-treated PS foam for 27 s,
and functional groups of deconvoluted C 1s peak for (c) untreated and (d) plasma-
treated PS foam for 27 s.
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7.3.3 Surface Wettability of PS Foam

The surface wettability of PS foam was determined by measuring the apparent contact
angle of DI water drops on the foam skin. The measured WCA of PS foam decreased
from 86.01 + 0.86° for untreated samples to 15.13 = 0.70° for plasma-treated samples,
indicating a substantial increase in surface hydrophilicity. The enhanced surface
wettability was also observed in the drop absorption test on the foam cross-section with
exposed porous structure. The red-dyed water drops on untreated PS foam showed high
contact angle value of 100.15 * 4.74°, while the high-speed camera (500 frame/s)
showed instantaneous wicking of water drops into the bulk structure of plasma-treated
PS foam within a time of 0.062 + 0.020 s. This is illustrated in photograph of the instant
absorption of water drop on the plasma-treated foam sample in comparison with large

water drop on the untreated sample as shown in Figure 7.4.

Untreated Plasma-treated

Figure 7.4: Photograph of red-dyed water drops on untreated and plasma-treated cross-
sections of PS foam samples with dimensions (L X W X T: 20 mm x 20 mm x 5 mm).

7.3.4 Liquid Absorption Capacity

The liquid uptake of PS foam samples was evaluated in terms of their capacity to absorb
and retain the test liquids. Figure 7.5 compares the retention capacity of untreated and
plasma-treated PS foam with liquids of different surface tensions. The untreated PS
foam exhibited low retention capacity < 1.60 g/g with test liquids of BSA 8 wt% (y:
52.03 mN/m), pure water (y: 72.63 mN/m), and water with surfactant (y: 52.28 mN/m)
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and for these liquids, the plasma treatment of the foam samples considerably improved
their surface wettability and liquid uptake capacity. This resulted in increases in
absorption capacity by 4 to 8 times depending on the liquid. However, in the case of
the water with surfactant at the lowest surface tension (y: 31.54 mN/m), the liquid
highly wetted the foam pores resulting in substantial retention capacity of 8.93 £+ 0.32
g/g even in the absence of plasma treatment. Therefore, the plasma treatment had no

additional effect as it is assumed that the sample was fully saturated.
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Figure 7.5: Liquid absorption capacity of open-cell PS foam before and after O, plasma
treatment with different test liquids.

7.3.5 Analysis of Ageing Effect of Plasma Treatment

The hydrophobic recovery of the aged plasma-treated PS foam was studied through the
changes in the wettability and surface chemical composition over time. The ageing
study was carried out for PS foam samples up to 60 days post plasma treatment. Figure
7.6 illustrates the WCA developed on PS foam skin over different storage periods. The
ageing rate was relatively high in the first three days post treatment, leading to an
increase in the WCA from 15.13° to 29.70°. The PS foam then exhibited a slower rate
of ageing with a small increase in the WCA showing stable wettability after 28 days of
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the storage time. This corresponded to WCA of 41.55°, which is still considerably lower
than WCA of 86.01° for untreated PS. The chemical composition of the aged PS foam
samples also changed with a considerable decrease in the oxygen concentration and
O/C ratio, particularly in the first day as shown in Table 7.5. This corresponded to a
drop in 0% and O/C ratio from 18.38% and 22.64% respectively at day 0 to 15.63%
and 18.68% respectively at day 1. However, the oxygen concentration after 60 days
remained relatively high at 13.12% in comparison with O% of 0.47% for the untreated
PS samples. The nitrogen concentration was almost unchanged during the storage

times.

The effect of aging on liquid absorption capacity of the PS foam was assessed
during these same ageing times. Figure 7.7 shows the absorption capacity with BSA 8
wit% (y: 52.03 mN/m) before and after the plasma treatment for storage periods of 0, 7,
14, 21, 28 and 60 days. The PS foam samples had a nearly constant enhanced liquid
capacity of about 8 times that of the untreated samples, with no deterioration during the
60 days of ageing. For practicality of using PS foam as a liquid absorber, the liquid
absorption capacity was also normalized in terms of kilograms (liquid) absorbed per
cubic metre (foam). This revealed an estimated increase in the absorption capacity of
PS foam sheet (nominal thickness: 5 mm) from 45.35 + 6.53 kg/m?® before plasma
treatment to 365.34 + 19.80 kg/m? after 60 days of the O, plasma treatment.
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Figure 7.6: Development of apparent water contact angle on PS foam skin after O>
plasma treatment as function of ageing times.

Table 7.5: Surface composition analysis of O» plasma-treated PS over ageing times.

Ageing Time C% 0% N% oIy

(days)
0 81.17 18.38 0.32 22.64
1 83.66 15.63 0.56 18.68
2 84.36 14.78 0.72 17.52
3 84.65 14.48 0.69 17.11
7 85.17 14.22 0.47 16.70
14 85.88 13.75 0.22 16.01
21 85.92 13.23 0.68 15.40
28 85.75 13.30 0.78 15.51
60 86.15 13.12 0.61 15.23
Untreated 99.49 0.47 - 0.47

ITraces of Si < 0.20%
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Figure 7.7: Absorption capacity of plasma-treated PS foam with BSA 8 wt% (y: 52.03
mN/m) over different ageing times.

7.4 Discussion

Liquid absorption and retention properties of a porous media, such as PS foam
fundamentally depends on both its structural and wetting characteristics.[133] The high
porosity and open-cell content of the PS foam are among the crucial structural
parameters, which determine the potential for the foam samples to uptake significant
liquid quantities. This was reflected in the large gaseous space within the foam matrix
as the porosity represents the volume of gaseous cells to the sample volume.[62] The
formation of larger cells and thinner cellular membranes can be attributed to the low
foam density.[154] A previous work reported an increase in water absorption capacity
of polyurethane foam from 0.6 to 6.8 vol% due to a decrease in the foam density from
116 to 42 kg/m?, respectively.[153] The high interconnectivity of the gaseous voids
(open cells) also increased the gaseous space available to be filled by absorbed liquids,
while the isolated and closed cells had no contribution to the liquid absorption
capacity.[153] Others found a strong relationship between the improved liquid
absorption capacity of polyurethane foam with an increase in the pore
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connectivity.[133] Regardless of these attributes, pore surface wettability is a crucial
enabler for liquid penetration into PS foam voids under a capillary pressure (APc)
generated on the foam pores and is key for exploiting the open space in the foam. This
pressure is determined by the liquid surface tension, size and wettability of pores as

described by Young-Laplace equation (7.7):

2ycos 6
AP = (7.7)

r

where v is the liquid surface tension, @ is the liquid contact angle on pore surface, r is
the radius of the foam pore. Accordingly, smaller pores with higher hydrophilic surface
absorbed the wetting liquid before larger pores due to their higher negative capillary
pressure.[133,134,236] The corresponding capillary forces are based on the
discrepancy of surface energy on the wet and dry pore surfaces as the wicking liquid
tends to wet the pore surfaces.[136,137]

The hydrophobicity and low surface energy of PS foam restrict the interactions
between the pore surfaces and water-based fluids.[156] This prevents the liquid
penetration into the foam pores as demonstrated in the low absorption capacity of
untreated PS foam samples. Thus, the PS foam efficiency as a soak-away is currently
limited for food packaging despite the large pore volume. However, the pore surfaces
of PS foam had higher hydrophilicity and surface energy after the oxygen plasma
treatment.[237] The plasma treatment decreased the WCA on PS foam skin and led to
rapid wicking of water into the foam porous structure. The improved foam
hydrophilicity allowed the liquid to wet the foam pores and increased their capillary
pressure. This resulted in a substantial increase in the liquid wicking and absorption
capacity,[133,134,156] and plasma-treated PS foam with BSA 8 wt% had an absorption
capacity around 8 times that of the untreated foam. The pore surfaces were modified
through diffusion of the excited gaseous species of plasma into the foam porous
structure. This was manifested in activation of the interconnected pores and implanting
polar functional groups on their surfaces.[238,239] On the other hand, the plasma
treatment had no effect on the absorption capacity of PS foam with water of low surface
tension (y: 31.54 mN/m). This is due to the already high wetting affinity of the liquid
to wet the pore surfaces facilitating the liquid penetration into the foam porous

structure.[134] However, liquids with such low surface tensions are not typical of meat
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exudate.[43] This effect could be analogous to the use of chemical surfactants in the

foam as a means of reducing the exudate surface tension.

The O plasma treatment improved the hydrophilicity of the PS foam pores by
increasing the oxygen content on the treated surfaces.[240] This corresponded to an
increase in O/C from 0.47% to 22.64% for untreated and plasma-treated PS foam
samples respectively. These results are in line with published research, with different
studies reporting comparable improvements in surface hydrophilicity and oxygen
contents of plasma-treated PS.[240-242] The exposure to the excited plasma species
induces hydrogen abstraction and chain scission of PS structure with the primary target
being the aromatic rings.[243] This results in formation of reactive radical sites on the
treated PS surface.[244] The reaction between these sites and excited oxygen molecules
in the plasma glow led to the introduction of different polar oxygen groups including
C-OH, C=0, COOH and 0O-C(=0)-0O, which contributed to the decrease in WCA to
15.13°.[240,241] These functional groups have been reported in previous studies on
plasma-treated PS material.[240,242,245] The presence of aromatic rings in the PS
structure accounted for the satellite m-n* peak. The C 1s spectrum after the plasma
treatment revealed a decrease in mn-n* peak intensity, which can be ascribed to a
targeting of the C=C bonds within the aromatic rings. This may have resulted in opening
the rings and generating new polar oxygen groups, such as the carbonate group O-
C(=0)-0 and carboxyl group (O=C-OH) as described by other studies.[240,245] The
plasma-treated PS can remain reactive due to unreacted radical sites, and the presence
of a small nitrogen peak may originate from the post-treatment reaction between the
atmospheric air and available radical sites. The presence of small amounts of other
elements on the PS structure is assumed to originate from the PS oxidation in the case

of oxygen and contamination in the case of silicon.[221,246]

Polymeric materials functionalized with oxygen plasma experience hydrophobic
recovery as a result of ageing. This corresponds to a decay of polar oxygen groups and
a tendency of the polymer surface to lose some of the gained hydrophilicity.[240] The
plasma-treated PS foam showed reduction in the surface wettability with an increase in
the WCA over time. Previous studies on aged PS after plasma treatments showed
similar tendency of PS surface to become more hydrophobic with decreases in surface
oxygen content during ageing time.[221,240,242] Although WCA increased to 41.90°
after 60 days, it remained significantly lower than WCA of 86.01° for untreated PS
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foam. This was consistent with the decrease in 0% and O/C ratios over the same storage
time. The ageing effect can occur due to reorientation of the PS polymer chains leading
to burying of the oxygen groups into the polymer matrix. The formation of
hydroperoxides on the treated PS surface can also facilitate the ageing process. These
hydroperoxide products are unstable leading to decay in the surface polarity and
hydrophilicity. However, the ageing process resulted only in a partial loss of the surface
wettability and oxygen concentration. Therefore, the plasma treatment induced a
permanent increase in the foam wettability.[240] The maintained improvement in the
foam wettability allowed liquids, even with high surface tensions, to wet the foam
pores. The corresponding negative capillary pressures acting on the pores provided the
PS foam with liquid sucking functionality. This was evident with a maintained high
absorption capacity of aged PS foam with BSA 8 wt% at more than 8 times that of
untreated PS foam. Thus, it is viable to fully treat the PS foam with plasma whether in
the form of a finished absorbent food tray or sheet. This can be achieved through
perforation of the foam skin to allow the excited plasma species to penetrate the internal
foam pores.

7.5 Closure

This work has demonstrated the viability of using plasma surface treatment, rather than
chemical wetting agents, to improve the liquid uptake of open-cell polymeric foam. The
exposure of the porous structure of PS foam to the plasma introduced polar oxygen
groups onto the pore surfaces and improved their wettability. This increased the
capillary pressure acting on the pores allowing larger liquid uptake and absorption. The
plasma-treated foam samples had a substantial and durable increase in their liquid
absorption capacity (g/g) of 8 times higher than the pristine foam samples. Therefore,
one cubic meter of the PS foam sheet gained liquid absorption capacity of about 365 kg
after plasma treatment in comparison with only about 45 kg for untreated PS foam. The
wettability increases experienced partial loss due to the decrease in the oxygen groups
under the effects of the ageing phenomenon. However, the aged foam pores maintained
surface wettability distinctly higher than the untreated foam pores after 60 days post
plasma treatment. This was sufficient for the liquids to wet the pore surfaces inducing
instant liquid wicking and absorption, with no drop in performance over time. This
showed the efficiency and practicality of using plasma technology for improving liquid

scavenging within food packaging. This ensures higher absorption capacity and rapid
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wicking of any excessive food liquid, and thus, helps take the exuded liquid away from
the packaged food. The open-cell polymeric foams can be used as soak-away for meat
exudate or other food juices in form of whole packaging trays (acting as both package
and soak-away) or absorbent pad without the need for chemical wetting agents.
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Chapter 8

Conclusions and Recommendations

8.1 Introduction

The development of innovative and sustainable solutions for the liquid management
within plastic food packaging plays a part in meat wastage and recyclability of food
packaging. Exudate isolation from the packaged fresh meat not only helps maintain the
quality and safety of meat products, but it also reduces the meat waste. This contributes
to the food security for the growing world population. The packaging solutions
developed in this work are sustainable, enabling full recyclability of the resulting plastic
packaging waste. Liquid isolation in the plastic film packaging was investigated to
introduce new technologies that can trap the meat exudate within a single plastic
material. This involved liquid retention in recesses with specially modified geometry,
recesses with modified surface wettability of recess walls and open-cell polymeric foam

with modified pore surface wettability.
8.2 Conclusions

Three different food packaging solutions were developed to retain the meat exudate in
plastic film or foam packaging itself. The assessment of the liquid retention capacities
was performed against simulant liquids of meat exudate, covering a range of surface
tensions and rheological properties might be exhibited by meat exudates. This work

included four investigations as outlined below:

e Surface tension and rheological characterisation of pork exudate and simulant
liquids

e Liquid retention in capillary recesses with raised rims

e Liquid retention in capillary recesses with localised surface modification by
oxygen plasma surface treatment

e Liquid absorption of open-cell polymeric foam with surface modification by

oxygen plasma surface treatment.
8.2.1 Characterisation of Pork Exudate and Simulant Liquids

Pork exudates were collected from fresh packaged pork meat that were sourced from

four major retailers. The surface tension, shear viscosity and viscoelastic properties
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were measured for these pork exudates. The pork exudates showed Newtonian-like
shear flow behaviour with low shear viscosity in the range of 4-10 mPa.s. Some very
weak elasticity was observed in pork exudates. The surface tension of all pork exudates

was lower than pure water with measured values in the range of 52-60 mN/m.

The simulant liquids were formulated to mimic the surface tensions and rheological
properties measured for pork exudate. These liquids were formulated and characterised
for their surface tensions, shear viscosity and viscoelastic properties. This included the
formulation of aqueous CMC 1 wt% solutions with different added portions of
surfactant. Aqueous BSA 8 wt% simulant and surfactant simulants were also
formulated. All these simulant liquids showed low and constant shear viscosities < 10
mPa.s. The addition of surfactant allowed to formulate these liquids with high, medium
and low surface tensions as described in Chapter 4. BSA 8 wt% solution was formulated
to mimic the presence of proteins in real meat exudate. The exudate simulants were
indicative of real exudate and performed similarly where side by side evaluation was
performed.

8.2.2 Capillary Recesses with Raised Rims

The integration of raised thin rims on to PET recesses with extended sizes showed
substantial increases in their liquid retention capacity. The thin raised rims acted as a
means of enhancing the valving functionality of recess openings throughout increasing
their expansion angles. The liquid menisci on the recess openings were more stable and
resistant to liquid drainage. For PET recesses with opening diameter of 9 mm, the
present of raised rims increased their retention capacity with pork exudate by 2.76 times
in comparisons with recesses with no rims. This can allow to manufacture meat trays
with retention capacity of around 2900 mL/m? which is comparable with current
absorbent pads. These plastic trays can also be made from other mono-plastic materials,
such as PE and PP. This results in plastic meat trays that are easy to clean and fully
recyclable. The manufacturing of plastic meat trays with arrays of rim-integrated

recesses can be easily scaled up and incorporated in to the existing tray forming process.
8.2.3 Capillary Recesses with Localised Plasma Surface Treatment

Surface modification of PET recess walls by localised oxygen plasma treatment was an
effective means to increase the liquid retention capacity of the treated recesses. Plasma-

treated PET recesses of extended sizes demonstrated a considerable and long-lasting
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increase in their liquid retention capacity (2.24 times) when compared with untreated
PET samples. The localised oxygen plasma treatment introduced polar oxygen groups
onto the PET recess surface resulting in an increase in surface wettability and energy.
The treated recesses were able to exploit the capillary valving functionality that is based
on wetting variation between the treated walls and untreated edges of recesses. This
allowed to form more stable menisci within the treated recesses and prevent liquid
drainage, even after 60 days of ageing. Therefore, plastic meat trays can be
manufactured from mono-plastic materials, such as PET, PE and PP for exudate
isolation with potential capacity of around 2900 mL/m?. This liquid capacity, and the
relative improvement offered by the modification vs standard recesses were very
similar to the benefits provided by the capillary recesses reported previously (Chapter
5) and comparable both with current absorbent pads. These trays are also easy to clean
and enter closed loop recycling. This demonstrated the viability of using plasma
treatment in food packaging to effectively isolate any excessive exudate. The plasma
technology is already used in packaging and can be scaled up to be a continuous
treatment process for food packaging by using atmospheric plasma technology.

8.2.4 Open-Cell Polymeric Foam with Plasma Surface Treatment

Oxygen plasma treatment of open-cell PS foam revealed improvement in wettability of
the foam porous structure. The exposure of the porous structure of PS foam to the
plasma introduced polar oxygen groups onto the pore surfaces and improved their
wettability. This increased the capillary pressure acting on the pores allowing larger
liquid uptake and absorption. The plasma-treated foam samples had a substantial and
durable increase in their liquid absorption capacity (g/g) of 8 times higher than the
pristine foam samples. This corresponded to liquid absorption capacity of 365 kg for
one cubic meter of the PS foam sheet after plasma treatment in comparison with only
about 45 kg for untreated PS foam. The wettability increases experienced partial loss
due to the decrease in the oxygen groups under the effects of the ageing phenomenon.
However, the aged foam pores maintained surface wettability distinctly higher than the
untreated foam pores after 60 days post plasma treatment. This was sufficient for the
liquids to wet the pore surfaces inducing instant liquid wicking and absorption, with no
drop in performance over time. This demonstrated the viability of using plasma surface
treatment, rather than chemical wetting agents, to improve the liquid/exudate uptake of

open-cell polymeric foam. The open-cell polymeric foams can be used as soak-away
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for meat exudate or other food juices in form of whole packaging trays (acting as both

package and soak-away) or absorbent pad without the need for chemical wetting agents.
8.2.5 Commercialisation

The developed packaging solutions resulted in two patents with successful scaling-up
and commercialisation of a plastic padless meat tray that is based on the geometrical
modification of liquid-holding recesses. This commercialised plastic padless tray has
already been placed on the shelves of major retailers in Europe under the trademarked
name “kp Zapora®”. This innovative tray is the winner of two global awards in
packaging sustainability; “WorldStar 2022 Award” from the World Packaging
Organisation (https://worldstar.org/winners_detail/2937/2022/%20/Food/), and “Best
in Class Sustainable Design 2022 Award” form PAC Global Awards.
(https://www.pac-awards.com/2022-winners) kp Zapora® tray is manufactured by a
simple and low-cost thermoforming process of single plastic film integrated with
innovative design as shown in Figure 8.1. Currently available in Europe, the
manufacturing process is readily transferable to any area of our world to address the
global challenges of food waste and packaging recycling. By isolating the exudate
released from packaged meat, this innovative padless tray can restrict meat spoilage
and provide hygienic presentation of the packaged meat, reducing meat waste. This
fully recyclable tray is also made from a single polymeric material (PET), minimising
the plastic packaging footprint and preserving both marine and agriculture dependent
food systems through capturing and recycling post-consumer plastic packaging. In
broader context, the padless tray technology helps save the resources and energy used
in food packaging. It also promotes use of recyclable packaging within society due to

easy cleaning and recycling.
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Figure 8.1: Padless plastic meat tray (kp Zapora®) with liquid-holding recesses, based
on the geometry modification of recesses vs conventional plastic meat tray with
absorbent meat pad (trays source: Klockner Pentaplast Group).

8.3 Recommendations for Future Work

This research has developed means for improving the recyclability of fossil-fuel based
mono-material packaging, with focus on packaging of protein products (meat, poultry,
fish, seafoods). The current packaging solutions disclosed in this work can also equally
transfer to scavenge the excreted liquids of other liquid-exuding food products, such as
soft and prepared fruits. On the other hand, the plastic packaging materials investigated
are still derived from non-renewable sources aligned with existence of the fossil fuel
industry. The vision of a net-zero carbon for food packaging is not complete, a key step
would be the transition of food packaging towards renewable bioderived materials.
Therefore, future work is recommended for exploring the potential of using the
technologies developed in this research with bio-derived plastics in place of PET. This
involves adoption of approaches that are based on the capillarity and wettability for
liquid isolation within bio-derived plastic packaging, leading to further sustainability
improvements of food packaging. The lid is still multicomponent due to the complexity
of gas barrier requirements in film. This is being addressed with a follow-on project.
Further, an evaluation of scale-up and large capital investment of plasma treatment is
required to identify any potential issues in its usage for the developed packaging

solutions.
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Appendix
A.1 Measurement of Open-Cell Content of Foam Samples

Open-cell content of PS foam was measured by a gas pycnometer (ULTRAPY C 1200e-
Quantachrome Instruments, USA) using nitrogen gas as stated in the experimental
procedures of the standard measurement method ASTM D6226-10. The pycnometer is
based on gas displacement method to measure the volume of solid material occupying
the sample chamber (pycnometer sample volume). PS foam samples were prepared by
cutting the foam sheet into cylinders (diameter: 3.80 cm) with a sharp cutting disk. The
geometrical volume of PS foam cylinders was measured via a digital calliper. The
measurement method included placing PS foam samples in the sample chamber and
introducing nitrogen gas into the chamber until reaching an initial pressure (P1) of 34.5
kPa (5 psig). The chamber valve was then opened to allow the nitrogen gas to expand
into reference chamber reaching a lower stable pressure (P2). The volume measured by
nitrogen pycnometer was the volume of the PS foam sample displacing pycnometer
chamber. This volume was calculated from volume of pycnometer chambers and
working pressures (P1 and P2). The measurements were carried out at temperature of
23 = 1 °C. The open-cell content was then determined from the ratio of open-cell
volume of PS sample (difference between the pycnometer volume and geometrical

volume) to geometrical sample volume.[211,212]
A.2 Surface Energy Determination of Samples

Surface energy determination of polymer surfaces is important to understand and
characterise the wetting behaviours of different liquids on sample surfaces. This was
based on Fowkes’ theory of surface free energy. According to Fowkes, any interface
exhibits a certain surface energy that is consisting of polar component (y°) and
dispersive component (ys%). These surface energy components are attributed to different
molecular interactions present on a surface. For example, dipole forces account for
polar component and London forces for dispersive component. This theory was
developed by Owens-Wendt to consider the contribution of hydrogen bonding in polar
component of surface energy. The total surface energy (ys') of a solid surface is the

sum of both polar and dispersive components as: s = ys + ys4
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The surface tension (y1) of liquids has also polar and dispersive components. Based on
Owens-Wendt method, liquids with known components of their surface energy can be
used to determine the surface energy components of a solid surface. Therefore, polar
(DI water) and non-polar (diiodomethane) liquids were used to produce sessile drops
on sample surfaces. The polar (yP) and dispersive (»¢) surface tension components for
water were 51.0 and 21.8 mN/m, and for diiodomethane were 0 and 50.8 mN/m
respectively.[76,204] Contact angle measurements of sessile drops of these liquids were
repeated six times at temperature of 20 = 1 °C. The average contact angle values were
compensated in Owens-Wendt model as shown in equation (A.2.1) to calculate the

surface energy and its components of sample surfaces.

N (1 +cos Oe) = 2,/ysp® + 2,/ pPyrP (A.2.1)

A.3 Geometrical Dimensions of PET Recesses with Varied Rim Heights and
Widths

Table A.3.1: Geometrical dimensions of PET recesses with different rim heights.

Measured dimensions (mm) of PET recesses with opening diameter of 9 mm

Nominal

rim le(B;elght R'm(v\\’/\;'dth Diameter (d) Depth (h) Dra(f;[ZA(;;]gle
height ’
0.1 0.115+0.016 0.495+0.018 8.879+0.103 5.088+0.004 6.650+0.212
0.2 0.182£0.013 0.460+0.016 8.906+0.086 5.060+0.031 7.024+0.34
0.5 0.485+0.003 0.577+0.022 8.894+0.110 5.008+0.020 6.489 +0.190
1 1.011+£0.034 0.502+0.005 9.012+0.025 4.962+0.105 6.771+ 0.266
2 1.791+£0.042 0.578+0.065 8.987 +0.058 4.933+0.022 6.767 +0.231
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Table A.3.2: Geometrical dimensions of PET recesses with different rim widths.

Measured dimensions (mm) of PET recesses with opening diameter of 9 mm

rli\ln?r\r;viiréa;:] Rim(v\%idth Rim(E)eight Diameter (d) Depth (h) Dra{(tx:%)ngle
0.2 0.229+0.038 1.902+0.018 9.027+£0.090 5.078 +0.004 6.767 +0.404
0.3 0.293+£0.017 1.919+0.038 8.960+0.026 5.120+0.052 6.737+0.739
0.5 0.578 £ 0.065 1.791+0.042 8.987+0.058 4.933+0.022 6.767 +0.231
1 0.962 £0.021 1.962+0.012 8.916 +0.055 5.082+0.050 7.933+0.666
2 1.982+0.015 1.990+0.012 8.700+0.042 5.072+0.023 6.500 +0.283
5 4985+0.039 1.963+0.021 8.760+0.064 5.062+0.022 7.233+0.643
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