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ARTICLE INFO ABSTRACT

Keywords: Liquid residue is a major issue in fresh food packaging, especially for meat products. This work investigates

PET capillary recesses directly integrated into PET packaging film, with targeted plasma treatment of the recesses to

Oxygen plasma enhance their liquid retention capacity. Localised oxygen plasma treatment (oxygen flow rate: 80 cm®/min,

Wettability . . N .

Capillary valves Pressure. 0.14.1 mbar, I.x.)wer. ?40 W) of PET reces§es 1ntr0(?uced Polar oxygen .gr.oups onto their surface and

Meat exudate increased their wettability. It is proposed that the difference in wetting characteristics of the recesses and rest of
the packaging surface enhanced the capillary valve effect, which dramatically increased the liquid retention
capacity. Untreated recess samples (diameter: 9 mm) had retention capacity of around 0.70 g, which increased to
1.50 g after localised Oy plasma treatment. Even after aging of over 60 days, the plasma-treated recesses
maintained the enhanced retention capabilities. The estimated resulting retention capacity of recesses of
diameter 9 mm was 2972 + 62 mL/mz, which is comparable with conventional absorbent pads (3000 mL/mZ).
This demonstrated the viability of applying plasma treatment in food packaging to effectively isolate any

excessive exudate using only the packaging film.

1. Introduction

Food packaging has a vital role in prolonging food shelf life and
ensuring safer and fresher food in the supply chain (Biji et al., 2015).
However, excessive 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 (Gaikwad et al.,
2019). These food products are mostly packaged in plastic trays and tend
to release an exudate (drip) during refrigerated storage (Gouvea et al.,
2016). The meat exudate is an aqueous juice primarily composed of
soluble sarcoplasmic proteins (Kim et al., 2013). It flows under gravity
from the meat surface due to protein denaturation and lateral shrinking
of muscle fibres during the post-mortem period. The exudate expressed
from fresh meat is estimated around 1-3 % wt. of the meat cut weight
and it can reach 10 % wt. for pale-soft, exudative (PSE) meat (Huf-
f-Lonergan & Lonergan, 2005). The exudate lost also increases during
meat handling or processing, such as cutting and freezing (Warner,
2017). High exudate content has a negative impact on the food
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packaging as it accelerates quality deterioration and compromises safety
of the packaged food. This is due to the increase in water activity, which
enhances the growth of spoilage microorganisms and pathogenic bac-
teria (Gaikwad et al., 2019; Gouvea et al., 2016). Further, the accu-
mulated exudate on the bottom of packaging trays is prone to leakage
during handling and displaying in the market, and perceived unattrac-
tive by customers (Gouvea et al., 2016). Therefore, it is crucial to isolate
the free-moving exudate in food packaging.

Various techniques have been developed to isolate the liquid exuded
in food packaging including absorbent meat pads (Baldwin et al., 2007;
Realini & Marcos, 2014; Schmidt, 2013) and polymeric foam trays with
open-cell structure (Han, 2009; Maga et al., 2019). However, 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 (Durdag et al., 2014; Jensen & Versteylen, 2008;
Licciardello, 2017). Further, food trays with integrated micro-capillary
features to act as a soak-away is an alternative solution used for
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retaining the food exudate (Davidson et al., 2013). These capillary fea-
tures have small sizes and suffer with other absorbent packaging solu-
tions from limited absorption capacity (Davidson et al., 2013; LaRue
et al., 2011; Otoni et al., 2016).

Capillary wetting (capillary phenomenon) is fundamentally based on
capillary forces, which defines the spreading of a wetting liquid on a
solid surface even against gravity (Si et al., 2018). Liquid in open
capillary systems is commonly controlled by introducing capillary burst
valves on their capillary channels (Zimmermann et al., 2008). This in-
cludes geometrical valves with a sudden change in their dimensions or
hydrophobic valves, which are based variation of surface wettability.
The capillary valve has a pinning effect on the liquid meniscus gener-
ating a pressure barrier as the meniscus adapts to the change in valve
geometry or surface wettability (Cho et al., 2007; Feng et al., 2003;
Wang et al., 2013; Zimmermann et al., 2008). The valving functionality
was also studied for liquid trapping in closed capillary systems such a
closed tube during vertical orientation and inclination. The liquid tends
to drain from the open end of relatively large tubes by air finger prop-
agation called Taylor fingering phenomenon (Davies & Taylor, 1950;
Extrand, 2017, 2018a; Kumar et al., 2018). However, liquid drainage
can be prevented for sufficient pinning effect and stable meniscus on the
tube opening acting as a capillary valve (Extrand, 2017; Wang et al.,
2013). This mechanism can be extrapolated to the capillary recesses
used to trap exudate in food packaging. Therefore, the pinning effect can
be enhanced for larger capillary recesses within the food packaging tray
to increase their retention of meat exudate, which is thus the subject of
this article.

Wettability of the capillary wall surface has a considerable impact on
capillary liquid retention (Lu et al., 2013). Plasma treatment is among
the most highly utilised surface modification techniques for increasing
solid surface wettability. It is flux of excited particles, ions, electrons,
neutral species and UV radiation. The plasma can functionalise the
treated surface with introduced polar groups, such as C—OH and C=0
leading to an increase in its hydrophilicity and free energy (Shenton &
Stevens, 2001; Vesel & Mozetic, 2017). It is environmentally safe,
inexpensive, uniform and suitable for polymers with heat sensitivity
(Lee, 2010; Lee et al., 2009; Zille et al., 2015). Plasma treatment is
commonly used in polymeric food packaging for enhancing printability
of substrates, packaging disinfection, improving sealing and gas barrier
characteristics (Pankaj et al., 2014).

In this work, it is proposed the selective application of plasma
treatment to internal walls of capillary recesses to improve their surface
wettability and free energy. This can induce valve functionality based on
surface wettability variation, thus it may improve stability of the liquid
menisci and liquid retention capacity. Therefore, it is essential to
investigate the liquid retention capacity of larger-sized recesses with
improved wall wettability to develop a viable solution for isolation of
meat exudate in packaging trays. PET polymer was used for its wide
popularity in food packaging, especially in meat packaging trays (Maga
et al., 2019; Nistico, 2020). This work used a combined approach of
varying both size and surface wettability of capillary recesses. This was
carried out with thermoformed polyethylene terephthalate (PET) inserts
with capillary recesses of different sizes as liquid absorbers. Oxygen
plasma treatment was applied to the capillary recess surfaces to inves-
tigate the plasma effect on their liquid retention capacity. Simulant
liquids were used to mimic the real meat exudate in the liquid retention
tests.

2. Materials and methods
2.1. Materials

Amorphous polyethylene terephthalate (PET) sheets with thickness
of 0.50 mm (Klockner Pentaplast Group, UK) were used to thermoform

inserts with capillary recesses. Isopropyl alcohol (IPA) (Propan-2-ol >
99.5 %, Fisher Scientific, UK) was used to clean the recess surfaces by
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dipping and rinsing the samples in IPA solvent. Sodium carboxymethyl
cellulose (CMC) powder (Sigma Aldrich, UK) with a molecular weight
(M,,) of 90,000 g.mol’1 was used with deionised (DI) water to prepare a
liquid (CMC 1 % wt.) as a simulated meat exudate. 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. Triton X-100
surfactant (Sigma Aldrich, UK) was used to prepare the simulant liquids
with different surface tension values. Red azorubine colorant- E122
(FastColours LLP, UK) was used to dye the simulant liquids for retention
tests.

2.2. Design and thermoforming of inserts with capillary recesses

The 3D model design of an insert with arrays of capillary recesses
was generated by computer-aided design (CAD) SolidWorks software
(Edition SP 4.0- 2016) (Leite et al., 2018). 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 insert
was configured with arrays of 6 even-spaced recesses of the same
diameter as shown in Fig. 1. The mould designing and thermoforming
process to produce PET replicates of the insert with capillary recesses
were carried out in Klockner Pentaplast Company, UK.

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). Cross-
sections of the recesses with nominal diameters of 7, 8, 9, 9.5, 10, 11
mm were scanned, and 2D images were taken at magnification of x270
to generate their shape profiles. A measurement tooling for dimensions
in Smartzoom 5 software was used to measure wall thickness, opening
diameter, depth and draft angle of each recess (Carey et al., 2018;
Erdogan & Eksi, 2014). Cavity volume of the recesses was determined by
measuring the mass of a liquid, with known density, occupying the
recess spaces. A low surface tension liquid (4-Hydrox-
y-4-methyl-2-pentanone stained with methylene blue dye) was used to
give a better levelling with the recess edges. The liquid volume was then
calculated by its known density as it represented the volume of the
corresponding recess cavity (Sahin & Sumnu, 2007).

2.4. Preparation of simulant liquids

Aqueous solutions of (CMC) 1 % wt. were used as simulant liquids for
fresh meat exudate. CMC is commonly used as thickener for food
products, and its aqueous solutions of low concentrations show New-
tonian behaviour (Klimovic & Pekar, 2007; Miehle et al., 2021). The
simulant liquids were prepared to reflect the rheological properties of
meat exudate reported in literature (Den Hertog-Meischke et al., 1998;
Farouk et al., 2012; Ursu et al., 2016), with a wide range of surface
tensions. The liquids had three surface tension values of 72.6, 52.3 and
31.5 mN/m by adding a surfactant (Triton X-100) to the CMC 1 % wt.
solutions. All the three liquids had similar density and shear viscosity of
1.002 + 0.001 g/mL and 5.60 + 1.34 mPa.s respectively. These physical
and rheological characteristics were measured at temperature of 20°C.
The density measurement was conducted by gravity pycnometer (Fisher
Scientific UK Ltd) as described by (Guo et al., 2012). Surface tension of
the simulant liquids was determined by pendant drop technique using
(First Ten Angstroms FTA1000c) analyser (Berry et al., 2015). The shear
viscosity was measured by rotary rheometry (Gemini HR nano Rheom-
eter) equipped with parallel plates (diameter: 60 mm, gap: 400 pm)
(Ursu et al., 2016). The simulant liquids were dyed with red azorubine
colorant- E122 (FastColours LLP) to be distinguished during the liquid
retention tests (Extrand, 2017).
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Fig. 1. (a) 3D model design, (b) photo of thermoformed PET test sample.

2.5. Oxygen plasma treatment of capillary recesses

The formed PET insert 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
(Kostov et al., 2010). A low pressure plasma unit (model: Nano, Diener
Electronic, Germany) with a cylindrical chamber (diameter: 26.7 cm,
length: 42 cm) was used for the surface treatment. 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 pres-
sure: 0.1 mbar) in the plasma chamber as modified via the gas flow rate.
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

Fig. 2. The plasma treatments were carried out at oxygen flow rate of 80
em®/min, working pressure of 0.14 mbar and power of 240 W. The
plasma settings (power, pressure, flow rate) were defined through pre-
liminary testing on plasma treatment to consistently give targeted sur-
face wettability of the PET samples, and in line with the equipment
working range envelope. The recesses were treated for two exposure
times of 6 and 18 s to obtain the target levels of surface hydrophilicity
(Pandiyaraj et al., 2013; Xie et al., 2012). For localised plasma treat-
ments of the recess walls, the selective plasma treatments of only in-
ternal surface of recess walls were conducted by placing an electrostatic
film mask (made from polypropylene, PP) on the sample face surface as
shown in Fig. S1 in the Supplementary material. The mask had holes for
each recess, while it formed a barrier 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

Fig. 2. Retention test with simulant liquid (CMC 1 %, y: 72.6 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.
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2.6. Characterisation of PET surface

2.6.1. 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 pL DI water drops was measured on flat surface of the
untreated and plasma-treated recesses. The measurements were con-
ducted in (First Ten Angstroms FTA1000c) analyser system at temper-
ature of 20 + 1°C and relative humidity of 54 &+ 5 %. The contact angle
values were obtained within 2 h after plasma treatment as a mean of
measured values for 6 samples (Jucius et al., 2015). Surface energy (75"
with the polar () and dispersive (7)) components were also deter-
mined for the recess surfaces. The surface energy measurement was
based on Owens-Wendt method using DI water and diiodomethane
(Sigma Aldrich, 158429- 25 ML, UK) as polar and non-polar liquids with
defined surface tension components respectively (Yang et al., 2009).

2.6.2. 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. 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”8 Torr. The sample surfaces were exposed
to an exciting x-ray source of monochromatic Al Ko (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 lo-
cations 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 (Dowling et al., 2012).

2.6.3. Surface topography by atomic force microscopy (AFM)

The effect of oxygen plasma on surface roughness of capillary re-
cesses 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 pm x 1 pm in tapping mode as
described by (Junkar et al., 2009). The scanning images were analysed
by Gwyddion software (Version 2.55) to determine the surface rough-
ness parameters. The roughness (Ra) and root mean squared roughness
(RMS) values were averaged from scans of 3 different areas.

2.7. 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 included tilting the recess samples for an angle
of 180° over 5 s, after filling with simulant liquids as shown in the Fig. 2.
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 (g) (Extrand,
2018a). The retention capacity was also estimated in mL/m? with sim-
ulant liquid (CMC 1 % wt., density: 1.002 g/mL) for recesses of opti-
mised retention capacity. This was based on a hexagonal packing of
recesses per square metre with spacing of 1 mm between the neigh-
bouring recesses (Wardhani et al., 2014).

2.8. Ageing effect on plasma-treated capillary recesses

The effect of hydrophobic recovery on surface properties and liquid
retention capacity of the plasma-treated recesses was assessed for
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different storage periods. The PET recess samples were treated with Og
plasma for 18 s and stored in clean plastic boxes at controlled temper-
ature of 20 + 1°C (humidity 40-60 % RH). The degradation of wetta-
bility 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 sur-
faces was analysed by XPS technique, and the liquid retention capacity
was evaluated with CMC 1 % wt. (y: 52.3 mN/m) under normal gravity
(Homola et al., 2012).

3. Results
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. Detailed illustrations and data
are presented in Supplementary material (Fig. S2 and Table S1). Fig. S2
shows cross-section profiles of recess model and thermoformed PET
recess with diameter of 9 mm. All thickness, dimension and volume
values were measured for recesses with nominal diameters (7, 8, 9, 9.5,
10, 11 mm) and presented in Table S1 in the Supplementary material.
The PET recesses had a comparable replication of geometrical di-
mensions of their models with error less than 0.04 mm for opening di-
ameters, 0.08 mm for 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
(Buntinx et al., 2014). The opening of the PET recesses had round cor-
ners 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.

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 Fig. 3a. The untreated PET surface
exhibited a WCA of 77.6 + 0.6°. The O 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. The Fig. 3b il-
lustrates the effect of Oy 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/m?. 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 Oy
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.

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
the Fig. 3. 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 addi-
tional small peak of nitrogen N 1s. Table 1 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 %
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Fig. 3. 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, (e) 3D AFM image of untreated PET, (f) 3D AFM image of plasma-treated PET for 18 s.

Table 1
Elemental composition and O/C ratio of PET recess surfaces.

Atomic concentrations of surface elements on the PET surface

PET Recess C% 0% Si% N% o/C
Surface
Untreated 78.63 £ 21.28 + 0.09 + - 27.07 +
0.13 0.16 0.06 0.25
Plasma-treated 7117 £ 28.55 + 0.17 + 0.11 + 40.12 +
for6 s 0.14 0.12 0.06 0.06 0.21
Plasma-treated 69.11 + 30.61 + 0.08 + 0.20 + 44.29 +
for 18 s 0.36 0.18 0.04 0.13 0.22

Mean values + standard deviation (n = 3).

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 concen-
tration as shown in the Table 1. 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 decon-
voluted into different components to characterise the functional groups
on the PET surface as shown in Fig. S3 in the Supplementary material.

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—0, O—C=O0 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 S2 in the Supplementary
material. The C=0 bond was emerged with concentrations of 2.95 %
and 5.09 % for plasma treatments of 6 and 18 s respectively.

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 pm x 1 pm. The topographical changes
before and after plasma treatment were characterised by surface
roughness parameters of RMS and Ra as presented in Table S3 in the
Supplementary material. 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 the Fig. 3. The un-
treated PET had nearly smooth surface, while it showed rougher surface
with small spike-like features after the plasma treatment.
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3.5. Liquid retention test

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 cor-
responding surface wettability of the plasma-treated recesses was rep-
resented by the characteristic WCA of 46.5° and 15.3° respectively.
Fig. 4 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 % wt., y: 52.3 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 re-
cesses with diameter > 8 mm decreased with the increase of their sizes.
The recess samples treated with localised Oy 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 was proportionate
to the wall surface wettability of PET recesses as it was higher for WCA
of 15.3° than WCA of 46.5°.

3.5.2. Effect of liquid surface tension and recess surface wettability
Simulant liquids (CMC 1 % wt.) with surface tension values of 72.6,
52.3, 31.5 mN/m were used for retention test of the recess samples.
Fig. 5. illustrates the effect of liquid surface tension on retention ca-
pacity 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 un-
treated and plasma-treated samples, the retention capacity was pro-
portionate with the liquid surface tension. For the simulant liquid with
surface tension of 72.6 mN/m, the untreated samples maintained full

3.5

Food Packaging and Shelf Life 30 (2021) 100759

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 samples. Lower surface tension
of 52.3 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 the Fig. 5. However, both untreated
and plasma-treated samples for all recess sizes could not retain the
lowest surface tension liquid (31.5 mN/m).

3.6. Ageing effect analysis

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
O, 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. Fig. S4 in the Supplementary
material 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 (degra-
dation rate of surface wettability) 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 decrease in the polar
component of surface energy while the dispersive component was con-
stant. The reduced wettability and surface energy of the aged PET re-
flected its tendency to return to its original surface properties before the
plasma treatment.

The elemental composition of aged PET surface after Oy plasma
treatment showed a decrease in oxygen concentration over the storage
periods as shown in Table S4 in the Supplementary material. This
revealed a loss of functional polar oxygen groups on the aged PET
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Fig. 4. Retention capacity of tilted PET recess samples (6-recess arrays) with CMC 1 % wt. (y: 52.3 mN/m) after oxygen plasma treatments; untreated, mild localised
treatment (6 s, WCA 46.5°, walls only), strong localised treatment (18 s, WCA 15.3°, walls only), strong full-area treatment (18 s, WCA 15.3°, walls + edges).
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internal recess walls.

surface. The highest ageing rate was observed in the first day with a
reduction in oxygen concentration from 30.61 % to 28.30 % corre-
sponding to a decrease in O/C ratio from 44.29 % to 39.65 %. The ox-
ygen 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 0% 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 in-
crease over time, while the silicon element showed no significant
changes in its concentrations.

3.6.2. Ageing effect on retention capacity of plasma-treated PET recesses
Liquid retention capacity of recess samples after localised O plasma
treatment was investigated for storage times of 0, 1, 3, 7, 14, 21, 28, 60
days. This was illustrated in Fig. 6 for samples with recess diameter of 8
mm (a) and 9 mm (b) with simulant liquid (CMC 1 % wt., y: 52.3 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 respec-
tively over the storage times. However, the corresponding untreated
samples had retention capacity of 1.165 g and 0.696 g respectively as
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shown in the Fig. 6. 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 thermo-
forming process into consideration (Wardhani et al., 2014). Therefore,
the retention capacity of plasma-treated recesses with diameter of 8 and
9 mm was 3901 + 22 and 2972 + 62 mL/m? respectively after 60-day
ageing period.

4. Discussion
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 thermo-
forming with high draw ratios. The elastic shrinkage and release of stress
residuals of the formed PET recesses can also contribute to these small
scale dimensional deviations (Ashter, 2014; Morye, 2005; Throne,
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Fig. 6. Liquid retention capacity of plasma-treated PET samples with nominal recess diameters of 8 mm (a) and 9 mm (b) over different storage times.
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2017).
4.2. Plasma impact on recess surface properties

The O, plasma treatment of PET recesses increased their surface
hydrophilicity and therefore their wettability for water-based liquids
(Karbowiak et al., 2006; Shenton & Stevens, 2001; Vesel & Mozetic,
2017). 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 (Junkar
et al., 2009; Vesel et al., 2008). 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
excited oxygen in plasma glow reacts with the radical sites to generate
different oxygen groups including C—OH, C—0 and COOH (Vesel &
Mozetic, 2017; Yang et al., 2009). A comparable decrease in WCA from
72° to 19° on PET surface was found after O3 plasma in work of Junkar
etal. (2009). The polar oxygen groups also contributed to the substantial
increase in polar component of surface energy by 28.5 mJ/m? (3.4-31.9
mJ/m?), which primarily accounted for the increase in total surface
energy of 28.8 mJ/m>2 A comparable increase in surface energy of
plasma-treated PET was found by Yang et al. (2009).

Oxygen plasma treatment resulted in increasing oxygen concentra-
tion and hence O/C (Junkar et al., 2009; Vesel & Mozetic, 2017). This
was manifested as additional oxygen groups, such as C=0 were intro-
duced to the treated recess surface (Yang et al., 2009). The O/C was also
proportionate with treatment time as high number of active sites are
ready to incorporate oxygen groups for prolonged treatments (Vesel
et al.,, 2008). 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 re-
ported by different studies (Homola et al., 2012; Junkar et al., 2009;
Yang et al., 2009). The C 1s peak analysis (Table S2, Supplementary
material) showed that under the plasma treatment new C—=O was
formed, while absent from the untreated samples. This has been
observed to significantly improve the surface polarity and wettability in
literature (Lv et al., 2016; Vesel et al., 2008). 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 (Xie et al., 2012). The peak of pi-pi satellite appeared due to the
emitted photoelectrons of excited aromatic phenyl groups (Dowling
et al., 2012).

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 (Kostov et al., 2010). 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 (Kostov et al., 2010; Nosonovsky & Bhushan, 2005),
based on Wenzel law (Wenzel, 1936).

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 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.
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This was investigated by (Extrand, 2017, 2018a) 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 (Extrand, 2017). Liquid drainage in a tilted large
capillarity such 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 (Davies &
Taylor, 1950; Kumar et al., 2018). The recess opening has a geometrical
valving functionality where the capillary pressure induces liquid
pinning effects and forms valving pressure barrier (Wang et al., 2013).
This enhances stability of the liquid menisci and prevent liquid drainage
due to phenomenon of Taylor finger (Kumar et al., 2018). This was
manifested in stable menisci on recess openings of small sizes as the
capillary pressure and pinning effects are large enough to restrict initi-
ation 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 (2017). 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 pres-
sure decreased (Extrand, 2017). The recess inclination during tilting
resulted in local change in the hydrostatic pressure acting on the liquid
interface (Extrand, 2018b). This resulted in liquid advancing on one
recess wall and receding on the other wall as described by work of
Extrand (2018a). 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 (Extrand, 2017, 2018a; Kumar et al.,
2018).

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 prop-
erties between the inner walls and outer edges of the treated recesses
(Awaja et al., 2009). This introduced additional pinning effect due to the
wettability variation, which acts as capillary burst valve. Therefore, the
recess openings gained improved liquid pinning from combined valving
effects of geometrical and wettability changes (Cho et al., 2007; Feng
et al., 2003). 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. Conse-
quently, 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 (Andersson et al., 2001; Cho et al.,
2007; Extrand, 2017). 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.
(2018) in liquid drainage from closed tubes. For liquid with the lowest
surface tension (31.5 mN/m), there was a lack of retention capacity as
the liquid surface tension was lower than the surface energy of the un-
treated 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. (2013) for highly hydrophilic capillary valves. The
retention capacity of samples (recess diameter: 9 mm) with localised and
non-localised O; plasma treatment (WCA: 15.3°) was 1.500 g and 0.392
g respectively, but retention capacity of the corresponding untreated
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samples was 0.696 g. This concludes that the liquid retention
improvement requires a distinct difference in wetting characteristics
between the recess walls and their outer edges.

4.4. Longevity and practicality of plasma treatment

The improved retention capacity and surface properties of PET re-
cesses gained by the O, 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 the aged surfaces exhibit tendency to lose their polar
groups and become more hydrophobic surfaces (Vesel et al., 2008). 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 (Kostov et al., 2010; Pankaj et al., 2014). 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 Fig. S4). This suggests that plasma treatment
induced a permanent increase in the surface wettability and energy
(Homola et al., 2012). A comparable recovery behaviour was reported
by Kostov et al. (2010) and Homola et al. (2012). 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 (Andersson et al., 2001). Even after 60 days, the
treated recess cavity was fully functional, allowing similar high reten-
tion, 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 increased by 2.24 times
after the localised plasma treatment. This showed a comparable reten-
tion capacity with conventional absorbent meat pads. These absorbent
pads are typically used in meat packaging industry with retention ca-
pacity of 3000 mL/m? (2949 mL/m? as assessed in laboratory by sim-
ulant 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 (Van
Deynse et al., 2015). This can lead to promising meat packaging capable
to take away the need for conventional absorbent pads, easier to recycle
and maybe for the consumer to handle.

5. Conclusions

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 when compared with un-
treated 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 capacity as the plasma-treated
inner walls maintained wetting characteristics different to the un-
treated 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 demonstrated the
viability of using plasma treatment in food packaging to effectively
isolate any excessive exudate. The plasma treatment can be scaled up to
be a continuous treatment process for food packaging by using atmo-
spheric plasma technology. These food trays can be manufactured from
fully recyclable materials, such as PET, PE and PP ensuring more recy-
clable packaging trays with greater environmental footprint. The
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capillary recesses can also be easily cleaned after use to facilitate the
recycling process. This will allow millions of food trays to be recycled
and support packaging sustainability. Further, absorbent pads used in
food packaging will be avoided, which primarily end up in landfill
placing additional environmental burden. While the approach is
focussed on application for meat exudate it is equally transferable to
other food products such as soft fruits. Potential utilisation of this
technique with bio-derived plastics in place of PET can lead to further
sustainability improvements.
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