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The main focus of this work is to study the processability and characteristics of highly loaded spent coffee
grounds (SCG) thermoplastic polymer composites, for sustainable applications. SCG powder was characterized in
terms of size distribution, moisture, morphology and thermal stability. Polymer/SCG composites were prepared
by extrusion compounding. Polypropylene (PP) homopolymer and copolymer were used as the polymeric matrix.
Upon compounding by extrusion composites were injection moulded and characterized for its physical,
morphological and mechanical properties in order to determine the effect of polymer type and filler content.
Morphological characteristics of the composites were investigated using optical microscopy and SEM analysis.
The results for PP homopolymer showed little deterioration of the mechanical properties when using the highest
SCG load. In the case of PP homopolymer, the greatest variations occurred when increasing from 0 to 20 %. With
higher SCG loads, the measured properties changed little. PP copolymer showed a more continuous pattern of
properties decay with increasing SCG load, especially for tensile strength, elongation at break and impact
strength. Regarding PP copolymer, with maximum SCG load, the tensile strength decreased from 26.8 GPa (neat
PP) to 10.8 GPa, the elongation at break showed a drop of more than 95 %, while the Young’s modulus increased
from 800 MPa to 1160 MPa. This research work has shown that SCG can be used as fillers in the preparation of
environmentally friendly composites with SCG load up to 60 wt% thus contributing to the reuse of waste

generated by the coffee industry.

1. Introduction

Nowadays, there is a growing demand for new materials based on
natural ones. The current trend, due to greater environmental aware-
ness, is to look for more sustainable materials or simply to reuse those
that are considered waste, but could be used so that their useful life is
extended and added value is achieved. One such material is Spent Coffee
Grounds (SCG). Coffee is one of the most popular beverages all over the
world, meaning that several million tons of SCG are produced every year
(McNutt & He, 2019). SCG are a waste material that results from the
treatment of roasted coffee powder with hot water in order to obtain
instant coffee. It has been estimated that for each kg of soluble coffee 2
kg of wet SCG are generated (Mata et al., 2018). SCG are normally
discarded as waste and thrown into landfills or burned in order to ach-
ieve their disposal. Both processes raise important environmental issues,
therefore the need to find methods or processes for valorisation of SCG
residues. SCG are made up mainly of cellulose, lignin and hemicellulose
and recently there has been an increasing interest in reusing this waste
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in areas such as extraction of useful natural organic compounds (Bal-
lesteros et al., 2014), organic composting (Ronga et al., 2016), energy
recovery (Kang et al., 2017), thermal insulation improvement in con-
struction materials (Lachheb et al., 2019), the production of active
carbon (Jung et al., 2016), ethanol (Mussatto et al., 2012) and biodiesel
(Goh et al., 2020)(Atabani et al., 2019). Polymer composites are also
another option (Essabir et al., 2018).

Plastics have found increasingly more applications in our daily lives,
ranging from packaging and containers to parts of appliances or auto-
mobiles. With increasing environmental concerns, undoubtedly in large
part related to the consumption of non-renewable petroleum-based
products, there has been a focus in the development of new environ-
mentally friendly composite materials. The use of natural materials such
as fibres in polymer reinforcement has been considered, as there is often
the need to add additives/fillers or reinforcements to plastics in order to
improve or change certain properties. Besides meeting environmental
concerns, natural fibres present other advantages over the synthetic ones
namely, low density, natural abundance, biodegradability, low cost,
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high toughness, high stiffness, low energy recovery, no health hazard,
and CO» neutral after burning (Pickering et al., 2016)(Vaisanen et al.,
2016)(Gurunathan et al., 2015)(Sanjay et al., 2019). Examples of
increasingly used natural fibres that have been added to plastics include
wood flour, cork, jute, bamboo, rice hull, kenaf, among other examples
(Martins et al., 2022)(Martins & Gil, 2020)(Murayama et al., 2019)
(Borges et al., 2018)(Vaisanen et al., 2017). Therefore, natural fibres are
increasingly considered as a feasible substitute to the traditional rein-
forcing materials for the manufacturing of composites. SCG can be
regarded as particles composed mainly by natural fibres. Up to now, SCG
were used in the preparation of polymeric composites with loads up to
20 wt% (Garcia-Garcia et al., 2015)(Essabir et al., 2018). In order to
meet increasingly demanding environmental concerns, so crucial
nowadays, it is necessary to reuse waste materials and incorporate them
in new materials that include a higher percentage of feedstock from
sustainable sources.

The main goal of this work is to investigate the characteristics of the
SCG and its suitability for the production of high loaded SCG polymer-
based composites, so that they can further be transformed into prod-
ucts by polymer processing techniques such as injection moulding or
extrusion techniques. The main idea is to increase the amount of this
disposable natural resource up to 60 wt% in the composite in order to
diminish the use of non-renewable resources. The polymeric matrix, at
this load percentage, would be regarded as a binder. Due to degradation
of lignocellulosic materials at high temperatures, the processing tem-
peratures allowed to prepare the composites are limited to about 200 °C,
which means that the SCG, as any other natural compound, can only be
used with commodity thermoplastics such as polyethylene (PE) or
polypropylene (PP). Two different types of polypropylene matrices,
homopolymer and copolymer, were evaluated. PP random copolymer
features ethylene units incorporated randomly in the polypropylene
chain, while PP homopolymer contains only propylene monomer. This
difference in the polymeric chain conveys different properties to the two
types of PP, and so, it is expected that this may also influence the
polymer’s ability to disperse the SCG particles within it. Another goal of
our study is therefore to assess the ability of each type of polymer to
disperse the SCG particles, and to assess the extent to which the SCG
particles affect the properties of each of the PP types. The composites
were prepared using loads of SCG between 20 and 60 wt% by twin screw
extrusion followed by injection moulding to prepare samples for me-
chanical testing and the physical, morphological and mechanical prop-
erties were measured. In addition, thermogravimetry analysis (TGA)
was used to study the thermal stability of the SCG at the temperatures
commonly used to process PP.

2. Materials and methods
2.1. Materials

Two commercial polypropylene grades, a propylene-ethylene
random copolymer ISPLEN PR 230 C1E and a polypropylene homopol-
ymer ISPLEN PP 040 C1E, both supplied by REPSOL, with a melt flow
index of 1.6 g/10 min (at 230 °C) and 3.0 g/10 min (at 230 °C)
respectively, were used as the matrix. The Spent coffee grounds (SCG)
were collected from local coffee shops in the form of a wet cake after
extraction with hot water for the beverage preparation. The SCG were
initially dried at room temperature for about one week with manually
stirring to prevent fungal breeding. Subsequently, they were dried in an
oven at 80 °C for about 12 h and stored in closed containers.

2.2. SCG characterization

2.2.1. Granulometric analysis

The granulometric analysis was performed using the RETSCH AS200
BASIC equipment with six sieves with mesh dimensions of 1000, 500,
300, 212, 150 and 106 um. Five samples of 150 g each were used for the
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characterization of the materials granulometry. Samples were sieved for
5 min at a vibrate amplitude of 2.6 mm.

2.2.2. Humidity analysis

Two types of moisture content analysis were performed in order to
characterize the SCG: the moisture content after the beverage prepara-
tion and the moisture content of the dried SCG. The moisture content
after the beverage preparation was determined following the procedure
described in DIN EN 15013. The technique consisted in drying and
weighing the samples successively until a stable weight was reached.
The SCG samples were first dried in an oven during 30 min, then cooled
in an excitatory until room temperature was reached and then weighted
using an analytical balance. This procedure was repeated continuously
until the difference between two consecutive weightings was less than 1
%. Ten samples of SCG with approximately 50 g were used and an
average value was calculated. The moisture content of the dried SCG was
determined using a KERN MLB_N volatile meter, following the standard
EN 61326-1: 2006. The measurement was performed for three different
samples of SCG with approximately 5 g, at a temperature that allowed
the water release (120 ‘C). The moisture content, h, in percentage, is
given by Eq. (1), where m; corresponds to the mass of the specimen with
moisture and my is the mass of the specimen without moisture.

%h:ux 100
ny

®

2.2.3. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA Q500 from TA Instruments) was
performed in order to evaluate the SCG degradation with temperature as
well as to evaluate its stability during the preparation of the polymer
composites by extrusion. Samples with approximately 7 mg of SCG were
placed in standard alumina crucibles and subjected to a heating program
from 30 °C to 600 °C at a heating rate of 10 °C/min under air atmo-
sphere, in order to simulate the environmental degradation. To evaluate
the stability of SCG and simulate the residence time inside the extruder
or the injection-moulding machine, the samples were heated from 30 °C
to the desired temperature at a heating rate of 10 °C/min under air at-
mosphere and kept at constant temperature for 30 min. This time cor-
responds to 3-4 times the typical residence time of the SCG inside the
extruder. The temperatures tested were 140 °C, 160 °C, 180 °C, 200 °C,
220 °C and 240 °C.

2.2.4. Scanning electron microscopy (SEM)

SEM analysis of SCG samples was performed on a scanning electron
microscope NanoSEM - FEI Nova 200 (FEG/SEM). The samples were
fixed on stainless steel supports and coated with gold using a metallizer
at 1100-1200 V, 5 mA, for 10 min.

2.3. PP/SCG composites preparation

The PP/SCG composites were prepared in a laboratory modular
Leistritz LSM 30.34 intermeshing co-rotating twin-screw extruder. The
extruder screw contains a series of transport elements separated by two
mixing zones in order to produce the required intensive mixing together
with the development of local pressure gradients. Two gravimetric
feeders were used to ensure the correct loading percentages of polymer
and SCG. The composite materials were prepared with different loads of
SCG (20 wt%, 40 wt% and 60 wt%). PP without SCG was also prepared
as reference material. Before processing, the SCG were dried in an oven
at 80 °C for 4 h. The screw speed was set at 150 rpm and the temperature
profile ranged from 120 °C, near the hoper, to 180 °C in the extruder die.
The extruded filaments were cooled by air at room temperature and then
pelletized in a mill.

PP/SCG granules were dried (4 h at 80 °C in an oven) and used to
produce tensile (190 mm length x 10 mm width x 4 mm thickness) and
impact specimens (130 mm length x 12 mm width x 6 mm thickness) by
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injection moulding. An ENGEL VICTORY 80 injection moulding ma-
chine was used. The processing temperatures ranged from 140 °C near
the hoper to 185 °C in the nozzle. The mould temperature was set at
30 °C and a cycle time of 37 s was used. An injection pressure of 2 bar, a
dosing volume of 40.60 cm®, and a cooling time of 20 s were used. All the
remaining processing parameters were adjusted in order to obtain
defect-free specimens.

2.4. PP/SCG composites characterization

2.4.1. Melt flow index

The melt flow index of all prepared materials was measured using
DAVENTEST equipment according to ISO 1130. A load of 2.16 kg at
230 °C was used. Three measurements were made for each sample.

2.4.2. Density

The density tests were carried out by following the guidelines of Test
Method B from the ASTM D792, using a solution of alcohol and water.
Samples weighing about 10 g and cut from injection moulded specimens
were used as specimens.

2.4.3. Optical microscopy

The PP/SCG composites were imaged by optical microscopy using a
BH2 Olympus transmission microscope. Samples were cut using a
microtome and placed on a glass coverslip with Canada Balm. The im-
ages were obtained using a Leica MTV-3 digital camera and analysed by
a Leica Application Suite software.

2.4.4. Scanning electron microscopy (SEM)

SEM analysis of PP/SCG composites was performed on a scanning
electron microscope NanoSEM - FEI Nova 200 (FEG/SEM). The samples
were fixed on stainless steel supports and coated with gold using a
metallizer at 1100-1200 V, 5 mA, for 10 min. The images were obtained
on fractured composites surfaces from specimens after Izod Impact tests.

2.4.5. Mechanical properties

Tensile properties were obtained at room temperature according to
ASTM D638 and using the universal test machine Instron 5969 equipped
with an SVE 2 Non-Contacting Video Extensometer. The cross-head
speed was fixed at 5 mm/min using a 50 kN load cell. For each mate-
rial, ten different specimens were subjected to tensile tests and average
values of tensile strength, Young’s modulus and elongation at break
were calculated.

Flexural properties were obtained at room temperature using a
universal test machine INSTRON 5969. For each material, ten specimens
were subjected to a flexural test according to ISO 178 at a test speed of 2
mm/min and average values of flexural modulus and strength were
calculated.

Izod impact tests were conducted in a CEAST 6545/000 machine
according to the procedure described by methodology A of ASTM D256.
The specimens were notched in a MITUTOYO NO.250-351 equipment.
For each material, ten specimens were subjected to impact test and
average values of absorbed energy were calculated.

3. Results and discussion
3.1. SCG characterization

3.1.1. Granulometric characterization

The granulometric analysis provides information about the size dis-
tribution of the SCG particles. As shown in Fig. S1 (support information),
an average of 75 % of the volume fraction of the SCG sample had par-
ticles with sizes equal or lower than 300 pm. A similar outcome was
obtained by Sousa and Ferreira (Massaro Sousa & Ferreira, 2019), which
found that, using sieves of size aperture ranging from 150 pm to 2400
pm, the mass fraction of SCG particles retained in sieves of size aperture

234

Waste Management 154 (2022) 232-244

above 600 pm was only 20 % of the total. The higher mass fraction found
by these authors was about 30 % for particle size of around 310 pm. It
should be emphasized that the particle size as well as the particle size
distribution is dependent of the previous coffee grain milling process.
Therefore, different results can be obtained from SCG collected from
other waste points.

3.1.2. Humidity analysis

Numerous research studies pointed out the resistance to water as one
of the most important factors in the fabrication of natural fibre com-
posites. Moisture has great influence in the composite fabrication pro-
cess as water presence can cause dimensional changes and deterioration
of properties (Almudaihesh et al., 2020). SCG is a residue with a fine
particle size, high moisture and high organic load, that is obtained as
residue after coffee preparation using raw coffee powder and boiling
water (McNutt & He, 2019). The high absorption of water in materials
containing natural fibres, such as SCG, is due to the presence of hydroxyl
groups at the surface of those natural fibres that have high-affinity to-
wards water molecules (Garcia-Garcia et al., 2015)(Gurunathan et al.,
2015). Fig. S2 (support information) shows the evolution of the total
mass loss during the SCG drying process in the oven. The samples pre-
sent major changes in mass loss within the first two hours. After 3 h, the
total amount of moisture loss was about 30 wt%. Approximately after 5
h of drying, the samples reached a plateau of approximately 50 wt% of
total mass loss. This amount did not change substantially after 5 h
indicating that the samples were already dried at that time. However, it
should be emphasized once more that these results are valid for the SCG
derived from the preparation of the expresso coffee beverage that
originates SCG in the form of cake. Although other types of beverage
preparation can lead to different amounts of moisture in the SCG, the
results show that SCG can retain a great amount of water (around 100 %
of its weight). Therefore, SCG composites must be protected from highly
moisture environment for lasting applications. On the other hand, this
highly sensibility to moisture could be advantageous for biodegradable
applications.

3.1.3. Thermogravimetric analysis — TGA

Fig. 1 presents the TGA results for SCG, showing the variation of
weight of the SCG with temperature. The dashed line represents the
weight loss while the bold line represents the derivative weight loss. The
plot shows four distinct regions of weight variation, as previous reported
by Garcia-Garcia et al. (Garcia-Garcia et al., 2015): i) the first, with a
weight loss of about 4 wt%, occurs between the initial temperature and
about 110/120 °C, and corresponds to the loss of residual moisture of
the SCG (Ballesteros et al., 2015)(Baek et al., 2013); ii) the second re-
gion, ranging from 200 °C and 325 °C corresponds to the depolymer-
ization of hemicellulose, with a sharp weight loss, corresponding to
about 50 wt% of the total weight loss, and with a peak of weight loss at
300 °C. Similar results were also obtained by Bejenari and Lisa (Bejenari
& Lisa, 2019) for temperatures above 230 °C and were attributed to
thermal depolymerization of hemicelluloses. Garcia-Garcia et al. re-
ported a weight loss of 43 % for this stage but within a temperature
range between 170 °C — 350 °C; iii) the third region, ranging between
325 °C and 430 °C, corresponds to cellulose degradation, with a weight
loss of about 20 wt%. In several studies, in regions 2 and 3, ranging
approximately between 200 °C and 500 °C, a steep slope is observed in
the TGA curves, corresponding to a significant decrease in weight due to
the release of volatile hydrocarbons resulting from the rapid thermal
decomposition of cellulose, hemicellulose and lignin. Cellulose and
hemicellulose decompose in the temperature range of 150 °C to 390 °C,
while lignin has a wider range of decomposition temperature, which can
range between 250 °C and 500 °C (Tangmankongworakoon, 2019)
(Chen & Kuo, 2010)(Sanchez-Silva et al., 2012); iv) Finally, at temper-
atures higher than 430 °C, the fourth and last region presents a weight
loss of about 22 wt% due to decomposition of remaining lignin. The
remaining mass is formed by the mineral material transformed into
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Fig. 1. Thermogravimetric (TGA) and derivative TGA curves of SCG.

ashes (metallic oxides) (Chen & Kuo, 2010)(Sefain & El-Kalyoubi,
1984). Similar behaviours are reported in scientific studies related to
lignocellulosic biomass (Zarrinbakhsh et al., 2016).

Fig. S3 (support information) shows the complete isothermal weight
loss curves (including heating period up to the test temperature followed
by 30 min at constant temperature) for SCG. In the first 8 min of heating
(which corresponds to a maximum heating of 120 °C) the weight loss
that occurs in all samples (about 4 wt%) corresponds to the evaporation
of water. From that moment on, there is a certain stability in the weight
loss up to about 20 min of heating.

The insert of Fig. S3 (support information) shows the section of the
isothermal weight loss curves of the SCG corresponding to the first 25
min of heating at constant temperature. For the various isometric
curves, it is observed that up to the curve corresponding to 180 °C, the
weight loss is less than 5 wt%. For temperatures 240 °C and 260 °C, the
weight loss after 30 min is about 10 wt% and 17 wt%, respectively. Up to
a temperature of 180 °C there is a tendency for a greater weight loss with
increasing test temperature. The curves show similar behaviour in the
first 8 min of the test. The curve obtained at 200 °C shows a greater
weight loss in relation to the other curves at about 5 min after the
beginning of the test, which increases with time, although it follows the
trend of the other curves up to 200 °C. Using temperatures equal or
higher than 220° C, there is a more pronounced weight loss after 16 min,
following a different trend compared to the isothermals obtained with
temperatures lower than 200 °C. This situation indicates a process of
thermal degradation of the SCG (decomposition of the hemicellulose
and cellulose as mentioned above).

These results show that the loss of performance of the composite
materials due to the degradation of the fillers is residual when using
processing temperatures up to 180 °C. Processing is still possible at
around 200 °C as long as the residence time of the material in the
extruder does not exceed 8/10 min. It should also be noted that although
the weight loss is relatively small up to the isotherm of 180 °C, the
relatively low weight loss observed in the first 10 min, which corre-
sponds to less than 3 wt%, could mean the loss of volatile organic
compounds, that might originate composites with voids. To this value of
weight loss, it is also necessary to add the weight loss occurring in the
initial minutes of heating coming from the moisture present in the fillers.
Therefore, as long as the processing temperature does not exceed 200 °C,
the mechanical performance of the composites may not be compromised
by the degradation of the SCG fillers, but may be influenced by the
presence of voids resulting from the release of volatiles.
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3.1.4. Scanning electron microscopy (S.E.M.)

Fig. S4 (support information) shows SEM images of the SCG obtained
with different magnifications. The images show that the granules have
an irregular and porous surface that might allow a good interaction with
the polymeric matrix. The porous surface also explains the high ab-
sorption/adsorption capacity of the SCG towards moisture. The analysed
sample, also shows a typical size distribution of particles resulting from
the milling process, consisting of very small particles, with dimensions
less than 100 um, and particles with dimensions in the order of 500 pm.

3.2. PP/SCG composites characterization

3.2.1. Melt flow index

Melt flow index (MFI) measurements were used as simple method to
examine the flow characteristics of PP/SCG composites in the molten
state. Fig. 2 presents the MFI results of neat PP and PP/SCG composites.
Both PP used have different MFI. An increase of the MFI is observed after
the inclusion of the SCG filler. However, the increase of MFI is more
pronounced when PP homopolymer is used. The amount of SCG seems to
have a negligible effect on melt flow index, with only the composites
with 60 wt% of SCG showing a subtle increase of MFI compared to the
other PP/SCG composites. The increase in MFI might be due to some oils
present in the SCG that could have a lubricating effect (Ballesteros et al.,
2014). These MFI results are quite the opposite from other MFI results
reported for other fiber/polymer composites. Gallegher et al. (Gallagher
& McDonald, 2013) reported a decrease of MFI of wood plastic com-
posites with increasing amounts of wood fiber. Similar results were re-
ported by Tasdemir et al. (Tasdemir et al., 2009) for PP/wood fiber
composites. In our case, it is generally found that even with the addition
of high loads of SCG the processability of the composites is not nega-
tively affected but instead it is improved. This can be confirmed by the
fact that composites with high loads of SCG were successfully processed
by extrusion and injection molding.

3.2.2. Density

The dimensional stability of the composites can be influenced by its
density. Low-density composites can absorb moisture and retain more
water than high-density composites since low-density composites pre-
sent more voids, porosities, and open spaces (Taib & Julkapli, 2018).
Natural fibres have densities in the range of 1.2 — 1.6 g.cm ™2 (Karimah
et al., 2021) while neat PP has a density of 0.9 g.cm™3. By the rule of
mixture this would mean that adding SCG to neat PP would lead to an
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Fig. 2. MFI of neat PP and of PP/SCG composites with different amounts of SCG filler.

increase in the density of the composite. Fig. 3 shows the results ob-
tained for the density of neat PP and of PP/SCG composites. The
incorporation of SCG in the PP matrices leads to an increase in density
compared to neat PP. Equally, increasing the SCG load leads to a slight
increase in the PP/SCG composite density. Similar results were reported
for composites reinforced with natural fibres (Soleimani et al., 2008)
(Rosa et al., 2009)(Shinoj et al., 2010). This behaviour is normally
attributed to the higher density of the natural fibre (Soleimani et al.,
2008). Rosa et al. (Rosa et al., 2009) observed only a expressionless
increase in the composite density and attributed it to the lack of pene-
tration of the PP matrix within the natural fibres thus producing com-
posites with lower densities than the expected.

3.2.3. Optical microscopy

Optical microscopy makes it possible to assess the degree of disper-
sion and distribution of particles within the polymer matrix. Fig. 4 shows
the images obtained by optical microscopy of composites for both PP
copolymer and PP homopolymer. The images show SCG particles with
different sizes and geometries heterogeneously distributed within the PP
matrix. The distributive mixing is equivalent in both samples, as the SCG

1.10

particles are equally scattered throughout the entire sample. The mi-
crographs also show the presence of some larger particles mixed with a
great number of smaller particles. For both PP homopolymer and PP
copolymer composites with 20 wt% of SCG there are no visible signs of
agglomeration of SCG particles. With 60 wt% SCG load, the micrographs
also show the presence of particles of different sizes equally distributed
throughout the entire sample indicating that the amount of SCG had no
visible effect on the distributive mixing of the SCG within the PP matrix,
although the higher load of SCG promotes greater discontinuity of the
matrix. The larger difference in SCG particle size is due to the process of
coffee grinding as observed previously by the granulometric analysis to
the SCG. Another possibility is the mechanism of erosion of the SCG
particles during extrusion that yields smaller fibres that are then
distributed in the matrix (looking like small dots). This is also corrob-
orated by the presence of smaller SCG particles when 60 wt% SCG is
used. Therefore, the amount of SCG load has no visible effect on the
distributive mixing of the SCG within the PP matrix, but has some in-
fluence on the disruption of the SCG particles and on its dispersion. Note
that the white spaces observed in the images of Fig. 4 (marked by the red
arrows) result both from scratches produced on the sample during the

1.05 M PP Copolymer

B PP Homopolymer
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Fig. 3. Density of neat PP and of PP/SCG composites with different amounts of SCG filler.
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PP Homopolymer

rw\ [ RORE;

Fig. 4. (a-d) - Morphology images of PP copolymer/SCG composites: a) 20 wt% obtained with 4x magnification; (b) 20 wt% and 10x magnification; ¢) 60 wt%
obtained with 4x magnification; d) 60 wt% and 10x magnification. (e-h) - Morphology images of PP homopolymer/SCG composites: e) 20 wt% obtained with 4x
magnification; (f) 20 wt% and 10x magnification; g) 60 wt% obtained with 4x magnification; h) 60 wt% and 10x magnification.
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preparation for optical microscope observation and from regions where
coffee grains might have been eliminated during cutting of samples.

3.2.4. Scanning electronic microscopy

Scanning electron microscopy was used to investigate the SCG sur-
face and their interfacial adhesion with polymeric matrix. The effect of
polymer type is evaluated by comparing the SEM images of the com-
posites prepared with each PP polymer type.

Fig. 5 shows SEM images of the fractured surfaces from impact tests

Waste Management 154 (2022) 232-244

of PP/SCG composites obtained with different magnifications. In both
cases, the images show a random filler dispersion within the polymer
matrix without significant particle agglomeration, as already suggested
by optical microscopy. The addition of SCG fillers to the polymer pro-
motes the formation of discontinuities in the PP matrix. In addition, in
both cases the composites show a gap zone (interfacial void) between
the SCG particles and the contiguous PP matrix suggesting poor inter-
facial adhesion between the SCG particles and PP matrix (images 5e and
5f at 5000X magnification). Similar observations were previously

Fig. 5. SEM micrographs of PP/SCG composites (20 wt% of SCG) prepared with PP homopolymer (left, a, c, €) and PP copolymer (b, d, f) at three magnifications:

500X (a, b), 1000x (c, d) and 5000X (e, f).
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reported for untreated SCG fillers within PP matrix (Garcia-Garcia et al., between the matrix and the SCG particles. Images at 500X (5a, 5b) and
2015). The gap zone is slightly more perceptible when using PP homo- 1000X (5¢, 5d) magnification shows slight craters and the presence of
polymer (images 5c¢, 5e). Another indication of poor interaction between some protuberances due to the pull-out of SCG fillers from the matrix. It
the polymer and the SCG fillers is the out-of-plane rupture surfaces would be expected, in the case of a strong interaction between polymer
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and matrix, an in-plane fracture between filler and matrix without
substantial pull-out of fillers. PP homopolymer composites (images 5a
and 5c¢) show higher craters and protuberances due to pull-out of SCG
compared to PP copolymer, which suggests lower interaction between
SCG particles and PP homopolymer compared to PP copolymer. Abhi-
lash et al. (Abhilash et al., 2021) observed, using SEM images, improved
adhesion between PP copolymer and bamboo fibres compared to PP
homopolymer. They reported that fractured surface of 30 % reinforced
PP homopolymer showed fibre-matrix debonding and fibre pull-out as
the most prominent micromechanical deformations compared to frac-
tured surface of 30 % reinforced PP copolymer matrix, which showed
fibre fracture and matrix yielding as the major factors causing defor-
mation in addition to fibre pull-out (Abhilash et al., 2021). In the
presence of good stress transfer between matrix and fibre there is less
debonding and filler pull-out during impact. During deformation,
debonding is the predominant process when there is poor adhesion be-
tween filler and matrix, while matrix yielding and/or filler fracture is the
predominant process when adhesion is improved (Renner et al., 2010).
In addition, the SEM images show the presence of micro voids, which is
another indication of poor interfacial bonding between SCG particles
and the PP matrix.

3.2.5. Mechanical properties

The effect of SCG on the tensile properties of the PP/SCG composites
is presented in Fig. 6, where tensile strength, Young’s modulus and
elongation at break are shown for the composites with SCG ranging
between 0 wt% and 60 wt%.

The plot in Fig. 6a show an almost linear decrease of the tensile
strength with increasing amounts of SCG in both PP homopolymer and
PP copolymer composites, although the decrease in this property is more
pronounced for PP homopolymer. This decrease in the tensile strength
can be attributed to poor adhesion between the SCG natural fibres and
the PP matrix, as observed in SEM images (Fig. 5), that results in a
deficient particle-matrix interface. The gap between filler and matrix
hampers the proper load transfer between the PP matrix and the stiffer
SCG filler, explaining the decrease of tensile strength. Similar outcomes
were previously observed and reported in other published studies
(Essabir et al., 2018) (Srubar et al., 2012). In addition, Baek et al.
attributed the decrease in the tensile strength to the weak bond between
the hydrophilic SCG filler and the hydrophobic PP matrix (Baek et al.,
2013). The micro voids observed in the SEM images, originated by poor
interfacial bonding between filler and matrix, hamper proper stress
propagation amongst the filler and the matrix resulting in lower tensile
strength (Yang et al., 2006). The high loads of SCG used in the com-
posites makes it more difficult the wetting of the particles by the matrix,
as observed in the optical microscopy images (Fig. 4c, 4d and 4h). Reis
et al. attributed similar decrease in tensile strength to improper particle
wetting (Reis et al., 2015).

Fig. 6b also shows a lower Young’s modulus for PP copolymer
composites compared to PP homopolymer composites, possibly due to
the differences in the Young’s modulus of the neat matrix, as neat PP
homopolymer has higher modulus than PP copolymer. An increase in
the Young’s modulus with increasing amounts of SCG is observed for PP
copolymer composites indicating an increase in its stiffness, which is
accompanied by the abrupt decrease in the elongation at break, espe-
cially for composites with loads of SCG of 40 wt% and higher (see
Fig. 6¢). In the case of PP homopolymer, the addition of SCG to the
polymer caused only a slight decrease in the Young’s modulus compared
to neat PP, however its effect in the elongation at break is very sever
even for 20 wt% SCG. The elongation at break decreased for all com-
posites compared to the respective neat polymer (Fig. 6¢). In the case of
PP homopolymer composites, the addition of SCG with any concentra-
tion lead to a remarkable decrease in the elongation at break suggesting
an increase in the brittleness of the material. For the PP copolymer, with
20 wt% the elongation at break dropped from 279 to 228.9 but with
increasing amounts of SCG filler the elongation at break dropped sharply
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as in the case of PP copolymer. This behaviour, the increase in Young’s
modulus and decrease of tensile strength and elongation at break with
increasing SCG loading, is typical of many polymer/natural fibre sys-
tems of which there are a number of reports in the literature (Tasdemir
et al., 2009). Optical microscopy images (Fig. 4) show the presence of
some larger particles, which promote large discontinuities in the matrix.
The presence of such large SCG particles in the polymer composite
during stretching may disturb chain orientation due to the considerable
larger size of fillers, compared to the orientation scale of polymeric
chains, originating stress concentration locations that worsens the
elongation at break and tensile strength of the composite (Zanjani et al.,
2020). The drastic decrease in elongation at break can also be attributed
to a high restriction in the chain movement within the polymer matrix
due to the presence of high loads of fillers in the system, which even-
tually causes stiffness in the composite (Al-Saleh et al., 2019). This
phenomenon is enlarged with the increase of the filler load within the
polymer matrix. In addition, the decrease in the elongation at break
might be related to agglomeration of filler at high loads or the presence
of large particles, as shown by the optical microscopy images (Fig. 4),
that introduce large discontinuities in the matrix, both acting as loca-
tions of stress concentration, resulting in fissure growth under the
applied tensile stress. The presence of voids and other imperfections at
the filler/polymer interface showed in the SEM images (Fig. 5) can also
induce fracture in highly crystalline polymers as pointed out by others
(Reis et al., 2015)(Srubar et al., 2012). The higher reduction in elon-
gation at break for the PP homopolymer, compared to PP copolymer,
might be due to the intrinsic inelasticity of relatively rigid PP homo-
polymer, as compared to PP copolymer, resulting in ineffective stress
transfer between polymer matrix and SCG filler and subsequent brittle
fracture (Joshi et al., 2017). The possible formation of voids and/or
micro-voids, as a result of the release of volatiles that occur during
processing, as observed by SEM images (Fig. 5) as well as the fracture of
SCG particles due to lack of cohesion, may be two other factors that
explain the pronounced degradation of the tensile strength strain and of
the elongation at break observed in the PP/SCG composites.

In addition to tensile properties, three other mechanical properties
were measured for the neat PP matrices and their corresponding com-
posites: the flexural modulus, that measures the tendency of the com-
posite material to bend, flexural strength, that measures the ability of
the material to resist deformation under load and the impact strength,
that measures the resistance of materials against fracture. Fig. 7a shows
the flexural modulus obtained for PP/SCG composites.

The plot shows that the flexural modulus increases with increasing
filler loading. Flexural strength (Fig. 7b) suffered a slight decrease for
both polymers with addition of SCG, which is expected for composites
with low interfacial adhesion between filler and matrix, due to stress
concentration phenomena. Garcia-Garcia et al. attributed this decrease
to the irregular size and shape of SCG particles that do not enable par-
ticle alignment during mixing (Garcia-Garcia et al., 2015). The irregular
size and shape of SCG particles can be attested by the already discussed
SEM images of the SCG particles (support information, Fig. S4).
Regarding the impact strength (Fig. 7c), composites prepared with PP
homopolymer exhibited relatively lower impact strength as compared to
those of PP copolymer. This is mainly due to inherent properties of both
PP homopolymer and PP copolymer, as neat copolymer PP showed
higher impact strength compared to neat PP homopolymer. The higher
impact strength of PP copolymer results from the higher inherent flex-
ibility of polymer chains due to polyethylene groups. The decrease of
impact strength with increased filler loading was previously reported
(Rahman et al., 2009)(Rana et al., 2003) and is attributed to the
incorporation of a more rigid natural fibre into the soft PP matrix.
Natural fibres have higher modulus compared to PP, and so it is expected
an increase in stress to obtain the same deformation with increasing
amounts of fibre. In addition, Fig. 7c shows that the impact strength
decreases with increasing SCG load. The decrease of impact strength
may also be explained by high SCG loads, some SCG agglomeration and
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Fig. 7. (a) Flexural modulus of PP/SCG composites, (b) Flexural strength of PP/SCG composites and (c) Izod impact strength of PP/SCG composites.

by the poor interfacial interaction between SCG particles and PP matrix,
as shown by optical microscopy and SEM images. Similar outcome was
reported by Thomason et al. (Thomason & Rudeiros-Fernandez, 2018).
Poor interfacial interaction between PP and SCG enables the formation
and propagation of micro-cracks at the fibre-polymer interface sections
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during impact conditions (Garcia-Garcia et al., 2015). The lower impact
strength of PP homopolymer/SCG composites compared to PP copol-
ymer/SCG composites may be explained by lower interaction between
SCG particles and PP homopolymer, compared to PP copolymer, as
attested by the presence of higher craters and protuberances due to pull-
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out of SCG particles (SEM images in Fig. 5a and 5c) in this composite
compared to PP copolymer composites. PP type (homopolymer or
copolymer) showed the most significant effect on the Young’s modulus
of the composites. Kim et al. (Kim et al., 2014) also reported the tensile
and flexural moduli of short wool fibre/PP composites as the properties
that were most influenced by PP type. They suggested that variation of
the wool/PP composite moduli is largely influenced by melt flow rate of
the PP during the extrusion. Sallih et al. (Sallih et al., 2014) reported
that PP MFI significantly affected the mechanical properties of kenaf/PP
composites, with higher PP MFI generating composites with better
mechanical properties compared to a lower PP MFI. This is also observed
in our study, where PP homopolymer is the one having higher MFI and
therefore, better mechanical properties in terms of tensile and flexural
behaviour. This may be explained by better particle wetting by the PP
homopolymer compared to PP copolymer. PP copolymer benefits from
its molecular structure and therefore the impact strength is better in this
case. The mechanical properties are strongly correlated with the degree
of dispersion and distribution of the particles within the matrix, as
mechanical performance is strongly conditioned by discontinuities in
the matrix caused by the inclusion of fillers. The structural properties of
polymer composites depend greatly on interfacial adhesion between
matrix and particles, but also on concentration, particle size,
morphology and spatial distribution of particle clusters (Khan et al.,
2020). Best mechanical performance is normally achieved with smaller

Waste Management 154 (2022) 232-244

size particles (Khan et al., 2020). Large particles and the presence of
particle clusters can act as defect sites, prompting the formation of
cracks and inducing fracture.

Fig. 8 shows the effect of SCG on the MFI and mechanical properties.
The data is normalized for comparison.

According to Fig. 8, PP homopolymer composites show the largest
variation in MFI and mechanical properties when SCG increase from 0
wt% to 20 wt%. No significant changes are observed with further in-
creases of SCG loading, with the exception of both the tensile strength
and the flexural strength, which continuously decrease with increasing
SCG loading. With loads higher than 20 wt%, flexural modulus increases
further with increasing amounts of filler, but these increases are less
pronounced compared to the first increase from 0 wt% to 20 wt% of
SCG. For the other remaining properties, there are no sudden changes in
properties with the increase in SCG load from 20 wt% to 60 wt%. In the
case of PP copolymer composites, the variations in mechanical proper-
ties with increasing amount of SCG load are larger compared to the same
properties observed in PP homopolymer composites. In this case, in
addition to the tensile strength that decreases continuously with
increasing amounts of SCG, the elongation at break decreases sharply by
increasing the amount of SCG from 20 wt% to 40 wt%, and the impact
strength decays continuously with increasing SCG load. The remaining
properties do not show great changes by increasing load of SCG from 20
wt% to 40 wt% and further to 60 wt%.
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Fig. 8. Variation in the properties of the composites with the amount of SCG load (a) PP copolymer and (b) PP homopolymer. The data were normalized, with the

value of 1.0 corresponding to the neat polymer.

242



M. Marques et al.

4. Conclusions

This study has examined the production of new polymer composite
materials based on SCG. Both PP copolymer and PP homopolymer with
SCG percentages up to 60 wt% were produced and characterized in
terms of its physical, morphological and mechanical properties.

The incorporation of SCG in the PP matrices leads to an increase in
density compared to neat PP. The density increased further with
increased amounts of SCG. An increase of the MFI is observed in the
composites after the inclusion of the SCG. However, the increase of MFI
is more pronounced when PP homopolymer is used. The greatest vari-
ations in the majority of the mechanical properties of PP homopolymer
occur when increasing SCG load from 0 wt% to 20 wt%. Further increase
of SCG loading up to 60 wt%, did not change considerably the me-
chanical performance, except for the tensile strength and flexural
strength, which continuously decrease with increasing SCG loading. PP
copolymer showed a continuous decay pattern of the properties, espe-
cially for tensile strength, elongation at break and impact strength. The
tensile strength decreased with increasing amount of SCG load. This
decrease in the tensile strength was due to poor adhesion and weak bond
between the hydrophilic SCG particles and the hydrophobic PP matrix.
The sharp decrease in elongation at break was due to the presence of
filler at high loads that promoted larges discontinuities in the matrix.
The Young’s modulus has shown a slight increase in the case of PP
copolymer. Impact strength also decreased with increasing amounts of
SCG filler due to poor interfacial interaction between SCG particles and
PP matrix and particle agglomeration. Flexural modulus showed an in-
crease with increasing amounts of SCG filler that was most evident in the
case of PP homopolymer, due to the incorporation of more rigid natural
fibre into the soft PP matrix. Increasing the SCG also lead to a slight
increase in PP/SCG composite densities. Optical microscopy showed
distributive mixing regardless of filler concentration and the presence of
SCG particles of different sizes and shapes within the polymer compos-
ite. SEM micrographs showed some gap voids surrounding the SCG filler
within the PP matrix possibly explaining the lower tensile and impact
strength of the PP/SCG composites compared to the neat PP. PP ho-
mopolymer composites showed higher number of craters and pro-
tuberances due to filler pull-out compared to PP copolymer, which may
indicate better stress transfer from matrix to filler when using PP
copolymer. In overall, PP copolymer composites showed lower Young’s
modulus and flexural modulus but performed better in terms of impact
strength compared to PP homopolymer composites.

This research work has shown that spent coffee grounds can be used
as fillers in the preparation of environmentally friendly composites with
SCG load up to 60 wt% thus contributing to the reuse of waste generated
by the coffee industry.
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