
AR T I C L E

An investigation on the possible use of coffee silverskin in
PLA/PBS composites

Amir Kia Aghaye Ghazvini1 | Graham Ormondroyd2 | Simon Curling2 |

Andrea Saccani1 | Laura Sisti1

1Department of Civil, Chemical,
Environmental and Material Science
Engineering, Bologna, Italy
2The BioComposites Centre, Bangor
University, Bangor, UK

Correspondence
Simon Curling, The BioComposites
Centre, Bangor University, Bangor, LL5
2UW UK.
Email: s.curling@bangor.ac.uk

Abstract

The production of degradable packaging materials is a task that can be no lon-

ger postponed. Moreover, high amounts of agricultural wastes are landfilled

without any recycling. In this research, the possibility to formulate particulate

composites made of biopolymers filled with coffee waste with acceptable physi-

cal and mechanical characteristics that will degrade is investigated. The addi-

tion of this agricultural waste, by reducing the requested amount of

biopolymer, can decrease the overall price of the material presently the main

limiting factor to the use of biopolymers in the packaging industry. Silverskin,

the integument of coffee beans discarded during the roasting process, after a

milling step, is added up to a 30 wt% either to polylactic acid (PLA) or to a

blend of PLA and polybutylene succinate. The filler can be homogeneously dis-

persed in both systems. The data shows that the silverskin filler increases the

elastic modulus but decreases the tensile strength of the material and helps the

development of crystal phase in the matrix. The thermal stability and the

hydrophobicity of the materials stay almost unchanged on filler addition.

Moreover, data shows that the addition of silverskin increases the materials

susceptibility to microbial attack.

KEYWORD S

coffee waste, durability, particulate composites, PLA/PBS blends

1 | INTRODUCTION

The drive for green production systems and materials for
developing circular economy scenarios requires a careful
assessment and a change in materials used. A key con-
cern is the use of fossil fuel-based plastics that are persis-
tent and non-degradable in the environment.1–3

Therefore, the use of polymers deriving from renewable
sources, capable of being degraded if dispersed in the
environment or that can be exploited in compost

production is a valid alternative to the use of oil derived
commodities.4–6 Among the different choices, polylactic
acid (PLA) has attracted significant interest and is one of
the biopolymers more widespread in use.7–9 Whilst PLA
is a useful polymer, in many cases it can be too brittle for
specific end uses1 and so it is often blended with other
biopolymers such as polybutylene succinate (PBS) or poly
(butylene adipate-co-terephthalate) (PBAT).10–18 This
blending can change, among other characteristics, the
plasticity of the resultant blend making it more suitable
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for a wider range of uses. Another mechanism to change
the properties of biopolymers is by the addition of fillers;
when this filler is derived from agricultural or food
wastes, the environmental benefits can be even more sig-
nificant, and also reduce the overall amount of polymer
needed which may have economic benefits. On the agri-
cultural side, lignocellulosic plant fibers have been used
to produce wood flour19,20 or pure cellulose, in the form
of microfibrillated or nanocellulose,21,22 which has then
been used to formulate composites. The main source of
food waste is generally from industrial processing rather
than domestic waste, but a wide range of food wastes
have been investigated for producing plastic composites;
for example wine harvest residues,23,24 eggshells,25 tea
waste,26 shellfish shell,27 orange peel,28 lemon peel,29 gar-
lic skin.30 One industry that does produce considerable
worldwide waste is the coffee industry where 45% of the
bean goes to waste31 either as husk, peel, pulp, or
silverskin. The coffee silverskin is the thin covering skin
on coffee beans and is a by-product of the beans roasting
process. For each ton of treated beans, around 20–30 kg
of silver skin are produced and with 9.5 million tons of
coffee produced in 2018,32 this forms a considerable
waste stream. The chemical composition of silver skin is
mainly based on soluble and insoluble dietary fibers, car-
bohydrates, and fatty acids.33,34 They also contain pheno-
lic and melanoidin35 compounds that could be used as
antioxidant additives. Whilst there are a number of
approaches for the reuse of coffee waste, for example, for
production of bioplastics such as poly-
hydroxyalkanoates36 this paper concentrates on the use
of coffee waste as a filler material for bioplastic blending.
This use of spent coffee grounds and silver skin has been
proposed in the formulation of several bioplastics with
the majority of these utilizing polypropylene37 or polyeth-
ylene38,39 due to their good properties and widespread
use. However, the use of alternative biodegradable poly-
mers such as PLA40–42 or PBAT43,44 has been investi-
gated. Use of coffee waste has been shown to reduce
tensile strength but increase the young's modulus when
used with polypropylene. However, with PLA or PBAT,
whilst Young modulus is still increased, the tensile
strength can be either increased or decreased based on
processing parameters and rigor of any preprocessing of
the coffee waste, although some advantage to using
silverskin over spent grounds was reported.31

The present research investigates the use of coffee
silverskin (up to a 30 wt% fraction) as a filler with PLA as
it is presently one of the most commonly used biopoly-
mers and with a blend of PLA/PBS. A blend containing
90% wt PLA and 10% PBS is selected, since higher
amounts of PBS lead to an incomplete miscibility. The
aim of using this blend is to increase the plastic

deformation of PLA as well as to increase both its
processing capabilities and its tendency towards hydro-
lytic degradation. Moreover, the waste addition is per-
formed in order to produce a bioplastic with improved or
comparable physical characteristics compared to PLA
that can also degrade naturally over time. To improve the
environmental credentials no chemical treatments were
performed on the filler. An overall characterization of the
composites has been carried out to study the effect of nat-
ural filler addition. The mechanical properties of the
derived composites as well as their thermal properties
were determined. Since the most likely use of these mate-
rials is in the packaging industry, the interaction with
moisture (hydrophobicity) and the effect of microbial
activity in soil were also investigated.

2 | MATERIALS AND METHODS

2.1 | Materials

Poly lactic acid (PLA) (Ingeo™ Biopolymer 2003D) with
specific gravity of 1.24 g.cm�3 and melt flow index (MFR)
equal to 6 g.10 min�1 (210 C, 2.16 kg) was obtained from
NatureWorks LLC CO., USA. Bio-based polybutylene
succinate (PBS) (BioPBS™ FZ91PM) with specific gravity
of 1.26 g.cm�3 and MFR equal to 5 g.10 min�1 (190 C,
2.16 kg) was supplied by PTT MCC Biochem Co.,
Thailand.

Coffee silverskin was obtained from roasting process
of coffee beans (a mixture of about 30%wt of Robusta and
70%wt of Arabica), provided by Caffe'Cagliari spa Co., in
Modena, Italy. The elemental analysis of coffee silverskin
can be summarized as it follows: N% 3.24; C% 44.07; H%
5.81; S% 0.00, ashes 9.32 wt% (550�C after 4 h). Coffee
silverskin was ball milled in a rotary mill (MMS, Non-
antola, Italy) at 200 rpm for 20 min in a 300 ml Alubit jar
at room temperature, with the final particle size distribu-
tion obtained by laser granulometry using a Malvern
Mastersizer 2000 model (produced by Malvern Instru-
ments, UK) as shown in Figure 1. Hereafter, the coffee
silverskin will be simply referred to as CS.

2.2 | Sample preparation

Prior to compounding, PLA, PBS, and CS powders were
oven-dried at 60 C under vacuum for 12 h to eliminate
moisture and any absorbed gases. The compounding pro-
cess for each of the different polymer/blend compositions
was performed using a plasti-corder apparatus (Produced
by Brabender Co, Germany) at 190 C for 10 min with a
rotational speed of 60 rpm.
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From this compounded material “dog-bone” shaped
samples with dimensions of 25���5���2 mm, were pro-
duced by injection molding using Haake minijet pro (Pro-
duced by Thermo scientific Ltd.) for Tensile test. Film
samples were obtained from the compounded blends by
sheet formation via extrusion using a twin-screw extruder
(Labtech scientific type LTE �26-40) and a film casting
line (Labtech LCR-300), with screw speed of 120 rpm at a
temperature maintained between 160 and 185 C for bio-
degradability test and determination of water contact
angle.

The samples are coded to show the base polymer
(PLA or blend) with the percent of silverskin added such
that PLA-20CS is PLA with 20 wt% of silverskin and
PLA/PBS-20CS is the blend filled with a 20 wt% of
silverskin. Table 1 shows the composition of all the inves-
tigated composites and summarizes the relevant codes.

2.3 | Isothermal crystallization

Differential scanning calorimetry thermal analysis was
performed on the compounded material using a Thermal
Analysis instruments model TA Q10, under nitrogen
flow. Samples (10–11 mg) of each investigated material
were submitted to the following thermal cycle:

1. Heating at 175�C
2. Isothermal treatment for 5 min
3. Rapid quenching to 90�C
4. Isothermal treatment for 90 min
The exothermic peak related to the crystallization was

recorded. Three different replicate measurements were
performed. The time corresponding to half of the crystal-
lization, t½, as well as the enthalpy of the process were
determined taking advantage on the internal software of
the TA instrument (TA Universal Analysis software).

2.4 | Thermal gravimetric analysis

The thermal stability of materials was carried out using a
thermogravimetric analyzer (TGA/DSC 1 Star System
produced by Mettler Toledo, USA) under a nitrogen
atmosphere with a gas flow rate of 100 ml.min�1. The
samples (10 mg) were heated from 50 to 800�C with a
rate of 10�C.min�1. The degradation temperature (Tonset),
defined as the initial temperature of degradation,
corresponding to the intercept of the tangent drawn at
the inflection point of the decomposition step with the
horizontal zero-line of the thermogravimetric curve was
determined, as well as the temperature (Tmax) at which
the rate of weight loss reaches its maximum. The plot of
the derivative of the mass loss (DTG) is usually reported
to better underline the different steps of degradation.

2.5 | Mechanical properties

Tensile tests were performed on the dog-bone shaped
samples using an INSTRON 5966 series test apparatus,
without preloading and with speed of 5 mm per minute
following the standard ISO 527-1, on five replicate sam-
ples for each composition. The instrument reported the
stress–strain graph for each composition, and the value
of Young's modulus calculated by means of the slope of

FIGURE 1 Particles size

distribution (cumulative and retained) of

coffee silverskin after milling [Color

figure can be viewed at

wileyonlinelibrary.com]

TABLE 1 Composition (wt%) and sample codes of the

investigated materials

Sample code PLA (wt%) PBS (wt%) CS (wt%)

PLA 100 0 0

PLA-20CS 80 0 20

PLA-30CS 70 0 30

PLA/PBS 90 10 0

PLA/PBS-20CS 72 8 20

PLA/PBS-30CS 63 7 30
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linear part of these curves without the use of an
extensometer.

2.6 | Scanning electron microscopy

The morphology of the tensile fractured specimens was
observed by SEM, (FEI, XL20 microscope, secondary
electron detector, at 15 kV) after aluminum sputtering on
the sample surfaces (Quorum 150R ES).

2.7 | Biodegradability

The potential for microbial breakdown of the samples was
evaluated with a soil jar method using unsterile soil and
samples (15���2���thickness) that were cut from compos-
ite films. Samples of the composite films were placed
inside jars filled with the soil (John Innes No 2) at approxi-
mately 40% moisture content. The samples were placed so
that half of each of the samples was below the soil level
and half above. Five replicate samples were used for each
composite and the jars were maintained at 21�C and 65%
relative humidity for 6 weeks, before assessment by visual
and mass loss criteria. This test is a non-standard test
developed from methods described by Curling45 and the
standard method ENV807,46 which a method devised for
testing wood preservatives but which, with material spe-
cific adjustments can be used for general testing of micro-
bial action in soil contact. This method can be used to
determine whether microbial action affects the material
and therefore whether longer term biodegradation or com-
posting trials would be advisable.

2.8 | Water contact angle

In order to investigate the value of water contact angle for
different samples, Drop shape analyzer DSA30S produced
by KRUSS Co. was used. Prior to performing the test, sam-
ples were kept under vacuum for 40 h at room temperature.
A 4-μl distilled water drop was measured out from the
syringe and dropped on the surface of the samples. The
drop was allowed to reach equilibrium before measurement
was recorded and before evaporation occurs. Five replicate
drops for each sample were used and the final value of con-
tact angle calculated as the mean of the values.

2.9 | Statistical analysis

Statistical analysis of data was performed using one-way
analysis of variance (ANOVA) tests a significance level of

p = 0.05 followed by Tukey's HSD test to examine intra-
group pair means for statistical significance.

3 | RESULTS AND DISCUSSION

3.1 | Isothermal crystallization

The PLA sample shows only a limited tendency towards
crystallization. This feature has been underlined in litera-
ture,47,48 and in our case, it may derive from its high
molecular weight. This is shown by the results of the iso-
thermal crystallization tests (Figure 2), in that the PLA
has a high t ½ value (the time required to reach half of
the overall isothermal crystallization), and a low crystalli-
zation enthalpy applying to the amount of polymer in the
sample. However, the data shows that by adding a faster
crystallizing polymer (PBS Figure 2) in the blend devel-
opment of the ordered crystalline phase is encouraged. A
similar effect is also shown by the addition of the
silverskin filler both in the pure PLA and in the blend.
The PBS/filler appears to be acting as a nucleating agent
in a similar way that has been previously reported in lit-
erature for lignin-based fillers.49 Also polyphenols, pre-
sent in the filler, have been found to have a promoting
effect on PLA crystallization50,51 The effect of the filler is
progressive; the level of crystallization increases as the
amount of silver skin increases (Figure 2) particularly
with the pure PLA but also in the blend, although to a
lesser extent. However, there does not appear to be any
synergic effect derived from the concurrent addition of
PBS and CS, as found elsewhere.52 Indeed, PBS preferen-
tially interacts with the cellulose surface creating an
interference effect with co-polymers. Hence, the PBS
preferentially interacts with the CS precluding a synergic
increase of PLA crystallinity. Therefore, in terms of crys-
tallinity adding only one of either the PBS or silverskin
would appear to be the most beneficial.

3.2 | Thermal gravimetric analysis

PLA and PLA/PBS samples degrade in a single step pro-
cess between 350 and 400�C and the behavior is
unchanged by the presence of PBS (Figure 3). This degra-
dation is due to the scission of the ester linkages present
in the main chains of both polymers.53

In contrast, the thermal stability curve of the
silverskin shows three different degradation steps which
can be attributed as follows,

50 to 110�C Moisture loss from the sample
200 to 400�C Decomposition of hemicellulose (around

260�C) and cellulose (around 340�C).54
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400�C and over Degradation of lignin
The DTG shows the overlapping of the peaks relevant

to hemicellulose and cellulose. The degradation of the
silverskin leaves a residue of inorganic ash as shown by
the higher residual mass for the silverskin as compared
with the polymers.

The thermal degradation of the composites again takes
place in a rapid single step similar to the pure PLA and
PLA/PBS samples (Figure 4) with the three-step degrada-
tion of the silverskin generally masked by the higher pro-
portion of PLA, demonstrating the PLA component has
the key role in thermal stability of the bio composites.

However, we can see that the increase in the amount
of silverskin in the samples leads to a limited decrease in
the onset temperature of the decomposition of the mate-
rials (Table 2). The slight effect could derive from the
degradation of the hemicellulose components of the nat-
ural material that is however enveloped by the PLA
matrix. The mass of the final residue (Table 2 and Fig-
ure 3) at high temperatures increases as the amount of
silver skin increases compared to that observed for the
polymers, again due to the ash of the silverskin. PBS
reduces the thermal values slightly but appears to have
no effect on values when the silverskin is added, as the

FIGURE 2 Half time of

crystallization and crystallization

enthalpy of the isothermal peak

recorded in isothermal conditions at

90�C. (PLA = polylactic acid;

PBS=polybutylene succinate; PLA/

PBS = blend of the two polymers;

PLA-20CS = polylactic acid +20%

silverskin; PLA-30CS = polylactic

acid +30% silverskin; PLA/PBS-

20CS = blend +20% silverskin;

PLA/PBS-30CS = blend +30%

silverskin)

FIGURE 3 TGA curves and

their first derivatives for polylactic

acid, polylactic acid/polybutylene

succinate blend (PLA/PBS), and

coffee silverskin
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values at 20% and 30% addition are almost coincident
with or without PBS. Hence it can be said that the small
amount of PBS (10%wt) does not affect the processing
thermal properties of the final polymer blend.

3.3 | Mechanical properties

The addition of both the PBS and the silverskin have
clear effects on the mechanical properties of the

compounded materials (Table 3). The data shows that the
Youngs modulus increases in all the composites when
compared with the pure PLA and PLA/PBS matrices.
However, it should be noted that adding PBS reduces the
Youngs modulus when compared to the pure PLA sam-
ples. Adding silverskin to the polymers increased the
Young's modulus by 20% for PLA-20CS and 31% for PLA-
30CS as compared with the base PLA. In comparison
silverskin addition only increases Youngs modulus by
18% for PLA/PBS-20CS and 28% for PLA/PBS-30CS in

FIGURE 4 TGA curves and

their first derivatives for

biocomposites. (PLA-

20CS = Polylactic acid +20%

silverskin; PLA-30CS = Polylactic

acid +30% silverskin, PLA/PBS-

20CS = blend +20% silverskin;

PLA/PBS-30CS = blend +30%

silverskin)

TABLE 2 Decomposition onset

temperature, Tmax and residue of the

polymer samples and blends with and

without added coffee silverskin

Sample Tonset (�C) Tmax (�C) Residue (%)

PLA 350 373 1.3

PLA with 20% coffee silverskin 283 306 8.6

PLA with 30% coffee silverskin 279 298 12.1

PLA/PBS 345 368 4.1

PLA/PBS with 20% coffee silverskin 283 305 9.4

PLA/PBS with 30% coffee silverskin 277 296 12.5

TABLE 3 Mechanical properties of the investigated materials. (all values are expressed as mean values ± standard deviation [SD])

Sample Young's modulus (MPa) Tensile strength (MPa) Elongation at break (%)

PLA 1967 ± 17a 70.1 ± 0.9a 7.2 ± 0.9a

PLA-20CS 2375 ± 52b 52.8 ± 0.9b 3.2 ± 0.3c

PLA-30CS 2586 ± 55c 47.3 ± 5.1b,d 2.4 ± 0.5c

PLA/PBS 1756 ± 19d 60.3 ± 1.2c 15.7 ± 2.6b

PLA/PBS-20CS 2075 ± 35a 48.0 ± 1.3b,d 3.6 ± 0.3c

PLA/PBS-30CS 2259 ± 21e 42.9 ± 1.1d 2.7 ± 0.2c

a-eValues in the same column with different superscripts are signifcantly different (p ≤ 0.05).
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comparison to the base PLA/PBS blend. Therefore,
increased levels of silverskin in the PLA/PBS blend offset
the reduction caused by the PBS addition. The increase
in Youngs modulus can be partially related to the previ-
ously described increase in crystallinity promoted by the
presence of silverskin but mainly to the composition of
the filler that contains approximately 18% of cellulose
and 2% of lignin.55

The stress–strain curves (Figures 5 and 6) demon-
strate a progressive decrease in the values of the tensile
strength, by increment in the silverskin content. This
reduction in the values of tensile strength shows that
increasing the amount of silverskin leads to a poor stress
transfer capability and results in easier fracture. It is how-
ever to be underlined that this detrimental effect is lower
than the one found in other composites where different
agro-wastes have been used. For example, potato pulp
powder produced a 30% decrease in tensile strength when
used at 20 wt% as a filler in poly(3-hydroxybutyrate-co-3-
hydroxyvalerate).56 A 30%wt addition of coffee grounds
to PBAT more than halved the original tensile strength57

and the addition of wood flour at 30 wt% to a blend of

PLA/PBS reduced the tensile strength to about one third
of the original one19 In the case of silverskin, there seems
to be a better interaction with the surrounding matrix
probably deriving from a similar hydrophobicity. When
these figures are compared those of the current study
with 24% and 20% reduction at 20% silverskin and 32%
and 28.5% reduction at 30% silverskin for PLA and PLA/
PBS respectively then it can be seen that the silverskin
containing samples perform favorably.

Elongation at break is decreased by addition of the
silverskin with higher proportions of silverskin having a
greater effect. This is a common trend in thermoplastic
composite properties as reported in literature,42,43,58,59 that
is, a decrease in the deformation at break as the concentra-
tion of filler increases. Blending PBS with PLA leads to a
significant increase in the ductility of the blend,13 although
a comparison between silverskin loading cancels this effect
(Figures 5 and 6) and results in a decrease in the extent of
elongation at break of up to 80% for PLA/PBS-30CS.

The data shows that by changing the type and level of
additive the mechanical properties of the base PLA can
be changed. For example, for the highest ductility then
PBS without silverskin would be the best additive whilst
if higher Young modulus is required then PLA with
added silverskin, but no PBS might be a solution.

3.4 | Scanning electron microscopy

Scanning electron micrographs (250�) of the fracture sur-
face after tensile test, for unloaded samples as well as the
different composites are shown in Figure 7. The fracture
surface of pure PLA is featureless flat, smooth, and dis-
closes a brittle fracture (Figure 7a). However, for the PLA/
PBS sample we can observe evidence of increased ductility
(Figure 7d). The distribution of coffee silverskin in all the
samples are nearly homogeneous, and no clustering of
silverskin was found. This feature underlines an efficient
mixing during the compounding process. From the micro-
graphs, it is noticeable that the fracture surface of the sam-
ples gets rougher by increasing addition of the amount of
coffee silverskin. Pores of low dimension (2–6 microns)
can be seen in the matrix consequently contributing to the
tensile strength reduction observed during tensile tests.

3.5 | Contact angle analysis

The surface wettability of the samples, evaluated in this
study as water contact angle measurement, is important
since it helps gain an understanding of the interaction
between these materials and the environment, particu-
larly when it comes to packaging materials. The mean

FIGURE 5 Representative stress–strain curves for the base

PLA, PLA with 20% silverskin (PLA-20CS), and PLA with 30%

silverskin (PLA-30CS) samples

FIGURE 6 Representative stress–strain curves for the base

PLA/PBS blend, PLA/PBS with 20% silverskin (PLA/PBS-20CS),

and PLA/PBS with 30% silverskin (PLA/PBS-30CS) samples
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value of contact angle for pure PLA is 94.2 deg, whereas
this value for the PLA/PBS is 84.4 deg (Table 4). The
decrease of about 10 � in this property can be explained
by the effect of PBS increasing the wettability and induc-
ing water permeation channels in PLA.42,60 In contrast
adding silverskin to the PLA does reduce contact angle
but not to as great an extent as by adding PBS. Con-
versely, in PLA/PBS blends silverskin addition has a neg-
ligible effect on the contact angle value. The differences
are however rather limited, a feature that seems to sup-
port the observation previously made for explaining the
effects on the mechanical properties, that is, the close
hydrophobic characteristics of filler and matrix. However,
by changing the additives used in the PLA the moisture
sorption properties of the polymer blend can be changed.

3.6 | Biodegradation

Following the short biodegradation test, all specimens
remained intact when removed from the soil and there

were no obvious signs of biodegradation such as holes or
major color change. There were visible signs of growth of
microorganisms at the soil level and above although
these were not identified. Some differences in final mois-
ture content and mass loss of the samples were observed
as shown in Table 5. The amount of weight loss after
42 days at low temperature is remarkable for all samples
when compared with other biopolymers tested in more
demanding conditions.61 The PLA samples showed low
moisture and very low mass loss, with mass loss increas-
ing with the addition of PBS. In general, addition of
silverskin was shown to increase both final moisture con-
tent and mass loss. The PLA/PBS-20CS sample however,
had a lower final moisture content and a corresponding
lower mass loss than the other sample types containing
silverskin. This could be due to the slightly higher ten-
dency towards crystallization of this sample compared
with the one formulated with just PLA and 20 wt% of
silverskin. However, at an addition rate of 30% the
highest mass loss of all the sample types was observed,
thus indicating that the extra addition of the silverskin
improved biodegradability, with results affected by other
concomitant effects, such as increased porosity.

The rate of decomposition for polyester biopolymers
depends, apart from the test conditions62 (temperature,
relative humidity, and so on) on structural and micro-
structural features such as crystallinity, porosity, and
hydrophobicity. It has been proved (Figure 2) that silver
skin promotes crystallinity development and decreases
the contact angle with water (Table 4). At the same time,
according to the decrease in mechanical properties, the
imperfect transition interface between the matrix and
filler can create preferential paths for the water diffusion
as well as it is promoted by the formation of porosities as
evidenced by microscopy. At high amounts of CS, the

FIGURE 7 SEM images of the tensile fracture surface of: (a) PLA, (b) PLA with 20% silverskin (PLA-20CS), (c) PLA with 30% silverskin

(PLA-30CS), (d) PLA/PBS, (e) PLA/PBS with 20% silverskin (PLA/PBS-20CS) (f) PLA/PBS with 30% silverskin (PLA/PBS-30CS)

TABLE 4 Values of contact angle for different samples. (all

values are expressed as mean values ± standard deviation [SD])

Sample Contact angle (*)

PLA 94.2 ± 3.77a

PLA with 20% silverskin 88.2 ± 3.83a,b

PLAwith 30% silverskin 87.2 ± 4.23b

PLA/PBS 84.8 ± 2.58b

PLA/PBSwith 20% silverskin 85.6 ± 3.87b

PLA/PBSwith 30% silverskin 86.5 ± 2.02b

a,bValues with different superscripts are significantly different (p ≤ 0.05).
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porosity effect becomes predominant thus leading to
increased water penetration leading to a faster decompo-
sition. This simple test shows that the silverskin addition
leads to increased microbial breakdown of the materials.
Further testing to determine the specific levels of biodeg-
radation or composting are still required, however.

4 | CONCLUSIONS

Coffee silverskin, obtained as a by-product from coffee
production, has been successfully dispersed in PLA and
PLA/PBS formulations in amounts up to 30 wt% thus
reducing the overall quantity of biopolymer matrix. Elas-
tic modulus of all the resulting biopolymer blends was
increased although there was a concurrent modest lower-
ing (max 32%) of the tensile strength of the materials. A
contribution to this enhancement derives from the nucle-
ating effect of the silverskin that promoted higher crystal-
linity. Although the filler addition tends to level the
plasticity of the blend, when compared with pure PLA,
PLA/PBS composites still maintain a higher deformation
at break. Preliminary tests on biodegradation suggest
that, despite the increase in crystallinity, on account of
the low values of the contact angles of the specimens, sig-
nificant mass loss was measured in ambient conditions
after a relatively short time. Overall, the material pos-
sesses acceptable mechanical properties which can be
selected to give differing characteristics based on the
additives used. The materials also show promise for fur-
ther trials aimed at determining the composting and dis-
posal profile with an aim to provide an acceptable
environmental impact.
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