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This work describes the application of mandarin peel (MP) as a waste filler for high-density polyethylene (HDPE) composites. The main goal was to investigate the impact of the filler's essential oils,
which include multiple terpenes and terpenoids, on the processing, physicochemical, mechanical and
thermal properties of the composites as a function of different filler content (1 – 10 wt%), as well as its
effect on the color and volatile organic compounds emissions of the composites. At small loadings, MP
can be considered an efficient filler for wood-polymer composites, enhancing their flowability, tensile
strength, and thermal stability. In addition, it may act as a colorant and aroma compound for polymer materials and can enhance the thermooxidative resistance of composites. The oxidation induction time was
increased from 20 min for HDPE up to 62 min for the composites with 10 wt% filler. The research results
demonstrate the application of MP not only in the production of highly-filled composites, but also as an
additive that significantly enhances the performance of composites at low concentrations.
Keywords: polymer composites; mandarin peel; recycling; antioxidant activity;
volatile organic compounds
КОРА ОД МАНДАРИНА КАКО ПОВОЛНО ФУНКЦИОНАЛНО ПОЛНИЛО
ЗА ПОЛИМЕРНИ КОМПОЗИТИ
Овој труд ја опишува примената на кора од мандарина (MP) како полнило од отпад за
композити од полиетилен со висока густина (HDPE). Главната цел беше да се истражи влијанието
на есенцијалните масла од полнилото, кои вклучуваат повеќе терпени и терпеноиди, врз
обработката, физичко-хемиските, механичките и термичките својства на композитите како
функција од различната содржина на полнилото (1 – 10 % wt), како и неговото влијание врз бојата
и емисијата на испарливите органски соединенија на композитите. При мали полнења, MP може
да се смета за ефикасно полнило за дрвни полимерни композити, зајакнувајќи ја нивната
проточност, јачина на истегнување и термичка стабилност. Покрај тоа, MP може да дејствува како
обојувач и ароматично соединение за полимерни материјали и може да ја подобри
термооксидативната отпорност на композитите. Времето на индукција на оксидација беше
зголемено од 20 min за HDPE до 62 min за композитите со 10 % wt полнило. Резултатите од
истражувањето ја демонстрираат примената на MP не само во производството на високо
наполнети композити, туку и како додаток кој значително ги подобрува перформансите на
композитите при ниски концентрации.
Клучни зборови: полимерни композити; кора од мандарина; рециклирање;
антиоксидантна активност; испарливи органски соединенија
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1. INTRODUCTION
Nowadays, the food industry generates a
huge amount of by-products and waste. According
to the Food and Agriculture Organization of the
United Nations, the global volume of food waste is
estimated at 1.6 billion tonnes of "primary product
equivalents" [1]. Moreover, a significant amount of
non-edible by-products are generated during the
processing and manufacturing of various food
products. A good representative example is fruit
processing aimed at manufacturing juices, jams, or
jellies. Depending on the fruit, the share of byproducts ranges from 10 to 60 wt%. Processing of
dates generates mainly date pits, which account for
approximately 10 wt% of the fruit mass [2]. Production of wine, which uses over 80 % of the total
grape crop, results in the generation of grape pomace, representing about 20 % of the original fruit
mass [3]. The main by-product of apple juice manufacturing is apple pomace, which accounts for
approximately 25 % of the processed apples [4].
Banana processing generates higher amounts of
by-products because the peel accounts for approximately 30 % of the fruit [5]. The record holder for
the amount of by-products generated is mango,
whose peel and stones account for 35 to 60 % of
the total fruit weight [6].
Considering the global production volume in
the food sector, vast amounts of by-products are generated and often not recycled. The share of wasted
by-products may even reach 65 % [7]. At the same
time, the majority of the food processing by-products,
including those from fruits, may be incorporated into
polymer technology, mainly as fillers for polymer
composites, but also as antioxidants, antimicrobial
agents, plasticizers, or colorants [8–10]. Keeping in
mind the ongoing trends and law regulations related
to the environmental impact of polymer technology
[11], the application of food industry by-products
may reduce the use of synthetic compounds. Also,
the incorporation of raw materials originating from
natural sources may enhance the biodegradability of
polymer materials [12].
In this paper, we aimed to investigate the potential applications of mandarin peels in polymer
technology. This particular by-product was selected because it is generated in very high amounts
and shows an exciting chemical composition [13].
It contains noticeable amounts of fiber, mainly cellulose, lignin, and hemicellulose, which makes it
relatively similar to conventional materials commonly applied as fillers for wood-polymer composites, e.g., wood flour [14, 15]. Simultaneously, the
mandarin peel contains around 4 wt% of com-

pounds often referred to as essential oils [16, 17].
Except for the lipids, essential oils also include
chemical compounds, which may provide additional
features to the mandarin peel. A significant component of the essential oils is terpenes and terpenoids,
mostly D-limonene, -terpinene, β-myrcene, linalool, and α-pinene [18]. Except for terpenes and terpenoids, noticeable amounts of octanoic acid, octanal and decanal were noted. Generally, the composition of mandarin peel oils is affected by the maturity of the fruit [19]. Higher amounts of aromatic
compounds have been detected in "green" fruits,
while mature fruits contained mainly limonene [20].
These compounds often show antioxidant, antimicrobial or antifungal activity.
Several studies have discussed the possibility of using dried orange peel waste as a waste filler for manufacturing thermoplastic composites
based on polymers, such as low-density polyethylene (LDPE) [21, 22] or poly(vinyl alcohol)
(PVA) [23], as well as thermoset polymers [24].
However, there have been no studies on mandarin
peels applied as a functional waste filler for polyolefin-based composites. Based on the reported
beneficial antioxidant activity of orange peel solid
waste on polyethylene films [25], it can be hypothesized that a comparable effect may be achieved in
the case of using other dried and ground citrus
peels as an additive for polyolefins, especially polyethylene. This polymer was selected for the study
due to its many industrial applications. Nevertheless, its use should be reduced, so it is essential to
investigate the possibility of its partial replacement
by various biodegradable materials from renewable
resources, such as fruit waste [26]. Therefore, we
decided to examine the mandarin peel as a functional filler for polymer composites. The influence
of their incorporation (from 1 to 10 wt%) into a
high-density polyethylene matrix on the processing, mechanical, and thermal properties were
investigated. Moreover, in addition to the abovementioned conventional analyses, we also examined the impact of the mandarin peel on the color
of the prepared composites and assessed the volatile organic compounds emissions.
2. EXPERIMENTAL SECTION
2.1. Materials
High-density polyethylene (HDPE), type
M300054, obtained from SABIC (The Netherlands), was applied as a matrix to prepare the investigated composites. According to producer data,
its density is 0.954 g/cm3 and is characterized by a
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melt flow rate of 30 g/10 min (190 °C, 2.16 kg).
Mandarin peel was generated during the consumption of mandarin oranges, which were acquired
from the local market supplier. It was characterized
by a density of 1.498 g/cm3 after being subjected to
a drying process. Before melt compounding, the
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filler was ground using a Retsch GM 200 knife
grinder and dried at 80 °C for 24 hours. An image
of ground mandarin peel taken with an optical microscope and the particle size distribution evaluated based on the microscopic images are presented
in Figure 1.

Fig 1. Microscope image of ground mandarin peel and particle size distribution of the filler

2.2. Preparation of polymer composites
The composites were prepared by mixing in a
molten state. The HDPE pellets were pulverized
into a fine powder using a Tria 25-16/TC-SL highspeed knife grinder to facilitate a more efficient
physical mixing process with powdered organic filler. The polymeric powder was then preliminary
mixed with 1, 2, 5 or 10 wt% filler. Prior to mixing
in a molten state, the compositions were dried in a
laboratory cabined dryer Memmert ULE 500 for 12
h at 70 °C. The mixtures were processed using a
ZAMAK EH16.2D co-rotating twin-screw extruder
operating at 100 rpm with a maximum processing
temperature of 190 °C. The obtained materials were
cooled in forced airflow and pelletized. The resulting composites were then compression molded at
170 °C and 4.9 MPa for 2 min and then kept under
pressure at room temperature for another 5 min to
solidify the material. The unfilled HDPE was processed along with its composites. The specimens
were named in reference to their filler content, for
example, PE and PE/XMP, where X stands for the
filler content.
2.3. Characterization techniques
The presence of the essential oil contained in
the mandarin peel was determined by Fourier transform infrared (FT-IR) spectroscopy. First, non-polar
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liquid components were extracted from the citrus
peel powder by the solvent method. The sample of 2
g of the filler was added to 50 ml of petroleum ether
and mixed at 40 °C for 15 min using a magnetic
stirrer operating at 300 rpm. The mixture was filtered to remove the solid particles and collect the
supernatant, which was dried at 70 °C for 2 hours in
a laboratory cabinet dryer so the solvent could
evaporate. The obtained extract was characterized
using a Jasco 4600 FT/IR apparatus operating in the
attenuated total reflection (ATR) mode. A total of
32 scans were collected with a resolution of 4 cm–1.
Melt flow index (MFI) of the composites was
investigated using a Zwick mFlow plastometer according to ASTM D1238 standard (190 °C, 2.16 kg).
The specific weight of the prepared composites was determined using an Ultrapyc 5000 Foam
gas pycnometer from Anton Paar (Poland). The
following measurement settings were applied: gas
– helium; target pressure – 18.0 psi; flow direction
– sample first; temperature control – on; target
temperature – 20.0 °C; flow mode – monolith; cell
size – small, 10 cm3; preparation mode – flow, 0.5
min; the number of runs – 5.
Microscopic observations of the filler, as well
as polyethylene and its composites, were performed
using an optical microscope Opta-Tech SK Series
microscope. The obtained pictures were digitally
edited and registered using dedicated software.
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The tensile strength and elongation at break
were estimated following ISO 527 for dumbbell
samples type 1BA. Tensile tests were performed on
a Zwick/Roell Z020 apparatus with a cell load capacity of 20 kN at a constant speed of 20 mm/min.
To determine the crystallization and melting
temperatures, as well as the crystalline structure of
the analyzed composites, differential scanning calorimetry (DSC) analysis was applied. The 5 mg samples were placed in aluminum crucibles with pierced
lids. They were heated from 20 to 250 °C with a
heating rate of 10 °C/min and then cooled back to
the initial temperature with a cooling rate of 10
°C/min. The heating/cooling cycle was performed
twice in order to erase the thermal history of the
polymers during the first heating. The measurements were conducted using a Netzsch 204F1
Phoenix apparatus in an inert atmosphere of nitrogen. The crystallinity degree Xc of the samples was
calculated using formula (1):
∆𝐻

𝑋𝑐 = (1−𝜃)∙∆𝐻𝑚

𝑚100%

∙ 100%

(1)

where: ΔHm – melting enthalpy of a sample,
ΔHm100% – melting enthalpy of 100 % crystalline
polyethylene, ΔHm100% = 288 J/g,  – filler weight
fraction.
The thermal properties were determined by
thermogravimetric analysis (TGA) with the temperature set between 30 °C and 900 °C at a heating rate
of 10 °C/min under a nitrogen atmosphere using a
TG 209 F1 Netzsch apparatus. 10 mg ± 0.1 mg
samples were placed in ceramic pans. The initial
decomposition temperature Ti was determined as the
temperature at which the mass loss was 5 %. The
residual mass (ΔW%) was defined at about 900 °C.
Additionally, thermal decomposition was measured
at 10 % and 50 % mass losses (W10% and W50%).
According to the Commission Internationale
de l'Eclairage (CIE), the color of the prepared composites was evaluated through L*a*b* coordinates
[27]. In this system, L* is the color lightness (L*=0
for black and L*=100 for white), a* is the green(–) /
red(+) axis, and b* is the blue(–) / yellow(+) axis.
Thirty tests of each sample were done and used for
the determination of arithmetic mean values. The
color was determined by optical spectroscopy using
a HunterLab Miniscan MS/S-4000S spectrophotometer that was placed in a specially designed light
trap chamber.
The following color parameters were determined based on the obtained results:
 total color difference parameter (ΔE*) calculated according to the following equation (2)
[28]:

∆𝐸 ∗ = [(∆𝐿∗ )2 + (∆𝑎∗ )2 + (∆𝑏 ∗ )2 ]0.5

(2)

 chroma (C) calculated according to equation (3):
1

𝐶 = (𝑎∗2 + 𝑏 ∗2 )2

(3)

 hue (h) calculated according to equation
(4):
𝑏∗

ℎ = 𝑡𝑎𝑛−1 (𝑎∗ )

(4)

Determined color parameters were also converted to the commonly used Adobe RGB color
space defined by the three chromaticities of the
red, green and blue additive primaries [29]. Details
about the mathematical operations required for
conversion were presented in our previous work
[30].
The emissions assessment of representative
volatile organic compounds (VOCs) as well as the
total amount of VOCs (TVOC parameter – the sum
of all organic compounds, eluting between nhexane and n-hexadecane on non-polar or slightly
polar stationary phases of a capillary column using
gas chromatography/flame ionization detector
(GC-FID) and quantifying as toluene equivalents)
[31] released to the gaseous phase from the investigated samples of polymer composites was performed by employing a microscale stationary
emission chamber – the Micro-Chamber/Thermal
Extractor™ (µ-CTE™ 250, Markes International,
Inc) [32–34]. The studied polymer composites
were weighed on an analytical balance on a glass
Petri dish and placed inside a single stainless steel
chamber. The average mass of the investigated
plastic composite samples was 1.533 ± 0.025 g.
Each sample containing a defined wt% of mandarin peel as a filler was investigated two times. The
use of Petri dishes allowed potential contamination
of the chambers' interior with potential residues of
the studied samples to be avoided and the impact
of the wall-memory effect on the final result of the
determinations to be minimized. Before the emissions assessment studies, chambers were conditioned at 150 ºC for 30 min under nitrogen gas
flow to remove potential impurities.
The seasoning conditions of the investigated
samples of polymer composites using the µ-CTE™
250 system mentioned above were as follows: seasoning/conditioning temperature – 40 ± 0.5 ºC;
seasoning/conditioning time – 30 ± 0.5 min; inert
(nitrogen, class 2.2) gas flow rate continually passing through the chamber – 15 ± 0.5 ml/min. At the
outlet of each chamber, the stainless steel tube
filled with Tenax TA sorption medium (60/80
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mesh, Merck KGaA, Darmstadt, Germany) was
attached to collect the analyte samples emitted to
the gaseous phase from the studied materials. After
the sampling stage, collected analytes were analyzed
using a two-stage thermal desorption (TD) system
(Markes Series 2 Thermal Desorption Systems;
UNITY/TD-100 – equipped with multibed microtrap that ensures the determination of terpenes)
combined with gas chromatography equipped with a

93

flame ionization detector (GC-FID). Moreover, in
addition to the TD-GC-FID analysis, the samples of
analytes emitted from the studied samples collected
on the sorption medium were analyzed using the
TD-GC system combined with a mass spectrometry
detector (MSD). Detailed information about the
working parameters of the applied analytical
equipment are listed in Table 1.

Table 1
General information about the operating parameters of the applied GC-FID and GC-MSD system
Separation and identification of selected chemical compounds retained on the applied sorption medium
Type of gas chromatograph
Agilent Technologies 6890
Agilent 7820A GC
Mass spectrometer (5873 Network Mass SeFlame Ionization Detector
Detector
lective Detector) working in a SCAN mode
Working temperature: 280 °C
GC-MS transfer line: 300 °C
TD-GC transfer line: 160 °C
Transfer line temperature
TD-GC transfer line: 180 °C
Ion source: 230 °C
Quadrupole mass analyzer: 150 °C
Type of capillary column
HP-1ms 30 m × 0.25 mm × 1 μm
DB-1 30 m × 0.32 mm × 5 µm
Helium flow rate
1.0 ml/min
2.0 ml/min
50 °C by 1 min
45 °C by 1 min
Oven temperature
10 °C/min to 120 °C, hold 2 min
15 °C/min to 120 °C, hold 2 min
15 °C/min to 280 °C, hold 10 min
10 °C/min to 250 °C, hold 5 min
Data collecting software
CHEMSTATION
OpenLAB CDS ChemStation Workstation VL

The number of chemical compounds, especially the broad spectrum of terpenes emitted from
the polymer composite samples, was estimated by
using the TD-GC-FID system and the external
standard (ESTD) method. The calibration solutions
were prepared based on a commercially available
reference standard solution containing 20 chemical
compounds classified as terpenes (Cannabis Terpene Mix A certified reference material, 2000
μg/ml of each component in methanol, Supelco,
USA). Five calibration reference solutions in 1 ml
of methanol were prepared containing from 1 ng
up to 200 ng of each measured terpene. The calibration process was performed employing the
homemade laboratory device, which allows the
desired amount of calibration solution to be introduced onto the sorption bed. Detailed information
about the device and calibration procedure are
listed elsewhere [35, 36]. Each point of the calibration curve was repeated three times and analyzed
under the same thermal desorption and chromatographic conditions as the real samples. As for the
aliphatic hydrocarbons identified on the GC-MS
system, the chromatograms that were obtained
were compared with chromatograms obtained from
the GC-FID system, and their amounts were calculated as a toluene equivalent. The calculated
amounts of chemical compounds and the TVOC
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parameter were corrected for the blank field value,
which was evaluated after every measuring period.
The estimated average recovery values of the investigated chemical compounds adsorbed on the
Tenax TA do not exceed ± 5 %. The MDLs (method detection limits) were assessed based on the
signal-to-noise ratio. The average value of the
MQLs (method quantification limits), calculated as
3 × MDL, was 0.10 ng/g.
The oxidation induction time (OIT) of the analyzed composites was determined by differential
scanning calorimetry (DSC) analysis. The 5 mg samples were placed in aluminum crucibles with pierced
lids. They were heated from 20 to 190 °C with a heating rate of 20 °C/min in nitrogen, kept at 190 °C for 5
min in nitrogen, and then the gas was switched to
oxygen and the time required for sample oxidation
was measured. The measurements were conducted
using a Netzsch 204F1 Phoenix apparatus.
3. RESULTS AND DISCUSSION
3.1. Presence of the essential oil
in the mandarin peel
The FT-IR spectrum of the mandarin peel
extract is presented in Figure 2. The assignment of
the characteristic bands in the spectrum is shown in
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Table 2. The mandarin peel extract's chemical
composition is complex and is comprised of alkenes, alcohols and esters, which can be found in
citrus peel essential oil [37]. Even though the
shape of the spectrum slightly differs from model
spectra obtained by Manaila et al. for orange, lemon, grapefruit or pomelo [37], it can be concluded
that the filler used in the study contains small
amounts of the natural essential oil, which can
have an anti-oxidizing [38] or plasticizing influence on the polymeric matrix [39]. Moreover, the
presence of the non-polar organic compounds in
the mandarin peel powder is believed to promote
its adhesion to the hydrophobic polyethylene.
Fig. 2. FT-IR ATR spectrum of the mandarin peel extract

Table 2
Assignment of the characteristic bands observed in the mandarin peel extract
Band number
1
2
3
4
5
6
7

Wavenumber, cm–1
2920
2850
1710
1634
1462
1374
1177

8

1050

Assignment
CH2 stretching [37]
C-H stretching [37]
C=O stretching (aldehyde or ester carbonyl groups) [38]
C=C stretching (alkenes) [40]
C-H bending (alkenes) [40]
C-H bending and OH bending (phenol or tertiary alcohol) [37]
C-O stretching (tertiary alcohols) [37]
C-O stretching (primary alcohol), C-O-C stretching
(alkyl-substituted alcohol) [37]

3.2. Mandarin peel as a conventional filler
for wood-polymer composites
Figure 3 presents the influence of the mandarin peel content on the melt flow properties of
composites. It can be seen that, for up to 5 wt%
loading of the filler, the flowability of the neat matrix was hardly affected. Such an effect is rarely
observed when lignocellulose materials, which
contain high amounts of fiber, are incorporated
[41]. In the case of mandarin peels, it is related to
the content of oils in the material, which act as a
plasticizer for the polymer matrix. The observed
effect can be considered beneficial because incorporating the filler in the analyzed amounts hardly
affect the material's flowability. Therefore, it can
be efficiently processed without a decrease in process throughput. Similar effects have also been
noted in other works related to the use of food
waste containing oils, e.g. linseed cake [42].

Fig. 3. Melt flow properties of prepared composites

Figure 4 presents the values of the experimental and theoretical values of composites density based on the density of neat matrix and mandarin peel applied as a filler. Theoretical values were
calculated according to formula (5):
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𝜌𝑡ℎ𝑒𝑜 = 𝜌𝑚 ∙ (1 − 𝜑) + 𝜌𝑓 ∙ 𝜑

(5)

where: ρtheo – theoretical density of the composite,
g/cm3; ρm – density of the matrix, g/cm3; ρf – density of the filler, g/cm3; φ – a volume fraction of the
filler.
Using obtained values of the density, the
composite's porosity was calculated using equation
(6):
𝑝=

𝜌𝑡ℎ𝑒𝑜 −𝜌𝑒𝑥𝑝
𝜌𝑡ℎ𝑒𝑜

∙ 100%

(6)

where: p – porosity of the material, % and ρexp – an
experimental value of density of composite, g/cm3.
The increasing values of the composite density are related to the higher density of the filler
(1.498 g/cm3) compared to the polyethylene matrix
(0.945 g/cm3). This effect is commonly observed for
polymer composites because the densities of most
polymer matrices are often noticeably lower than
most natural and mineral fillers [43]. Nevertheless,
despite the increase in density, the incorporation of
up to 10 wt% mandarin peel did not exceed 0.997
g/cm3, which means that the prepared materials exhibit a lower density than water. Such an effect is
essential during the recycling of plastics because it
enables easy separation of polyethylene and polypropylene from other higher-density polymers [44].

Fig. 4. Theoretical and experimental density and porosity
values of prepared composites

Differences between the theoretical and
measured values of the composite density lead to
the porosity of the structure. Such an effect is asso-
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ciated with the air inclusions during processing and
points to imperfect interfacial adhesion. The presented case can be associated with the hydrophilic
character of the fiber-part of the mandarin peel and
the polyethylene matrix's hydrophobic character.
Generally, porosity may noticeably affect the performance of composite materials, but for the discussed materials, its values are relatively low [45].
Figure 5 presents the optical microscope images of composite samples using two techniques.
To determine the dispersion of the filler in the polymer matrix, photographs were taken in transmitted light (top photos) on compression molded samples with a thickness of 1 mm, and photos of composite cross-section fractures were taken in reflected light. Based on the analyses performed, no macroscopic porosity was noted in the composite structure, which is in line with the density-based porosity evaluation. Rather, the calculated amount of
composite porosity may result from the structure of
the lignocellulosic filler in its internal porosity
[46]. The microstructure analysis also confirms the
correct distribution of the filler in the polyethylene
matrix.
Figure 6 presents the impact of mandarin
peel content on the mechanical performance of the
prepared composites. It can be seen that the introduction of analyzed filler into a polyethylene matrix did not cause a very significant drop in the tensile performance. The increase in composite stiffness caused by the filler's higher share results in
the reinforcing effect of rigid lignocellulosic particles on the polymeric matrix [47]. Moreover, as
mentioned above, many natural fillers containing
noticeable amounts of cellulose and lignin often
show low compatibility with non-polar PE matrix,
leading to the deterioration in the composite
strength [48]. The presence of filler particles causes stress accumulation during the transfer of mechanical loads by the material. As a result of this
phenomenon, the dispersed micrometric ground
mandarin peel particles become micro notches due
to polymer-filler interphase imperfections. It induces the phenomenon of composite fracture at
much lower strain values during the mechanical
load compared to unmodified polyethylene [49].
Similar effects have also been observed for similar
composites, i.e., LLDPE filled with recycled wood,
described by Moreno and Saron [50].
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Fig. 5. Images of PE/MP composites taken using optical microscopy with transmitted (filler dispersion)
and reflected light (fractured cross-section of the sample)

Fig. 6. Mechanical performance of prepared PE/MP composites
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3.3. Thermal properties of PE-MP composites
Figure 7 shows DSC thermograms obtained
from DSC experiments during the first cooling and
second heating of polyethylene and its composites.
Additional detailed thermal properties, such as the
temperature of crystallization (Tc) and melting
(Tm), melting enthalpy (ΔHm), and crystallinity
(Xc), are collectively presented in Table 3. The addition of MP did not cause significant changes in
the melting temperature, while a slight upward
trend was noted in the case of the crystallization
temperature. For all tested samples, a second almost negligible exothermic peak at 76 °C was observed. A similar effect was observed in other
studies [51, 52]. According to Mohammadi [51],
the separate second crystallization broad peak at a
lower temperature suggests the presence of crystallites with various thicknesses. The double crystallization peaks in polyethylene usually indicate the
effect of chain branches in their structure, which
form less stable crystals at lower temperature values. The DSC cooling curve in the case of the
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composite containing 10 wt% of the MP showed a
different shape, with a visible change in the thermogram slope after reaching the peak. Despite
changes in the signal intensity and peak shift to
higher temperature values, composite materials did
not broaden the exothermic peaks. The higher the
MP content, the higher the Tc value. This may indicate the nucleating effect of the ground mandarin
peel. Due to the increased ability of HDPE to form
a crystalline structure compared to polyethylene
grades with lower density resulting from a higher
number of side branches, the incorporation of fillers does not usually lead to significant heterogeneous nucleation effects [53]. Therefore, a lack of
significant changes in the composite’s crystallinity
compared to the unmodified polymer is understandable. Simultaneously, it should be emphasized that the reduction of the melting enthalpy of
the composite can be interpreted as a beneficial
effect of the modification because it may be translated to power and money savings during melt processing by extrusion or injection molding processes [54].

Fig. 7. DSC curves obtained during the first cooling (a) and the second heating (b) of PE and PE-MP composites

Table 3
Thermal parameters from DSC experiments
Sample
PE
PE/1MP
PE/2MP
PE/5MP
PE/10MP

Tc, °C
113.4
113.3
113.9
114.3
114.9

Tm, °C
131.3
130.8
130.8
130.6
130.3

ΔHm, J/g
227.1
226.3
216.7
217.0
201.4

Xc, %
78.8
79.4
76.8
79.3
77.7

Figure 8 shows TG and DTG curves for PE
and PE/MP composites. The curve representing the
mandarin peel's thermal degradation process shows
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three stages of decomposition, which lead to three
peaks in the DTG curve. The first one is at a temperature of 61.5 ℃, the second at 203.1 ℃, and the
third at 327.3 ℃. They correspond to water vaporization and the decomposition of pectin, hemicelluloses, and cellulose, respectively [55]. The addition
of mandarin peels to PE did not affect any changes
in decomposition temperatures. All temperatures of
5, 10, and 50 % mass losses of PE with mandarin
peels did not change in comparison to PE. The
same relationship occurs in the DTG maximum
peaks. All data are collectively presented in Table
4, including the initial decomposition temperature
Ti, thermal decomposition at 10 % and 50 % mass

A. Hejna, M. Barczewski, P. Kosmela, J. Aniśko, O. Mysiukiewicz, M. Marć

98

losses (W10%, W50%), and residual mass (ΔW%)
DTG
peak
value.
Residual
mass
of
HDPE/mandarine composites increases with increasing mandarin peel content. The residual mass
of mandarin peel is 22.14 %. Adding up to 5 wt%
of mandarin peel did not cause a significant decrease in thermal stability of the composites with a
matrix of high-density polyethylene. The weight
loss of about 200 °C, characteristic for MP, was
recorded only for the material containing the high-

est natural filler concentration. However, it should
be emphasized that, assuming a 5 % mass loss as a
criterion for thermal degradation, all composite
samples showed comparable properties to the unmodified polymer. The presented values of residual mass, averaged from three measurements, differ
from the expected values, mainly due to the nature
of the measurement and the research sample's
small volume.

Fig. 8. TGA (a) and DTG (b) curves of HDPE/mandarin peel composites

Table 4
Thermal properties of PE and PE/MP composites from TGA
Sample
PE

Ti (W5%), ℃
441.6

W10%, ℃
452.2

W50%, ℃
474.3

ΔW%, %
0.32 (0.09)

MP

157.1

183.9

316.8

22.14 (0.44)

PE/1MP
PE/2MP
PE/5MP
PE/10MP

442.4
439.2
441.3
407.4

453.3
451.8
454.0
446.2

475.0
474.9
476.9
476.0

0.61 (0,12)
0.92 (0.16)
3.07 (0.17)
3.81 (0.35)

DTG
478.0 ℃; –40.91 %/min
1) 61.5 ℃; –0.51 %/min
2) 203.1 ℃; –4.55 %/min
3) 327.3 ℃; –3.65 %/min
478.8 ℃; –37.19 %/min
479.5 ℃; –36.17 %/min
480.0 ℃; –35.69 %/min
481.0 ℃; –34.07 %/min

(a) Standard deviation

3.4. Mandarin peel as a colorant
Figure 9 presents the impact of mandarin
peel content on the color parameters of the prepared composites. The symbol colors represent the
colors of the prepared PE/MP composites. The size
of the symbols in the bubble charts represents the
standard deviation of the particular values.
The incorporation of filler significantly affected the neat polyethylene's lightness, which de-

creased from an initial value of 85.3 to 27.3 for the
10 wt% MP loading. Such an effect is associated
with the white color of neat unmodified highdensity polyethylene material. Nevertheless,
changes in lightness are not proportional to the
mandarin peel content, suggesting that samples
containing 10 wt% filler were almost saturated
with its color.

Maced. J. Chem. Chem. Eng. 40 (1), 89–106 (2021)

Mandarin peel as an auspicious functional filler for polymer composites

99

Fig. 9. The impact of MP filler content on (a) lightness, (b) a* parameter, (c) b* parameter, (d) E parameter,
(e) chroma and (f) hue of prepared composites

In general, the addition of the mandarin peel
caused the browning of the composites. Therefore,
changes in the a* and b* parameters were noted.
Typical brown colors are observed for the positive
values of these parameters, mostly in the range of
0–20, but b* values may be even a little higher
[27]. Higher a* values result in a red and magenta
color, while higher b* values lead to yellow tones.
Nevertheless, due to the influence of multiple factors on color perception, e.g., lightness, the chang-
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es of a* and b* parameters are often not directly
proportional to the visible color changes, which
can be seen in Figures 9b and 9c. Moreover, in
Figures 10, there is a presented plot of b* vs. a* for
prepared composites. It can be seen that there is no
simple dependence between the MP loading and
the color parameters of the prepared composites.
Such an effect is associated with the increasing
filler volume content and reduction in the interparticle distance, which impact the light scattering and
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color perception. Similar effects related to the
complex changes in color parameters were noted
by other researchers, who investigated the generation of melanoidins or browning of various food
products, e.g., meat or peaches [56–58].

Fig. 10. The dependence between a* and b* parameters
of prepared PE/MP composites

Values of the E parameter are calculated
on the basis of lightness, a*, and b* parameters,
indicating large color variations resulting from the
MP introduction. Similar to the lightness, changes
in E were not directly proportional to the filler
content, which indicates the saturation of the composite color. Table 5 presents values of the color
difference parameter between particular samples.
The biggest color change was noted when 1 wt%
mandarin peel was introduced into the polyethylene matrix. Quantitatively, a similar level of color difference was noted between PE and PE/1MP
as between PE/1MP and PE/10MP samples. Nevertheless, in all cases, values of the E parameter
between every two samples were higher than 5.0,
which indicates large color variations according to
the PN-EN ISO 2813:2001 standard [28].
Table 5
Values of E parameters calculated for prepared
composites
Sample
PE
PE/1MP
PE/2MP
PE/5MP
PE/10MP

PE
33.9
43.2
52.9
58.4

PE/1MP
33.9
13.4
28.1
35.3

Sample
PE/2MP PE/5MP PE/10MP
43.2
52.9
58.4
13.4
28.1
35.3
15.4
23.0
15.4
8.0
23.0
8.0

Chroma and hue are parameters directly affected by the values of a* and b*. Chroma is the
measure of color saturation. Figure 9e points to the
low initial value of chroma noted for the neat PE,
which is related to its white color. According to
CIELab color space, colors from white to black,
described as different shades of grey, are characterized by low chroma values. Therefore, the increased loading of mandarin peel resulting in
browning and darkening of the composites was
associated with an almost linear decrease in chroma from 19.55 (PE/1MP) to 5.55 (PE/10MP). The
decrease of chroma resulting from the materials'
browning was also noted by other researchers [59].
Similar to chroma, the hue also decreased with the
mandarin peel content due to browning. According
to the literature data, brown colors are characterized by hue values in the range of 30–70° [60].
Colors with hues close to 70° can already be characterized as orange (see Fig. 9f), while higher values are attributed to yellow colors.
In general, considering the color changes associated with the varying composition of the prepared
composites, the mandarin peel can be considered an
efficient colorant for polymer materials. Relatively
low loadings up to 10 wt% can result in a broad
range of colors from light orange to dark brown.
Therefore, mandarin peels could be incorporated,
e.g., into wood-polymer composites as a partial substitute of conventional fillers to adjust the color of the
composites to the recipient's requirements.
3.5. Mandarin peel as an aroma compound
In Table 6, results of the assessment of volatile organic compounds emissions from prepared
composites are presented. Except for dodecane and
tetradecane, the compounds that were characteristic of the polyethylene applied as a polymer matrix
were not included in Table 6. These two compounds were observed in the highest concentrations and accounted for the two most significant
signals both in MS and FID analysis, which facilitated the peak assignment. In Figure 11, a chromatogram obtained for the PE/10MP sample, which
indicate powerful signals, is presented. Except for
them, analysis with the MS detector revealed the
presence of 2,2,4,6,6-pentamethyl heptane, undecane, tridecane, 3-methyltridecane, and hexadecane, which were noted as VOCs emitted from
polyolefins by other researchers [51–63]. Peaks
attributed to these molecules were characterized by
a lower intensity, and their peak area did not exceed 4 %, so we were unable to assign these compounds to the particular signals detected by FID.
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Table 6
The average values of the emission rate of selected VOCs released to the gaseous phase
from the surface of studied polymer composites samples
Compound

Method

Unit

Total VOCs
Dodecane

ng/g
ng/g
%
%
ng/g
%
%
ng/g
%
ng/g
%
ng/g
%
ng/g
%
ng/g
%
ng/g
%
ng/g
%
ng/g
%
ng/g
%
ng/g
%

FID
MS

Tetradecane

FID
MS

α-Pinene
β-Pinene
-Terpinene
L-(-)-Fenchone
Fenchol
FID
Nerolidol
α-Cedrene
(-)-α-Bisabolol
Geranyl acetate
Terpenes

Sample
PE/1MP
470.37±44.69
131.67±12.38
27.99
20.06
120.74±11.47
25.67
15.42
0.28±0.027
0.06
<MQL
<MQL
14.83±1.41
3.15
1.91±0.18
0.41
0.63±0.06
0.13
<MQL
<MQL
<MQL
<MQL
<MQL
<MQL
5.96 ± 0.57
1.27
23.66±2.15
5.03

PE/2MP
637.28±60.54
165.49±15.39
25.97
22.90
157.12±14.77
24.66
16.77
0.60±0.056
0.09
1.74±0.05
0.27
15.68±1.47
2.46
2.67±0.25
0.42
1.83±0.17
0.29
5.82±0.55
0.91
<MQL
<MQL
<MQL
<MQL
<MQL
<MQL

PE/5MP
614.68±57.17
164.02±15.09
26.68
20.00
144.52±13.44
23.51
15.65
1.45±0.13
0.24
0.55±0.01
0.09
14.43±1.34
2.35
2.75±0.26
0.45
2.34±0.22
0.38
<MQL
<MQL

28.34±2.66
4.45

35.20±3.27
5.73

13.67±1.27
2.22
<MQL
<MQL
<MQL
<MQL

Fig. 11. The chromatogram obtained for the PE/10MP sample
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PE/10MP
616.42±56.71
153.29±14.10
24.87
23.93
124.20±11.43
20.15
17.09
3.86±0.36
0.63
2.57±0.13
0.42
18.53±1.70
3.01
5.14±0.47
0.83
4.20±0.39
0.68
5.62±0.52
0.91
<MQL
<MQL
1.53±0.14
0.25
<MQL
<MQL
44.33±4.08
7.19
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In Table 6, quantitative values of the terpene
emissions based on the proper analytical standard
are also provided. Terpenes significantly contribute
to the aroma and flavor of multiple natural products, e.g., fruits [64]. According to the FID analysis, the primary detected terpene was -terpinene,
which has been detected in mandarin peel by other
researchers [65]. This monoterpene is very popular
in various plant materials, and its aroma is described as sweet and citrusy [66]. Such a description corresponds to the actual aroma of prepared
granulates. This compound is also characterized by
noticeable antioxidant activity [67]. Nevertheless,
quantitatively, the amount of detected -terpinene
was relatively low because of its susceptibility to
oxidation [68].
Aside from -terpinene, other terpenes were
also detected by FID, which also influenced the
aroma profile of the prepared materials. Pinenes,
fenchol, and L-(-)-fenchone contributed to the
piney, herbal, and leafy aromas, while geranyl acetate, nerolidol, and (-)-α-bisabolol raised the sweet,
flowery, and fruity notes [69]. It is also worth mentioning that these terpenes and terpenoids may
show noticeable antioxidant activity, which may
enhance the thermooxidative stability of the prepared composites [70, 71].
The analysis with the MS detector also
pointed to the presence of small amounts of nonanal and 2-phenylbutan-2-ol. The nonanal was often
detected in orange peels by other researchers [72].
It is characterized by a floral and orange aroma.
The other compound belongs to the benzenoids

group, which has also been found in citrus peels
[73].
In general, it can be seen that the amount of
terpenes detected among VOCs increases with the
mandarin peel content in the composites. It indicates that the composition of the composites affects its aroma profile. Such an effect should be
considered very important for potential industrial
applications of mandarin peels in polymer technology, e.g., as an additive aimed to mask the unpleasant odors in packaging materials or garbage
bags. Moreover, after a more in-depth analysis, the
prepared composites could be applied as the analytical standards for the particular chemical compounds present in the introduced filler, in this case,
the mandarin peel. Nevertheless, this area still requires further research on the dependence of composite composition on released VOCs and the stability of emissions.
3.6. Mandarin peel as an antioxidant filler
As mentioned above, during the analysis of
VOC emissions from prepared composites, compounds with reported antioxidant activity were detected [71]. Therefore, it could be presumed that
mandarin peels may potentially act as a filler, enhancing the composite’s thermooxidative stability.
To examine its impact, oxidation induction times
were determined. In Fig. 12, thermograms obtained
during DSC analysis of composites are presented.
Moreover, detailed values of OIT and time of maximum oxidation rate and time of oxidation are
summarized in Table 7.

Fig. 12. The results of oxidation induction time analysis of prepared PE/MP composites

It can be seen that the incorporation of mandarin peels noticeably retarded the oxidation process. Even 1 wt% addition of filler caused a > 10

% rise of oxidation induction time. For 10 wt%
filler loading, the extension of OIT from an initial
20.0 min to 62.9 min was noted. Simultaneously,
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the applied filler acted not only as a retardant but
also as an inhibitor of the oxidation process, which
was expressed by the extension of the oxidation
process.
Table 7
The results of the oxidation induction
time analysis
Sample

OIT, min

tmax, min

PE
PE/1MP
PE/2MP
PE/5MP
PE/10MP

20.0
22.3
30.7
46.2
62.9

25.0
28.5
36.3
54.3
69.3

Oxidation time
min
8.8
10.8
11.8
14.0
11.6

In conclusion, mandarin peels seem to be a
very auspicious filler for polymer composites that
may be introduced at relatively low loadings, significantly enhancing the thermooxidative stability
of the material and providing changes in color and
aroma without deteriorating mechanical performance. Further studies associated with this filler
should be focused on evaluating changes in processing, structure, and mechanical and thermal
properties of the composites subjected to accelerated aging tests. Moreover, combinations of mandarin peels with other fillers, which may provide improved reinforcement effects at higher loadings,
appear to be an auspicious research direction.
REFERENCES
[1]

Food wastage: Key facts and figures.
http://www.fao.org/news/story/en/item/196402/icode,
accessed January 2021.

[2]

M. Chandrasekaran, A. H. Bahkali, Valorization of date
palm (Phoenix dactylifera) fruit processing by-products
and wastes using bioprocess technology, Saudi J. Biol.
Sci. 20, 105–120 (2013).
DOI: https://doi.org/10.1016/j.sjbs.2012.12.004

[3]

A. S. Meyer, S. M. Jepsen, N. S. Sorensen, Enzymatic
release of antioxidants for human low-density lipoprotein from grape pomace, J. Agr. Food Chem. 46, 2439–
2446 (1998). DOI: https://doi.org/10.1021/jf971012f

[4]

G. S. Dhillon, S. Kaur, S. K. Brar, Perspective of apple
processing wastes as low-cost substrates for bioproduction of high value products: a review, Renew. Sust. Energ. Rev. 27, 789–805 (2013).
DOI: https://doi.org/10.1016/j.rser.2013.06.046

[5]

R. Sharma, H. S. Oberoi, G. S. Dhillon, Fruit and Vegetable Processing Waste. Agro-Industrial Wastes as
Feedstock for Enzyme Production, Academic Press,
Cambridge, Massachusetts, 2016.
DOI: https://doi.org/10.1016/b978-0-12-802392-1.00002-2

[6]

J. A. Larrauri, P. Ruperez, B. Borroto, F. Saura-Calixto,
Mango peels as a new tropical fibre: preparation and
characterization, LWT-Food Sci. Technol. 29, 729–733
(1996). DOI: https://doi.org/10.1006/fstl.1996.0113

[7]

J. Monspart‐Sényi, Fruit processing waste management
In: Handbook of Fruits and Fruit Processing, Y. H. Hui
(Ed)., Blackwell Publishing, Hoboken, New Jersey,
2006, pp. 171–186.
DOI: https://doi.org/10.1002/9780470277737.ch10

[8]

J. Banerjee, R. Singh, R. Vijayaraghavan, D. MacFarlane, A. F. Patti, A. Arora, Bioactives from fruit processing wastes: Green approaches to valuable chemicals,
Food Chem. 225, 10–22 (2017).
DOI: https://doi.org/10.1016/j.foodchem.2016.12.093

[9]

D. Bashar, Long term thermo-mechanical prediction of
banana stem particulate reinforced PVC composite as
piping material, Pak. J. Eng. Appl. Sci. 23, 8–16 (2018).

4. CONCLUSIONS
In this paper, we aimed to investigate the
impact of mandarin peels on the processing and
performance of polyethylene-based composites. A
comprehensive analysis of mandarin peel as a
"conventional" lignocellulose filler for woodpolymer composites indicated that it could be efficiently applied in amounts up to 5 wt% for slightly
enhancing the flowability, tensile strength, and
thermal stability of the HDPE matrix. Such effects
could be attributed to the presence of the essential
oils in the mandarin peels, which include terpenes
and terpenoids, mostly D-limonene, -terpinene, βmyrcene, linalool, and α-pinene. The essential oils
may act as plasticizers, which improve the processing of the prepared composites. Moreover,
mandarin peels may act as a natural colorant for
polymer materials, whose presence even at low
concentrations result in significant color changes
of the polymer matrix. This indicates that the mandarin peel could be applied together with traditional lignocellulose fillers to adjust the appearance of
the composites. Terpenes and terpenoids also show
characteristic aromas, so mandarin peels may provide characteristic aromas for polymer composites,
which can be useful in various industrial applications. Probably the most exciting and promising
effect of incorporating mandarin peels is related to
the enhancement of the thermooxidative resistance
of the composites, as evidenced by the extension of
the oxidation induction time. The introduction of
only 2 wt% of this filler caused the OIT to increase
from 20 to almost 31 min. Higher contents of 5 and
10 wt% resulted in OIT values of 46.2 and 62.9
minutes, respectively.

Maced. J. Chem. Chem. Eng. 40 (1), 89–106 (2021)

103

[10] J. Baek, H. Lee, K. Kang, K. Kim, Chemical constituents from the fruits of Citrus unshiu and their inhibitory

104

A. Hejna, M. Barczewski, P. Kosmela, J. Aniśko, O. Mysiukiewicz, M. Marć

effects on acetylcholinesterase, Maced. J. Chem. Chem.
Eng. 36(1), 15–22 (2017).
DOI: https://doi.org/10.20450/mjcce.2017.1139

for polymer: processing and recycling, ACS Sust. Chem.
Eng. 4(3), 881–889 (2015).
DOI: https://doi.org/10.1021/acssuschemeng.5b00945

[11] D. Czarnecka-Komorowska, K. Wiszumirska, Zrównoważone projektowanie opakowań z tworzyw sztucznych
w gospodarce cyrkularne, Polimery 65, 8–17 (2020),
DOI: https://doi.org/10.14314/polimery.2020.1.2

[23] S. Rathinavel, S. S. Saravanakumar, Development and
analysis of polyvinyl alcohol/orange peel powder
biocomposite films, J. Natur. Fiber. In Press (2020).
DOI: https://doi.org/10.1080/15440478.2019.1711285

[12] A. Gowman, M. Picard, L. Lim, M. Misra, A. Mohanty,
Fruit waste valorization for biodegradable biocomposite
applications: A review, BioResources 14(4), 10047–
10092 (2019).
DOI: https://doi.org/10.15376/biores.14.4.Gowman

[24] S. Ojha, G. Raghavendra, S. K. Acharya, P. Kumar,
Fabrication and study of mechanical properties of
orange PEEL reinforced polymer composite, Casp. J.
Appl. Sci. Res. 1, 190–194 (2012).

[13] M. Anticona, J. Blesa, A. Frigola, M. J. Esteve, High
biological value compounds extraction from citrus waste
with non-conventional methods, Foods 9, 811 (2020).
DOI: https://doi.org/10.3390/foods9060811
[14] H. D. Chapman, The mineral nutrition of citrus. In: The
Citrus Industry II, W. Reuther, L. J. Batchelor, H. D.
Webber (Eds), Univ Calif Press, California, 1968, pp.
177–289.
[15] D. N. Tsiklauri, S. T. Khardziani, T. E. Kachlishvil, V. I.
Elisashvili, Cellulase and xylanase activities of higher
Basidiomycetes during bioconversion of plant raw material depending on the carbon source in the nutrient medium, Appl. Biochem. Microbiol. 35, 291–295 (1999).
[16] A. M. Balu, V. Budarin, P. S. Shuttleworth, L. A.
Pfaltzgraff, K. Waldron, R. Luque, J. H. Clark, Valorisation of orange peel residues: waste to biochemicals and
nanoporous materials, Chem. Sus. Chem. 5(9), 1694–
1697 (2012).
DOI: https://doi.org/10.1002/cssc.201200381
[17] R. Farahmandfar, B. Tirgarian, B. Dehghan, A. Nemati,
Comparison of different drying methods on bitter orange
(Citrus aurantium L.) peel waste: changes in physical
(density and color) and essential oil (yield, composition,
antioxidant and antibacterial) properties of powders, J.
Food Measure. Char. 14, 862–875 (2020).
DOI: https://doi.org/10.1007/s11694-019-00334-x
[18] P. Dugo, I. Bonaccorsi, C. Ragonese, M. Russo, P.
Donato, L. Santi, L. Mondello, Analytical characterization of mandarin (Citrus deliciosa Ten.) essential
oil, Flavour Frag. J. 26(1), 34–46 (2010).
DOI: https://doi.org/10.1002/ffj.2014
[19] C. D. Frizzo, D. Lorenzo, E. Dellacassa, Composition
and Seasonal Variation of the Essential Oils from Two
Mandarin Cultivars of Southern Brazil, J. Agr. Food
Chem. 52(10), 3036–3041 (2004).
DOI: https://doi.org/10.1021/jf030685x
[20] L. Danielski, G. Brunner, C. Schwänke, C. Zetzl, H.
Hense, J. P. M. Donoso, Deterpenation of mandarin (Citrus reticulata) peel oils by means of countercurrent multistage extraction and adsorption/desorption with supercritical CO2, J. Supercrit. Fluid. 44(3), 315–324 (2008).
DOI: https://doi.org/10.1016/j.supflu.2007.09.007
[21] J. Fehlberg, C. Lee, L. M. Matuana, E. Almenar, Orange
peel waste from juicing as raw material for plastic
composites intended for use in food packaging, J. Appl.
Polym. Sci, 137, 48841 (2020).
DOI: https://doi.org/10.1002/app.48841
[22] K. A. Iyer, L. Zhang, J. M. Torkelson, Direct use of
natural antioxidant-rich agro-wastes as thermal stabilizer

[25] S. Banisadr, H. Asempour, Effect of ferric salt of orange
peel solid fraction on photo-oxidation and biodegradability of LDPE films. Iran. Polym. J. 21(7), 463–471
(2012). DOI: https://doi.org/10.1007/s13726-012-0050-1
[26] R. Muhammad Khan, A. Mushtaq, A. Israr, A. Nafees,
Comparative study for melt flow index of high density
polyethylene, low density polyethylene and linear low
density polyethylene, Pak. J. Eng. Appl. Sci. 24(1), 18–
25 (2019).
[27] International Commission on Illumination, Recommendations on Uniform Color Spaces, Color-Difference
Equations, Psychometric Color Terms. Bureau central de
la C.I.E., Paris, France, 1978.
[28] E. Bociaga, M. Trzaskalska, Influence of polymer processing parameters and coloring agents on gloss and
color of acrylonitrile-butadiene-styrene terpolymer
moldings, Polimery 61, 544–550 (2016).
DOI: https://doi.org/10.14314/polimery.2016.544
[29] R. W. G. Hunt, The Reproduction of Colour (6th ed.),
Wiley, Chichester, UK, 2004.
[30] A. Hejna, M. Barczewski, K. Skórczewska, J. Szulc, B.
Chmielnicki, J. Korol, K. Formela, Sustainable upcycling of brewers’ spent grain by thermo-mechanical
treatment in twin-screw extruder, J. Clean. Prod. In
press (2020).
DOI: https://doi.org/10.1016/j.jclepro.2020.124839
[31] E. Massold, C. Bahr, T. Salthammer, S. K. Brown,
Determination of VOC and TVOC in air using thermal
desorption GC–MS—practical implications for test
chamber experiments, Chromatographia 62, 75–85
(2005). DOI: https://doi.org/10.1365/s10337-005-0582-z
[32] M. Marć, Emissions of selected monoaromatic
hydrocarbons as a factor affecting the removal of singleuse polymer barbecue and kitchen utensils from
everyday use, Sci. Total Environ. 720, 137485 (2020).
DOI: https://doi.org/10.1016/j.scitotenv.2020.137485
[33] M. Marć, B. Zabiegała, An investigation of selected
monoaromatic hydrocarbons released from the surface
of polystyrene lids used in coffee-to-go cups,
Microchem. J. 133, 496–505 (2017).
DOI: https://doi.org/10.1016/j.microc.2017.04.015
[34] M. Nohr, W. Horn, K. Wiegner, M. Richter, W. Lorenz,
Development of a material with reproducible emission
of selected volatile organic compounds - m-Chamber
study, Chemosphere 107, 224–229 (2014).
DOI: https://doi.org/ 10.1016/j.chemosphere.2013.12.047
[35] B. Zabiegała, C. Sarbu, M. Urbanowicz, J. Namieśnik, A
comparative study of the performance of passive samplers, J. Air Waste Manage. Assoc. 61, 260–268 (2011).
DOI: https://doi.org/10.3155/1047-3289.61.3.260

Maced. J. Chem. Chem. Eng. 40 (1), 89–106 (2021)

Mandarin peel as an auspicious functional filler for polymer composites

105

[36] M. Marć, B. Zabiegała, J. Namieśnik, Application of
passive sampling technique in monitoring research on
quality of atmospheric air in the area of Tczew, Poland,
Int. J. Anal. Chem. 94, 151–167 (2014).
DOI: https://doi.org/ 10.1080/03067319.2013.791979

[48] V. Srebrenkoska, G. Bogoeva Gaceva, D. Dimeski, Biocomposites based on polylactic acid and their thermal
behavior after recycling, Maced. J. Chem. Chem. Eng.
33(2), 277–285 (2014).
DOI: https://doi.org/10.20450/mjcce.2014.479

[37] E. Manaila, M. D. Berechet, M. D. Stelescu, G. Craciun,
D. E. Mihaiescu, B. Purcareanu, I. Calinescu, A. Fudulu,
M. Radu, Comparation between chemical compositions
of some essential oils obtained by hydrodistillation from
citrus peels, Revista de Chimie 67, 106 (2016).
DOI: https://doi.org/10.37358/Rev.Chim.1949.

[49] H.-X. Huang, J.-J. Zhang, Effects of filler–filler and
polymer–filler interactions on rheological and mechanical properties of HDPE–wood composites, J. Appl.
Polym. Sci. 111(6), 2806–2812 (2009).
DOI: https://doi.org/10.1002/app.29336

[38] P. Tongnuanchan, S. Benjakul, T. Prodpran, Properties
and antioxidant activity of fish skin gelatin film incorporated with citrus essential oils, Food Chemistry 134,
1571 (2012).
DOI: https://doi.org/10.1016/j.foodchem.2012.03.094
[39] Z. Javidi, S. F. Hosseini, M. Rezaei, Development of
flexible bactericidal films based on poly(lactic acid) and
essential oil and its effectiveness to reduce microbial
growth of refrigerated rainbow trout, LWT – Food Science and Technology 72, 251 (2016).
DOI: https://doi.org/10.1016/j.lwt.2016.04.052.
[40] N. Cebi, O. Taylan, M. Abusurrah, O. Sagdic, Detection
of orange essential oil, isopropyl myristate, and benzyl
alcohol in lemon essential oil by FTIR spectroscopy
combined with chemometrics, Foods 10, 27 (2021).
DOI: https://doi.org/10.3390/foods10010027.

[50] D. D. P. Moreno, C. Saron, Low-density polyethylene
waste/recycled wood composites, Compos. Struct. 176,
1152–1157 (2017).
DOI: https://doi.org/10.1016/j.compstruct.2017.05.076
[51] M. Mohammadi, A. A. Yousefi, M. Ehsani, Study of
the thermal and mechanical properties of blown films of
high- and low-density polyethylene blends, J. Appl.
Polym. Sci. 125, 755–767 (2012).
DOI: https://doi.org/10.1002/app.36246
[52] E. L. Heeley, D. J. Hughes, P. G. Taylor, A. R.
Bassindale, Crystallization and morphology development in polyethylene–octakis(n-octadecyldimethylsiloxy)octasilsesquioxane nanocomposite blends, RSC
Adv. 5(44), 34709–34719 (2015).
DOI: https://doi.org/10.1039/c5ra03267a

[41] V. Hristov, J. Vlachopoulos, Effects of polymer molecular weight and filler particle size on flow behavior of
wood polymer composites, Polym. Compos. 29(8), 831–
839 (2008). DOI: https://doi.org/10.1002/pc.20455

[53] H. Kaczmarek, M. Chylińska, B. Królikowski, E.
Klimiec, D. Bajer, J. Kowalonek, Influence of glass
beads filler and orientation process on piezoelectric
properties of polyethylene composites, J. Mater. SciMater. El. 30, 21032–21047 (2019).
DOI: https://doi.org/10.1007/s10854-019-02473-9

[42] M. Barczewski, O. Mysiukiewicz, J. Szulc, A.
Kloziński, Poly(lactic acid) green composites filled with
linseed cake as an agricultural waste filler. Influence of
oil content within the filler on the rheological behavior,
J. Appl. Polym. Sci. 136, 47651 (2019).
DOI: https://doi.org/10.1002/app.47651

[54] R. H. Elleithy, I. Ali, M. A. Ali, S. M. Al-Zahrani, High
density
polyethylene/micro
calcium
carbonate
composites: A study of the morphological, thermal, and
viscoelastic properties, J. Appl. Polym. Sci. 117(4),
2413–2421 (2010).
DOI: https://doi.org/10.1002/app.32142

[43] O. Mysiukiewicz, P. Kosmela, M. Barczewski, A. Hejna,
Mechanical, thermal and rheological properties of
polyethylene-based composites filled with micrometric
aluminum powder, Materials 13, 1242 (2020).
DOI: https://doi.org/10.3390/ma13051242

[55] Y. M. Kim, H. W. Lee, S. H. Lee, S. S. Kim, S. H. Park,
J. K. Jeon, S. Kim, Y. K. Park, Pyrolysis properties and
kinetics of mandarin peel, Korean J. Chem. Eng. 28,
2012 (2011).
DOI: https://doi.org/10.1007/s11814-011-0177-3

[44] M. R. Gent, M. Menendez, J. Toraño, I. Diego, Recycling
of plastic waste by density separation: prospects for optimization, Waste Manage. Res. 27(2), 175–187 (2009).
DOI: https://doi.org/10.1177/0734242x08096950

[56] D. B. MacDougall, M. Granov, Relationship between
Ultraviolet and Visible Spectra in Maillard Reactions and
CIELAB Colour Space and Visual Appearance. In: The
Maillard Reaction in Foods and Medicine, J. O'Brien, H.
E. Nursten, J. M. Ames, M. J. C. Crabbe, J. Crabbe (Eds),
Woodhead Publishing, Cambridge, 2005, pp. 160–165.
DOI: https://doi.org/10.1533/9781845698447.4.160

[45] K. Salasinska, M. Polka, M. Gloc, J. Ryszkowska, Natural
fiber composites: the effect of the kind and content of filler on the dimensional and fire stability of polyolefin-based
composites, Polimery 61, 255–265 (2016).
DOI: https://doi.org/10.14314/polimery.2016.255
[46] K. Salasinska, K. Mizera, M. Barczewski, M. Borucka,
M. Gloc, M. Celinski, A. Gajek, The influence of degree
of fragmentation of Pinus sibirica on flammability,
thermal and thermomechanical behavior of the epoxycomposites, Polym. Test. 79, 106036 (2019).
DOI: https://doi.org/10.1016/j.polymertesting.2019.106036
[47] S.-Y. Fu, X.-Q. Feng, B. Lauke, Y.-M. Mai, Effects of
particle size, particle/matrix interface adhesion and particle
loading on mechanical properties of particulate–polymer
composites, Compos Part B-Eng. 39(6), 933–961 (2008).
DOI: https://doi.org/10.1016/j.compositesb.2008.01.002

Maced. J. Chem. Chem. Eng. 40 (1), 89–106 (2021)

[57] G. Ripoll, B. Panea, P. Albertí, Visual appraisal of beef:
Relationship with CIELab colour space, Itea-Informacion
Tecnica Economica Agraria 108(2), 222–232 (2012).
DOI: https://doi.org/10.13140/RG.2.2.25240.19201
[58] A. Ferrer, S. Remón, A. I. Negueruela, R. Oria, Changes
during the ripening of the very late season Spanish
peach cultivar Calanda, Scientia Horticulturae 105(4),
435–446 (2005).
DOI: https://doi.org/10.1016/j.scienta.2005.02.002
[59] E. O. Afoakwa, A. Paterson, M. Fowler, J. Vieira, Particle size distribution and compositional effects on textural properties and appearance of dark chocolates, J. Food
Eng. 87(2), 181–190 (2008).
DOI: https://doi.org/10.1016/j.jfoodeng.2007.11.025

106

A. Hejna, M. Barczewski, P. Kosmela, J. Aniśko, O. Mysiukiewicz, M. Marć

[60] B. W. Berry, Cooked color in high pH beef patties as
related to fat content and cooking from the frozen or
thawed state, J. Food Sci. 63(5), 797–800 (1998).
DOI: https://doi.org/10.1111/j.1365-2621.1998.tb17903.x
[61] A. Lattuati-Derieux, C. Egasse, S. Thao-Heu, N. Balcar,
G. Barabant, B. Lavédrine, What do plastics emit? HSSPME-GC/MS analyses of new standard plastics and
plastic objects in museum collections, J. Cult. Herit.
14(3), 238–247 (2013).
DOI: https://doi.org/10.1016/j.culher.2012.06.005
[62] K. Curran, M. Underhill, L. T. Gibson, M. Strlic, The
development of a SPME-GC/MS method for the analysis of VOC emissions from historic plastic and rubber
materials, Microchem. J. 124, 909–918 (2016).
DOI: https://doi.org/10.1016/j.microc.2015.08.027
[63] B. Kułtys, K. Waląg, Application of headspace for research
volatile organic compounds emitted from building materials, E3S Web of Conferences 28, 01019 (2018).
DOI: https://doi.org/10.1051/e3sconf/20182801019
[64] D. Doneva-Šapčeska, A. Dimitrovski, T. Bojadžiev, G.
Milanov, B. Vojnovski, Free and potentially volatile monoterpenes in grape varieties from the Republic of Macedonia,
Maced. J. Chem. Chem. Eng. 25(1), 51–56 (2006).
[65] A. L. Fanciullino, F. Tomi, F. Luro, J. M. Desjobert, J.
Casanova, Chemical variability of peel and leaf oils of
mandarins, Flavour Frag. J. 21(2), 359–367 (2006).
DOI: https://doi.org/10.1002/ffj.1658
[66] Y. Qiao, B. J. Xie, Y. Zhang, Y. Zhang, G. Fan, X. L.
Yao, S. Y. Pan, Characterization of aroma active compounds in fruit juice and peel oil of jinchen sweet orange
fruit (Citrus sinensis (L.) Osbeck) by GC-MS and GCO, Molecules 13, 1333–1344 (2008).
DOI: https://doi.org/10.3390/molecules13061333
[67] M. C. Foti, K. U. Ingold, Mechanism of inhibition of
lipid peroxidation by γ-terpinene, an unusual and poten-

tially useful hydrocarbon antioxidant, J. Agr. Food
Chem. 51(9), 2758–2765 (2003).
DOI: https://doi.org/10.1021/jf020993f
[68] H. Nguyen, E. M. Campi, W. Roy Jackson, A. F. Patti,
Effect of oxidative deterioration on flavour and aroma
components of lemon oil, Food Chem. 112(2), 388–393
(2009).
DOI: https://doi.org/10.1016/j.foodchem.2008.05.090
[69] K. G. Fahlbusch, F. J. Hammerschmidt, J. Panten, W.
Pickenhagen, D. Schatkowski, K. Bauer, D. Garbe, H.
Surburg, Flavors and Fragrances. In: Ullmann’s Encyclopedia of Industrial Chemistry, Wiley‐VCH Verlag
GmbH & Co, Weinheim, 2003, pp. 73–198.
DOI: https://doi.org/10.1002/14356007.a11_141
[70] C. Y. Wang, Y. W. Chen, C. Y. Hou, Antioxidant and
antibacterial activity of seven predominant terpenoids,
Int. J. Food Prop. 22(1), 229–237 (2019).
DOI: https://doi.org/10.1080/10942912.2019.1582541
[71] R. Torres-Martínez, Y. M. García-Rodríguez, P. RíosChávez, A. Saavedra-Molina, J. E. López-Meza, A.
Ochoa-Zarzosa, R. S. Garciglia, Antioxidant activity of
the essential oil and its major terpenes of satureja
macrostema (Moc. and Sessé ex Benth.) Briq, Pharmacogn Mag. 13, 875–880 (2018).
DOI: https://doi.org/10.4103/pm.pm_316_17
[72] M. L. Lota, D. de Rocca Serra, F. Tomi, J. Casanova,
Chemical variability of peel and leaf essential oils of 15
species of mandarins, Biochem. Syst. Ecol. 29(1), 77–
104 (2001).
DOI: https://doi.org/10.1016/s0305-1978(00)00029-6

[73] P. C. Kuo, Y. R. Liao, H. Y. Hung, C. W. Chuang, T. L.
Hwang, S. C. Huang, Y. J. Shiao, D. H. Kuo, T. S. Wu,
Anti-inflammatory and neuroprotective constituents from
the peels of Citrus grandis, Molecules 22, 967 (2017).
DOI: https://doi.org/10.3390/molecules22060967

Maced. J. Chem. Chem. Eng. 40 (1), 89–106 (2021)

