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Abstract: Nowadays, bioeconomy and nanotechnology trends push food packaging sector in the replacement
of food additives by biobased antioxidant/antibacterial compounds and their inclusion in nanocarriers to
control their release. Herein by following this trend, a rich in thymol-(TO) activated carbon (AC) nanostructure
(TO@AC) was prepared and physiochemically characterized with various technics. This TO@AC nanostructure
as well as pure AC were extruded with low density polyethylene (LDPE) to develop novel active packaging
LDPE/TO@AC and LDPE/AC films. X-ray diffractometry, Fourier Transform Infrared Spectroscopy and
Scanning Electron Microscopy measuraments shown high dispersity and capability of both AC and TO@AC in
LDPE matrix which was resulted in enhanced tensile and water/oxygen barrier properties of obtained
LDPE/AC and LDPE/TO@AC films. LDPE/TO@AC films shown higher elongation at break values and
water/oxygen barrier than LDPE/AC films and significant antioxidant activity. TO release kinetics studies
shown that by increasing TO@AC content the total TO amount released increased and the constant release rate
decreased. Pork fillets wrapped with the optimum active film containing 15 wt.% TO@AC and succeed to
prevent lipid oxidation and heme iron loss during storage. Estimation of microbial population of pork fillets
shown that this active film could extend the microbiological shelf-life of pork fillets by 2 days.

Keywords: activated carbon; thymol; low-density polyethylene; active packaging; control release;
kinetics; pork fillets; heme iron; shelf life

1. Introduction

Nowadays, the need to enhance food safety and shelf-life is driving research and development
(R&D) in food technology towards investigating packaging that can not only protect food, but also
react with it to preserve, enhance its safety, and extend its shelf-life [1]. This type of packaging is
called "active food packaging" [1-3]. Moreover, one of the most recent trends in active food packaging
is the removal of food additives from the food itself and their incorporation into the active packaging,
and controlling the release of such food additives into the food [4,5]. Along these lines, it is also
suggested to replace food additives with natural, abundant chemical compounds that have
demonstrated antioxidant and antibacterial activity [4]. These bioactive antioxidant/antibacterial
compounds are essential oils (EOs) and their components which are mainly monoterpenes,
sesquiterpenes, alcohols, phenols, aldehydes, ketones, and esters [6-8]. Over the past few years,
considerable effort has been devoted to developing polymers or biopolymers-based active packaging
films incorporated with various essential oils such as oregano oil [9,10], thyme oil [9-11], basil oil
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[12,13], orange oil [14], lemongrass oil [15] or their derivatives such as thymol[16], carvacrol [17],
cinnamaldehyde [18] and limonene [19]. The main disadvantage of directly incorporating EOs into
the polymer or biopolymer matrix is that their volatile nature leads to rapid loss, thereby deactivating
the active properties of the packaging. To address this, it has been proposed to adsorb these EOs or
their derivatives onto inexpensive, naturally abundant materials such as nanoclays before integrating
the resulting EOs/nanoclay hybrid structure into the polymer or biopolymer matrix [20]. This
approach enables the development of polymers or biopolymers/EOs/nanoclays active packaging
films with enhanced mechanical, tensile, water/oxygen barrier properties, and controlled release of
antioxidant and antibacterial properties [21-23]. As such, nanoclays such as montmorillonite (MMT)
and halloysite nanotubes (HNT) have been extensively studied as EOs nanocarriers in the
development of polymers or biopolymers/EOs/nanoclays active packaging films [24,25]. More
recently, well-known adsorbent multifunctional materials such as natural zeolite (NZ) [26-28], silica-
based materials (MCM and SBA-15) [29,30] and carbon-based materials (activated carbon-AC) [31-
33] have been suggested as EOs and their derivatives nanocarriers. These materials have an
advantage over nanoclays due to their larger specific surface areas and their ability to adsorb and be
loaded with higher amounts of EOs or their derivatives. Among various carbon-based nanomaterials,
activated carbon (AC) has the advantage of low cost, non-toxicity, and degradability [31]. The
effectiveness of AC strongly depends on its pore structure and surface chemistry [31]. AC is used in
packaging films because of its adsorption and release capabilities. Thus, it can be used as an adsorbent
to remove gases from packaged food or as a nanocarrier for bioactive compounds to be released into
food [33,34].

Low-density polyethylene (LDPE) is one of the most used materials for flexible food packaging.
Although it is a polymer produced via petrochemistry processes, it could be considered biobased in
the future if it will be produced only via the bioethanol process. It has satisfactory strength-at-break
properties up to -60 °C, good water barrier properties, but high permeability to oxygen, which makes
it unsuitable as packaging material for foods sensitive to oxidation deterioration, such as meat
products. Oxidative deterioration is the most critical factor following microbial deterioration for pork
degradation and the end of its shelf-life [35]. Therefore, it is essential to modify LDPE by enhancing
its oxygen barrier properties through the development of an LDPE-based active packaging material.
This could be more valuable if the modification follows circular economy trends, which propose the
use of biobased raw materials such as EOs and AC. Recently, Macca carbon (MC) powder, a biomass
derived from macadamia nut, was incorporated into LDPE by melt-compounding and subsequent
melt-extrusion operations [36]. The obtained LDPE/MC films were characterized physically with
optical microscopy, scanning electron microscopy (SEM), differential scanning calorimetry (DSC),
thermal gravimetric analysis (TGA), while the mechanical, water/oxygen barrier, transmission, and
antimicrobial properties were also studied [36]. The weight percent content of MC powder in LDPE
varied from 0.5% up to 5%.

In recent studies, a "green" method was reported for the extraction of a thymol-rich (TO) fraction
from thyme oil and its subsequent adsorption on halloysite nanotubes (HNT) and natural zeolite
(NZ) to create innovative TO@QHNT and TO@NZ nanohybrids [37,38] These nanohybrids were
recently incorporated into low-density polyethylene (LDPE) to develop promising active packaging
films, LDPE/TO@HNT and LDPE/TO@NZ, aimed at preserving low-fat pork fillets [39,40]. In this
study, the same green method is employed to adsorb TO onto activated carbon (AC), resulting in the
TO@AC nanohybrid. The obtained TO@AC was characterized physiochemically through XRD
analysis, FTIR spectroscopy, as well as TG and DSC experiments. Subsequently, the TO@AC
nanohybrid was integrated into the LDPE matrix at 5, 10, and 15 wt.% contents using an extrusion
molding process to create LDPE/5TO@AC, LDPE/10TO@AC, and LDPE/15TO@AC active packaging
films. For comparison, LDPE films with 5, 10, and 15 wt.% AC content, without TO, were prepared.
Both LDPE/AC and LDPE/TO@AC films were characterized physiochemically with XRD analysis,
FTIR spectroscopy, SEM imaging, and DSC experiments. The tensile properties, water/oxygen barrier
properties, and total antioxidant activity of the films were also examined. In advance, the kinetics of
TO release were studied for all active LDPE/TO@AC films. The objective of these characterizations
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and property investigations was to identify the most promising LDPE/TO@AC active film. The
LDPE/TO@AC film with the best packaging properties, as well as LDPE/AC and pure LDPE films,
were utilized to wrap pork fillets, and their shelf-life was evaluated by measuring their lipid
oxidation through the TBARs method, their heme iron values, and the total bacterial count values.
The unique innovations of this work can be summarized as follows: (i) the development and
characterization of novel TO@AC nanohybrids, to the best of our knowledge, for the first time; (ii)
the incorporation of pure AC and modified TO@AC nanohybrids into LDPE at high contents of 5, 10,
and 15 wt.%; (iii) the development, characterization, and use of novel LDPE/TO@AC active
packaging films for pork fillet preservation, to the best of our knowledge, for the first time; and (iv)
in alignment with recent works [39,40] the identification of a direct linear relationship between
TBARs lipid oxidation values and heme iron values of pork fillets. Moreover, the microbiological
population, as estimated by total variable counts, indicated a shelf-life extension of 2 days for pork
fillets.

2. Materials and Methods

2.1. Materials

Thyme oil used was supplied by Chemco (Via Achille Grandi, 13 - 13/A, 42030 Vezzano sul
Crostolo RE, Italy). LDPE (CAS No. 9002-88-4) with density 0.925 g cm and melting point 116 °C
was supplied by Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA). Fresh pork fillets “skalopini”
type was a kind offering of Aifantis Company (Aifantis Group — Head Quarters, Acheloos Bridge,
Agrinio, Greece 30100). Three fresh and deboned pork fillets “skalopini type” with approximate
weight 700 g each were provided by a local meat processing plant Aifantis Company within one hour
after the slaughter. Activated carbon (AC) from spent coffee of students café of University of [oannina
was prepared with a pyrolysis process and a treatment with KOH according to previous report [41].
The Briinatier—-Emmett-Teller surface area of AC was to 1372 m?/g and the micropore volume was
84.6% [41].

2.2. Preparation of TO@AC Nanohybrid

The process of modifying pure AC with a TO-rich fraction was the same as the process used for
the modification of HNT and NZ, as described recently [37,38]. As illustrated in Figure 1, the process
was carried out in two steps. In the first step, a distillation took place using a distillation apparatus
on pure thyme oil at 200 °C to obtain a TO-rich fraction and separate the most volatile limonene-
cymene fraction. In the second step, TO adsorption on AC occurred by placing an AC bed above the
spherical glass container containing the TO-rich fraction and evaporating the TO-rich fraction by
heating it to 250 °C. Thus, the TO@AC nanohybrid was obtained and kept for further physicochemical
characterization.

@
Distillation process to
produce a rich in Thymol

fraction of Thyme oil

\.,;‘";"j;‘
Fraction rich in

Limonene

Bed with
TO@AC
@ @
Evaporation/adsorption \
process for TO@AC
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Fraction rich
in Thymol (TO)

Figure 1. Schematic presentation of process used for TO@AC nanohybrids preparation.
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2.3. Preparation of LDPE/AC and LDPE/TO@AC Films

The preparation of LDPE/AC and LDPE/TO@AC films was accomplished using a mini lab twin
screw extruder (Haake Mini Lab II, ThermoScientific, ANTISEL, S.A., Athens, Greece), operated at
140 °C and 100 rpm for 3 minutes [21]. LDPE pellets were mixed with pure AC and the previously
prepared TO@AC powder to achieve nominal AC and TO@AC weight percentages of 5, 10, and 15%
(refer to Figure 2). The resultant samples were labeled as LDPE/SAC, LDPE/10AC, LDPE/15AC,
LDPE/5TO@AC, LDPE/10TO@AC, and LDPE/15TO@AC. A pure LDPE sample was also prepared for
comparison. Following the extrusion process, the LDPE/AC and LDPE/TO@AC samples, as well as
the pure LDPE, were thermomechanically transformed into films (see Figure 2). This transformation
was achieved by operating a hydraulic press with heated platens at 110 °C and a constant pressure
of 2 MPa for 2 minutes [12,42].

Figure 2. Schematic representation of the extrusion process for the preparation of LDPE/AC and
LDPE/TO@AC films. (1) LDPE pellets, (2) TO@AC powder, (3) mini lab twin screw extruder, (4) Lab
hydravlic press with heated platens, (5) LDPE film, (6) LDPE/5AC film, (7) LDPE/10AC film, (8)
LDPE/15AC film, (9) LDPE/5TO@AC film, (10) LDPE/10TO@AC film and (11) LDPE/15TO@AC film.

2.4. Physicochemical Characterization of AC, TO@AC, Powders and LDPE/AC and LDPE/TO@AC Films

To ascertain potential alterations in the crystallinity of AC during the process of TO@AC
nanohybrid formation, XRD analyses were performed on both pure AC and TO@AC. The crystal
structure of the resulting LDPE/AC, LDPE/TO@AC films, and the pure LDPE film were also
examined via XRD analyses. All XRD measurements were conducted using a Brucker XRD D8
Advance diffractometer (Briiker, Analytical Instruments, S.A., Athens, Greece) with a LINXEYE XE
high-resolution energy dispersive detector, under experimental conditions set in accordance with
previous reports. Probable interactions between AC and the adsorbed TO molecules were explored
through FTIR spectroscopy measurements on pure AC and the modified TO@AC nanohybrids.
Additionally, the interactions between AC, TO@AC, and the LDPE matrix were investigated with
FTIR spectroscopy measurements on the pure LDPE film and all LDPE/AC and LDPE/TO@AC films.
The FTIR measurements employed an FT/IR-6000 JASCO Fourier transform spectrometer (JASCO,
Interlab, S.A., Athens, Greece). Differential Scanning Calorimetry (DSC) measurements were
conducted on pure AC and modified TO@QAC nanohybrids using a DSC214 Polyma Differential
Scanning Calorimeter (NETZSCH manufacturer, Selb, Germany). The total amount of TO fraction
adsorbed onto AC was determined through Thermogravimetric Analysis (TGA) experiments
performed on pure AC and the modified TO@AC nanohybrid, utilizing a Perkin-Elmer Pyris
Diamond TGA/DTA instrument (Interlab, S.A., Athens, Greece). Lastly, the surface and cross-
sectional morphology of all resulting LDPE/AC and LDPE/TO@AC films, as well as the pure LDPE
film, were scrutinized via SEM analysis with an accompanying EDX analysis. This process employed
a JEOL JSM-6510 LV SEM Microscope (Ltd., Tokyo, Japan) equipped with an X-Act EDS-detector
from Oxford Instruments, Abingdon, Oxfordshire, UK (an acceleration voltage of 20 kV).
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2.5. Tensile Measurements of LDPE/AC and LDPE/TO@AC Films

For all obtained LDPE/AC and LDPE/TO@AC films as well as for pure LDPE film tensile
properties were measured according to according to the ASTM D638 method using a Simantzii AX-
G 5kNt instrument (Simantzu. Asteriadis, S.A., Athens, Greece) following the methdology described
previously [21,39,43].

2.6. Water Vapor Transmittion Rate (WVTR) and Water Diffusion Coefficient (Duo)

WVTR values for all obtained LDPE/AC and LDPE/TO@AC films as well as for pure LDPE film
were measured with a handmade apparatus according to ASTM E96/E 96M-05 method [42,44]. From
WVTR values the water vapor diffusion coefficient values (Dwv) were calculated according to the
methodology descibed in detail recently [43,45].

2.7. Oxygen Transmittion Rate Values (O.T.R.) and Oxygen Diffusion Coeficient (Poz)

For all obtained LDPE/AC and LDPE/TO@AC films as well as for pure LDPE film O.T.R. values
were measured by using an oxygen permeation analyzer (O.P.A., 8001, Systech Illinois Instruments
Co., Johnsburg, IL, USA) according to the ASTM D 3985 method (23°C and 0% RH). From these values
oxygen diffusion coeficient (Poz) values were obtained by following the methodology descriped in
detail recently [43,45].

2.8. Total Antioxidant Activity of Films

The antioxidant activity of all obtained films measured according to 2,2-diphenyl-1-
picrylhydrazyl radical (DPPH) assay. In 4 ml of 30 ppm DPPH ethanolic solution approximately 5
mg of LDPE/5TO@AC, LDPE/10TO@AC, and LDPE/15TO@AC film were added and the adsorbance
at 517 nm was recorded as a function of time for 1 h (60min), 2 h (120min), 3 h (180), 1day (1440) and
2 days (2880 min). As a blank sample the absorbance of 4 ml of 30ppm DPPH ethanolic solution
without the addition of any film was recorded as a function of time too. The % antioxidant activity
calculated by using the next equation (1):

% film antioxidant activity = [(Atim — Atblank)/Ac] x 100 (1)

where Atfim is the absorbance of each film as a function of time, Aplank the absorbance of blank sample
as a function of time and Ao the initital absorbance of each sample solution.

2.9. TO Release Test - Calculation of Released to wt.% Content and TO Released Diffusion
Coefficient (Do)

For all LDPE/TO@AC films the released TO experiments a moisture analyzer AXIS AS-60 (AXIS
Sp. z 0.0. ul. Kartuska 375b, 80-125 Gdansk) was employed according to the methodology described
previously [40]. Approxiamtely 300 to 500 mg of each film used for the control release experiments.
The diffusion coefficient (Do) for TO release out of the obtained LDPE/xTO@AC films process, was
calculated according to the following equation (2):

m, 4D.t
m, m. 12

@)

where m: and m- is the amount of TO released form the film after time t and after equilibrium time
teq> 0 respectivelly, D is the diffusion coefficient, and [ is the average film thickness.

The linearization of equation (6) is leading to the slightly modified equation (3):
(mt )2 Dxt

me =41t><£’2 ®)

By employing the pseudo-second order sorption mechanism model [41] we calculated the
desorption rate Constant K2 and the maximum TO desorbed amount ge according to the equation:
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—_—te 2 3
qe X ky Xt+1 ®)

q:
where g=m¢/mo and qge=1.

2.10. Packaging Preservation Test of “Skaloppini Type” Fresh Pork Meat Fillets

The pork fillets were wraped aseptically between two LDPE@15TO@AC active films with a
diameter of 11 cm (see Figure 3). For comparison pork fillets wrapped also with two LDPE/15AC
films and two pure LDPE films (control sample) (see Figure 3). All the as wrapped pork fillets were
folded inside the packaging paper of the local meat processing plant Aifantis, without the inner
membrane-used by the company for packaging. After packaging, the fillets were placed in a
preservation chamber at 4+1°C and then measured for lipid oxidation and heme iron content.

Figure 3. (a) Wrapping of fresh pork fillets inside two LDPE@15TO@AC, LDPE/15AC and pure LDPE
films, (b) folding of wrapped pork fillets inside the packaging paper of Aifantis company.

2.11. Packaging Test of Fresh Pork Fillets

2.11.1. Lipid Oxidation of Pork Fillets with Thiobarbituric Acid Reactive Substances

Thiobarbituric acid reactive substances (TBARS) values of packed pork fillets after 2, 4, 6, 8, 10
and 12 days were determined with the method of Tarladgis et. al. [46] as it was recently modified by
Karabagias et al. [47]. The methodology for determination of the TBARS values of packaged fresh
pork fillets described in detail recently [39,40].

Heme Iron Content

The heme iron content of packaged fresh pork fillets was determined according to the method
reported by Clark et al. [48] as it is desribed in deatail recently [39,40].

Total Variable Counts (TVC) of Pork Fillets

TVC was monitored with respect to storage time. Ten grams of pork fillets were removed
aseptically from each packaging treatment using a spoon, transferred to a stomacher bag (Seward
Medical, Worthing, West Sussex, UK), containing 90 mL of sterile buffered peptone water (BPW,
NCMO0015A, Heywood, BL97]], UK) (0.1g/100mL of distilled water) and homogenized using a
stomacher (LAB Blender 400, Seward Medical, UK) for 90 s at room temperature. For the microbial
enumeration, 0.1 mL of serial dilutions (1:10 diluents, buffered peptone water) of pork meat
homogenates was spread on the surface of plate count agar (PCA, NCM0010A, Heywood UK). TVC
was determined using after incubation for 2 days at 30 °C [49].

2.12. Statstical Analysis

In this study, an extensive array of tests were conducted on a minimum of three separate
samples. These tests encompassed an assessment of structural, mechanical, and barrier properties,
alongside a range of others, including antioxidant activities, controlled release, TBARS, heme iron,

doi:10.20944/preprints202306.0500.v1
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and TVC tests. The results presented in the tables throughout this work are averages derived from
these measurements, with each table also displaying the standard deviation. Hypothesis testing was
performed to evaluate the equality of means. IBM's SPSS Statistics software, version 20, was used to
perform the necessary statistical analysis. This involved implementing the ANOVA method, setting
confidence intervals at 95% and the significance level at p = 0.05. In addition, the assurance of mean
equality (EA%) or inequality (IA%) was examined based on empirical equations previously outlined
in literature [50]. Across all tests, it was observed that the mean values of the various sample
properties significantly differed, all with an assurance factor exceeding 52%.

3. Results and Discussion

3.1. Physicochemical Characterization of AC and TO@AC Nanohybrid

The XRD plot of pure AC powder (depicted as line (1) in Figure 4a) is consistent with a typical
amorphous material. After the adsorption of TO to create the TO@AC modified nanohybrid, a broad
peak appears at around 18° 2theta in the XRD plot (see line (2) in Figure 4a), suggesting that the
adsorption of TO has subtly influenced the amorphous structure of pure AC. The line (1) in the FTIR
graph (Figure 4b) corresponds to the FTIR plot of pure thyme oil. The bands observable at 3530 to
3433 cm! are attributed to the stretching vibration of O-H groups. The bands around 3100-3000 cm™*
are ascribed to the stretching vibrations of aromatic and alkenic groups of TO molecules. The bands
at 2958 and at 2868 cm! pertain to the stretching mode of C-H groups. The bands between 1500 cm!
and 1300 cm™! are ascribed to the bending of C-H on the C-O-H group and the bending of aliphatic
CH:2 groups [37,39,51]. The FTIR spectra of pure AC (see line (2) in Figure 4b) prominently display
bands at 1590 cm! and 1260 cm!. The band at 1590 cm! corresponds to the stretching vibration modes
of carbonylic (-COO-) groups, while the band at 1260 cm™ is assigned to the stretching vibration of
C-O groups [41]. The band with a maximum at approximately 3420-3440 cm™ is attributed to the O-
H stretching mode of hydroxyl groups of the adsorbed water molecules [52]. In the FTIR plot of the
modified TO@AC nanohybrid (line (3) in Figure 4b), it is evident that besides the bands of the pure
AC, the characteristic bands of TO also exist in the ranges of 2800-3100 cm-!, 1300-1500 cm-!, and 500-
1000 cm™ [37,39,51]. This observation signifies the adsorption of TO molecules onto the internal
surface area of pure AC, without causing a shift in the characteristic peaks of AC. It suggests that the
TO molecules are more likely physisorbed than chemisorbed on the surface of AC, favoring the
physisorption of TO molecules on the AC surface for controlled-release applications of such TO@AC
nanohybrids.

doi:10.20944/preprints202306.0500.v1
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Figure 4. (a) XRD plots of (1) pure AC and (2) modified TO@AC nanohybrid in the range of 2 — 30° 2
theta, (b) FTIR plots of (1) pure thyme oil, (2) pure AC and (3) modified TO@AC nanohybrid at the
range of 400 — 4000 cm, () TG plots of (1) pure AC and (2) modified TO@AC nanohybrid in the range
of 25 to 800 °C temperature and (d) DSC plots of (1) pure AC and (2) modified TO@AC nanohybrid
in the range of 0 to 250 °C temperature.

The Thermogravimetric Analysis (TG) plot of pure AC, shown as line (1) in Figure 4c, reveals a
mass loss step below 200°C, which aligns with the desorption of AC moisture [53]. The TG plot of AC
remains almost unchanged until 600 °C, where a second mass loss step commences [54]. This step
correlates with the decomposition of cellulose, lignin, and hemicellulose matter, along with the
expulsion of volatile matter that occurs during the carbonization process [55]. The TG plot of the
TO@AC nanohybrid (see line (2) in Figure 4c) displays a first mass loss step below 300 °C and a
second one beginning at around 350-400 °C and ending around 500 °C. This pattern suggests a
fraction of TO desorbs from the AC surface in the temperature range from 150 to 300 °C, while
another TO fraction desorbs in a higher temperature range from 350 to 500 °C. Considering the
textural features of the AC previously studied [41], the Briinaiier—Emmett-Teller surface area (Sgser)
of the AC was 1372 m?/g, with the micropore volume being 84.6% and exhibiting micropores at Dmicro1
= 1.28 and Dmicrez= 1.6 nm [41]. Given that the size of a TO molecule is roughly equal to that of a
phenol molecule (about 0.6 — 0.8 nm), a fraction of TO could be adsorbed within the micropore
structure of AC. Consequently, the TO fraction residing in the micropores of AC requires more
energy to desorb (second mass loss step). It is therefore suggested that the first mass loss step from
150 to 300 °C corresponds to the desorption of TO molecules adsorbed in the mesoporous AC
structure, and the second mass loss step from 350 to 500 °C corresponds to the TO molecules desorbed
from the microporous AC structure. In Figure 3¢, the % mass loss of the first step and the % total
mass loss are calculated by subtracting the mass values of TO@AC from the mass values of pure AC
at 300 °C and 500 °C respectively. The total TO mass adsorbed is found to be equal to 50.7 wt%, a
value considerably higher than those recently obtained for TO adsorption on natural zeolite (35.5
wt%) [40]and HNT (31.4 wt%) [39]. This outcome reveals that AC is a promising bio-based material
for application as a nanocarrier in controlled-release applications within the active food packaging
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sector. The DSC plot of pure AC (see line (1) in Figure 4d) exhibits an exothermic peak at
approximately 157 °C, corresponding to the enthalpy of water molecules' desorption. The DSC plot
of the modified TO@AC displays a peak around 217°C. This peak aligns more closely with the boiling
point of TO (232 °C) than the boiling point of Limonene (176°C), indicating that the fraction of
molecules adsorbed in AC is rich in TO molecules, which is consistent with previous publications
[39,40]

3.2. Physicochemical Characterization of Obtained LDPE/AC and LDPE/TO@AC Films

3.2.1. XRD Analysis

In Figure 5a the XRD plots of all LDPE/AC and LDPE/TO@AC films as well as pure LDPE film
are shown for comparison.
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Figure 5. (a) XRD plots of pure LDPE and all LDPE/AC and LDPE/TO@AC films, (b) FTIR plots of
pure LDPE and all LDPE/AC and LDPE/TO@AC films.

In all plots the characteristic peaks of LDPE crystal phase at Bragg angles 201 =21.5° and 23.75°
are observed. It is also observed that by the addition of both AC and TO@AC the LDPE’s peaks
decreased. In the case of LDPE/AC films the decrease in LDPE’s characteristic peaks is higher than in
the case of LDPE/TO@AC. This is an indication of higher dispersion of hydrophobic modified
TO@AC hybrid in the LDPE matrix than pure AC.

3.2.2. FTIR Spectroscopy

In Figure 5b the FTIR plots of all LDPE/AC and LDPE/TO@AC films as well as pure LDPE film
shown for comparison. In all cases the characteristic peaks of LDPE are obtain. More specifically at
the bands at 1460 and 715 cm™ are assigned to the asymmetric stretching of the CHs group, the group
wagging of the CH: group, and the group rocking of the CHz group of the LDPE. In both LDPE/AC
and LDPE/TO@AC films the characteristic peaks of LDPE are decreased and the characteristic peak
of AC at 1590 cm is obtained as well as the broad peaks of AC in the range of 900 — 1260 cm'. No
shift peak of LDPE’s characteristic peaks it is observed implying no chemical bonding between LDPE
matrix and AC or TO@AC chemical groups [56]. With a more careful glance it is observed that the
characteristic peak of AC at 1590 cm™ is more observed in the case of all LDPE/AC films than in the
case of LDPE/TO@AC films. This could be an indication of modified and more hydrophobic TO@AC
nanohybrid higher dispersion in LDPE matrix than pure AC in accordance with XRD observations
hereabove. Finally, no TO peaks are observed in the case of TO@AC containing films and this is an
indication that TO molecules are blended inside the LDPE polymer matrix.
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3.2.3. SEM Images Characterization

The surface/cross-section morphology of the pure polymer matrix LDPE, pure AC and all the
obtained LDPE/XAC and LDPE/xTO@AC films were investigated using a SEM instrument and the
results confirmed that the AC and hybrid nanostructure TO@AC were homogeneously dispersed in
the polymer matrix. The SEM images (surface and cross-section) in Figure 6(a,b) exhibit the expected
homogeneous structure of the pristine polymer matrix. In Figure 6(c) the surface morphology of
activated carbon (AC) with highly porous characteristics is shown resembling a honeycomb
structure. The micro and mesoporous surface morphology in AC acts as an absorbent from the
packaged food or as a nanocarrier for bioactive compounds released in the packaged food [57].

SEl__20kV. WD11mm __SS60 %200 100pm

Figure 6. (a) SEM images of surface and (b) cross-section for the pure film of LDPE and surface
morphology of activated carbon (c).

Surface, relative cross-section images of LDPE/xAC and LDPE/XTO@AC with different ratios (5,
10, 15%) of AC and TO@AC are presented in Figures 7, 8, and 9.
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Figure 7. (a,c) SEM images of surface and (b,d) cross-section for the nanocomposite films of
LDPE/5AC (a,b) and LDPE/5TO@AC (c,d) respectively.

SEI_20kV___WD10mm __SS60 X200 100um

Figure 8. (a,c) SEM images of surface and (b,d) cross-section for the nanocomposite films of
LDPE/10AC (a,b) and LDPE/10TO@AC (c,d) respectively.
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Figure 9. (a,c) SEM images of surface and (b,d) cross-section for the nanocomposite films of
LDPE/15AC (a,b) and LDPE/15TO@AC (c,d) respectively.

Based on the SEM studies it should be mentioned, that in all cases of LDPE/xAC and
LDPE/XTO@AC films both AC and TO@AC were homogeneously dispersed indicating their
enhanced compatibility and the interfacial adhesion with the polymer matrix of LDPE. This result is
combined with XRD and FTIR results discussed hereabove. In advance it is suggested that pure AC
derived from spent coffee has a high dispersibility with LDPE matrix due to its hydrophobic nature
studied recently [41]. Its hydrophobic nature enhanced by the adsorbed TO molecules and thus
enhances more its compatibility with LDPE.

3.3. Tensile Properties of LDPE/AC and LDPE/TO@AC Films

The calculated Elastic Modulus (E), ultimate strength (ous), and elongation at break (%¢) values
for all obtained LDPE/AC and LDPE/TO@AC films as well as for pure LDPE film are listed in Table
1 for comparison.

Table 1. Elastic Modulus (E), ultimate strength (ous), and elongation at break (%¢) values for all
obtained LDPE/AC and LDPE/TO@AC films as well as for pure LDPE film.

E (MPa) 0 us (MPa) %€
LDPE 183.3+28.8 12.620.5 29.3+8.1
LDPE/5AC 282.7+17.1 10.9+£1.5 33.4+2.7
LDPE/10AC 312.7+21.4 11.8+1.9 63.4£14.0
LDPE/15AC 327.3+21.8 12.7+1.9 51.0£12.7
LDPE/5TO@AC 286.0+14.5 11.2+1.7 43.3+17.5
LDPE/10TO@AC 363.5+19.4 12.1+2.4 75.8+15.1
LDPE/15TO@AC 291.0+19.0 11.8+1.0 64.8+18.6

As it is obtained in Table 1 incorporation of pure AC powder and modified TO@AC nanohybrid
in LDPE matrix do not significantly affect the ultimate strength values of LDPE/AC and
LDPE/TO@AC films as compared to the ultimate strength value of pure LDPE film. On the other
hand, incorporation of pure AC powder and modified TO@AC nanohybrid in the LDPE increases the
Elastic Modulus and % elongation at break values of both LDPE/AC and LDPE/TO@AC films. In
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advance highest %elongation at break values is obtained for LDPE/TO@AC as compared to the
%elongation at break values of LDPE/AC film. The highest %elongation at break values of LDPE/AC
films as compared to %elongation at break values of pure LDPE films suggest the high dispersity and
compatibility of AC powder in the LDPE matrix. In contrast to our previous reports where inorganic
nanostructures such as HNT and NZ have been incorporated in LDPE matrix and lead to fragile
LDPE/HNT and LDPE/NZ films the AC powder seems to be more hydrophobic and less inorganic
and thus more compatible with LDPE matrix [39,40]. On the contrary with the results present here
Sadakpipanich et. al. [36] shown that the incorporation of MC activated carbon into LDPE increased
tensile strength and decreased elongation at break of obtained LDPE/MC films. But Sadakpipanich
et. al. [36] have incorporated MC contents lower than 5 wt.%. into LDPE films. Thus, herein it is
reported for first time that incorporation of high contents of AC varying from 5 to 15% into LDPE
into LDPE/AC films with similar or higher elongation at break values in comparison to pure LDPE.
It seems that the higher amounts of AC incorporated into LDPE reacts somehow as plasticizer. In
advance, the plasticization capacity of AC increased for TO@AC nanohybrids because of the TO
molecules presence [12,58,59]. Overall, the highest Elastic Modulus, and % elongation at break values
is for LDPE/10TO@AC film. So, this film it is obtained 98.3% and 158.7% highest Elastic Modulus,
and % elongation at break values than pure LDPE film correspondingly.

3.4. Water and Oxygen Barrier Properties of LDPE/AC and LDPE/TO@AC Films

In Table 2 the obtained Water vapor transmission rate (WVTR), and oxygen transmission rate
(OTR) values of all LDPE/AC and LDPE/TO@AC films as well as for pure LDPE films are listed. From
these values the water vapor diffusion coefficient (Dwv) values and the oxygen permeability (Peo2)
values for all LDPE/AC and LDPE/TO@AC films as well as for pure LDPE films were calculated and
listed in the Table 2 for comparison.

Table 2. Water vapor transmission rate (WVTR), water vapor diffusion coefficient (Dwv), oxygen
transmission rate (OTR) and oxygen permeability (Peoz) values for all LDPE/AC and LDPE/TO@AC
films as well as for pure LDPE films.

Film Water Diffusion  Film Oxygen Peo:
thickness Vapor Coefficient thickness  Transmition (10-*cm?/s)
(mm) Transmition Dwv (mm) Rate (ml.m-
Rate (107 (10 cm?s) 2.day™?)
gr.cm2.s?)
LDPE 0.270+£0.012  5.89+0.13 3.77+0.17 0.270+0.010  6407+120 20.02+2.41
LDPE/5AC 0.256+0.011  6.42+0.56 3.73+0.07 0.266+0.004 1365+62 4.19+0.2
LDPE/10AC 0.141+0.014  7.31+0.20 2.35+0.02 0.378+0.010 818+15 3.57+0.21
LDPE/15AC 0.176+0.010  5.02+0.73 1.99+0.31 0.410+0.015 675+34 3.20+0.19
LDPE/5TO@AC  0.332+0.012  3.96+0.53 2.84+0.23 0.170+0.015  1593x67 3.12+0.17
LDPE/10TO@AC 0.186+0.016  4.55+0.13 1.87+0.21 0.311+0.005 642+17 2.11+0.16
LDPE/15TO@AC 0.241+0.013  2.62+0.23 1.47+0.04 0.351+0.010 228+6 0.92+0.04

As it is obtained in Table 2 both AC powder and TO@AC nanohybrid succeed to increase both
water and oxygen barrier. As AC and TO@AC content increase the water and oxygen barrier
increases further. A higher water and oxygen barrier increase succeed for TO@AC containing films
in accordance with the higher dispersion of LDPE/TO@AC as compared to LDPE/AC films shown in
SEM images section here above. So, the lowest water vapor diffusion coefficient (Dwv) and oxygen
permeability (Peoz) values are obtained for LDPE/15TO@AC film. For this film the obtain water vapor
diffusion coefficient (Dwv) value is 55% lowest than the water vapor diffusion coefficient (Dwv) value
of pure LDPE film while its oxygen permeability (Pec2) value is 95.4% lower than the oxygen
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permeability (Peo2) value of pure LDPE film. Sadakpipanich et. al. [36] developed LDPE based films
by incorporating AC produced from biomass derived from macadamia nut cultivation. They findings
shows lower water and oxygen barrier properties by varying the AC’s wt%. content from 1 to 5%.
Therefore, herein it is for first time shown that spent coffee derived AC is a promising material to be
applied as a nanoreinforcement to reduce water/oxygen permeability in active packaging films when
it is incorporated to LDPE films in high wt% contents from 5 to 15%. Its capacity to increase
water/oxygen barrier is maximized when modified with TO to obtain TO@AC nanohybrid.

3.5. Antioxidant activity of LDPE/TO@AC films
The plots of % antioxidant activity of all LDPE/TO@AC films as a function of time shown in the

Figure 10.
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Figure 10. Plots of calculated % antioxidant activity of LDPE/5TO@AC, LDPE/10TO@AC, and
LDPE/15TO@AC film as a function of time.

As it is obtained in Figure 10 total antioxidant activity of films increases rapidly during the first
day and then remains constant. As it is expected antioxidant activity increases as the wt%. TO content
in films increases. So, after 1 day incubation LDPE/5TO@AC, LDPE/10TO@AC and LDPE/15TO@AC
films reach a total antioxidant activity of 30.2%, 39.0% and 44.4% respectively.

3.6. TO Release Test - Calculation of Released to wt.% Content and TO Released Diffusion Coefficient (Dro)
of LDPE/TO@AC Films

By using the data given in Table S1, S2 and S3 and the equations (2), (3) and (4) the diffusion
coefficient of TO released as well as the total amount of TO released (qe) and the desorption rate
constant value (K2) for all studied LDPE/XTO@AC films were calculated and are listed in Table 4 for
comparison.

Table 4. Calculated values of diffusion coefficient of TO molecule, total desorbed amount of TO (qe)
and desorption rate constant (Kz) for all obtained LDPE/XTO@AC active films.

Drox 107 (cm?/s) qe (mg) K
LDPE/5STO@AC 1.39+0.45 0.023+0.002 2.425+0.419
LDPE/10TO@AC 2.00+0.33 0.032+0.006 2.444+0.355

LDPE/15@TOAC 1.47+0.86 0.044+0.009 1.488+0.142
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As it is obtained in Table 4 as the wt.% content of TO@AC used the value of ge increased and the
value of constant Kz decreased. This means the by increasing the content of TO@AC nanohybrid in
LDPE/xTO@AC active films the total released TO amount increases and its release rate is lower. On
the other hand, the calculated values od TO diffusion coefficient is 1.39 107 cm?/s for LDPE/5TO@AC
film, 2.00.107 cm?/s for LDPE/10TO@AC film and 1.47.107 cm?/s for LDPE/15TO@AC film. The values
of TO diffusion coefficient and K: release rate constant reported here and rate are on order of
magnitude higher than the TO diffusion coefficient values reported recently for the TO diffusion
coefficient and Ko release rate constant from LDPE/XTO@NZ films[40]. This means that AC releases
higher amounts of TO and in higher rates than natural zeolite (NZ) [40].

3.7. Lipid Oxidation of Pork Fillets

The calculated TBARS values of the low-fat pork fillets wrapped and packaged with pure LDPE,
LDPE/15AC and LDPE/15TO@AC films are shown in Table 5 for comparison. As it is obtained the
calculated TBARS values from 0 to 12t day are similar to these recently reported[39,40]. From Table
4 it is obtained that both LDPE/15AC and LDPE/15TO@AC films succeed to reduce obtained TBARS
values during the 12 days of storage in comparison to pure LDPE film. In addition, the lowest TBARS
values during the 12 days of storage are obtained for LDPE/15TO@AC active film.

Table 5. TBARS and Heme-Iron Pontent of pork fillets wrapped with pure LDPE, LDPE/15AC and
LDPE/15TOAC films with respect to storage Time.

Day 0 Day 2 Day 4 Day 6 Day 8 Day 10 Day 12
TBARS AVG £SD
(mg/kg)
0.33°+ 0.464 + 0.638 + 1.21m + 1.36r =
Control 0.232+0.01 0.02 0.01 0.03 0.981 +0.02 0.02 0.02
0.28° + 0.40¢ + 0.53" + 0.83%+ 1.10" = 1.281+
LDPE/15AC - 0.01 0.01 0.01 0.03 0.04 0.01
LDPE/15TO@A 0.23<+ 0.33f+ 0.44" + 0.95° = 1.137+
C - 0.01 0.02 0.02 0.75'+0.03 0.03 0.02
ANOVA
F - 39.577 63.033 82.765 91.031 67.336 149.763
14 - 0.000 0.000 0.000 0.000 0.000 0.000
Day 0 Day 2 Day 4 Day 6 Day 8 Day 10 Day 12
Fe AVG £SD
(ug/g)
10.18 + 8.00° + 6.16° + 5.12h + 3.54k+ 2220+ 1.28r +
Control 0.12 0.12 0.12 0.19 0.16 0.27 0.15
8.96° + 6.80f + 5721+ 2.48" + 1.829+
LDPE/15AC - 0.09 0.09 0.12 4.14'+0.18 0.15 0.09
LDPE/15TO@A 9.669 + 7.928 + 7.40 = 5.70m + 3.84° 248 +
C - 0.12 0.12 0.27 0.16 0.18 0.15
ANOVA
F - 162.781 186.000 99.771 135.130 52.083 60.200
14 - 0.000 0.000 0.000 0.000 0.000 0.000

*Different letters in its column indicate statistically significant differences at the confidence level p<0.05 (see also
Table 54 and S5).


https://doi.org/10.20944/preprints202306.0500.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 June 2023 doi:10.20944/preprints202306.0500.v1

16

So, in accordance with recent reports [39,40] both LDPE/15AC and LDPE/15TO@AC active films
succeed to significantly decrease the deterioration of pork fillets due to the lipid oxidation process.

3.8. Heme Iron of Pork Fillets

In the Table 5 are also included the calculated heme iron values. These values as it is expected
are decreased for the 12 days of storage for all tested films. The lowest decrease of heme iron values
it is obtained for LDPE/15TO@AC film packaged pork fillets. For pork fillets packaged with
LDPE/15AC active films heme iron values are higher than LDPE/15TOAC films but lower than pure
LDPE films. Thus, both LDPE/15AC and LDPE/15TO@AC films succeed to preserve the pork fillets
with higher heme iron contents which is beneficial for nutritional point of view. In advance, in
accordance with previous recent reports heme iron contents of pork fillets have a linear correlation
with obtained TBARS values [39,40].

3.9. Correlation of TBARS and Heme Iron

Throughout storage, the bivariate Pearson’s correlation analysis was performed on the obtained
TBARS and heme iron content values of pork fillets. The analysis results indicated that significant
and positive correlations were observed between the two methods throughout the storage period.
The Supplementary Material provides the corresponding correlations (see to Tables S6), which were
determined in relation to packaging treatment and storage time.

3.10. Microbiological Changes of Pork Fillets

TVC gives a quantitative estimate of the population of microorganisms such as bacteria, yeasts,
and molds in a food sample capable of forming visible colonies. Most microorganisms present in pork
fillets, either as part of its natural microflora, or as the result of cross contamination from other
sources, are mostly aerobic microorganisms and their population is an indicator of product
microbiological quality [49]. Table 6 shows the changes in TVC of pork fillets as a function of film
used and storage time.

Table 6. Total Variable Counts of pork fillets wrapped with pure LDPE, LDPE/15AC and
LDPE/15TOAC with respect to storage time.

DAYS
Sample name 0 2 4 6 8
logCFU/g (Avg + SD)
LDPE 3,15+0,062 4,56+0,32° 5,65+0,244 6,98+0,41* 7,88+0,20h
LDPE/15AC 3,15+0,06° 4,15+0,12¢ 5,52+0,184 6,68+0,32f 7,53+0,21h
LDPE/15TO@AC 3,15+0,06% 3,86=0,09¢ 4,53+0,08¢ 5,770,178 6,84+0,141
ANOVA
F* - 8,914 35,032 11,935 28,478
P* - 0,0160 0,0000 0,0080 0,0010

*Anova results, confidence level p<0,05 (see also Table S7).

As shown in Table 6, the initial value of TVC was 3.15 log cfu/g, indicating a very good
microbiological quality of pork meat. According to ICMSF [60] the upper microbiological limit for
acceptable quality of foods TVC reached is 7 log cfu/g. This limit value (7 log cfu/g) almost reach for
pork fillets wrapped with pure LDPE and LDPE/15AC films on 6 day of storage. For pork fillets
wrapped with LDPE/15TO@AC active film, TVC limit value (7 log cfu/g) reached on day 8t day of
storage. Thus, it is obvious that TVC values for pork fillets wrapped with pure LDPE and LDPE/15AC
films were significantly higher (p<0.05) in comparison to pork fillets wrapped with LDPE/15TO@AC
active film. In advance, no statistically significant differences (p>0.05) were observed for pork fillets
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wrapped with pure LDPE and LDPE/15AC films. Pork fillets wrapped with LDPE/15AC film shown
significantly lower TVC value from pork fillets wrapped with pure LDPE film only on 2" day of
storage. So, it seems that LDPE/15AC film which has a higher oxygen barrier than pure LDPE film
succeed to prevent microbiological growth in pork fillets during the first 2 days of storage. For day 2
to day 8 the active LDPE/15TO@AC film succeed to prevent microbiological growth in pork fillets
against pure LDPE and LDPE/15AC films due to its ability to release TO in the fillets. Overall, it is
concluded that LDPE/15TO@AC active film succeed to extend the microbiological shelf-life of pork
fillets by 2 days. Assuming that both LDPE/15AC and LDPE/15TO@AC films have a higher
water/oxygen barrier than pure LDPE film it is concluded that TO release is the key factor for
extending the shelf — life of wrapped pork fillets.

4. Conclusions

In the current study, the preparation and characterization of novel TO@AC nanohybrids, the
development and characterization of innovative LDPE/TO@AC active packaging films, and their
application in pork fillets preservation were studied in detail. Here are the most innovative points of
this study:

As demonstrated, the hydrophobic AC derived from spent coffee proved to be an excellent
nanocarrier for essential oils components such as TO, yielding TO@AC nanohybrids with high
amounts (50 wt.%) of TO physiosorbed in mesoporous and microporous of AC.

The high quantity of physiosorbed TO molecules on AC resulted in LDPE/xTO@AC films with
higher TO release rates than the TO release rates recently referred to for similar LDPE active films
with TO molecules adsorbed in natural zeolite (NZ) nanofiller.

XRD, FTIR results, and SEM images demonstrated that both pure AC and TO@AC exhibit
excellent dispersity and compatibility with the LDPE matrix. This high dispersity allowed the
development of LDPE/xAC and LDPE/XTO@AC films with wt.% amounts of AC and TO@AC used
up to 15 wt.%, a first in this field. The high dispersity of both pure AC and TO@AC nanohybrid in
LDPE resulted in LDPE/xAC and LDPE/xTO@AC films having superior elongation-at-break values
and improved water/oxygen barrier properties compared to pure LDPE film.

In general, LDPE/xTO@AC films exhibited greater elongation-at-break values and superior
water/oxygen barrier properties due to the presence of TO molecules. LDPE/XTO@AC active films
also showed significant antioxidant activity.

The film with the highest barrier properties and greatest antioxidant activity was used as
packaging film for pork fillet preservation. Pure LDPE and LDPE/15AC films were also used as
packaging films for pork fillets for comparison. The monitoring of TBARS lipid oxidation values,
heme iron values, and TVC values of packaged pork fillets during 12 days of storage concluded that
the LDPE/15TO@AC film had the lowest TVC and TBARS values, and the highest heme iron values
compared to pure LDPE and LDPE/15AC over the 12-day storage period.

The LDPE/15TO@AC active film could potentially extend the microbiological shelf-life of pork
fillets by 2 days.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org.
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