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Abstract: This work aims to describe the coffee silverskin effect as a lignocellulosic waste filler for
high-density polyethylene (HDPE) composites development. The main task was to determine various
modification effects resulting from the complex chemical composition of coffee silverskin containing
compounds with potential antioxidative properties, including caffeine, polyphenols, tannins, or
melanoidins. The processing, thermal, physicochemical, and thermomechanical properties of the
HDPE-based composites with different filler content (1–20 wt%) were evaluated. Comprehensively
realized thermomechanical analysis revealed the filler’s reinforcing effects on the HDPE matrix while
defining problems with obtaining adequate adhesion in the interfacial area. At the same time, studies
have shown a very beneficial effect of the silverskin addition on the thermal properties of composites,
that even the smallest addition allows for a significant increase in the thermooxidative resistance of
HDPE composites assessed using the oxidation induction time from 20 min for HDPE up to 140 min
for the composites with 20 wt% of the filler. The obtained research results allow classifying the coffee
silverskin waste filler, not only as a filler intended for the production of composites with a high
degree of filling but also as an additive that significantly changes the properties of polyethylene in
the case of using low concentrations. This can have a very beneficial impact on the development of
novel wood polymer (WPC) and natural fiber composites (NFC).

Keywords: wood-polymer composite; coffee silverskin; recycling; mechanical properties; ther-
mal properties

1. Introduction

Nowadays, due to far-reaching consumerism, multiple branches of industry are
generating vast amounts of by-products and wastes. Such a phenomenon is also noted
in the food industry. According to the Food and Agriculture Organization of the United
Nations, the global volume of food wastage is estimated at 1.6 billion tons of “primary
product equivalents” [1]. Moreover, significant amounts of non-edible by-products are
generated during the processing and manufacturing of various food products. Processing
of fruits, such as pineapple, banana, mango, or grapes generates from 30 to even 45 wt% of
by-products. Production of one hectoliter of beer generates almost 7 kg of brewers’ spent
grain—solid lignocellulose waste [2]. However, the coffee industry may be considered as
one of the record holders. During roasted coffee manufacturing, over 50 wt% of the fresh
coffee cherry is discarded and treated as waste [3].

Considering the global production volume in the food sector, huge amounts of by-
products are generated and often not recycled [4,5]. From the above-mentioned 1.6 billion
tons of food waste, reported by the Food and Agriculture Organization of the United
Nations, 38%, over 600 million tons is generated during food processing [6]. One of the
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possible ways of their utilization is its application in the polymer technology [7]. Keeping
in mind the ongoing trends and law regulations related to polymers’ environmental im-
pact, the application of food industry by-products may also reduce the use of synthetic
compounds [8–10]. Besides, incorporating raw materials from natural sources may be used
to prepare biodegradable substitute for conventional polymer materials [11]. However,
what we believe is most important is that most of these by-products, especially considering
plant-based lignocellulose materials, may be incorporated into polymer technology, mainly
as functional fillers for polymer composites and as antioxidants, antimicrobial agents,
plasticizers, or colorants [12–14].

Considering the additional value, promising materials are coffee industry by-products,
especially coffee silverskin. This material is generated during the roasting of green cof-
fee [15]. Therefore, contrary to most coffee industry by-products, coffee silverskin is
characterized by very low moisture content, which makes it a ready-to-use material [16].
Its potential application in polymer technology may require additional grinding. However,
this is common for all types of materials. Considering composition, coffee silverskin is sim-
ilar to other types of lignocellulose materials introduced into polymer technology. Except
for the fiber content, silverskin usually contains 15–19 wt% of proteins, but mostly it is a
rich source of compounds with antioxidant activity [17]. This by-product is an excellent
source of caffeine, polyphenols, tannins, or melanoidins, which result in high antioxidant
activity, even up to 18 µmol TR/g [18]. These compounds could also be considered very
interesting to enhance polymer materials’ resistance towards oxidation [19].

Nevertheless, despite the high potential of the coffee silverskin to act not only as a con-
ventional filler, but also as functional additive for wood-polymer composites, the majority
of research works related to the use of this by-product in polymer technology still focuses
mainly on morphology and basic mechanical and thermal performance with-out a deeper
analysis of the additional effects [20–23]. The authors of these works agreeably reported that
coffee silverskin increased the stiffness of polymer matrices and their crystallinity. More-
over, in the case of some polymer matrices, e.g., poly(butylene succinate) or poly(butylene
adipate-co-terephthalate/poly(3-hydroxybutyrate-co-3-hydroxyvalerate), the increase in
tensile strength was noted. However, this effect was not observed for stronger poly(lactic
acid) [23]. These works implicated also the need of coffee silverskin modification or compat-
ibilization to noticeably improve the mechanical performance and to allow the silverskin to
act as “true” reinforcement. Only one work of Zarrinbakhsh et al. [24] reported the changes
in processing of polymer composites expressed by the melt flow index value. Considering
the antioxidant activity of coffee silverskin, only Sarasini et al. [25] investigated the DPPH
scavenging activity of the extracts prepared from composites. However, there are no reports
on the impact of coffee silverskin on thermooxidative stability of composites.

Presented research work aimed to investigate the influence of coffee silverskin and its
loading (1–20 wt%) on the processing (melt flow index), physico-mechanical (density, static
and dynamic mechanical properties), and thermal (melting and crystallization behavior,
oxidation induction time) performance of polyethylene-based composites.

2. Materials and Methods
2.1. Materials

High-density polyethylene (HDPE), type M300054, obtained from SABIC (Sittard, The
Netherlands), was applied as a matrix to prepare investigated composites. According to
producer data, its density equaled 0.954 g/cm3, and it was characterized by a melt flow rate
of 30 g/10 min (190 ◦C, 2.16 kg). Coffee silverskin (ŁK) was obtained from the local coffee
roastery. Before introducing it into polyethylene, 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). In Figure 1, there are photographs shown of applied
filler before and after grinding. The chemical composition of coffee silverskin according
to different literature reports was presented in latest review work [26]. Generally, this
by-product contains from 53 to 74 wt% (of dry matter) of fiber, including 48 to 67 wt% of

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


J. Compos. Sci. 2021, 5, 44 3 of 13

insoluble ones, hence cellulose, hemicellulose, and lignin [27–29]. As mentioned above,
coffee silverskin also contains 15–19 wt% of proteins [17,30]. Moreover, 5.0–7.5 wt% of ash
and even 1.4 wt% of caffeine were reported [31,32].
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Figure 1. The appearance of the applied coffee silverskin (a) before and (b) after grinding.

2.2. Preparation of Polymer Composites

The composites were prepared by mixing in a molten state. The HDPE pellets were pul-
verized into a fine powder using a Tria 25–16/TC-SL high-speed knife grinder (Charlotte,
NC, USA) to facilitate the mixing process. The polymeric powder was then preliminary
mixed with 1, 2, 5, 10, or 20 wt% of fillers. Preliminary to mixing in molten state composi-
tions were dried in laboratory cabined dryer Memmert ULE 500 (Schwabach, Germany)
for 12 h at 70 ◦C. The mixtures were processed using a ZAMAK EH16.2D co-rotating twin-
screw extruder (Skawina, Poland), with a screw diameter of D = 16 mm, length to diameter
ratio L/D = 40, and capillary die with diameter d = 8 mm. The processing was realized at
a constant screw rotary speed of 100 rpm, and the plastifying unit’s temperature profiles
follow 190-185-185-180-175-165-160-145 ◦C. Configuration of the functional screw segments
was presented and discussed in our previous studies [33]. 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, then kept under pressure at room temperature
for another 5 min to solidify the material, and freely cool down in a room temperature
conditions. The unfilled HDPE was processed along with its composites. The specimens
were named in reference to their filler content, like PE and PE/XŁK, where X stands for the
filler content.

2.3. Characterization Techniques

Melt flow index (MFI) of the composites was investigated using Zwick mFlow plas-
tometer (Ulm, Germany) according to ISO 1133 standard (190 ◦C, 2.16 kg). Samples of 6 g
were used.

The specific weight of applied filler and resulting composites was determined using
Ultrapyc 5000 Foam gas pycnometer from Anton Paar (Austria). The following mea-
surement settings were applied: Gas—helium; target pressure—10.0 psi (for filler) and
18.0 psi (for composites); flow direction—sample first; temperature control—on; target
temperature—20.0 ◦C; flow mode—fine powder (for filler) and monolith (for composites);
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cell size—small, 10 cm3; preparation mode—pulse, five pulses (for filler) and flow, 0.5 min
(for composites); the number of runs—5.

The tensile strength and elongation at break were estimated following ISO 527 for
dumbbell samples type 5B. Dimensions of samples were as follows: Width of narrow
parallel-sided portion: 2 mm; width at ends: 6 mm; thickness: 1 mm; gauge length: 10 mm;
length of narrow parallel-sided portion: 12 mm; overall length: 35 mm. Tensile tests were
performed on a Zwick/Roell Z020 apparatus (Ulm, Germany) with a cell load capacity
of 20 kN at a constant speed of 5 mm/min. At least five specimens for each sample were
analyzed.

The dynamic mechanical analysis was conducted on a DMA Q800 TA Instruments apparatus
(TA Instruments, New Castle, DE, USA). Samples with dimensions of 40 × 10 × 2 mm were
loaded with variable sinusoidal deformation forces in the single cantilever bending mode
at the frequency of 1 Hz under the temperature rising rate of 4 ◦C/min, ranging the
temperature from −100 to 100 ◦C. Two specimens for each sample were analyzed.

Oxidation induction time (OIT) of analyzed composites was determined by the differ-
ential 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, then kept at 190 ◦C for 5 min in nitrogen, and then gas was switched
to oxygen, and the time required for sample oxidation was measured. The measurements
were conducted using a Netzsch 204F1 Phoenix apparatus (Selb, Germany).

To determine the crystallization and melting temperatures, as well as the crystalline
structure of analyzed composites, 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 to erase the polymers’ thermal
history during the first heating. The measurements were conducted using a Netzsch 204F1
Phoenix apparatus (Selb, Germany) in an inert atmosphere of nitrogen. The crystallinity
degree (Xcr) of the samples was calculated using Formula (1):

Xcr = (∆Hm/((1 − θ ) · ∆Hm100%)) · 100% (1)

where ∆Hm—melting enthalpy of a sample, ∆Hm100%—melting enthalpy of 100% crys-
talline polyethylene, equal to 293.6 J/g [34], θ—filler weight fraction.

Results of DSC analysis were also used to calculate the value of the supercooling
parameter presented by Qiu et al. [35] according to the following Equation (2):

∆T = Tm − Tc (2)

where Tm—melting temperature, ◦C; Tc—crystallization temperature, ◦C.

3. Results and Discussion
3.1. Melt Flow Index of Prepared Composites

Figure 2 presents the results of the melt flow analysis of prepared composite materials.
It can be seen that the incorporation of the coffee silverskin into the polyethylene matrix
reduced the flowability of analyzed materials. Such an effect is often noted for polymer
composites [36]. Nevertheless, for lower filler loadings, up to 5 wt%, changes were not
very significant, therefore not suppressing the composites’ processability compared to
unmodified HDPE. The limited negative effect of the lignocellulosic filler observed for
lower filler content may be related to the uniform distribution of the filler and the content of
proteins, which may act to a certain extent as plasticizers [37]. Further increase in ŁK content
caused a significant drop in mass and volumetric melt flow index. It was associated with
the noticeable rise of melt viscosity due to polymer macromolecules’ limited mobility [38].
Moreover, the significant rise of viscosity for 10 and 20 wt% ŁK loading suggests achieving
the rheological percolation threshold and the presence of agglomerates of coffee silverskin
particles [39]. The significant reduction of composites’ flowability, measured as changes of
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MFR and MVR may significantly deteriorate the processing properties of final compositions,
including limited quality of the injection molded parts in the form of short shots and
increased surface roughness.

J. Compos. Sci. 2021, 5, x FOR PEER REVIEW 5 of 14 
 

 

mobility [38]. Moreover, the significant rise of viscosity for 10 and 20 wt% ŁK loading 
suggests achieving the rheological percolation threshold and the presence of agglomerates 
of coffee silverskin particles [39]. The significant reduction of composites’ flowability, 
measured as changes of MFR and MVR may significantly deteriorate the processing prop-
erties of final compositions, including limited quality of the injection molded parts in the 
form of short shots and increased surface roughness. 

 
Figure 2. Results of the melt flow analysis of prepared PE/ŁK composites. 

3.2. Physico-Mechanical Performance of Prepared Composites 
Figure 3 presents the values of composites density and porosity depending on the 

mass and volume content of the ŁK filler. The rise of theoretical and experimental values 
of density and lower volume contents of filler than mass contents are related to the higher 
density of filler (1.4103 g/cm3) than the polyethylene matrix (0.9435 g/cm3). This effect is 
commonly observed for polymer composites because most polymer matrix densities are 
often noticeably lower than most natural, mainly mineral fillers [40]. It is especially pro-
nounced for polyethylene and polypropylene, which have a lower specific weight than 
water, which is very important for their potential applications and further recycling [41]. 
Such a phenomenon significantly facilitates recycling polyolefins because they can often 
be easily separated from other plastics. 

Noticeable differences were noted between measured, experimental values of com-
posites’ density and theoretical ones, calculated according to the following Equation (3): 

ρc = ρm · (1 − ϕ) + ρfϕ (3)

where ρc—density of the composite, g/cm3; ρm—density of the matrix, g/cm3; ρf—density 
of the filler, g/cm3; ϕ—volume fraction of the filler.  

Such an effect can be associated with the imperfect encapsulation of the ŁK filler par-
ticles by polyethylene matrix, associated with the air inclusions during processing and 
agglomeration of particles, especially at higher loadings. As a result, voids at the interface 
were generated, resulting in the porosity of the material. Such an effect is often observed 
during the preparation of polymer composites [40,42,43]. It may noticeably affect the per-
formance of composite materials [44]. Differences between theoretical and experimental 
values of density enabled the quantitative determination of composites’ porosity using 
the following Equation (4): 

Figure 2. Results of the melt flow analysis of prepared PE/ŁK composites.

3.2. Physico-Mechanical Performance of Prepared Composites

Figure 3 presents the values of composites density and porosity depending on the
mass and volume content of the ŁK filler. The rise of theoretical and experimental values
of density and lower volume contents of filler than mass contents are related to the higher
density of filler (1.4103 g/cm3) than the polyethylene matrix (0.9435 g/cm3). This effect
is commonly observed for polymer composites because most polymer matrix densities
are often noticeably lower than most natural, mainly mineral fillers [40]. It is especially
pronounced for polyethylene and polypropylene, which have a lower specific weight than
water, which is very important for their potential applications and further recycling [41].
Such a phenomenon significantly facilitates recycling polyolefins because they can often be
easily separated from other plastics.
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Noticeable differences were noted between measured, experimental values of com-
posites’ density and theoretical ones, calculated according to the following Equation (3):

ρc = ρm · (1 − φ) + ρfφ (3)

where ρc—density of the composite, g/cm3; ρm—density of the matrix, g/cm3; ρf—density
of the filler, g/cm3; φ—volume fraction of the filler.

Such an effect can be associated with the imperfect encapsulation of the ŁK filler
particles by polyethylene matrix, associated with the air inclusions during processing and
agglomeration of particles, especially at higher loadings. As a result, voids at the interface
were generated, resulting in the porosity of the material. Such an effect is often observed
during the preparation of polymer composites [40,42,43]. It may noticeably affect the
performance of composite materials [44]. Differences between theoretical and experimental
values of density enabled the quantitative determination of composites’ porosity using the
following Equation (4):

p = (ρtheo − ρexp)/ρtheo · 100% (4)

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

The composites’ porosity is slightly increasing with the filler loading. However, its
values are below 1.7% for all samples. Nevertheless, such an effect is not considered
very beneficial for the composite materials and points to the need to enhance interfacial
interactions between matrix and filler [45].

Figure 4 shows the influence of filler content on the tensile performance of prepared
PE/ŁK composites. It can be seen that at lower loadings of the coffee silverskin up
to 5 wt%, tensile strength was maintained at the same level. Slight enhancement was
even noted for 1 and 2 wt% additions, which resulted in the rise of tensile strength from
21.1 MPa to 22.0 and 22.7 MPa, respectively. Significant deterioration was observed only
for 20 wt% filler loading, which resulted in the drop to 15.6 MPa. Contrary to tensile
strength, elongation at break was very sensitive to the incorporation of filler. This parameter
was decreased from the initial 768% to the values in the range of 4.5–18.4%. Such an effect,
related to the introduction of solid particles and loss of continuity of the material, is often
observed in polymer composites with natural fillers [46]. It is also particularly pronounced
when no additional compatibilizers are included [47].
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Young’s modulus was noted from the initial 858 MPa to 1124 MPa for 20 wt% addition of
the ŁK filler.

The tensile test results were also used to determine composites’ toughness values by
integrating stress–strain curves. Toughness represents the total amount of energy absorbed
or dispersed by the material [48]. Ideally, tough material should be characterized by high
values of tensile strength and elongation at break. For the prepared composites, toughness
significantly drops with the ŁK content, which is mostly associated with the drop of
elongation at break. As a result, the toughness was decreased by 96.2–99.4%.

The dynamic mechanical analysis was performed for a more detailed analysis of
the ŁK filler influence on prepared composites’ mechanical performance. Its results are
presented in Table 1. Values of the storage modulus (E’) at room temperature and their
increase with the loading of filler confirm tensile tests’ results indicate the stiffening of
composites’ structure. For the quantitative determination of the effectiveness of coffee
silverskin on the storage modulus of polymer composites, the C factor was calculated
according to the following Equation (5):

C = (E’g comp · E’r matrix)/(E’r comp · E’g matrix) (5)

where subscripts g and r—glassy and rubbery state, subscripts comp and matrix—composites
and matrix.

Table 1. Results of the dynamic mechanical analysis of prepared materials.

Parameter
Sample

PE PE/1ŁK PE/2ŁK PE/5ŁK PE/10ŁK PE/20ŁK

E’ at 25 ◦C, MPa 1637 1686 1882 1967 1998 2121
E’ at −120 ◦C, MPa 4372 4206 4565 4662 4783 5086

C factor 1.000 0.934 0.908 0.888 0.896 0.898
Brittleness, 1010 %·Pa 0.0080 0.3231 0.3580 0.4572 0.6466 1.0589

E” at 25 ◦C, MPa 103.6 99.8 108.9 114.2 115.3 120.6
tan δ at 25 ◦C 0.0633 0.0592 0.0581 0.0577 0.0579 0.0570

A factor at 25 ◦C - −0.0586 −0.0696 −0.0566 −0.0179 0.0507
Tg, ◦C −111.0 −111.8 −112.2 −113.1 −113.4 −113.9

tan δ at Tg 0.0495 0.0486 0.0479 0.0465 0.0444 0.0424
Cv, % 0 1.50 2.88 5.32 8.96 12.74
XCv 0 1.50 1.44 1.06 0.90 0.64

The C factor’s decrease indicates the higher effectiveness of filler on the storage
modulus of the composite [49]. It can be seen that except for the 1 wt% loading of filler, C
factor values are quite similar. A slight increase is noted for the highest contents, which
may be related to the slight increase of porosity due to air inclusions and coffee silverskin
particles’ agglomeration. Nevertheless, the C factor values for the investigated composites
were relatively high, indicating weak interfacial interactions between the polyethylene
matrix and coffee silverskin particles [49]. Without further surface modification to reduce
the hydrophilicity of coffee silverskin particles or incorporation of additional compatibilizer,
this filler can hardly be considered true reinforcement.

Except for the C factor, the values of composites’ storage modulus were used to
determine their brittleness according to the Formula (6) presented by Brostow et al. [50]:

B = 1/(εb · E’) (6)

where B—brittleness, 1010%·Pa; εb—elongation at break, %; E’—storage modulus at 25 ◦C, MPa.
The idea of brittleness multicriterial parameter evaluation is quite similar to the

toughness, indicating that material with low brittleness should withstand possibly high
stress at the possibly widest range of strains. Therefore, brittleness stands reciprocal to
toughness. Nevertheless, these parameters are not actually inversely proportional. Even
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though the elongation at break is considered in both cases, toughness takes into account
the tensile strength, while brittleness the storage modulus determined by DMA analysis.
In their work, Brostow et al. [50] related these two parameters by the rational function.
However, we prefer the use of power function, which was also described in our previous
work [51], where we connected these parameters by the following Equation (7):

τ = aBc (7)

where τ—toughness, J/cm3; B—brittleness, 1010 %·Pa, a, c—constants.
We believe that this relationship’s presentation with power function enables a more

straightforward interpretation of the obtained results. The value of a constant determines
the base value of composites toughness, while c constant plays a similar level for brittle-
ness. For data presented by Brostow et al. [52], values of a and c are 178.380 and −0.984,
respectively. In the presented work, values of 96.922 and −1.000 were obtained. Most of the
experimental data points lie below the literature curve, shown in Figure 5. Such an effect
points to the insufficient compatibility of coffee silverskin with polyethylene, caused by the
hydrophilic character of filler and hydrophobic character of the matrix. Brostow et al. [52]
developed a toughness–brittleness relationship mostly for homopolymers, so no interfacial
adhesion was considered. Nevertheless, for 1 and 2 wt% loadings of ŁK filler, data points
are very close to the literature curve, pointing to the relatively good interfacial adhesion.
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Except for the stiffness of materials, the dynamic mechanical analysis may reveal
the important insights associated with their damping properties. They are related to the
loss tangent (tan δ) of material, often called damping factor, because it characterizes a
material’s ability to dissipate the energy. The decreasing value of loss tangent points to the
reduced mobility of polymer macromolecules inside the composites [53]. However, the
decrease of tan δ was not very significant for analyzed composites, indicating relatively
weak interfacial adhesion.

For a more detailed analysis of interfacial interaction, the values of tan δ were applied
to calculate the adhesion factor, introduced by Kubát et al. [54], following the Formula (8):

A = (1/1 − φ) · (tan δcomp/tan δmatrix) − 1 (8)

The adhesion factor can be used to determine the quality of interfacial interactions
between matrix and filler. Its lower values indicate enhanced adhesion. Negative values
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are due to the simplifications and assumptions made during calculations, which were
described in our previous work [40]. It can be seen that the adhesion factor is decreasing for
the lower ŁK loadings up to 2 wt%, which confirms the results mentioned above, e.g., the
rise of tensile strength. For 5 wt% content, the adhesion factor was maintained almost at
the same level. Nevertheless, higher loadings resulted in a significant rise of this parameter,
pointing to the reduced strength of interfacial interactions. Such an effect can be related to
the lack of chemical bonding between phases, followed by the differences in hydrophilicity,
as well as the porosity, which generates discontinuity of composites’ structure.

The temperature position of tan δ peak also provides information on the glass transi-
tion temperatures (Tg) related to the polymer macromolecules movement changes, which
are presented in Table 1. It can be seen that this parameter is slightly decreased with the
increasing filler concentration indicating the reduction of free volume in the system and
denser polymer packaging.

As mentioned above, the drop of tan δ values points to polymer chains’ reduced
mobility in the composite. Except for the room temperature, values of the loss tangent
were also reduced at Tg. According to Bindu et al. [55], these values may be used to
determine the number of polymer chains constrained by filler particles using the following
formula (9):

Cv = ((1 − C0) · W)/W0 · 100% (9)

where Cv—volume fraction of the immobilized polymer chains, %; C0—volume fraction
of the immobilized chains in pure polymer (taken to be 0), %; W and W0—energy loss
fractions for the analyzed sample and pure polymer, respectively.

Energy loss fraction W can be calculated from the tan δ value following the Equation (10):

W = (π · tan δ)/((π · tan δ) + 1) (10)

It can be seen that the Cv values are increasing with the loading of filler, but the
relationship between these parameters is not directly proportional. In Table 1, there are also
presented values of XCv, which are quotients of constrained chain volume and ŁK mass
content. This parameter’s decrease indicates deterioration of the interfacial interactions
between filler and matrix, probably caused by the imperfect dispersion and agglomeration
of coffee silverskin particles.

3.3. Thermal Properties of Prepared Composites

To evaluate coffee silverskin’s impact on the resulting composites’ thermal properties,
differential scanning calorimetry was applied. The results are presented in Table 2. It
can be seen that the addition of coffee silverskin did not cause significant changes in the
crystallization temperature (Tc) of composites. More significant changes were noted for
the melting temperature (Tm), indicating the decrease in crystallite size due to restrictions
related to the presence of solid particles [56]. Values of Tc and Tm were also used to
calculate the supercooling parameter (∆T), which is decreasing with the ŁK filler loading,
pointing to its nucleating activity [57].

Table 2. Results of the DSC analysis of prepared materials.

Sample
Parameter

Tc, ◦C ∆Hc, J/g Tm, ◦C ∆Hm, J/g Xcr, % ∆T, ◦C OIT, min

PE 112.8 −190.0 134.1 187.4 63.83 21.3 20.0
PE/1ŁK 113.1 −192.8 133.2 190.5 65.54 20.1 54.8
PE/2ŁK 113.0 −191.7 134.1 188.9 65.65 21.1 83.9
PE/5ŁK 113.3 −189.4 133.3 186.5 66.87 20.0 131.9
PE/10ŁK 113.4 −178.1 133.0 174.5 66.04 19.6 139.5
PE/20ŁK 112.5 −159.2 132.6 156.4 66.59 20.1 140.4
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Except for the temperatures of phase transitions, their enthalpy values (∆Hc and
∆Hm) were determined. Clearly, their absolute values decrease with filler loading, which is
associated with the reduced content of polymer material. Nevertheless, the recorded values
were higher than theoretical ones calculated based on enthalpies for neat polyethylene and
its content in particular samples, as shown in Figure 6. Such an effect confirms the decrease
of the supercooling parameter and points to the increased nucleating activity. As a result,
an increase in the degree of crystallinity in the presented composites was observed.

J. Compos. Sci. 2021, 5, x FOR PEER REVIEW 10 of 14 
 

 

Table 2. Results of the DSC analysis of prepared materials. 

Sample 
Parameter 

Tc, °C ΔHc, J/g Tm, °C ΔHm, J/g Xcr, % ΔT, °C OIT, min 
PE 112.8 −190.0 134.1 187.4 63.83 21.3 20.0 

PE/1ŁK 113.1 −192.8 133.2 190.5 65.54 20.1 54.8 
PE/2ŁK 113.0 −191.7 134.1 188.9 65.65 21.1 83.9 
PE/5ŁK 113.3 −189.4 133.3 186.5 66.87 20.0 131.9 
PE/10ŁK 113.4 −178.1 133.0 174.5 66.04 19.6 139.5 
PE/20ŁK 112.5 −159.2 132.6 156.4 66.59 20.1 140.4 

Except for the temperatures of phase transitions, their enthalpy values (ΔHc and 
ΔHm) were determined. Clearly, their absolute values decrease with filler loading, which 
is associated with the reduced content of polymer material. Nevertheless, the recorded 
values were higher than theoretical ones calculated based on enthalpies for neat polyeth-
ylene and its content in particular samples, as shown in Figure 6. Such an effect confirms 
the decrease of the supercooling parameter and points to the increased nucleating activity. 
As a result, an increase in the degree of crystallinity in the presented composites was ob-
served. 

 
Figure 6. The impact of filler content on the crystallization and melting enthalpies of prepared 
composites. 

Differential scanning calorimetry was also applied to evaluate the potential effects 
related to the antioxidant activity of coffee silverskin. Table 2 presents the values of the 
oxidation induction times for prepared composites, which can be used to determine the 
material’s thermo-oxidative stability. Clearly, the OIT values were noticeably increased, 
which points to the very high antioxidant activity of coffee silverskin related to the content 
of caffeine, polyphenols, tannins, or melanoidins generated during roasting of coffee [58]. 
It can be seen that even at 1 wt% loading of coffee silverskin, the value of OIT was in-
creased by 150% compared to neat PE. Higher filler contents resulted in further elongation 
of OIT, but for the materials containing over 5 wt% of ŁK, the increase was not so signifi-
cant. Nevertheless, the results are very promising, and the influence of coffee silverskin 
on the thermo-oxidative stability of analyzed composites would be investigated in further 
studies. 

4. Conclusions 

Figure 6. The impact of filler content on the crystallization and melting enthalpies of prepared
composites.

Differential scanning calorimetry was also applied to evaluate the potential effects
related to the antioxidant activity of coffee silverskin. Table 2 presents the values of the
oxidation induction times for prepared composites, which can be used to determine the
material’s thermo-oxidative stability. Clearly, the OIT values were noticeably increased,
which points to the very high antioxidant activity of coffee silverskin related to the content
of caffeine, polyphenols, tannins, or melanoidins generated during roasting of coffee [58].
It can be seen that even at 1 wt% loading of coffee silverskin, the value of OIT was increased
by 150% compared to neat PE. Higher filler contents resulted in further elongation of OIT,
but for the materials containing over 5 wt% of ŁK, the increase was not so significant.
Nevertheless, the results are very promising, and the influence of coffee silverskin on the
thermo-oxidative stability of analyzed composites would be investigated in further studies.

4. Conclusions

In the presented paper, we aimed to investigate the impact of coffee silverskin on
polyethylene-based composites’ processing and performance. Generally, the static and
dynamic mechanical test results indicate that coffee silverskin should be introduced prefer-
ably in amounts not exceeding 2 wt%, which indicates the enhancement of the PE matrix’s
tensile strength. The incorporation of 5 wt% did not cause the reinforcing effect but enabled
the maintenance of polyethylene’s tensile strength. Calculated values of the constrained
chain volume and adhesion factor indicate relatively good interfacial adhesion at lower
silverskin loadings. Nevertheless, even at the lowest loadings, the incorporation of cof-
fee silverskin affected the material’s continuity and ductility, significantly decreasing the
elongation at break and reducing materials toughness. In the case of 5 wt% loading, a
slight deterioration is noted, but composites show similar strength to the neat matrix.
Higher loadings result in the noticeable deterioration of mechanical performance. Detailed
analysis indicated the deterioration of the interfacial adhesion, probably caused by the
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agglomeration of filler particles, which confirms the significant rise of melt viscosity and
reduction of flowability. The restrictions in molecular motions of polyethylene chains were
also confirmed by the decrease in the melting temperature and supercooling parameter,
which pointed to the reduced crystallite size and enhanced nucleating activity of coffee
silverskin particles. Such an effect was confirmed by the slight increase in crystallization
degree, up to 5%. Nevertheless, the most exciting and promising effect of coffee silverskin
incorporation was related to the massive elongation of oxidation induction time. The
introduction of only 1 wt% of this filler caused the OIT increase from 20 to almost 55 min.
Higher contents of 2 and 5 wt% resulted in OIT values of 83.9 and 131.9 min, respectively.

Concluding, coffee silverskin seems to be a very auspicious filler for polymer com-
posites, which may be introduced at relatively low loadings, significantly enhancing the
thermo-oxidative stability of material without deterioration of mechanical performance.
Further studies associated with this filler should be focused on evaluating changes in
processing, structure, mechanical, and thermal properties of composites subjected to accel-
erated aging tests. Moreover, combinations of coffee silverskin with other fillers, which
may provide the reinforcing effect at higher loadings, seem to be an auspicious research
direction.
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