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Abstract

- Maurizio Fiorini' - Isabella Lancellotti? - Fernanda N. Andreola? - Andrea Saccani’

Particulate composites based on poly(lactic acid) and poly(butylene succinate) biopolymers have been formulated. Silver
skin, the by-product derived from the roasting of coffee beans, has been used as a filler up to a 30 wt% of loading. The
microstructure, crystallinity, thermal stability, mechanical properties and water absorption of the derived composites have
been investigated. Data so far collected underline that a trade-off of the mechanical properties can be obtained by adding the
filler, while the overall amount of crystallinity remains constant. Up to the highest filler content, moisture uptake follows a
Fichian behaviour while the value of the contact angle is slightly increased by modification. Thus, silver skin, which actually
is used for fuel or soil fertilization, finds here a different environmentally friendly valorization into the field of biocomposites.
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Introduction

Circular economy is becoming an imperative goal of society
in order to ensure further sustainable developments. Waste
valorisation is a key aspect of this challenge. Agricultural
wastes offer the advantage of being generally non-toxic and
can consequently be recycled without any pre-treatment.
Agro-wastes can be exploited to recover valuable chemi-
cals. Antioxidant [1-4] are one of the main products that
can be obtained. However, ad hoc chemical treatments are
requested to recover substances from agro-wastes: this
approach implies economical efforts and does not com-
pletely eliminate the problem of wastes. A different approach
takes advantage on the use of agro-wastes as fillers to pro-
duce polymer matrix composites on account of their almost
negligible cost. Although traditional oil-derived commodi-
ties, such as polyethylene, polypropylene or PVC [5-10] can
be loaded by these fillers, higher environmental benefits can
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be obtained by using renewable polymers as a matrix. PLA
is the most investigated among them [11]. Residuals of wine
production [12], orange peel flour [13], lignin based fillers
[14, 15], farm dairy effluents [16], almond shells [17] and
nutshells [ 18] have been used as a dispersed second phase.

PBS is another renewable polyester gaining attention as
a potential substitute for the traditional materials in packag-
ing [19-24].

Coffee is one other important, widespread source of agro-
wastes [25, 26]. It has been investigated in different forms
either as a source of antioxidant and valuable chemicals
[27-30] and as a filler in composites [31-36]. Silver skin is
the integument surrounding the coffee beans and after the
roasting process, it becomes a by-product. About one hun-
dred kilograms of silver skin is produced out of five ton of
roasted coffee. Some researchers have been made to promote
its recycling [37, 38], but presently silver skin is just sent to
damping. In the present study, the formulation of compos-
ites containing up to a 30 wt% of silver skin as a filler have
been investigated exploiting PLA and PBS as matrixes. The
most predictable use of these materials is in the packaging
industry, which offers the opportunity of employing large
amounts of wastes. At the same time, waste loading can
lower the overall material price that is presently the limiting
factor to the widespread diffusion of renewable polymers. So
far, the mechanical properties, thermal stability and moisture
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interaction of the composites have been investigated to
assess materials reliability to this task.

Experimental
Materials

Commercial PLA (Ingeo™ Biopolymer 3100HP) with a
density of 1.24 g/ml and a MFR of 24 g/10 min (210 °C,
2.16 kg) was obtained from NatureWorks. Commercial
PBS (PBE003) with a density of 1.26 g/ml with a MFR
of 4-6 g/10 min (190 °C, 2.16 kg) was obtained from
NaturePlast.

The filler, silver skin (hereafter referred to as SSK), was
kindly supplied by Cagliari spa (Modena, Italy). The mor-
phology of the as received SSK is reported in Fig. 1. Before
compounding, SSK was ball-milled for 20 min to obtain
the final particle size distribution reported in Fig. 2 and the
morphology shown in the same Figure. The milled waste has
an almost equiaxed shape lacking the high 1/d values typical
of fibers reinforcement.

Filler Characterization

The total content of C, H, N and S was determined by
combustion of the samples in an O, atmosphere using the
Elemental Analyzer THERMOFISHER mod. FLASH 2000.
The surface chemical composition of SSK was evaluated by
ATR FT-IR over the wavenumber range 650-4000 cm™! by
accumulation of 32 scans at a resolution of 4 cm™!, using a
Perkin Elmer Spectrum One FT-IR spectrometer equipped
with a Universal ATR sampling accessory.

The mineralogical analysis of the silver skin powder
was carried out by using a conventional Bragg—Brentano
powder diffractometer (PW3710, Phillips) with Ni-filtered
Cu Ka radiation using brackett holder. The patterns have

Fig. 1 Morphology of the as received SSK
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Fig.2 Size distribution and morphology of ball-milled SSK

been recorded on the powdered sample (<38 um in size)
in the 5-70° 20 range (step size 0.02° and 1 s counting
time for each step). The identification of crystalline phases
was made under comparison with data on the JCPDS files.

Composite Manufacturing

Braebender® batch mixer was used to mix PLA and PBS
with SSK (10, 20 and 30 wt% respect to the polymer).
Compounding was carried out at 190 °C (PLA) and 125 °C
(PBS) respectively for 10 min at 60 rpm. Before com-
pounding, all materials were treated for 12 h in vacuo at
60 °C to eliminate adsorbed moisture. The obtained mate-
rials were milled at low temperature. The samples prepared
reported in Table 1 are named PBSXSSK, or PLAXSSK
where X is 10, 20 or 30 wt%. Out of the derived powders,
the following specimens were obtained: dog-bone samples
(2x5%30 mm) to be submitted to tensile tests, discs with
a 30 mm diameter and 1 mm thickness for contact angle
and moisture absorption tests.

Table 1 Summary of the

> . Matrix Sample SSK
samples investigated

(Wt%)

PLA PLA 0
PLA10SSK 10
PLA20SSK 20
PLA30SSK 30

PBS  PBS 0
PBS10SSK 10
PBS20SSK 20
PBS30SSK 30
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Tests and Procedures

Thermal stability of the materials was evaluated from the
thermograms recorded from 50 to 800 °C in nitrogen flow
(40 ml/min), scan rate 10 °C/min, by means of a Thermo
Gravimetric PerkinElmer TGA4000.

The calorimetric analysis was carried out by means of a
Perkin Elmer DSC6. Measurements were performed under
nitrogen flow. To delete their previous thermal history,
samples (about 10 mg) were first heated at 20 °C min~!
from 40 to 140 °C (PBS) or 220 °C (PLA), kept at the
highest temperature for 2 min and then cooled to — 60 °C
(PBS) or 0 °C (PLA) at 10 °C min~'. After this thermal
treatment, the samples were analyzed by heating from
—60 °C or 0 °C to 140 °C or 220 °C at 10 °C min~' (2nd
scan). During the cooling scan the crystallization tempera-
ture (7,) and the enthalpy of crystallization (AH,) were
measured. During the 2nd scan the glass transition tem-
perature (7},), the melting temperature (7,,), the enthalpy
of melting (AH,,), the cold crystallization temperature
(T,.) and its enthalpy (AH,.) were measured. The degree of
crystallinity (X,) of the composites was calculated accord-
ing to Eq. (1):

X (%) = = B 100 (1)
AH W

where (AH? ) is the enthalpy of 100% crystalline PLA

(91.0 J/g) [39] or PBS (200.0 J/g) [40] and w is the weigth

fraction of PLA or PBS in the composites.

Tensile tests were performed by an INSTRON 5966
series apparatus equipped with a 10kN load cell (test speed
5 mm/min, room temperature 19+ 1 °C and 70+ 10%
R.H.) on five samples for each composition. The value of
the Young modulus was obtained from the stress/strain
curve without the use of extensometer, thus providing a
lower value than that usually reported for PLA and PBS.

SEM analysis (FEI, XL20 microscope, secondary elec-
trons detector) was carried out on the waste powders or on
the unperturbed fracture surfaces of samples submitted to
the tensile tests, after aluminium sputtering by means of
an EMITECH mod. K550 equipment.

Water absorption has been measured on three disks for
each composition. Samples were previously dried in vacuo
at 60 °C for 24 h, to determine the initial dry weight; after-
wards, they were stored at 98 +1% R.H. and 25+ 1 °C and
the weight was determined at scheduled times.

The water contact angles were measured using a drop
shape analyser (DSA30S- Kruss). For every measurement
point, the average value of contact angles measured on five
locations on the sample was taken.

@ Springer
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Fig.3 X-ray analysis of SSK
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Fig.4 FT-IR spectrum of SSK

Results and Discussion
Silver Skin Characterization

The elemental analysis of SSK can be summarised as it
follows: N% 3.24; C% 44.07; H% 5.81; S% 0.00, ashes
9.32 wt% (550 °C after 4 h). Compared to the composition
of other wastes deriving from the production of soluble
coffee [25], SSK shows a higher amount of nitrogen and
lower amounts of carbon and hydrogen. Data are quite
similar to those of others SSK [37].

Figure 3 reports the X-ray analysis of the waste. The
major crystalline peak occurs at 20 =23°, which represents
the cellulose crystallographic plane (002 Brag Brentano)
[41] while the remaining waste shows an amorphous char-
acter as underlined by the shape of the diffractogram at
low 20 values.

ATR FT-IR spectrum of SSK (Fig. 4) shows the char-
acteristic absorption bands of lignocellulosic materials,
mainly consistent in polysaccharides (cellulose, hemicel-
lulose), lignin, proteins, fats and minerals. The broad band



Journal of Polymers and the Environment (2019) 27:1488-1496

1491

around 3300 cm™~! is due to OH and NH stretching. Asym-
metric and symmetric CH stretching are visible at 2920
and 2850 cm™!. The latter band is reported in many caf-
feinated beverages and is usually associated to the methyl
group in caffeine, while the first band is reported to be
related to lipids [37]. The presence of caffeine is confirmed
by the carbonyl stretching at 1640 cm™!. Such band is also
associated to chlorogenic acid [42] or adsorbed water [43].
The intense band at 1030 cm™' is due to C-O stretching
and CH rocking vibrations from polysaccharides. Those
findings are in agreement with literature [37, 42, 43].

Concerning the thermal properties of SSK, Fig. 5 shows
the TGA profile and the corresponding derivative curve. A
5 wt% loss takes place at low temperature (< 180 °C) due
to water removal. The main decrease (about 50 wt%) takes
place in SSK from 220 to 370 °C. This corresponds to the
overlapping of two decomposition peaks, the lower referred
to the decomposition of hemicellulose and the higher to cel-
lulose [44].

This confirms data obtained from FT-IR and X-ray
results. The remaining material, about 30 wt% of the whole
amount, is partially made of lignin as witnessed by the small
peak at 450 °C, which can be associated to partial decompo-
sition of lignin and proteins. No further loss takes place up
to the highest investigated temperature.

Composite Characterization

TGA curves of composites containing SSK from 10 to 30
wt% prepared using commercial PLA and PBS are reported
in Fig. 6, while the thermal data are summarized in Table 1.
As can be seen both PLA (Fig. 6a) and PBS (Fig. 6b) com-
posites up to about 200 °C show the same behaviour as the
one of the plain matrix. The curves, as well as the T, data,
highlight that all composites present lower thermal stability
as a function of filler loading: PLA and PBS matrix, having
higher thermal stability respect to SSK, play a dominant role
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Fig.5 TGA and dTGA profiles of SSK
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Fig.6 TGA profiles of a PLA and its SSK composites and b PBS and
its SSK composites

in thermal behaviour. The decrease can be due to two main
reasons: the metals present in SSK, which can catalyse the
degradation of the matrix as underlined in other researches
[37, 45], and the moisture released by the filler, which can
induce hydrolysis of the ester groups. This behaviour is more
marked in PLA series probably because PLA is more sensi-
tive to temperature and hydrolysis respect to PBS.

The results of DSC analysis are summarized in Table 2.
The values of enthalpy have been referred to the amount of
matrix present in the different composites.

For PLA, the main difference is found on the values of 7,
that are at least 5 degrees below that of the plain matrix. The
amount of crystallized polymer is also slightly decreased,
thus indicating that the filler hinders the growth of the poly-
meric crystals and inhibits crystallization. This trend is not
confirmed for the 30 wt% composition, in fact in this case
the thermal data are closed to the one of the neat polymer.
During the subsequent heating treatment, as also reported
in literature [46], the polymer matrix is able to recrystallize
(T,.) at high temperature and then melts at around 175 °C.
The presence of the cold crystallization is caused by a
primary nucleation occurring above its 7,, when polymer

@ Springer
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Table 2 Thermal

Tom‘er (OC) T( (OC) AHc (J/g)

Cooling scan

2nd heating scan

T,(°C) T,.(°C) AH, (/) T,(°C) AH, (lg) X (%)
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N Sample TGA DSC
characterization of the
investigated materials
PLA 315 102
PLA10SSK 296 95
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Fig.7 Stress—strain curves from tensile tests of a PLA and its SSK
composites and b PBS and its SSK composites

chains become flexible and achieve an ordered state via an
exothermic process. The addition of SSK in general seems
to decrease this phenomenon in particular for the 30 wt%
composition. PBS instead crystallizes at 84 °C and melts at
115 °C. The composites do not show any significant differ-
ence respect to the homopolymer: all parameters (7., AH_,
T,, AH,) are quite similar and unaffected by the presence of
the filler. Moreover, for both the polymer series, the addition
of SSK determines an increase of the degree of crystallinity
as already reported by Sarasini et al. [37].

With regards to the tensile properties Fig. 7 shows the
typical stress—strain curves while Table 3 summarizes the

@ Springer

Table 3 Mechanical properties of PLA and PBS and their composites

E (MPa) 6 max (MPa) gy (%)
PLA 1615+ 11 59.2+0.8 7.1x15
PLA10SSK 1759+3 472+15 3.7+0.2
PLA20SSK 1971425 45.9+0.7 3.8+04
PLA30SSK 2146+ 10 291+1.4 1.5+0.1
PBS 375+3 16.1+£0.9 5.6+0.4
PBS10SSK 590+5 13.0+£0.2 25+0.1
PBS20SSK 699+9 15.2+0.9 2.8+0.2
PBS30SSK 886+9 16.1+0.3 24+0.1

corresponding mechanical properties (i.e. strength, modulus
and deformation at break) for PLA and PBS composites. For
both polymers, the addition of SSK increases the value of
the elastic modulus. The increase is particularly strong in
the case of PBS (+ 130% at 30 wt% of filler) but it is also
remarkable in PLA (+30% at 30 wt% of filler). This can be
considered as evidence of an efficient dispersion and wet-
tability of the filler in the relative matrix. In both polymers,
the deformation at break decreases as the amount of filler
increases. This behavior has already been found in other
composites where thermoplastic matrix has been modified
by the addition of natural fibres [47-50]. As to what con-
cerns tensile strength the effect is different in the two poly-
mers. In PBS values are almost unaffected by the addition
of SSK. In PLA based materials tensile strength decreases
as the amount of filler increases particularly at the highest
concentration. Different effects may contribute, in this case,
to the frequently observed decrease in the tensile strength of
filled thermoplastic matrix. First of all, degradation reactions
taking place during compounding [51], leading to a decrease
in PLA molecular weight accelerated by the presence of
metal ions in SSK and then the slight hindering effect of
the filler on crystalline phase development in the samples,
as observed in DSC measurements. These processes are not
observed in PBS composites due to the lower compounding
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temperature (125 °C compared to the 190 °C of PLA). In
the present research, it was not possible to determine the
mechanical properties (i.e. tensile strength, elastic modulus)
of the filler (SSK) and this hinders the possibility to perform
detailed theorical analysis of the mechanical properties of
the composites.

Figure 8 shows the fracture surfaces of PLA composites
disclosing the composites microstructure, while Fig. 9 shows
the fracture surfaces of PBS composites. No evidence of not
homogeneous dispersion of the filler is observed even at the
highest amounts in both composites. Filler addition creates
arougher surface than that of the plain polymers. However,
no enhanced yielding is detected, as found for other organic
fillers used to formulate PLA composites [12], in agreement
with the decrease of the deformation at break reported in
Table 2.

The values of contact angle are reported in Fig. 10, as a
function of the waste amount. An increase is found in both
materials as the amount of SSK increases, but it is more
pronounced in PLA series. However, the data are associated

*
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Fig. 8 Fracture surfaces of PLA based materials

to standard deviation values rather large, indicating a certain
lack of homogeneity of the surface.

Water absorption is shown in Figs. 11a PLA and Fig. 11b
PBS reported as a function of the squared root of time
(hours).

SSK progressively increases the overall amount of
absorbed water. The absorption trend is however asymp-
totic and the process still follows, even at the highest SSK
content, Fickian behaviour. On account of the drastic condi-
tions of humidity applied during the tests and on the limited
increase on water uptake, all composites can be still consid-
ered reliable in packaging applications.

Conclusions

The main conclusions from the experimental work can thus
be summarised:

— It is feasible to produce composite materials by adding
up to a 30 wt% of silver skin to PLA and PBS polymers.
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Fig. 10 Contact angle versus SSK content for the investigated com-
posites

— This addition is particularly positive in PBS, where a
large increase in the Young modulus is obtained, without

@ Springer

decreasing the tensile strength of the materials. Moreo-
ver, the crystallization kinetic of the compounds is unal-
tered even at the highest silver skin content.

In PLA a trade off concerning the mechanical properties
can be obtained since the value of the Young modulus
is increased while the tensile strength is progressively
reduced on increasing the filler amount. Crystallization
is only slightly hindered by the presence of silver skin.
These differences can derive from the higher compound-
ing temperature necessary in PLA composites that can
lead to a partial decomposition of the filler affecting PLA
performances.

This approach has a high potential as to what concerns
the diffusion of two of the most promising renewable
polymers in packaging by both reducing the amount of
matrix, that is presently more expensive than oil derived
materials, and avoiding damping of silver skin.
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