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Abstract
The application of plant-based by-products from the food industry as minimally processed functional fillers for polymeric 
composites is an increasingly popular trend among researchers and manufacturers. While minimizing the preprocessing of 
lignocellulosic fillers leads to an increase in the sustainability of the overall composite and a decrease of the carbon foot-
print, filler modification is usually indispensable to obtaining sufficient mechanical and thermomechanical properties of a 
composite. The goal of the presented study was a comprehensive analysis of the structure, mechanical and thermal perfor-
mance of polyethylene-based (PE) composites with spent coffee grounds (FK) and cocoa husks (KK). Differential scanning 
calorimetry (DSC) measurements showed the antioxidant activity of both fillers, extending the oxidation induction time by 
100% (54 min) compared to pure PE (20 min). Composites with up to 5 wt% of the filler were characterized by low porosity 
(0.5%) and revealed tensile strength of about 20 MPa, which is comparable with the results of unmodified PE. However, the 
materials' ductility was affected, reducing elongation at break and tensile toughness by two orders of magnitude. In order to 
quantify changes in adhesion at the interface, a comprehensive analysis of thermomechanical parameters based on dynamic 
mechanical analysis (DMA) was carried out, including the assessment of interactions on the interface of the composite caused 
by the increase in free volume inside composites' structure.
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Statement of Novelty

The research hypothesis refers to the possibility of using 
low-processed waste from the agro and food industry as 
functional fillers for polyethylene composites. Many stud-
ies consider using a wide range of lignocellulosic fillers 
for manufacturing polymer composites and describing new 
methods of antioxidant stabilization of plant extracts. How-
ever, using fillers rich in low molecular weight compounds 
and focusing on the resulting migration to the polymer 
improved stability is a new trend. In this study, the benefi-
cial antioxidant effects of plant fillers were analyzed, and the 
drawbacks and the resulting limitations as self-standing fill-
ers for developing final products were defined. The presented 
analyzes determine which filler contents results in improved 
composites' antioxidant stability and will compensate for the 
deterioration of mechanical properties acceptable from the 
application point of view, justifying the exclusion of syn-
thetic stabilizers in polymer-wood composites.

Introduction

The last two decades have resulted in research on new 
polymers and their composites characterized by better 
mechanical or thermal properties. Apart from improving 
the characteristics, an equally important task is enhancing 
the sustainability of the novel composites and plastics. The 
two goals can be achieved simultaneously by applying re-
valorized waste from different branches of industry as fillers 
in polymeric composites [1].

Polyethylene is the most widely processed commodity 
polymer. It is characterized by vast possibilities of structural 
modification, which translates into wide varieties designed 
for various applications. High chemical resistance and non-
toxicity make it widely used in packaging and products dedi-
cated to the food industry [2–4]. Therefore, polyethylene-
based materials are a considerable source of post-consumer 
waste, which can pose a serious threat to the natural environ-
ment. Taking into consideration the petrochemical origin of 
PE and the lack of the possibility of biodegradation, new 
ways of improving its sustainability need to be implemented. 
One of the methods is mechanical recycling [5–8], and the 
other one is the production of composites with plant fillers 
[9–11]. The latter is especially interesting because adding 

natural-based fillers not only improves renewability but can 
also reduce the need to use conventional, synthetic additives, 
which is a step towards environmental friendliness.

In industrial practice, most of the processed thermoplastic 
composites modified with plant fillers are wood polymer 
composites (WPC), produced using wood flour as a filler 
[12–15]. In practice, cellulose or wood flour particles are 
often characterized by a low aspect ratio. Therefore, their 
reinforcing efficiency is limited, and the introduction of 
significant amounts of the filler is often associated with 
the deterioration of the mechanical properties of compos-
ites compared to the unmodified polymer [16]. Despite the 
increase in stiffness [17] caused by nucleation effects and the 
presence of rigid lignocellulosic structures, there is usually 
a significant reduction in elongation at break and impact 
strength [18–21]. This is due to the presence of filler parti-
cles, which act as stress concentrators [22], facilitating the 
propagation of the fracture during the deformation of a part 
caused by both static and dynamic load. Because of this, a 
thorough analysis of the mechanical properties, including 
the relationship between toughness and brittleness, is cru-
cial to evaluate the implementation potential of a polymeric 
composite with a plant-based filler.

Considering the substantial amount of lignocellulosic 
waste generated by the agricultural and food industries, 
waste fillers produced by shredding and modifying wooden 
parts of plants such as husks, shells, and leaves have recently 
attracted a lot of attention [23–25]. As a result, the literature 
shows many cases of replacing wood flour with particle-
shaped fillers made of post-production waste and obtaining 
products of comparable quality [26]. Moreover, some waste-
derived fillers contain low molecular weight compounds, 
including oils and polyphenols, which may provide addi-
tional functional features to the polymer matrix. Among 
them, the antimicrobial [27, 28], antioxidant [29–31], or 
plasticizing [32, 33] effects should be mentioned.

As it was presented by Borysiak [34], the use of unmodi-
fied wood flour as a filler for polyolefins may result in an 
increased tendency to thermo-oxidation, which significantly 
reduces both the processability of the composite and the 
resistance of the final products to external factors, includ-
ing UV light-induced photooxidation. In the case of WPCs 
and other polyolefin-based composites intended for outdoor 
applications, which are exposed to photooxidation phenom-
ena, it is necessary to use light stabilizers or antioxidants 
[35–37]. While conventionally used stabilizers are highly 
effective [38], studies have shown the potential toxicological 
hazards resulting from the possibility of their migration from 
products to drinking water sources at the end of their life 
cycle [39, 40]. The replacement of conventionally used sta-
bilizers with active plant-derived lignocellulosic fillers will 
allow obtaining higher sustainability of polyolefin-based 
composites and minimizing their potential harmfulness in 
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the natural environment as well as facilitating the production 
procedure and reducing costs.

According to International Coffee Organization, global 
coffee consumption in 2020–2021 exceeded 9,980 tonnes 
[41]. This result is not surprising, as coffee is one of the 
most popular beverages worldwide. However, its consump-
tion results in producing a substantial amount of waste—
regardless of the preparation method, ground coffee is usu-
ally discarded after one brewing. Since coffee is composed 
mainly of cellulose and lignin [42], its spent grounds can 
replace wood flour in polymeric composites. Besides, the 
fruits of Coffea arabica or Coffea robusta are also rich in 
phenolic acids, which can provide an antioxidant effect 
[43] and thus improve the stability of the polymers during 
their processing in oxidative conditions, as well as enhance 
the oxidative resistance of the final products. For example, 
Moustafa et al. [44] described poly(butylene adipate-co-tere-
phthalate) filled with coffee grounds characterized by good 
homogeneity. In a different publication [45], it was described 
that this filler limits the photodegradation of polylactide and 
simultaneously increases the impact strength of this brittle 
polymer. As shown by Lee et al. [46], coffee grounds can 
also be ball-milled to nanosized particles, which can sig-
nificantly improve the mechanical properties of poly(vinyl 
alcohol)-based nanocomposites. Nevertheless, most of the 
published studies describe the application of spent coffee 
grounds in relatively expensive and less widely available 
polymeric matrices such as bio-based and biodegradable 
polymers, whereas the influence of this filler on polyolefins 
is less researched.

Cocoa husks are a lignocellulosic by-product of choco-
late production. Because of the presence of polyphenols, 
this waste filler presented radical-scavenging activity in 
polylactide-based composites [47]. Moreover, the addition 
of cocoa husk powder to solvent-casted polylactide films 
improved its barrier properties, crystallinity, and mechani-
cal strength [48]. The by-products of chocolate production 
can also be successfully introduced to recycled polyethyl-
ene, improving its stiffness and reducing the environmental 
impact [49]. Selected literature studies referred in a straight-
forward way to the possibility of enhancing the antioxidant 
effect of the spent coffee ground by chemical modification 
(hydrolysis) [50], or the impact of compatibilization using 
silane compounds or styrene-ethylene-butene-styrene-graft-
maleic anhydride on mechanical properties and structure 
of polypropylene biocomposites containing spent coffee 
grounds[51]. The further utilization of this filler as a raw 
material for biochar-filler production, also introduced into 
polyolefins, has been described [52]. However, none of the 
works defined changes in thermomechanical parameters, and 
no in-depth thermomechanical analysis focused on changes 

in adhesion in composites was conducted, with a simul-
taneous correlation description of changes in mechanical 
parameters. While the influence of both coffee grounds and 
coca husk on the properties of polymeric composites are 
partially described in the literature [50–52], the aspect of a 
comprehensive description and comparison of the mechani-
cal, structural, and thermal properties of polyethylene-based 
composites filled with those fillers is still insufficiently 
described. This work aims to explore some of the most 
important properties of polymeric composites with parti-
cle-shaped waste fillers, which are quasi-static and dynamic 
mechanical properties and their themooxidative stability, to 
evaluate the implementation potential of cocoa husks and 
spent coffee-filled polyethylene as a replacement for WPCs 
with synthetic stabilizers.

Experimental

Materials

High-density polyethylene (HDPE), type M300054, obtained 
from SABIC (The Netherlands), was applied as a matrix of 
the composites. According to the producer data, its density 
equaled 0.9435 g/cm3, and it was characterized by a melt 
flow rate of 30 g/10 min (190 °C, 2.16 kg). Spent coffee 
grounds (FK) were collected after brewing coffee in a drip-
per and French press. This by-product included 100% Ara-
bica coffee from different plantations in Brazil, Burundi, 
Colombia, Costa Rica, El Salvador, Ethiopia, Guatemala, 
India, Indonesia, Kenya, and Malawi. Beans were processed 
using natural and washed methods [53]. Later, coffee was 
roasted to a different degree (light, medium and dark) by 
different roasteries, e.g., Audun Coffee (Poland), Bonanza 
(Germany), Caffeenation (Belgium), Casino Mocca (Hun-
gary), Coffeelab (Poland), Diamonds Roastery (Slovakia), 
Don Gallo (Spain), Dutch Barista (Netherlands), Etno Café 
(Poland), HAYB (Poland), Johan & Nyström (Sweden), 
Kira Coffee (Romania), Le Piantagioni del Caffee (Italy) 
and SIMPLo (Poland). Such a combination can be applied as 
an example of industrial waste obtained from different cof-
feehouses. Spent coffee grounds were dried and used without 
additional grinding.

Cocoa husks (KK) from PPHU Bracia Cyba (Poland) 
were acquired from the online store brokułek.pl (Poland). 
Before use, it was grounded using Retsch GM 200 knife 
grinder (Haan, Germany) and sieved using Fritsch 
Analysette 22 sieve shaker with 400 µm mesh (Weimar, 
Germany). Figure 1 presents the appearance of applied fill-
ers. The chemical composition of FK and KK according to 
different literature reports was summarized in Table 1.
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Preparation of Polymer Composites

Figure 2 presents the scheme of sample preparation and the 
technological parameters. The procedure includes grinding 
of the polymer pellets, physical mixing of the composi-
tions, melt mixing and forming of the samples by compres-
sion molding. The composites were prepared by mixing 
in a molten state using a co-rotating twin-screw extruder, 
operating at a maximum temperature of 190 °C and screw 
speed of 100 rpm. The configuration of the screw segments 
has been widely described in our previous work [54]. The 
process temperature allows the manufacturing of polymer 
composites containing lignocellulosic fillers with a reduced 
risk of degradation of the plant-based filler [55]. As experi-
mentally validated before processing, the used screw speed 

Fig. 1   Appearance and photographs of fillers made using light microscopy; FK (a), KK (b)

Table 1   Chemical composition of natural waste fillers used in the 
study

Compounds Content, wt%

FK KK

Cellulose 8.6–24.3 17.5–26.1
Hemicellulose 19.4–36.7 8.0–12.8
Lignin 10.7–23.9 14.0–28.0
Proteins 10.0–17.4 7.0–10.0
Ash 1.3–2.8 6.4–12.3
Fat 2.3–14.5 1.5–3.0
Pectins – 6.0–12.6
Phenolics content, g 

GAE/100 g
1.7–3.6 4.6–6.9

References [42, 43, 97, 98] [99, 100]

Fig. 2   Polyethylene-based composites preparation procedure scheme
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guarantees, with the plastifying system used, the residence 
time of the polymeric material during melt-mixing below 
1 min. The unfilled HDPE was processed along with its 
composites. The specimens were named in reference to their 
filler content as PE and XY, where X stands for the filler 
content and Y for a type of filler, FK—spent coffee grounds, 
KK—cocoa husk.

Characterization Techniques

The specific weight of applied filler and resulting composites 
was determined using Ultrapyc 5000 Foam gas pycnometer 
from Anton Paar (Poland). The following measurement set-
tings were applied: gas—helium; target pressure—18.0 psi; 
temperature control—on; target temperature—20.0 °C; flow 
mode—fine powder (for filler) and monolith (for compos-
ites); cell size—small, 10 cm3; preparation mode—pulse, 
5 pulses (for filler) and flow, 0.5 min (for composites); the 
number of runs—5.

The tensile strength and elongation at break were esti-
mated following ISO 527 for dumbbell samples type 
5B. The dimensions of samples were as follows: total 
length—35 mm; length of the reduced section—12 mm; 
distance between shoulders—19  mm; width at grip 
ent—6 mm; width at center—2 mm; thickness—1 mm; 
gauge length—10 mm. Tensile tests were performed on a 
Zwick/Roell Z020 apparatus with a cell load capacity of 20 
kN at a constant speed of 5 mm/min. The tests were per-
formed on nine samples from each series.

The dynamic mechanical analysis was conducted on a 
DMA Q800 TA Instruments apparatus (Waters Corporation, 
New Castle, Delaware, USA). Samples with dimensions of 
40 × 10 × 2 mm were loaded with variable sinusoidal defor-
mation forces in the single cantilever bending mode at the 
frequency of 1 Hz with the heating rate of 4 °C/min in the 
range from -100 to 100 °C. The tests were performed in 
triplicate.

Oxidation induction time (OIT) of analyzed composites 
was determined by the differential scanning calorimetry 
(DSC) analysis. The 5 mg samples were placed in aluminum 
crucibles without lids. They were heated from 20 to 190 °C 
with a heating rate of 20 °C/min in nitrogen, then kept at 
190 °C for 5 min in nitrogen, then gas was switched to oxy-
gen, and the time required for sample oxidation was meas-
ured. The measurements were conducted using a Netzsch 
204F1 Phoenix apparatus.

DSC analysis was applied to determine the crystalliza-
tion and melting temperatures and the crystalline structure 
of the analyzed composites. 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 

to erase the polymers' thermal history during the first heat-
ing. The measurements were conducted in an inert nitrogen 
atmosphere using a Netzsch 204F1 Phoenix apparatus. The 
crystallinity degree Xcr of the samples was calculated using 
Eq. (1):

where ΔHm—melting enthalpy of a sample, ΔHm100%—
melting enthalpy of 100% crystalline polyethylene, 
ΔHm100% = 293.6 J/g [56], θ—filler weight fraction.

The thermal properties were determined by thermogravi-
metric analysis (TGA) with the temperature set between 
20 °C and 1000 °C at a heating rate of 10 °C/min under a 
20 ml/min nitrogen flow using a TG 209 F1 Netzsch appa-
ratus. Samples of 9.0 ± 0.1 mg and Al2O3 pans were applied. 
Thermal analyses (OIT, DSC, TGA) were performed for at 
least two specimens from each series.

Results and discussion

Figure 3 presents the impact of FK and KK filler loadings 
on the density and porosity of the prepared composites. 
Considering polyethylene-based materials, density is quite 
an important issue because reducing this property enables 
the manufacturing of relatively lightweight products. Obvi-
ously, its value increases when fillers with higher densities 
are introduced. A similar effect was noted in the presented 
case due to the higher density values of spent coffee grounds 
(1.2987 g/cm3) and cocoa husk (1.4735 g/cm3).

Nevertheless, except for the increase of density, the incor-
poration of fillers into polymer matrices may result in the 
generation of porosity in the structure of composites, which 
may be associated with the air inclusions during processing, 
interfacial imperfections, and partial decomposition of filler 
components during processing [57]. Porosity p is essential 
for the mechanical performance of composites, so its impact 
should be analyzed and considered. It can be calculated 
according to the following Eq. (2):

where p—porosity of the material, %; ρtheo—theoretical 
value of density, g/cm3; and ρexp—the experimental value 
of density of composite, g/cm3.

Theoretical density can be calculated using Eq. (3):

where ρtheo—density of the composite, g/cm3; ρm—density 
of the matrix, g/cm3; ρf—density of the filler, g/cm3; and 
φ—volume fraction of the filler, vol%.

(1)Xcr =
ΔHm

(1 − �) ∙ ΔHm100%

⋅ 100%

(2)p =
�theo − �exp

�theo
⋅ 100%

(3)�theo = �m ⋅ (1 − �) + �f�
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It can be seen that the porosity increases along with the 
filler loading, which was also noted in literature for compos-
ites with plant-originated fillers [9, 58, 59]. Nevertheless, the 
porosity values do not exceed 2.5%, which is considered low. 
However, it can be noted that despite the low variation in 
the samples' experimental density, the porosity of analyzed 
composites was characterized by relatively high standard 
deviations. Irrespective of the filler loading, higher porosity 
was noted for composites containing FK filler, which was 
attributed to the differences in their chemical composition. 
Spent coffee grounds contain higher amounts of light vola-
tile organic matter, which may evaporate in high tempera-
tures during melt processing [60, 61]. As a result, a portion 
of gas may be trapped inside the composite hence the higher 
porosity than KK composites.

As mentioned above, porosity may noticeably affect the 
mechanical performance of polymeric composites. Figures 4 
and 5 show that the addition of the applied fillers deterio-
rated the tensile performance because of the increased 

structural porosity. An increasing amount of voids resulted 
in structural discontinuity and worsened stress transfer 
mechanisms, thus reducing the tensile strength of the mate-
rial [62]. In the case of polymeric composites, tensile perfor-
mance is often affected by insufficient interfacial adhesion 
apart from porosity. This phenomenon also occurs for FK 
and KK composites, which could be attributed to the chemi-
cal composition of fillers (see Table 1) and differences in 
polarity between hydrophilic lignocellulosic components 
and the hydrophobic polyethylene matrix [63]. The gradual 
decrease in elongation at breakpoints results in the need for 
compatibilization of wood-polymer composites based on 
non-polar matrices, as it was suggested by other works [64, 
65]. However, compatibilization was omitted in this work, 
as it could influence the potential antioxidative activity of 
the waste fillers.

The tensile strength and elongation at break affect the 
cumulative energy required for the fracture of materials, 
expressed as tensile toughness (τ). Its value can be obtained 

Fig. 3   Density of PE and PE-FK/KK composites

Fig. 4   Mechanical properties of PE and PE-FK/KK composites
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by integration of stress–strain curves according to the Eq. (4) 
[66]:

where σ—tensile strength, MPa; εb—elongation at the break, 
%.

Values of toughness calculated for the prepared com-
posites are presented in Fig. 6. They are slightly higher for 
samples containing the KK filler, which is attributed to the 
higher values of elongation at break, but considering the 
standard deviation values, the differences are hardly signifi-
cant. Nevertheless, the toughness of the unfilled polyethyl-
ene is incomparably higher because of the continuity and 
homogeneity of the unmodified polymer.

(4)� = ∫
�b

0

�d�

The dynamic mechanical analysis was performed for a 
more comprehensive understanding of the mechanical per-
formance of the composites, and its results are presented in 
Table 2. At lower filler loadings, the typical increase in the 
storage modulus at room temperature was noted. This effect 
is often observed when fillers are incorporated into poly-
meric matrices [67–69]. However, the values of the com-
posites' storage modulus decreased with filler content and, at 
higher loadings, were lower in comparison with the unfilled 
polyethylene. Such an effect may be attributed to the pres-
ence of proteins and lipids in the applied plant-based wastes, 
which may act as plasticizers of the polymeric matrix and 
reduce friction between phases [70]. The lowered stiffness 
of the composites shown for higher filler concentrations by 
decreasing storage modulus may also be connected with the 
presence of a higher amount of pores in their structure [71]. 
For a deeper analysis of the effectiveness of the applied fill-
ers in the enhancement of stiffness, the C factor was calcu-
lated according to the following Eq. (5) [72]:

where E'g—storage modulus in the glassy state (− 120 °C), 
MPa; E'r—storage modulus in the rubbery state (25 °C), 
MPa.

The lower the values of the C factor, the higher the 
efficiency of a filler on a composite's modulus [73]. The 
lowest values of the C factor were noted for 2 and 5 wt% 
loadings of fillers. Moreover, the filler impact was adverse 
for the sample PE/20FK, and the C factor value exceeded 
1. Nevertheless, even for the remaining samples, despite 
the stiffening of the materials, the values of the C factor 

(5)C =
E

�

gcomposite
∕E

�

rmatrix

E
�

rcomposite
∕E

�

gmatrix

Fig. 5   Stress vs. strain curves of PE and PE-FK/KK composites

Fig. 6   Toughness of PE and PE-FK/KK composites
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were relatively high, pointing to the insufficient interfacial 
interactions in the composites [74].

Apart from the C factor, the values of E' at rubbery state 
determined by the dynamic mechanical analysis were used 
to calculate composites' brittleness (B) using the Eq. (6) 
provided by Brostow et al. [66]:

According to Brostow et al. [66], brittleness can be 
placed as the antagonist of toughness. High brittleness 
indicates that materials cannot withstand high forces and 
are typically characterized by low ductility. On the other 
hand, high toughness indicates the ability to resist high 
forces over a wide deformation range [75]. In their other 
work, Brostow et al. [76] have presented the mathematical 
Eq. (7) based on the rational function relating brittleness 
to toughness obtained from the data for various materials:

where a, b, c—constants.
Nevertheless, in the presented form, a rational function 

is not easy for a straightforward interpretation of the physi-
cal meaning of particular constants. Therefore, as shown in 
our previous works [77, 78], presenting this relationship as 
a power function according to the Eq. (8) should facilitate 
the interpretation:

where d, e—constants.
Values of d and e constants are crucial for data points 

lying on the curve at lower values of brittleness and tough-
ness, which is typical for most polymeric materials. For data 
presented in the work of Brostow et al. [76], values of d 
and e are 178.380 and -0.984, respectively. For the FK and 

(6)B =
1

E
�
∙ �b

(7)� =
b + c ∙ B

1 + a ∙ B

(8)� = d ⋅ Be

KK composites, e values were relatively similar, but d val-
ues were significantly lower, reaching 106.320 and 76.382, 
respectively. As a result, the curve obtained for the data 
points from the presented work (shown in Fig. 7) is char-
acterized by the deeper bend lying closer to the coordinate 
system center. It points to the inferior combination of tough-
ness and brittleness compared to the literature data. Such an 
effect is attributed to insufficient interfacial adhesion, limit-
ing the ductility of the composite compared to homogenous 
materials, such as homopolymers, which were considered 
by Brostow et al. [76]. Similar effects related to the analysis 
of the brittleness vs. toughness relationship for composites 
were noted in previous works [68, 73, 77, 78].

The dynamic mechanical analysis provides many impor-
tant insights about composite materials regarding their 
modulus and stiffness as well as their damping performance 
related to the loss tangent (tan δ). This parameter is often 
called the damping factor because it quantifies the materi-
als' ability to dissipate mechanical energy. Its decrease is 

Table 2   Thermomechanical 
properties of PE and PE-FK/KK 
composites

Sample Parameter

E', MPa C factor tan δ at 25 °C tan δ at Tg Tg, °C Cv, % A factor at 25 °C

at − 120 °C at 25 °C

PE 4372.0 1636.6 – 0.0633 0.0495 − 111.0 0 –
PE/2FK 4366.9 1765.9 0.926 0.0606 0.0485 − 112.1 1.81 − 0.0292
PE/5FK 4093.7 1678.4 0.913 0.0613 0.0476 − 112.6 3.40 0.0047
PE/10FK 4012.7 1579.8 0.951 0.0618 0.0458 − 113.7 6.46 0.0551
PE/20FK 3809.6 1418.3 1.006 0.0630 0.0430 − 114.4 11.64 0.1754
PE/2KK 4330.8 1754.3 0.924 0.0587 0.0486 − 112.0 1.54 − 0.0616
PE/5KK 4235.7 1703.5 0.931 0.0610 0.0479 − 112.8 2.81 − 0.0040
PE/10KK 4217.5 1645.7 0.959 0.0614 0.0471 − 113.9 4.21 0.0381
PE/20KK 4077.9 1574.6 0.969 0.0630 0.0449 − 114.7 8.14 0.1539

Fig. 7   Toughness vs. brittleness of PE and PE-FK/KK composites
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associated with stiff lignocellulosic structures in the com-
posite materials and sufficient adhesion between the phases 
[79]. It can be seen that the lowest tan δ values at ambient 
temperature were noted for lower filler loadings, indicating 
the stiffening of the composites, which is in line with the val-
ues of storage modulus. It can be concluded that interfacial 
interactions are weaker for highly filled samples, presumably 
due to the agglomeration of the filler.

Values of loss tangent at a particular temperature can also 
be used to analyze the properties of the composites' inter-
face. Kubát et al. [80] developed the idea of the adhesion 
factor (A), quantitatively describing the interface strength in 
polymeric composites. The concept is based on the Eq. (9), 
including tan δ values of all the components of composites:

where c, m, f, and i subscripts are attributed to a composite, 
a matrix, a filler, and an interface, respectively.

To facilitate the analysis of the interfacial adhesion, 
Kubát et al. [80] made some simplifications. The first one 
is based on the differences in damping between the matrix 
and filler and the filler loading. In comparison to the poly-
meric matrices, wood and similar lignocellulosic materials 
are characterized by higher rigidity and lower damping [81]. 
Moreover, in the presented case, the loadings of FK and KK 
fillers were noticeably lower than the matrix content. There-
fore, as mentioned above, the filler's component in Eq. (9) 
can be neglected.

Other simplifications may be related to the small content 
of the interface in prepared materials. Moreover, as it was 
stated by Wang et al. [82], for the fillers characterized by 
irregular surface topography, such as plant-based materials, 
the transcrystallinity of the interface is hardly noted, which 
means that damping of the interface and the matrix can be 
considered similar. Therefore, the interfacial component 
can also be neglected, and Eq. (9) may be rearranged into 
Eq. (10):

Low values of the A factor indicate a high degree of 
interfacial interactions. Table 2 presents A values for the 
prepared composites, indicating the strongest adhesion for 
the lowest filler loadings. The negative values in the case 
of 2 wt% loadings for both fillers and 5 wt% of cocoa husk 
were obtained due to the simplifications mentioned above. It 
confirms the values of the storage modulus of prepared com-
posites and their decrease along with filler loading, suggest-
ing insufficient interfacial interactions, probably due to the 
presence of proteins and lipids in spent coffee grounds and 
cocoa husk. Low-molecular products may partially migrate 
into the polymer-filler interface, weakening the interactions.

(9)tan�c = �m ⋅ tan�m + �f ⋅ tan�f + �i ⋅ tan�i

(10)A =
tan�c

(

1 − �f

)

∙ tan�m
− 1

The loss tangent, especially the temperature position of 
its peak on tan δ vs. temperature plot, can also be used to 
determine the glass transition temperature (Tg) of polymeric 
materials, which is related to the changes in macromolecu-
lar movements as well as interfacial effects occurring in 
case of composite materials. The simultaneous decrease of 
Tg and storage modulus with filler loading suggests lower 
interactions between composite components, in line with 
the increased porosity and adhesion factor [83]. Therefore, 
it confirms the deterioration of the adhesion with increasing 
fillers' loading.

Moreover, the magnitude of the tan δ peak can be 
included in the calculation of the volume of polymer mac-
romolecules constrained by the introduced filler particles 
(Cv) following the Eqs. (11 and 12) [84]:

where C0—the volume of constrained macromolecules in 
a pure polymer (taken to be 0), %; W and W0—energy loss 
fractions for a composite and a pure polymer.

The value of Cv indicates the content of polymer chains, 
whose mobility in the system was directly affected by the 
presence of the introduced fillers. Table 2 shows the increase 
of this parameter with filler loading, which is typical because 
of the increasing area of the interface. Such an effect was 
noted in other works and can be especially pronounced for 
nanocomposites, where a small portion of filler may immo-
bilize a significant portion of polymer chains [85, 86]. In 
the presented case, the Cv was lower than the filler content 
due to the micrometric filler size, hence the limited specific 
surface area of the particles. Moreover, the quotient of Cv 
and filler content decreased from 0.77–0.91 (for 2 wt% filler 
content) to 0.41–0.58 (for 20 wt% filler content), pointing 
to the imperfect dispersion and partial aggregation of the 
filler particles. Besides, as mentioned above, the impact of 
proteins and lipids was probably more significant at higher 
loadings, which inhibited the immobilization of the poly-
meric macromolecules.

Table 3 presents the results of the DSC analysis of the 
prepared samples. It can be seen that the introduction of 
waste fillers hardly affected the Tc and Toc values. Only for 
20 wt% content of fillers a more substantial 1.3 ˚C increase 
in Tc was noted, suggesting a slight facilitation of the PE 
crystallization [87], which can be confirmed by the reduced 
value of the crystallization half-time expressed by the fol-
lowing Eq. (13) [88]:

(11)Cv =

(

1 − C
0

)

∙W

W
0

⋅ 100%

(12)W =
� ∙ tan�

� ∙ tan� + 1
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where Tc—crystallization temperature, °C; Toc—onset crys-
tallization temperature, °C; β—heating rate, °C/min.

Considering the melting behavior, it can be seen that the 
onset melting temperature (Tom) was slightly decreased for 
all the composite samples, but no direct impact of the filler 
content was noted. It indicates that melting of the PE phase 
in the composites begins at slightly lower temperatures. 
Such an effect could be attributed to a small reduction in 
the size of the crystallites induced by solid filler particles. 
Another possible explanation is the formation of less perfect 
crystallites in the presence of the filler particles, which act as 
spatial hindrances. However, it must be remembered that the 
observed changes in the melting behavior of the composites 
are almost negligible from the processing point of view. The 
melting temperature (Tm) remains hardly changed up to 10 
wt% filler loading. Only a minor decrease, from 0.2 to 1.0 °C 
was noted. It also suggests that the mobility of polyethyl-
ene molecules during the melting process was not affected 
[88]. However, for 20 wt% content, a 3.0 °C decrease of Tm 
was noted, suggesting more significant restrictions in the 
movement of polyethylene chains during the formation of 
the crystalline phase for composite series with higher natural 
fillers content [89].

The melting enthalpy was reduced by the introduction 
of spent coffee grounds and cocoa husk, which is a typical 
effect for polymeric composites due to the reduced relative 
content of the matrix. Figure 8 presents the experimental 
and theoretical values of ΔHc and ΔHm, assuming that filler 
incorporation did not affect the HDPE degree of crystal-
linity, which was calculated based on the ΔHm values. It 
can be seen that for lower loadings, the absolute values of 
experimental ΔH exceeded theoretical ones resulting in the 
enhanced crystallization of the HDPE phase due to the pres-
ence of filler particles. A similar effect was observed for 
coffee silverskin particles [78]. However, a noticeable drop 
in crystallinity degree was noted for higher filler loadings, 

(13)t
1∕2c =

(Toc − Tc)

�

especially 20 wt%, despite the reduced values of crystalliza-
tion half-time. Such an effect could be related to the inhibi-
tion of chain movement by the obstacles in the form of filler 
particles and reduced possibility for a regular arrangement 
of PE macromolecules, hindering crystallization [89, 90].

In Fig. 9, there are presented values of oxidation induc-
tion time obtained for the composites and polyethylene, 
which are directly associated with their resistance to oxi-
dation induced by the presence of natural antioxidants in 
applied fillers. It can be seen that the values are relatively 
similar for the composites containing both fillers, with a big-
ger difference only for 10 wt% content. Nevertheless, elon-
gation of OIT value with increasing filler loading points to 
the antioxidative activity of spent coffee grounds and cocoa 
husks. Our previous work noted a similar effect in the case 
of the polymer composites filled with coffee silverskin [78]. 
As mentioned above, plant-based waste materials are often 
rich in phytochemicals showing potent antioxidative activ-
ity [91], such as phenolics, whose content in spent coffee 
grounds and cocoa husks is reported in Table 1. Although 
the lower phenolic contents were reported by literature 
data, a more substantial elongation of OIT was noted for 

Table 3   Thermal properties of 
PE and PE-based composites 
obtained from DSC analysis

Sample Parameter

Tc, °C Toc, °C t1/2c, min ΔHc, J/g Tm, °C Tom, °C ΔHm, J/g Xcr, %

PE 112.8 117.7 0.49 190.0 134.1 124.9 187.4 63.8
PE/2FK 113.1 117.7 0.46 191.6 133.2 124.1 189.0 65.7
PE/5FK 113.6 118.0 0.44 190.4 133.4 123.8 186.9 67.0
PE/10FK 112.8 117.5 0.47 169.3 133.3 123.9 165.2 62.5
PE/20FK 114.1 117.6 0.35 147.6 131.1 123.8 144.2 61.4
PE/2KK 112.9 117.3 0.44 189.1 133.1 124.0 185.9 64.6
PE/5KK 113.0 117.3 0.43 186.1 133.1 124.0 183.3 65.7
PE/10KK 112.9 117.5 0.46 181.1 133.6 123.7 177.9 67.3
PE/20KK 114.1 117.7 0.36 134.2 131.0 123.8 132.1 56.2

Fig. 8   The experimental and theoretical values of ΔHc and ΔHm for 
PE-FK/KK composites
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FK filler. Such an effect may be attributed to the presence 
of melanoidins—higher molecular weight oligomeric and 
polymeric compounds generated during Maillard reactions 
occurring between the amino groups of amino acids and 
carbonyl groups of sugars. These reactions occur during 
coffee roasting, significantly affecting coffee's antioxida-
tive potential and its by-products, including spent coffee 
grounds [53]. Nevertheless, the results are very auspicious 
for both fillers and point to the possibility of applying spent 
coffee grounds, cocoa husks, and other phytochemical-rich 
plant-based wastes as active fillers, enhancing the oxidative 
resistance of polymeric composites. As it was discussed by 
Babaghayou et al. [92], there is a correlation between deg-
radative effects caused by photo- and thermooxidation of 
polyethylene. Therefore, it can be stated that the extended 
OIT may be translated to the increased resistance of the 

composite materials to UV light during the outdoor exploi-
tation of final products.

Figure 10 presents the course of thermal degradation of 
the composites, which was determined by the thermogravi-
metric analysis. It can be seen that the unfilled polyethylene 
shows one-step decomposition, with the onset at 444.6 °C 
and maximum decomposition rate at 486.8 °C, which is in 
line with the literature data [93]. Incorporating both types 
of fillers caused a substantial drop in the thermal stability 
of the composites; however, the deterioration was less pro-
nounced at lower loadings. For 2 wt% filler content, a slight 
shift of decomposition onset towards higher temperatures of 
447.2–447.5 °C was even noted. In the case of the PE/5FK 
sample, the stability was similar to PE, while for PE/5KK, 
the onset of decomposition was reduced to 428.2 °C, which 
is typical for the incorporation of lignocellulosic materials 
into polymer matrices [94]. At higher loadings of fillers, the 
decomposition onset was shifted more noticeably. The low-
est value of 229.7 °C was observed for PE/20KK sample. 
Nevertheless, even despite the significant drop in stability, 
obtained values still guarantee a safe processing window for 
the prepared materials considering their melting tempera-
tures provided in Table 4—from 131.0 to 134.1 °C. Consid-
ering the potential applications of composites containing 
20 wt% of FK or KK fillers due to their limited mechanical 
performance, the idea behind this filler content would be 
rather to reduce the final costs than obtain high-performance 
applications. Therefore, the presented processing window 
and thermal stability should not be considered limiting for 
potential applications.

As mentioned above, the deterioration of composites' 
thermal stability was related to the introduction of lignocel-
lulose materials and may be explained in more detail consid-
ering differential thermogravimetric curves. It can be seen 
that for an increasing share of FK and KK fillers, additional 

Fig. 9   Oxidation induction time of PE and PE-FK/KK composites

Fig. 10   TG and DTG curves of PE and PE-FK/KK composites
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peaks at DTG curves are observed. For spent coffee grounds 
were located at 301.2–306.1 °C and 398.8–401.8 °C, while 
cocoa husks, at 267.1–267.5 °C and 317.2–318.1 °C. Their 
presence was related to the decomposition of components 
of fillers—mainly cellulose and hemicellulose, occurring at 
250–350 °C [95]. For the KK filler, the peak around 267 °C 
may be associated with the decomposition of pectins, which 
are typically present in cocoa husks (Table 1) [96].

Conclusions

The goal of the presented study was a comprehensive analy-
sis of the structure, mechanical and thermal performance of 
PE-based composites filled with waste plant-based fillers 
originating from the food industry—spent coffee grounds 
and cocoa husks. Composites containing up to 5 wt% 
showed low porosity and good interfacial adhesion. Because 
of this, the resulting polyethylene composites were charac-
terized by a negligible deterioration of the tensile strength, 
resulting from the low shape factor of the filler. However, 
the ductility of the materials was affected due to a drop in 
homogeneity, gradually reducing elongation at break and 
tensile toughness. Higher filler loadings had a less favorable 
influence on the mechanical performance in quasi-static and 
dynamic conditions. Increasing the C and A factors pointed 
to the drop of the modulus and weakening of the interfacial 
interactions caused by the increase in the free volume in the 
structure of the composites. Simultaneously, the results of 
the DSC analysis showed that the PE chain movements were 
obstructed by the filler particles. These effects indicate the 
need for the compatibilization of analyzed composites.

On the other hand, the DSC analysis revealed the ben-
eficial impact of introduced fillers on the oxidation resist-
ance of the composites. The values of oxidation induction 
time were elongated exponentially in reference to the filler 
loading. Such an effect was associated with the chemical 

composition of fillers, particularly the high content of anti-
oxidant phytochemicals, which actively enhanced PE resist-
ance to oxidation.

Concluding, spent coffee grounds and cocoa husks should 
be considered auspicious fillers for polymer composites. 
Their waste-based origin could noticeably enhance synthetic 
polymers' environmental aspects and reduce the resulting 
materials' price. Moreover, their composition could provide 
additional features to polymeric materials except for the 
enhancement of mechanical performance, which is often 
expected in the case of polymeric composites. However, in 
the case of polyethylene, the interfacial adhesion between 
matrix and plant-based fillers is often insufficient due to the 
polarity differences, pointing to the need for compatibili-
zation or modification of fillers. Such an approach would 
enable more fruitful utilization of the spent coffee grounds 
and cocoa husks and enhance the mechanical performance 
of PE at higher filler loadings with the simultaneous massive 
enhancement of its oxidation resistance.
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