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Abstract Carvone and spearmint essential oil vapours are suitable candidates for the control of

citrus postharvest pathogens due to their strong antifungal activity. However, the high volatility

of essential oils remains a hurdle that needs to be overcome before it can be applied as an alternative

fungicide. This work investigates the antifungal activity of 20 and 30 wt-% spearmint essential oil or

carvone, incorporated into ethylene–vinyl acetate (EVA) and linear low-density polyethylene

(LLDPE) strands postharvest pathogens affecting kumquats. Following the melt-extrusion process,

an average yield of 16–29 % and 15–28 % of the total carvone and spearmint essential oil, respec-

tively, was determined in the polymer strands. Morphological studies using scanning electron

microscopy (SEM) revealed the presence of microporous structures in the internal structure of

the strands. The membrane-like skin that covers the polymer strand was also confirmed by SEM.

Variations in the release rates were observed between carvone and spearmint essential oils, which

was attributed to the difference in the vapour pressure of the neat essential oils. Furthermore, in

this study, the results demonstrated that the diffusion exponent ‘n’ of the Korsmeyer–Peppas, Wei-

bull and Log-logistic models exceeded 1.0. In most cases, the Super Case II mechanism was

observed. In the case of the Mapossa model, as k2 was ˃> 1, it implies that the outer skin-like mem-

brane covering the polymer strand fully controlled the carvone release. The application of the essen-

tial oil-loaded polymer strands resulted in a significant reduction in deterioration, caused by citrus
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postharvest pathogens, of kumquats kept at room temperature for 21 days. This study indicates

that the incorporation of spearmint essential oil or carvone into LLDPE or EVA polymer strands

promoted the preservation of kumquat over a 21-day period.

� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The most prevalent and problematic citrus postharvest pathogens in

South Africa are Penicillium digitatum, Penicillium italicum and Geotri-

chum citri-aurantii (Plaza et al., 2004; Bazioli et al., 2019). Due to the

continuous source of fungal inoculum in citrus groves and packhouses,

these problematic diseases have become the primary focus of citrus

postharvest disease management. Various control strategies (physical

and chemical treatments) have been implemented to prevent the occur-

rence of these pathogens, as well as to minimise their impact on citrus

fruit. The use of synthetic fungicides is considered to be the most effec-

tive and cheapest method for the control of postharvest diseases

(Eckert & Ogawa, 1988, Bazioli et al., 2019; Manssouri et al., 2016).

However, restrictions on the application of fungicides have been imple-

mented due to environmental and health concerns (Beresford, 2010).

The use of postharvest synthetic fungicides is particularly prohibited

on fruits such as kumquats (Citrus japonica Thunb), because they

are eaten with the peel (Rodov et al., 1992). Thus, alternative and more

consumer- and environmentally friendly control methods have been

extensively explored.

Numerous studies undertaken have proven that the preventative

and curative effects of essential oils can be exploited as an ideal fungi-

cide for citrus postharvest treatment (Plaza et al., 2004; Combrinck

et al., 2011; Jhalegar et al., 2015; Regnier et al., 2014; Bakhtiarizade

& Souri, 2019). Studies have confirmed the improved effectiveness of

vapour application of essential oils as compared to the liquid phase

application (Tyagi & Malik, 2011, Manssouri et al., 2016). One major

advantage of vapour phase application of essential oils is the ability to

use low concentrations of the essential oils, which are less likely to

affect the organoleptic properties of the fruit and have less pronounced

phytotoxic effects on the rind (Antunes & Cavaco, 2010; Lopez-Reyes

et al., 2010). The use of spearmint essential oils and R-carvone to com-

bat fungal diseases has proven to be feasible, however the volatile nat-

ure of the essential oil can negatively affect the shelf stability and

acceptability of the product (Sokovic & van Griensven, 2006;

Regnier et al., 2010). In vivo analysis of spearmint essential oil, with

carvone as the major component of the essential oil, against major

citrus postharvest pathogens indicated the strong antifungal activity

the essential oil (Du Plooy et al., 2009). However, the exploration of

natural products for the control of biological spoilage and thus the

extension of the storage life of perishable food is incomplete if methods

to enhance the stability of these natural products are not investigated

concurrently.

The incorporation of additives into packing material to improve

the quality and safety of food can be defined as active packaging

(Sharma et al., 2021). Active packaging using essential oils results in

the reduction or delay in the growth rate of microorganisms

(Fasihnia et al., 2017). This type of packaging is used for the protection

of bioactive compounds against environmental conditions as well as

for controlled release purposes (Mozafari, 2006; Ezhilarasi et al.,

2013). Over the last decade both synthetic and biobased polymers have

been investigated for their potential use as control release agents in

packing material (Huang et al., 2019; Salgado et al., 2021). There

are several notable advantages to using biodegradable polymers in

packaging, nevertheless challenges relating to the high production

and processing costs, poor mechanical and barrier properties have to

be addressed before these polymers can be effectively applied

(Ibrahim et al., 2021; Rosseto et al., 2019). In addition,
Peighamardoust et al. (2016) emphasised the need for more compre-

hensive studies on the application of encapsulated products, especially

those composed of common-use-food contact polymers. Polyethene

(PE) remains one of the most widely used material in packaging

because of the excellent processability, chemical inertness, harmless-

ness when in contact with food, good thermal properties, and low cost.

Studies have shown that the addition of clay nanocomposites (<10 %)

into polymers results in the enhancement of the mechanical and barrier

properties, thermal stability and the permeability and compatibility of

the active compounds within the polymer (Ugel et al., 2011;

Peighambardoust et al., 2016). These improvements hold much poten-

tial for the packaging industry. A study by Fasihia et al. (2017)

revealed that the addition of organoclays resulted in the enhanced

antimicrobial activity of polyethylene nanocomposite films. Similarly,

an improvement in the antimicrobial and inhibitory effects of chitosan

films was observed when nanoclay was incorporated into the chitosan

films (Mohammadzadeh-Vazifeh et al.,2020). Numerous other studies

have been conducted on the use of nanofillers and carriers of active

compounds for food packing applications. However, there are limited

reports and in vivo studies on the antimicrobial properties of

polyolefin-based/clay nanocomposite incorporated with essential oils

for postharvest application.

The incorporation of antimycotic agents such as imazalil into a

low-density polyethylene (LDPE) film assisted in the inhibition of sur-

face mould growth (Weng & Hotchkiss, 1992). Complete inhibition of

Penicillium spp. and Aspergillus toxicarruis on cheese grown in an open

system was achieved, using 1000 mg/kg of imazalil in such films. Sim-

ilarly, several essential oils were incorporated in polypropylene (PP)

and ethylene vinyl alcohol (EVOH) copolymer films, and the inhibitory

property of the released oils was tested against a variety of microor-

ganisms, including Penicillium spp. (Lopez et al., 2007). The antifungal

activity of the essential oils released from the films was effectively

maintained for more than two months. Wattananawinrat et al.

(2014) studied the development of LDPE/EVA films incorporated sep-

arately, with clove leaf-, cinnamon bark- and sweet basil essential oils.

The antimicrobial properties of the clove leaf and sweet basil essential

oils against Escherichia coli and Staphylococcus aureus were evident in

the films that contained the essential oil. A 99 % inhibition in the

growth of both E. coli and S. aureus was observed at a concentration

of 2.08 % clove leaf oil and 0.73 % cinnamon bark oil, incorporated in

LDPE/EVA films. Results from the study indicated that the volatilisa-

tion rate of the essential oils varies with respect to the essential oil used.

From these studies, the incorporation of essential oils and active terpe-

nes into thermoplastics such as EVA and LDPE/EVA films would be a

viable solution for pathogen control in food and agricultural

packaging.

In view of the practical implications of the different techniques pro-

posed for the application of essential oils in active packaging, this work

aimed to evaluate the impact of spearmint essential oil or carvone

incorporated into organoclay infused EVA or LLDPE polymer strands

against postharvest pathogens. The ultimate goal of this work is design

and develop commercially viable protective devices for the postharvest

treatment of fruit. The objective of this study was to develop antimi-

crobial polymer strands containing carvone or spearmint essential oil

as the active material, using melt-extrusion. Specifically, the study

focused on characterizing the morphological structure of the extruded

strands in order to demonstrate their slow-release potential and anti-

fungal activity. Lastly, the release kinetics of the selected essential oils

http://creativecommons.org/licenses/by-nc-nd/4.0/
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from polymer strands were investigated. This work reports on the

structure and active release performance of the prepared polymer

strands which contain spearmint essential oil or carvone.

2. Materials and methods

2.1. Materials

Poly(ethylene-co-vinyl acetate) (EVA) (grade Elvax 760A ex

DuPont) pellets were pulverised by Dreamweaver. The VA
content was 9 %, the density 0.930 g cm � 3 and the melt flow
index (MFI) 2.0 g/10 min (190 �C/2.16 kg). Linear low-density

polyethylene (LLDPE) (Sasol HR411) was obtained from
Sasol. The density was 0.939 g.cm�3 and MFI was
3.5 g/10 min (190 �C/2.16 kg). Carvone was obtained from

Sigma-Aldrich (CAS No.6485–40-1) (98 % purity). Spearmint
essential oil was obtained from Holistic Emporium, the major
constituents of the essential oil are carvone (62.0 wt-%), limo-
nene (24.6 wt-%), and 1,8-cineole (4.6 wt-%) as described by

Phala et al., 2022. All chemicals were used as received.
Dellite 43B organo-modified clay was supplied by Laviosa

Chimica Mineraria S.p.A. The approximate medium particle

size was 8 lm. This organoclay, intercalated with dimethyl
benzyl hydrogenated tallow ammonium, was used to modify
the rheological consistency of the liquid essential oils.

2.2. Thermo-oxidative stability

The thermal stability of carvone and spearmint essential oil
with a 62 wt-% carvone content (Holistic Emporium) was

evaluated to ensure that both the terpene and the essential
oil are stable under the extrusion temperatures, which ranged
from 10 to 200 �C. The active ingredients (6.00 g) were placed

in open beakers and exposed to high heat in an EcoTherm-
Labcon convection oven at 180 �C and 200 �C for 30 min to
simulate polymer extrusion conditions. The samples were

removed from the oven, left to cool and then analysed to estab-
lish whether the chemical composition had changed. Evalua-
tion was achieved using a Perkin Elmer Fourier Transform

infra-red (FTIR) spectrometer (Spectrum two) (FTIR). A
small amount of each liquid sample was placed directly onto
the diamond ATR cell and analysed over the range of 400 –
4000 cm�1. Spectra were obtained at a resolution of 4 cm�1

with four scans per sample. Spectra were compared to the orig-
inal carvone and spearmint essential oil.

2.3. Extrusion compounding

The carvone- or spearmint essential oil-impregnated EVA and
LLDPE strands were prepared with the assistance of a TX28P

28 mm diameter co-rotating twin-screw extruder (CFAM
Technologies [Pty] ltd, Potchefstroom, South Africa) with a
L/D ratio (length of the screw to its outside diameter) of 18,

according to the method described by Mapossa et al., 2019
and Sitoe et al., 2020. The screw design of this machine com-
prised intermeshing kneader blocks that also impart a forward
transport action. A mass amounting to 20 (80.0 g) and 30

(120 g) wt-% of the carvone or spearmint essential oil in the
final product mixture, was weighed in a beaker. In a separate
container, approximately 300 and 260 g of either of the two

polymers was weighed and 43B Dellite� organoclay was
added to a total of 5 wt-% (20.0 g). The organoclay (5 wt%)
was used to modify the consistency of the liquid spearmint
essential oil and carvone in order to assist feeding of the mix-

ture via the hopper into the compounding extruder. The poly-
mer and clay powders were mixed together with the spearmint
essential oil and carvone in a plastic container to obtain a

semi-dry consistency that could be fed into the compounding
extruder. Upon addition of the active ingredients, the final
ratios of the mixtures were:

� 75 wt-% EVA or LLDPE: 20 wt-% spearmint or carvone:
5 wt-% clay Dellite 43B

� 65 wt-% EVA or LLDPE: 30 wt-% spearmint or carvone:

5 wt-% clay Dellite 43B

The temperature profiles, from hopper to die, were set at
140/160/160/160 �C and 140/160/170/170 �C for EVA and
LLDPE compositions respectively. The screw speed was varied

from 105 to 150 rpm. The extruded polymer strands were then
quenched by cooling in an ice-bath, to ensure that a
microstructure is generated. The strand diameters produced

for the different formulations ranged from 2.0 to 3.0 mm.
The diameters of the polymers strand were measured with a
Mitutoyo Digital Calliper. The reported strand diameters rep-
resent averages of five separate measurements. The strands

were stored in a freezer at �20 �C for further analysis.

2.3.1. Extrusion efficiency

The extrusion efficiency (EE), which is the amount of carvone
or spearmint oil that were successfully entrapped in the poly-
mers, was established using extraction and thermogravimetric
analysis. The polymer strands were cut to three sizes (50-, 70-

and 100-mm lengths); which weighed between 0.89 and 0.22 g.
They were placed in 50 mL centrifuge tubes, followed by the
addition of 40.0 mL of dichloromethane (AR grade, Merck).

The polymer strands were left to shake for five days. All the
samples were then centrifuged using a Rotofix centrifuge
(Labotec, South Africa) at 9000 rpm for 5 min. The dichloro-

methane was decanted, and the remaining polymer was left to
dry overnight, then weighed. The carvone or spearmint essen-
tial oil-free polymer strands described above, were stored for

further use in morphological studies. The EE was calculated
using Equation (1).

EE %ð Þ ¼ Mt=Mið Þ � 100 ð1Þ
where: Mt is the total mass of the carvone, or spearmint

essential oil loaded in the polymers and Mi is the initial

amount of the carvone or spearmint oil added.
Thermogravimetric analysis was also applied for the deter-

mination of EE of the polymer strands. A 10 mg portion of

each of the samples was weighed into a ceramic sampling
pan. Thermal decomposition of the samples was achieved
using a Perkin Elmer TGA 4000 with nitrogen as a purge

gas (for an inert atmosphere). The temperatures ranged from
30 to 650 �C, with a heating rate of 20 �C/min. Neat carvone,
spearmint essential oil, LLDPE and EVA were analysed under

the same conditions.

2.3.2. Morphology

Carvone or spearmint essential oil-free polymer strands were

submerged in liquid nitrogen for about 10 min and then frac-
tured. The fracture surface was rendered conductive by coating

http://g.cm


4 K. Phala et al.
with carbon using an Emitech K950X coater prior to analysis.
The samples were viewed using a Zeiss Ultra 55 Field Emission
Scanning Electron Microscope at acceleration voltages of 1

and 5 kV.

2.4. Release rate studies

Time-dependant release studies were conducted as follows: (a)
Oven ageing tests were done to track the mass loss of the active
components from the polymer strands over time. The strands

were suspended in a convection oven 25 �C and in the cold
room 4 �C. The mass of the strands was recorded every second
day. The experimental data was predicted by different models.

(b) Volatiles emitted from the polymer strands were sampled
from the same sampling bottle using Tenax TA� tubes (Tube
type: Tenax� TA, 1/4-inch OD � 3 1/2-inch size). An air-tight
specially modified 100 mL Schott sampling bottle was utilised

for sampling of spearmint oil and carvone volatiles. The
strands were placed in a sealed Schott bottle and equilibrated
for 10 min. Exactly 25.0 mL of the vapour was extracted and

adsorbed onto a Tenax TA� tube, The samples were desorbed
from the Tenax TA� tubes using a thermal desorption unit
(TDU; Unity, Markes International) as described by

Augustyn et al. 2010. The qualitative analysis of the volatile
components released was achieved using an Agilent gas chro-
matograph (Model 6890 N) coupled to a Model 5975B mass
selective detector according to the parameters listed in the

Appendix.

2.5. Antifungal activity of the impregnated polymer strands

2.5.1. In-vitro antifungal activity

Fungal cultures of P. digitatum (green mold) and G. citri-

aurantii (sour rot) isolated from infected fruit were verified
and supplied by Citrus Research International (CRI)(Nel-
spruit, South African). The cultures were subcultured onto

Potato Dextose Agar (PDA) (Biolab, Wadeville, South Africa)
and incubated for 8 days at 25 �C (Phala et al.,2022). The vola-
tile exposure assay as described by Regnier et al. (2010) was
used to evaluate the efficacy of the encapsulated carvone or

spearmint essential oil. Exactly 10 mL spore suspension of
either P. digitatum (green mould) and G. citri-aurantii (sour
rot) were inoculated onto pre-set Potato dextrose agar

(PDA) (Biolab, Wadeville, South Africa). The concentration
of the prepared inoculum was adjusted to 1 � 106 for green
mould and 1 � 108 spores/mL sour rot, equivalent to an opti-

cal density (OD) of 0.14. The polymer stands were cut into
small fragments such that the mass of either carvone or spear-
mint essential oil present within each section was equivalent to

10, 50 and 100 mg. Each of the polymer strands fragments
were placed onto the Petri-dish lids and the inoculated agar
was inverted so that the Petri-dish was upside-down. The
dishes were sealed with ParafilmTM (American Natural, Chi-

cago) to prevent the vapours from escaping. The plates were
incubated for seven days at 25 �C. Thereafter, plates that
showed no growth were re-inoculated with a fresh spore sus-

pension. This was repeated until the terpene/essential oil dis-
played no further inhibition towards the fungi. The
percentage inhibition was subsequently calculated.
2.5.2. In vivo efficacy

Export quality kumquats were obtained from Levubu (Mpu-

malanga, South Africa). The first batch of fruit was used for
in vivo evaluation of EVA strands containing carvone and
spearmint essential oil, while the second batch of fruit was used

to evaluate the efficacy of LLDPE strands containing carvone
and spearmint essential oil. The fruit were subjected to the nor-
mal packhouse treatment procedure, namely a chlorinated

wash in a hot bath at 40 �C. The fruit were divided into five
groups comprising ten boxes each, according to their respec-
tive treatments. Approximately 15 g of each of the polymer
strands were weighed and tied onto the inside of the box; such

that they were not touching the fruit (Fig. 1). The weight loss
and decay were measured, and the results expressed as the
average of 10 boxes per treatment group.

2.5.3. Sensory evaluation

Sensory evaluation of the kumquats was done to verify the
presence of off-odour and off-flavour in the fruit. The sensory

panel consisted of 20 untrained judges (males and females),
who were 21 – 60 years old. For each treatment group the sam-
ples were removed from storage one hour before evaluation for

them to equilibrate under room temperature conditions. The
coded fruit samples were presented to the panel in random
order with a two-minute interval between servings, when water

was provided as a palate cleanser. The evaluation form con-
sisted of five descriptors, which were quantified using a nine-
point Hedonic scale (Appendix?). The approach is modelled

after the method described by Stone & Sidel (2004). Appear-
ance, texture and flavour were evaluated using this method
and the average values were included for assessing the con-
sumer acceptability. The panellists were also asked to assess

the aroma-type that they perceived while tasting.

3. Results and discussion

3.1. Thermal-oxidative stability

During extrusion of the polymer strands, carvone and spear-
mint essential oil are subjected to typical polymer processing
temperatures, which are > 180 �C. Thus, it was deemed neces-

sary to determine whether the active ingredient could with-
stand short-time exposure (30 min) to such high
temperatures (Mapossa et al., 2020). Establishing the thermal

stability of the active components is important to ensure that
no thermal degradation occurs. The obtained FTIR spectra
(Fig. 2) demonstrates the thermal-oxidative stability of car-
vone and spearmint oil. It is evident from the spectra that car-

vone remains stable within the studied temperature range.
However, spearmint essential oil, which is a mixture of com-
pounds, is not as thermally stable as its major component (car-

vone). The thermal degradation of constituents of spearmint
essential oil at 200 �C is evident from the disappearance of
the bands at 1675 and 887 cm�1 in the spectra (Fig. 2c and

2d). However, when the essential oil was subjected to
180 �C, no major changes in the functional groups were
observed. The short heat exposure revealed that carvone and
spearmint essential oil can withstand the extrusion tempera-

ture, provided they remain at 180 �C or lower. Therefore, for



Fig. 1 Photograph of kumquats exposed to the essential oil polymer strands. The strands were impregnated with 20 wt-% of either

carvone or spearmint essential oil and 5 wt-% of organoclay Dellite� 43B.
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the polymer compounding extrusion process, maximum tem-
peratures of 160 and 170 �C were used for EVA and LLDPE,
respectively. This reduction in temperature was utilised with-

out compromising the structural and mechanical integrity of
the produced strands.

3.2. Active ingredient content of the extruded strands

Fig. 3 (a and c) indicate typical TGA graphs obtained for neat
carvone, neat spearmint essential oil, neat EVA and the poly-

mers strands filled with the active ingredients. The volatile
active ingredients incorporated in the polymer strands can be
observed in the first mass loss on the TGA plots. The evapora-

tive mass loss of neat carvone commenced at 64 �C and was
accomplished by 180 �C, while mass loss of neat spearmint
essential oil started at 53 �C and was completed by 172 �C.
Complete volatilisation of carvone and spearmint essential

oil incorporated in the polymer strands was observed at tem-
peratures above 300 �C. Fig. 3 (b and d) shows the difference
between the EVA strands containing 20 and 30 % of the active

ingredient. The plot demonstrates a clear maximum for both
the formulation (20 and 30 % carvone), and this was corre-
lated with the amount of the carvone oil in the polymer

nanocomposite. Two events of degradation for neat EVA
polymer were observed, where these are related to the (i) the
loss of vinyl acetate units via a de-acylation process resulting

in the formation of double bonds, and (ii) to the degradation
of resulting partially unsaturated polyethylene polymer mate-
rial (Sitoe et al., 2020). This behavior was not observed for
neat LLDPE polymer, which demonstrated one event of

degradation.
Comparable to Fig. 3, Fig. 4 (a and c) represents TGA

graphs obtained for neat carvone, neat spearmint essential

oil, neat LLDPE and the LLDPE polymers strands filled with
the active ingredients. Fig. 4 (b and d) represents mass differ-
ence between the LLDPE strands containing 20 and 30 %.

Unlike the EVA polymer, neat LLDPE demonstrated one
event of degradation. Similar to the EVA polymer, the use
of LLDPE polymer resulted in the increase of complete volatil-
isation temperature of carvone and spearmint essential oil at
temperatures (<300 �C). In summary, it is evident from the

TGA results that the incorporation of carvone and spearmint
essential oil into the polymers (EVA and LDPE) results in a
reduction in the volatilisation rate of the active ingredient.

Table 1 lists the diameter and composition of the carvone
and spearmint essential oil-incorporated polymer strands.
The diameters of both the EVA and LLDPE strands were

found to range between 1.99 and 3.03 and 2.58 – 2.65 mm,
respectively. The compounding efficiency, in terms of the
amount of active ingredient included in the polymers, was

found to be lower than what was added to the polymer formu-
lations (20 and 30 wt-% active compounds). The results
obtained using solvent extraction were comparable to those
obtained using TGA, indicating a consistent distribution of

the active ingredient throughout the polymer strands. The
volatility of both carvone and spearmint essential oil is evident
in the reduced mass of the active ingredient present following

the compounding process. However, it was certain that no
degradation had taken place, since the stability analysis indi-
cated stability at 180 �C. Spearmint essential oil had a slightly

lower loading capacity for all the polymer formulations, when
comparing it to carvone. It was deduced that the reduction
occurred due to a loss of the lower boiling point compounds
present in the oil as a result of the high temperatures. Never-

theless, >80 % of the total added active ingredient was incor-
porated into the polymer strands, regardless of the
temperatures. This can be considered an acceptable value con-

sidering the volatile nature of the active material and the tem-
peratures used in the process. Similar results were reported by
Llana-Ruiz-Cabello et al. (2018), who found an 80 % average

of the oregano essential oil present in their polymer films fol-
lowing the melt-extrusion process. They also attributed their
loss to the volatility of the essential oil components. Other

researchers reported similar losses, explained by the volatilisa-
tion behaviour of the active components during the extrusion
process (Altiok et al., 2010; Ramos et al., 2012).



Fig. 2 Fourier Transform infrared spectroscopy (FTIR) spectra of (a) carvone and (c) spearmint essential oil. (b) Expanded views of the

band absorption region of carvone; and (d) the carbonyl absorption region of spearmint essential oil. The FTIR spectra shows the neat

active ingredients before and after thermal–oxidative stability testing by exposure to air, at either 180 �C for 30 min or 200 �C for 30 min.
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3.3. Morphology

Scanning electron microscopy imaging was used to examine
the morphology of the prepared polymer strands containing

20 wt-% and 30 wt-% active ingredients. As illustrated in
Fig. 5 a – g, a large number of pores were present in the surface
morphology of all the polymers, which might facilitate the per-
meability of the active material within the polymer. The pres-

ence of these pores verify that the formation of a homogenous
polymer and active ingredient-rich mixture can be generated
through the phase separation phenomenon of spinodal decom-

position (Cabral & Higgins, 2018). According to Mapossa
et al. (2019), the internal structure of the polymer serves as a
reservoir and a protective environment for the active ingredi-

ent trapped inside. Furthermore, the outer dense skin layer
probably provides a diffusion barrier that controls the release
of the active ingredient at sufficient levels over extended peri-

ods. There were observed differences between the microporous
nature of the two polymer strands. The images indicate a more
interwoven structure with well-defined pores sizes obtained for

the LLDPE strands, as compared to the interwoven voids of
various sizes randomly dispersed within the EVA polymer
strands. It is evident that the type of active material and the

amount added affect the final microporous structure and only
slightly affect the microporosity within the strands.

3.4. Release rate studies

The release studies of carvone and spearmint oil from the
polymer strands were conducted isothermally at 4 and



Fig. 3 Thermogravimetric plots of: (a) neat carvone, neat EVA and EVA strands initially containing 20 or 30 wt-% of carvone and 5 wt

% Dellite 43B clay, (b) a plot of the mass difference between neat EVA and EVA strands containing 20 or 30 wt-% carvone, (c) neat

spearmint essential oil, neat EVA and EVA strands initially containing 20 or 30 wt-% of spearmint essential oil and 5 wt% Dellite 43B

clay, (d) Plot of the difference in mass loss between the neat EVA and EVA strands containing 20 or 30 wt-% spearmint essential oil.
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25 �C, which represent the temperatures used for most citrus
fruit during storage and transportation, respectively. Plots of
the release of carvone and spearmint essential oil from the
EVA or LLDPE matrices versus time at 4 and 25 �C, respec-
tively, are depicted in Fig. 6. The results confirm that the
release rate is dependent on temperature. Differences in the
release rates were observed between carvone and spearmint

essential oil and were influenced by the type of polymer used.
The use of LLDPE resulted in a slightly lower release rate for
both the active materials. However, leakage of the oil from

the strands was observed at a higher concentration of the
active material.

Following a 21-day incubation at 25 �C, almost all of the

carvone had been released from the EVA and LLDPE
(Fig. 6). There were no substantial differences between the
release patterns of carvone and spearmint essential oil when
incorporated into EVA strands. However, spearmint essential
oil was released slower when incorporated in LLDPE strands
as compared to carvone. This slowed release for spearmint
essential oil incorporated into the LLDPE matrix may be
attributed to interaction of the different oil components within

the polymer, since the release of the active material is depen-
dent on polarity. This relates to the chemical interactions
between the volatiles and the inner core of the polymer

(Malhotra et al., 2015). Electrostatic interactions between the
essential oil and the polymer chains are said to affect the
release rate of the active components (Avila-Sosa et al.,

2012). The slower release of the spearmint essential oil compo-
nents may be attributed to the variations in the volatility of the
components within the essential oil, and thus leading to the

strong interactions of some of these components with the poly-
mer matrix. According to Efrati et al. (2014), polymers with
high crystallinity have a greater ability to retain essential oils
for longer periods. The crystallinity of EVA is lower than that



Fig. 4 Thermogravimetric plots of: (a) neat carvone, neat LLDPE strands and LLDPE strands initially containing 20 or 30 wt-% of

carvone and 5 wt% Dellite 43B clay, (b) a plot of the mass difference between neat LLDPE and LLDPE strands containing 20 or 30 wt-%

carvone, (c) neat spearmint essential oil, neat LLDPE and LLDPE strands initially containing 20 or 30 wt-% of spearmint essential oil and

5 wt% Dellite 43B clay, (d) Plot of the difference in mass loss between the neat LLDPE and LLDPE strands containing 20 or 30 wt-%

spearmint essential oil.

Table 1 Percentage active ingredient content (from solvent extraction experiments and TGA analysis) and diameters (mm) of LLDPE

and EVA microporous strands.

Active content (wt-%)

Polymer Compound Nominal Solvent extraction TGA Diameter (mm)

EVA carvone 20 18.2 ± 0.6 20.7 3.0 ± 0.3

EVA carvone 30 28.9 ± 0.2 29.7 2.5 ± 0.2

LLDPE carvone 20 16.1 ± 0.7 18.4 2.6 ± 0.3

LLDPE carvone 30 24.1 ± 0.3 28.3 2.7 ± 0.5

EVA spearmint 20 17.6 ± 0.6 16 2.8 ± 0.2

EVA spearmint 30 27.7 ± 0.6 24.4 2.0 ± 0.1

LLDPE spearmint 20 15.0 ± 0.2 20 2.6 ± 0.2

LLDPE spearmint 30 22.9 ± 0.2 25.2 2.6 ± 0.1
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Fig. 5 Scanning electron microscopy micrographs showing the effect of carvone or spearmint on the structure of the internal

microporous region of extruded EVA and LLDPE strands. The SEM represents: (a) 20 wt-% carvone into the EVA, (b) 20 wt-%

spearmint into the EVA, (c) 30 wt-% carvone into the EVA, (d) 20 wt-% carvone into the LLDPE, (e) 20 wt-% spearmint into the

LLDPE, (f) 30 wt-% carvone into the LLDPE, (g) 30 wt-% spearmint into the LLDPE, (h) outer surface of EVA polymer strand

appearance, and (i) cross-section showing the outer skin covering of the LLDPE polymer strand.
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of LLDPE, resulting in the more rapid permeation of the
spearmint essential oil components through the EVA
structure.

The carvone emitted from the polymer strands was deter-
mined by sampling using Tenax TA� over a 21-day period.
Results from the analysis are expressed as the percentage of

carvone released from the strand as determined by GC–MS
coupled to a thermal desorption unit. For both neat carvone
and spearmint essential oil, a large percentage of carvone

was released on the first two days, with a lower percentage
of carvone released by the LLDPE strands than by the EVA
strands. A sharp decline in the amount of carvone released
from the strands then occurred over the next eight days

(Fig. 7 a and b). After ten days, the release of carvone from
both the EVA and LLDPE strands remained relatively con-
stant. Carvone is released from the spearmint oil-

incorporated strands at a slower and more consistent rate, as
compared to the carvone/polymer strands. Similar to the mass
loss results, a greater percentage of carvone was released over
the five days. However, unlike the mass loss data, there was
only a slight difference in the carvone content released from
the EVA and LLDPE strands. Thus, both the EVA and

LLDPE strands are suitable vehicles for the slow release of
terpenes.

3.5. Modeling release of active components from polymer
strands

The profiles of the release rate of carvone from an EVA strand

fitted by different models, namely Korsmeyer-Peppas
(Korsmeyer et al., 1983) (Equation (2), the Peppas-Sahlin
model (Sitoe et al., 2020) (Equation (3)), Log-logistic (Focke

et al., 2017) (Equation (4)), Weibull (Cunha et al., 1998)
(Equation (5)), and Mapossa (Mapossa et al., 2019) (Equation
(6)) models, are presented in Fig. 8. These models yielded cor-
relation coefficients ‘‘r’’ from 0.9989 to 0.9993.

Korsmeyer� Peppas model : X tð Þ ¼ ðt=sÞn ð2Þ



Fig. 6 Mass loss of carvone or spearmint oil from polymers strands at 4 �C and 25 �C over a period of 21 days, where (a) represents the

different carvone concentrations incorporated into EVA and LLDPE strands and incubated at 4 �C; (b) represents the different carvone
concentrations incorporated into EVA and LLDPE strands and incubated at 25 �C; (c) represents the different spearmint essential

oil concentrations incorporated into EVA and LLDPE strands and incubated at 4 �C; and (d) depicts the different spearmint essential oil

concentrations incorporated into EVA and LLDPE strands and incubated at 25 �C; and Dellite 43B clay.
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where s is a time constant, t is the release time and n is the
diffusional exponent for active ingredient release. Values of
n � 0.50 represent the Fickian diffusion mechanism, values

in the range 0.50 < n < 1.0 reflect anomalous diffusion, val-
ues n = 1.0 correspond to the non-Fickian diffusion mecha-
nism and finally when n > 1.0 it was considered to follow

the Super Case II mechanism.

Peppas and Sahlin model : X tð Þ
¼ ðt=s1Þ0:45 þ ðt=s2Þ0:89 ð3Þ

This release kinetics model is a consequence of the indica-

tion that it is possible to calculate the approximate two contri-
bution mechanisms (diffusional and relaxational) in an
anomalous active release process. The symbols s1 and s2 repre-
sent the Fickian diffusion constants.
Log� logistic model : X tð Þ
¼ t=sð Þn= 1 þ t=sð Þn½ � ð4Þ

Here, exponent n provides a parametric interpolation

between the predictions of the logistic equation (n ? 0) and
second order kinetics (n).

Weibull model : X tð Þ ¼ 1 � exp � t=sð Þn½ � ð5Þ
where the Fickian diffusion mechanism is represented by

values of n � 0.75. Where Fickian diffusion and Case II trans-
port mechanisms are represented by values in the range of
0.75 < n < 1, Weibull’s model reduces to classical first-

order kinetics when n = 1.

Mapossa model : t=s

¼ bXþ 1� Xð Þ ln 1 ��Xð Þ ð6Þ



Fig. 7 Percentage volatiles emitted from EVA and LLDPE strands containing carvone or spearmint oil, incubated at 25 �C for 21 days.

The samples were collected using Tenax TA� tubes and analysed using a thermal desorption GC–MS where a) represents carvone-

incorporated polymer strands, and b) spearmint essential oil-incorporated polymer strands; All polymer strands contained 5 wt-% of 43B

clay.

Fig. 8 Representative release rate fits using different Korsmeyer-

Peppas, Mapossa, Weibull, Peppas-Sahlin and Log-logistic mod-

els. The sample contained 20 wt-% carvone and 5 wt-% of clay.
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where X represents the the amount of active component
remaining to the elapsed time (t); the characteristic time s
and the shape parameter b both depend on geometric features
and the physical properties of the polymer and active
ingredient.

In this study, the results demonstrated that the diffusion

exponent ‘n’ of the Korsmeyer–Peppas, Weibull and Log-
logistic models exceeded 1.0. In most cases, the Super Case
II mechanism was observed. In the case of the Mapossa model,

as k2 was ˃> 1, it implies that the outer skin-like membrane
covering the polymer strand fully controlled the carvone
release. In this case the carvone is be released slowly and at
a constant rate from the microporous strand. More plots of
the other samples are presented in the Supplementary
Material.

3.6. Antifungal activity

Polymer films containing different concentration of carvone or

spearmint essential oil were tested against the target pathogens
using a volatile exposure assay. The active ingredient trans-
ferred to the headspace made contact with the pathogens

and induced pathogen inhibition in a concentration-
dependent manner. Fig. 9 illustrates the efficacy of the vapours
released from carvone/spearmint essential oil polymer strands

over a 21-day period. On a weekly basis, fresh inoculum was
subjected to the active ingredient incorporated into polymer
strands attached to the Petri-dish lids, provided the percentage
fungal inhibition was higher than 50 %. Evidently, 100 mg of

both carvone and spearmint essential oil, present in both EVA
and LLDPE polymers, resulted in the complete inhibition of
both green mould and sour rot for two weeks (Fig. 9). By

the third week, exposure of the new inoculum to the carvone
and spearmint oil vapours resulted in only a slight inhibition
of pathogen growth, implying that the carvone in the head-

space was largely depleted. The antifungal activity of the neat
carvone and spearmint oil not incorporated into strands,
resulted in complete pathogen inhibition for one week, upon

introduction of fresh inoculum on the second week of analysis,
pathogenic inhibition decreased to<60 %, indicating more
rapid evaporation of the ‘‘free” carvone.

The polymer material used to immobilise the active sub-

stance plays a pivotal role in the efficacy of the active sub-
stance, because it regulates the release of the active material.
Similar to the release studies, there was a continuous release

of the active material over the three-week period, resulting in
the inhibition of the pathogens for the entire three-week per-
iod. To be effective, the release time of the active substance

from the polymers must be longer than the cellular generation
time, thus resulting in the inhibition or growth retardation of



Fig. 9 Antifungal activity of carvone/spearmint essential oil incorporated in EVA and LLDPE polymer strands as determined using the

volatile exposure assay over a 21-day period, where (a) represents the percentage inhibition of carvone:EVA/LLDPE strands against green

mould; (b) is the percentage inhibition of carvone:EVA/LLDPE strands against sour rot; (c) is the percentage inhibition of spearmint oil:

EVA/LLDPE strands against green mould; (d) is the percentage inhibition of spearmint oil:EVA/LLDPE strands against sour rot; W1-W3

represents the number of weeks that the experiment was conducted (W1 = week 1; W2 = week 2; W3 = week 3); All polymer strands

contained 5 wt-% of 43B clay.
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the pathogens. Furthermore, the concentration of the released
active material needs to be high enough to ensure a sufficient

concentration of the active material in the headspace, as can
be seen from Fig. 8. However, in vitro analysis does not pro-
vide a good reflection of the effects of the polymer material

on the release of the active material, since it is tested in a closed
system. The active material is more concentrated in the Petri-
dish as opposed to the open environment of a citrus packhouse
and storage facility.

3.7. Efficacy of impregnated polymers (EVA & LLDPE)

against postharvest pathogens affecting kumquats under
packhouse conditions

The essential oil-polymer release studies confirmed the slow-
release potential of EVA and LLDPE polymers. Treatment

of the fruit with spearmint essential oil or carvone vapours
released from the EVA resulted in a significant reduction
(p < 0.05) in mass loss. The vapour treated fruits retained
about 30 % more mass as compared to the control, at 25

and 4 �C storage conditions (Fig. 10a). A difference was
observed in the mass loss of the fruit treated with the LLDPE
spearmint essential oil- or carvone-incorporated strands and

their controls, however the difference was not significant
(p > 0.05) (Fig. 10b). The perishability of citrus fruits is gen-
erally proportional to their respiration rate, which can be influ-
enced by the transpiration rate of the fruit that, in turn, is

affected by rind injuries and fruit maturity (Strano et al.,
2016). Therefore, we can assume that the variation observed
was due to the difference in fruit maturity, since the EVA-

treated fruit were harvested a month earlier than the
LLDPE-treated fruit.

A significant reduction (p < 0.05) in the disease occurrence
caused by citrus postharvest pathogens of the treated fruit in

comparison to the control was observed (Fig. 11). Similar to
the trend obtained from mass loss results, a reduction of about
40 % in disease development was observed on fruit treated

with essential oil or carvone vapours impregnated into EVA,
at both the storage temperature conditions. Exposure of the
fruit to spearmint essential or carvone vapours incorporated

in LLDPE strands resulted in a decreased decay occurrence
of approximately 50 and 36 % at 25 and 4 �C storage condi-
tions, respectively. Mass loss can be linked to vitamin degra-
dation, fruit browning and enzyme activity, resulting in an

increased rate in the growth of microorganisms, which
increases the susceptibility of the fruit to fungal decay
(Mohammadi et al., 2016). This theory explains the direct rela-

tionship between mass loss results and fruit decay. Spearmint
essential oil or carvone fumigation was effective in decreasing
postharvest rot of kumquats, but the efficacy varied under the



Fig. 10 Mass loss for kumquats following exposure to vapour released from active polymer strands impregnated with carvone or

spearmint oil (20 wt-%). (a) ethylene–vinyl acetate (EVA, 75 wt-%) and (b) linear low-density polyethylene (LLDPE, 75 wt-%); All

polymer strands contained 5 wt-% of 43B clay. Error bars represent standard error of mean values (N = 10 boxes of fruit). For each

treatment group, the different letters above the columns represent data that are significantly different, as determined by a T-test

(significance was distinguished if p < 0.05).

Fig. 11 Percentage decay occurrence of kumquats exposed to vapour released from active polymer strands impregnated with carvone or

spearmint essential oil (20 wt-%). (a) ethylene–vinyl acetate (EVA, 75 wt-%) and (b) linear low-density polyethylene (LLDPE, 75 wt-%);

All polymer strands contained 5 wt-% of 43B clay. Error bars represent standard error of mean values (N = 10 boxes of fruit). For each

treatment group, the different letters above the columns represent data that are significantly different as determined by a T-test

(significance was distinguished if p < 0.05); and 43B = Dellite 43B clay.
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two experimental conditions (25 �C and 4 �C). Cold storage
ensured that the fruit quality was preserved, with only about
40 and 36 % of decay observed for fruit treated with essential

oils released from EVA or LLDPE wall material, respectively.
A higher concentration of spearmint essential oil or carvone
vapours was released from the EVA strands as compared to

the LLDPE strand as observed in the release studies (Figs. 6
and 7). Therefore, early saturation of the fruit environment
was provided by fumigation when using the EVA strands, as
compared to the slower and more consistent release from the

LLDPE strands, resulting in the observed efficacy variation.
It therefore seems that the antifungal effect of the fumigants
is largely dependent on the rate of release of the active com-

pound and the concentration of the fumigant in the fruit
atmosphere. Although in vitro vapour exposure assays provide
an indication of the efficacy of spearmint oil and carvone
towards a specific pathogen, it does not give the optimum con-

centration required to ensure complete pathogen inhibition
in vivo, due to the high vapour-to-air concentration present
in the Petri-dish. The essential oil concentration required to

inhibit microbial growth is higher in foods as compared to cul-
tured media. This has been attributed to the interaction
between the phenolic compounds and the food matrix
(Tzortzakis & Economakis, 2007). To ensure a long protection

period from infection due to the application of vapours, the
decay of these fruit could be prevented or, at least, delayed
until reaching the consumer in formulations with EVA as a

wall material.



Fig. 12 Sensory evaluation using the hedonic scale, for kumquat treated with various treatments under room temperature (25 �C).
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3.8. Sensory evaluation

Results of the sensory analysis for Kumquat fruit treated with
spearmint oil, carvone vapours and the control are provided in
Fig. 12. The averages of all the evaluated parameters for both

the control and the treated fruit fell between ‘‘like slightly” (6)
and ‘‘like very much” (8) on the hedonic scale. There was no
variable distinction observed in the appearance, aroma, texture
and flavour of the control fruit and the treated fruit (p > 0.05).

However, the control fruit had a lower acceptability score as
compared to the treated fruit. The higher score given to the
treated fruit may be due to the lower weight loss of the fruit,

resulting in the retention of sugars and acids within the fruit.
When asked about the specific aroma of the fruit, a large
majority of the panellist could only detect the citrus aroma.

Two out of the twenty panellists recognised a minty aroma
in the fruits treated with spearmint oil.

Consumer perceptions of the quality of any product is lar-

gely based on the sensorial properties including appearance,
colour, aroma and flavour (Costell et al., 2010). Extended
exposure of fruit to essential oil vapours may results in phyto-
toxic effects, which may affect the quality of the fruit (Arroyo

et al., 2007). The use of controlled-release material namely
EVA and LLDPE, assisted in minimizing the odour effect of
the applied volatiles. A sensory evaluation conducted by

Aguilar-Gonzalez and colleagues (2017), on the response of
tomatoes inoculated with Aspergillus niger and exposed to
mustard seed oil in the vapour phase, revealed an off-flavour

in the treated tomatoes. Consequently, the effect of the essen-
tial oil on the organoleptic properties of fresh produce seems to
be dependent on the type of fruit treated, the concentration of
the vapour and the overall exposure time. Therefore, in this

study, the fruit used and the vapour concentration are compat-
ible, since there was little to no observed alteration to the sen-
sorial properties of the kumquats.

4. Conclusions

In this study, the significant amount of carvone and spearmint essential

oil were successfully incorporated into either the EVA or LLDPE
polymers by melt-extrusion at two different loading levels (20 and

30 wt%), without any degradation of the active volatile components.

Thermogravimetric analysis revealed suppression of carvone or spear-

mint essential oil volatility when incorporated into the LLDPE and

EVA strands. The melt-extrusion process resulted in the formation

of microporous polymer strands, with scaffolds serving as storage

for the active ingredients. In addition, this process also yielded a

membrane-like skin covering the polymer strands that controls the

release rate of the active compounds from the microporous polymer

strands. Exposure of green mould and sour rot to the polymer strands

resulted in growth inhibition of the pathogens, suggesting that the

applications of these polymers could improve the quality of citrus by

the action of volatile compounds on the surface growth of the patho-

gens. Furthermore, in vivo analysis demonstrated the successful use of

carvone, or spearmint essential oil vapours incorporated in EVA or

LLDPE polymer strands for the control of postharvest fungi that

infect kumquats under packhouse conditions.
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