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Abstract: We compared the performance of bio-based
and biodegradable polymers for packaging applications.
Cost-effective inorganic fillers (talc, kaolin and calcium
carbonate) were first melt-compounded with polylactic
acid (PLA), poly(butylene adipate-co-terephthalate)
(PBAT) and poly(hydroxy butyrate-co-valerate) (PHBV).
Following this, injection- and compression-molded
specimens were produced to test the effect of filler
loading (0–30 wt%) in relation to the morphological,
thermal, mechanical and barrier properties of the com-
posites. All the fillers were homogeneously dispersed in
the polymer matrices and suitable polymer–filler adhe-
sionwas observed for talc and kaolin. The elasticmodulus
increased at the expense of a reduced tensile and elon-
gation. The most significant improvements in water vapor
and oxygen barrier properties were achieved with talc in
PLA, PBAT and PHBV films. Overall, the results point to
the promise of the introduced compositions for food
packaging materials.

Keywords:barrier; biopolymer; composite; filler; packaging.

1 Introduction

The development of sustainable packaging materials is
motivated by environmental concerns, resource suffi-
ciency and regulation [1, 2]. The packaging industry rep-
resents the largest share of conventional plastic
consumption [3], and an upward trend is seen in the
adoption of sustainable materials and their combinations
[4]. Currently, the most used polymers for packaging are
polyethylene (PE), polypropylene (PP), polyethylene tere-
phthalate (PET), polystyrene (PS) and polyvinyl chloride
(PVC) [3, 5]. Meanwhile, bio-based or partially bio-based
and biodegradable polymers include polylactic acid (PLA),
poly(butylene adipate-co-terephthalate) (PBAT) and
poly(hydroxy butyrate-co-valerate) (PHBV), all of which
offer interesting prospects as alternative to conventional
polymers [1].

PLA has risen in popularity given its advantages,
including easy processability, high transparency and
biocompatibility. Although PLA is suitable for many appli-
cations, a widespread use is limited by some of PLA weak-
nesses, which include a low heat resistance, brittleness, low
crystallinity and relative lowbarrier characteristics [4, 6–13].
Another polymer, PBAT, is a biodegradable fossil-based
[9, 14] or partially bio-based [15–17] aliphatic–aromatic
copolyester [12, 17, 18]. PBAT is highly flexible (elongation at
break ∼700%) and tough [9, 13] while presenting good
thermal stability [17]. Unfortunately, some drawbacks of
PBAT include its relatively high cost, high melt viscosity,
low crystallization rate, low tensile strength [12] and mod-
erate barrier properties [18]. A related alternative to PBAT is
PHBV, a bio-based and biodegradable biopolyester syn-
thesized by microorganisms, belonging to the family of
polyhydroxyalkanoates (PHAs) [19, 20]. PHBV has a low gas
permeability [21], good thermal properties and a density and
modulus comparable to polypropylene (PP) [22]. To widen
the use of PHBV, further development is needed to address
the cost [21], highcrystallinity, small processingwindow[20]
and slow crystallization rate [19, 23].

In order to optimize the properties of the above-
mentioned polymers, blending with other biopolymers
has been considered [12, 13, 16, 19] as well as with fillers
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[7, 15, 20, 21, 23]. For instance, the mechanical, thermal
and barrier properties have been enhanced by utilizing
inorganic fillers, such as talc, kaolin and calcium car-
bonate, together with polymers [20, 21, 24, 25]. In addi-
tion, by utilizing cost effective fillers, it has been possible
to reduce the overall material cost and to make the ma-
terial more competitive compared to conventional plas-
tics [20, 25, 26].

Talc (Mg3Si4O10(OH)2) is a widely studied, neutrally
charged and hydrophobic filler, suitable as nucleating
agent in polymer matrices [27]. Talc is formed of magne-
sium silicate layers. Weak van der Waals forces hold the
silicate layers together [25]. The structure and softness of
the talc enables good filler dispersion in polymer com-
posites [24, 25, 27, 28]. Talc has the capability to form
covalent bonds with suitable chemical groups due to the
silanol functions located at the edge surface of talc [25].
Kaolin, on the other hand, is an abundant plate-like
clay material, which consists mainly of kaolinite
(Al2Si2O5(OH)4). The layers of kaolinite are formed by
tetrahedral silica (Si–O) and octahedral alumina (Al–O)
sheets linked together by hydrogen bonds [29, 30]. Kaolin
has been widely used in the plastic industry due to its
strengthening effect (stiffness and strength) [31], achieved
by its high surface energy and strong interfacial in-
teractions [32]. Calcium carbonate (CaCO3) is an abundant,
often irregularly shaped and commonly used filler in
polymer composites [31, 33]. The primary objective when
using calcium carbonate is to reduce the cost and to
improve the properties of the composites [31, 34, 35]. Cal-
cium carbonate has been reported to enhance mechanical
strength, processability (rheology, tackiness) and crystal-
linity [34–36]. However, calcium carbonate is often
surface-treaded to enhance the filler–matrix interactions,
e.g., with fatty acids, phosphates, silanes, titanates or
zirconates [31, 33].

The performance and competitiveness of bio-based
and/or biodegradable packaging materials need to be
systematically studied to meet the need and extend their
use in packaging industry [1]. In this study, inorganic fillers
(talc, kaolin and calcium carbonate) were blended with
bio-based and/or biodegradable polymers (PLA, PBAT and
PHBV) and their performance compared in terms of the
morphological, mechanical, thermal and barrier proper-
ties. Composites were prepared by melt blending followed
by either injection-molding into test specimens or
compression-molding into films. This study dealing with
the combinations of fillers and biopolymers offer a use-
ful guide in the design of next generation packaging
materials.

2 Materials and methods

2.1 Materials

PLA resin (NatureWorks Ingeo 4032D) was purchased from Resinex
Nordic AB (Sweden), and PBAT (Ecoworld 009) and PHBV (ENMAT
Y1000P) resins were purchased from Helian Polymers BV (The
Netherlands). The fillers used in this study included talc (Finntalc
M05SL, Mondo Minerals/Elementis), surface-treated calcium carbon-
ate (Omya Smartfill 55–OM,Omya) and kaolin (Hydrite SB 100) kindly
provided by Imerys (Table 1). The samples are referred to according to
the following nomenclature: polymer (PLA, PBAT or PHBV), filler
content (wt%), filler type (“T” refers to talc, “K” refers to kaolin and
“C” refers to calcium carbonate) and specimen type (“i” or “f”, where
“i” refers to samples obtained by injection molding and “f” refers to
compression-molded film samples). For example, the test specimen
“PLA30Tf” indicates compression-molded film samples obtained from
PLA with 30 wt% talc loading.

2.2 Compounding

Melt compounding of the biopolymer/filler masterbatches (ratio of
70:30, dry wt%) was carried out with a Brabender Plasti-Corder PLE
651 twin screwextruder. The temperature profiles of the extruder, from
the feeding to the die zone, are listed in Table 2, for a screw speed in the
range 20–40 rpm. The extruded strands were cooled in water (20 °C)
and ambient air. The composite strands were pelletized with an SF
Scheer strand pelletizer (model SGS50E).

2.3 Injection molding

Test specimens for standard tensile strength test (ISO 527-2/1A) were
prepared using an injectionmoldingmachine (Engel, model ES200/40,

Table : Polymers and fillers used in this study.

Material Density
(g/cm)

Melting
point (°C)

Particle
size (μm)

PLA (NatureWorks Ingeo D) . –
PBAT (Ecoworld PBAT ) . –
PHBV (ENMAT YP) . –
Talc (Finntalc MSL) .
Calcium carbonate
(Omya Smartfill  – OM)

< (%)

Kaolin (Hydrite SB )  (%)

Table : Temperature zones of twin-screw extruder from the feeding
to the die zone.

Polymer Temperature zones (°C)

PLA // °C
PBAT // °C
PHBV // °C
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D = 25 mm). The temperature profiles of the screw for each polymer are
listed in Table 3, and the applied packing pressure and timewere 30 bar
and 20 s. The injection distance and speed were set at 85–95 mm and
150 mm/s. The cooling temperature was 30 °C for a cooling time of 30–
60 s. PBAT composites caused blockages in the nozzle and only neat
PBAT samples were successfully injection-molded.

2.4 Film synthesis

Films were compression-molded with a table press (Fontijne Vlaar-
dingen Hollad, model TP400). Granules (neat or masterbatch) or in-
jection molded pieces were placed in between two PET films or
backing paper sheets, which were placed in the middle of two metal
plates. The samples were pre-heated for 30 s between two heated
plates (210 °C) under no load. After the granules melted, plates were
pressed against each other for 1.5 min under 140 kN load. After
pressing, the samples were cooled between cooled plates (25 °C) for
2 min. The thicknesses of the films varied between 112 and 328 μm.

2.5 Characterization

2.5.1 Morphology: Compression-molded films were cut and sputtered
with a thin layer of gold prior to imaging with a scanning electron
microscope (SEM, Jeol JCL-6000Plus). The composite filmmorphology
was observed from the cross-section images under low- (PLA samples)
and high-vacuum (PBAT and PHBV samples) with secondary electron
detector (SED).

2.5.2 Thermal characteristics: Differential scanning calorimetry
(DSC) was performed using a TA (Thermal Analyzers, DSC Q2000)
apparatus. Samples were cuts of neat polymer granules and master-
batch granules andweighted 2–10mg. They were placed in aluminum
pans with no hole lid (ordinary tzero pan and lid) and heated from 20
to 200 °C at 10 °C/min under nitrogen atmosphere (flow rate of 50 mL/
min), and held at 200 °C for 2min. The sampleswere then cooled down
to −70 °C at 20 °C/min and further reheated to 200 °C at 10 °C/min. The
following temperatures were obtained from the thermograms: the
glass transition (Tg), crystallization (Tc), and melting (Tm). The degree
of crystallinity (Xc) was estimated by using Equation (1).

Xc = 100
(ΔHm − ΔHc)
ΔH0 Wpolymer

(1)

where ΔHc stands for the crystallization enthalpy during heating, ΔHm

for the melting enthalpy and Wpolymer for the weight fraction of the
polymer in the composites. ΔH0 is the melting enthalpy of 100%
crystalline polymer. We assumed the melting enthalpies of 100%
crystalline polymers from the literature: 93 J/g for PLA [8, 24], 146.6 J/g
for PHBV [37, 38] and 114 J/g for PBAT [14].

2.5.3 Mechanical properties: Mechanical tests were carried out
with a Zwick Roell Z010 material tester (max load 10 kN) as stated
in ISO 527-2:2012 standard under 23 °C and 50% RH conditions. The
specimens were conditioned under standard condition according
to ISO 291 for at least 88 h. The initial crosshead separation and
speed for the specimens were set to 110 mm and 5 mm/min. The
average of five specimens is reported. The tensile strength (TS),
tensile strength at break (TS at break), elongation at break (%)
(dL at break) and elastic modulus (E ) were evaluated from the
stress–strain data. Both injection-molded and film samples were
analyzed.

2.5.4 Barrier properties:Water vapor transmission rate (WVTR) was
analyzed following ISO 2528 (modified) from compression-molded
films. Desiccant (anhydrous CaCl2) containing cup is covered with
the sample film and its weight change is monitored as a function of
time under two different conditions (23 °C/50% RH and 38 °C/90%
RH) in alternating climate chamber (BINDER, model KMF 240). Two
parallel measurements were carried out. The oxygen transmission
rate (OTR) of compression-molded films was analyzed following
ASTM D3985-05 with MOCON Ox-Tran 2/21 MH/SS oxygen trans-
mission rate analyzer. Films were analyzed in 23 °C/50% RH condi-
tions with 100% oxygen. The films were placed on a stainless-steel
mask with an open testing area of 5 cm2. Two parallel measurements
were executed. Only one result was reported for the PBAT30K and
PHBV30C samples due to distorted result caused by defects in the
samples.

3 Results and discussion

3.1 Morphology

The cross section images of the compression-molded films
(30 wt% filler content) are presented in Figure 1. Fillers
were observed to be dispersed relatively uniformly in the
polymermatrices. Some agglomerateswere observed in the
films containing kaolin (Figure 1B, E, and H) which could
have been caused by the lack of mixing during the process
of film formation. The cutting of cross section samples
caused defects (stretching) seen in Figure 1A, D, and F.
According to the SEM images, talc and kaolin were tightly
embedded, implying appropriate filler–matrix interactions
[31]. However, large voidswere seen in PLA30K (Figure 1B),
most likely the result of compression-molding events,
rather than weak filler–polymer interactions. The films
with CaCO3 (Figure 1C, F, and I) contained small cavities
around the filler particles, indicting poor filler–matrix
adhesion [35, 39]. Most of the cavities were seen in the
PHBV30C sample (Figure 1I). Similar cavities have been
reported for PLA/CaCO3 (20wt%), PBAT/CaCO3 (20–30wt%),
PHBV/CaCO3 (5–20 wt%), low-density polyethylene
(LDPE)/CaCO3 (20 wt%) and polypropylene (PP)/CaCO3

(20–60 wt%) composites [26, 33, 35, 39, 40].

Table : Temperature zones of the injection molding machine from
feeding to nozzle.

Polymer Temperature zones (°C)

PLA /// °C
PBAT /// °C
PHBV /// °C
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3.2 Thermal characteristics

The effect of filler type on the thermal behavior of the
different biodegradable polymers was investigated by DSC
analyses, summarized in Table 4. No major changes were
detected in the glass transition temperature (Tg). However,
a minor increase in Tg was seen with filled PBAT samples,
which is likely the result of a reduced mobility of the
polymer chains caused by the fillers [41]. In the case of
PHBV, the Tg was difficult to detect from the filler-
containing samples, due to the weak signals, which are
explained by the significant nucleation that occurred dur-
ing the cooling cycle, resulting in a high crystallinity/low
amorphous content and therefore weak Tg signal in the
heating cycle. The Tg of the PHBV/filler samples is between
2 and 8 °C. The crystallization temperature (Tc) during
second heating cycle was detected only from the filled PLA
samples. As seen from Figure 2, a crystallization humpwas
clearly present in PLA samples filled with kaolin and cal-
cium carbonate. Tc was less clearly detected for talc-filled
PLA. This is due to the crystallization of PLA/talc

composite during the first cooling cycle, owing to the
strong nucleation effect of talc. Talc resulted in a double
melting peak in PLA, Figure 2. PLA has been observed to
appear in α crystalline form [42] while PLA/talc composites
are divided into the less thermally stable β crystalline and α
crystalline forms [8, 42]. Filler addition had a minor effect
on the melting temperature (Tm) of PBAT samples, and no
significant change on Tm was observed for the PLA and
PHBV samples.

The degree of crystallinity (Xc) of PLA and PHBV
samples were mainly increased by filler addition. An
exception was the PLA30C sample, in which the degree of
crystallinity presented a minor reduction compared to the
neat PLA. In contrast to PLA30C, the crystallinity of PBAT
was significantly reduced by filler additions, Table 4. Talc
increased the crystallinity the most in the PLA samples,
and significantly smaller improvement was achieved with
kaolin. Similarly, several authors have reported about the
nucleability of talc in PLA [10, 24, 28, 43]. Compared to talc,
kaolin has been observed to have very limited nucleating
effect on PLA due to the absence of crystallographic

Figure 1: Cross section scanning electron microscope (SEM) images of the compression-molded composite films with 30 wt% of fillers to
illustrate the polymer filler morphology. (A) PLA30Tf, (B) PLA30Kf, (C) PLA30Cf, (D) PBAT30Tf, (E) PBAT30Kf, (F) PBAT30Cf, (G) PHBV30Tf, (H)
PHBV30Kf and (I) PHBV30Cf (talc, kaolin, calcium carbonate and film are referred to as T, K, C and f, respectively). Acceleration voltage and
magnification used were 10 kV and ×200.
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Table : Thermal characteristics from the second heating cycle. ΔH values correspond to the polymer fraction (excluding the filler weight).

Sample Tg (°C) Tc (°C) Tm (°C) ΔHc (J/g) ΔHm (J/g) Xc (%)

PLA . – . . . .
PLAT . . . . . .
PLAK . . . . . .
PLAC . . . . . .
PBAT −. – . . . .
PBATT −. – . . . .
PBATK −. – . . . .
PBATC −. – . . . .
PHBV . – . . . .
PHBVT – – . . . .
PHBVK – – . . . .
PHBVC – – . . . .

The glass transition (Tg), crystallization (Tc) and melting (Tm) temperatures, crystallization enthalpy during heating (ΔHc), the melting enthalpy
(ΔHm) and degree of crystallinity (Xc). Talc, kaolin and calcium carbonate are referred to as T, K and C, respectively. A filler content of wt%was
used, as indicated in the loaded samples.

Figure 2: Differential scanning calorimetry (DSC) thermograms of polylactic acid (PLA), poly(butylene adipate-co-terephthalate) (PBAT) and
poly(hydroxy butyrate-co-valerate) (PHBV), where (a) neat polymer, (b) 30 wt% of talc, (c) 30 wt% of kaolin and (d) 30 wt% of calcium
carbonate. Thermograms have been shifted for better visualization and the heat flow values (one tickmark) in the thermograms correspond to
200 mW/g (PLA), 50 mW/g (PBAT) and 1000 mW/g (PHBV).

K. Helanto et al.: Effects of talc, kaolin and calcium carbonate in biopolymers 5



relationships between kaolin and PLA crystal structure
[43]. Contrary to our observations, some nucleating events
of PLA/nano calcium carbonate composites (NCC) have
been observed by other authors [11, 34]. However, a
decreased level of crystallinity has also been reported from
PLA/NCC composites at lower filler additions. At higher
nanofiller concentrations, agglomerates enable crystal
growth and hinder the confinement effects of the nano-
particles. At lower nanofiller loadings, confinement effects
of the nanoparticles cause crystallinity [34]. All fillers
improved the crystallinity of PHBV, with kaolin producing
the largest improvement. Talc has been described to
dissolve into the PHBV and to react with themolten chains,
working as a nucleation agent [44]. Halloysite is part of
kaolin group of clay minerals and halloysite nanotubes
(HNT) have been blended with PHBV. A moderate increase
in crystallinity degree has been observed when 1–5 wt% of
HNT was added [37]. Calcium carbonate has been reported
to improve the crystal growth rate of PHBV at lower addi-
tions, and decrease at higher additions levels [35]. As stated
earlier, in this study, the crystallinity of PBAT decreased as
a result of filler additions and kaolin was observed to have
the largest impact as far as reducing the crystallinity. Other
authors have observed similar trends, e.g., filler addition
hinders crystallinity development of PBAT [14, 18]. Related
studies for talc, kaolin or calcium carbonate are lacking in
the literature.

The thermal properties of the polymers are critical for
processing. The Tm of a polymer dictates the temperature
conditions relevant to viscous/viscoelastic liquid and
crystalline structures [45]. In addition, the degradation of
the polymer can be avoided by controlling the polymer
melt temperature during extrusion [46]. Among processing
conditions, the thermal characteristic provides guidance
with regard to the expected final product, its mechanical
and barrier properties. Polymers with high crystallinity are
rigid, with low impact strength, but due to the intermo-
lecular bonding, the polymers are strong [47]. High crys-
tallinity has also been reported to be beneficial in
improving the barrier properties [48] and the dimensional
stability [31], and by widening the temperature range [11].
Meanwhile, the main advantage of amorphous polymers is
their processability into packages via thermoforming [49].

3.3 Mechanical characteristics

The characteristics of the components and their in-
teractions are strongly related to the properties of the
resultant composites [6, 24]. The tensile strength and
elongational properties were evaluated from the

compression-molded films and the injection-molded
specimens, Tables 5 and 6. The tensile strength (TS) of
films and injection-molded specimens showed a similar
trend, with PLA showing the highest values and PBAT the
lowest. Most of the films resulted in a somewhat higher
tensile strength than the injection molded specimens.
Compared to the neat polymer, filler addition mainly low-
ered the tensile strength. An exception was the PLA5Tf,
where the tensile strength remained fairly equal. Talc was
themost favorable filler as far as the tensile strength of PLA
and PBAT films, meanwhile, calcium carbonate was less
favorable. The observations agree with other findings
[6, 43]. The effects of the fillers can be rationalized by the
polymer–filler interactions. Talc has two silicate layers,
while kaolin has only one for PLA macromolecules to
bridge with strong interactions [43]. In the PBAT matrix,
increasing talc content has been reported to have no effect
on the tensile strength [25], whereas calcium carbonate has
been observed to decrease the strength [40]. In PHBV films,
calcium carbonate and kaolin decreased the tensile
strength somewhat less than talc (at 10–20 wt%). Talc
addition to PHBVmatrix has been reported to decrease the
tensile strength at a talc loading of 15–30 wt%, and in-
crease back to the level of neat PHBV at 40–50 wt% talc.
This improvement is explained by the better morphology
and by talc particles restraining PHBV deformation [50]. In
contrast to the films, the tensile strength of molded speci-
mens was not as strongly affected by filler loading. Filler
addition to PLA matrix caused a minor decrease in tensile
strength while for PHBV samples, no reduction was
observed.

PLA and PHBV are very brittle polymers compared to
elastic PBAT. From the brittle polymers, PLA ismore elastic
than the highly crystalline PHBV. The observed elonga-
tions were mainly higher with the injection molded speci-
mens compared to the films. Filler additions primarily
decreased the elongation of the films by increasing filler
content. The PLA30Cf was an exception, e.g., the elonga-
tional was equal to that of neat PLA. Similar phenomena
were observed for injection-molded PLA specimens. The
addition of 5 wt% of calcium carbonate into PLA increased
the elongation by 32% and even bigger improvement was
achieved with 10 wt% of calcium carbonate, an improve-
ment of up to 192%. Similar behavior has been reported
elsewhere for the calcium carbonate in PLA [51]. Other
fillers resulted in a modest decrease in elongation, with
higher loadings and with lowered dosages the injection
molded samples remained somewhat at the level of neat
polymer (or a minor reduction). The reduced elongation
observed by increasing filler content has been reported
[25, 40, 43]. The decrease of elongation can be caused by
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Table : Mechanical characteristics of the films.

Sample TS (MPa) TS at break (MPa) dL at break (%) E (MPa)

PLAf . ± . . ± . . ± .  ± .
PLATf . ± . . ± . . ± .  ± .
PLATf . ± . . ± . . ± .  ± .
PLATf . ± . . ± . . ± .  ± .
PLAKf . ± . . ± . . ± .  ± .
PLAKf . ± . . ± . . ± .  ± .
PLAKf . ± . . ± . . ± .  ± .
PLACf . ± . . ± . . ± .  ± .
PLACf . ± . . ± . . ± .  ± .
PLACf . ± . . ± . . ± .  ± .
PBATf . ± . . ± . . ± .  ± .
PBATTf . ± . . ± . . ± .  ± .
PBATTf . ± . . ± . . ± .  ± .
PBATTf . ± . . ± . . ± .  ± .
PBATKf . ± . . ± . . ± .  ± .
PBATKf . ± . . ± . . ± .  ± .
PBATKf . ± . . ± . . ± .  ± .
PBATCf . ± . . ± . . ± .  ± .
PBATCf . ± . . ± . . ± .  ± .
PBATCf . ± . . ± . . ± .  ± .
PHBVf . ± . . ± . . ± .  ± .
PHBVTf . ± . . ± . . ± .  ± .
PHBVTf . ± . . ± . . ± .  ± .
PHBVTf . ± . . ± . . ± .  ± .
PHBVKf . ± . . ± . . ± .  ± .
PHBVKf . ± . . ± . . ± .  ± .
PHBVKf . ± . . ± . . ± .  ± .
PHBVCf . ± . . ± . . ± .  ± .
PHBVCf . ± . . ± . . ± .  ± .
PHBVCf . ± . . ± . . ± .  ± .

Tensile strength (TS), tensile strength at break (TS at break), elongation at break (dL at break) and elastic modulus (E ). Sample coding is as
follows: polymer, filler content (, ,  wt%), filler type (talc, kaolin and calcium carbonate are referred to as T, K and C, respectively) and
specimen type (“f” refers to film).

Table : Mechanical characteristics of injection-molded specimens. Tensile strength (TS), tensile strength at break (TS at break), elongation
at break (dL at break) and elastic modulus (E ).

Sample TS (MPa) TS at break (MPa) dL at break (%) E (MPa)

PLAi . ± . . ± . . ± .  ± .
PLATi . ± . . ± . . ± .  ± .
PLATi . ± . . ± . . ± .  ± .
PLAKi . ± . . ± . . ± .  ± .
PLAKi . ± . . ± . . ± .  ± .
PLACi . ± . . ± . . ± .  ± .
PLACi . ± . . ± . . ± .  ± .
PBATi . ± . . ± . . ± .  ± .
PHBVi . ± . . ± . . ± .  ± .
PHBVTi . ± . . ± . . ± .  ± .
PHBVTi . ± . . ± . . ± .  ± .
PHBVKi . ± . . ± . . ± .  ± .
PHBVKi . ± . . ± . . ± .  ± .
PHBVCi . ± . . ± . . ± .  ± .
PHBVCi . ± . . ± . . ± .  ± .

Sample coding is as follows: polymer, filler content (, ,  wt%), filler type (talc, kaolin and calcium carbonate are referred to as T, K and C,
respectively) and specimen type (“i” refers to injection-molded specimen).

K. Helanto et al.: Effects of talc, kaolin and calcium carbonate in biopolymers 7



the nucleated voids located in filler/polymer interfaces,
which promote the crazing [43].

The elastic modulus of injection molded samples
developed by increasing filler content [6, 40, 43]. Talc
increased the elastic modulus the most, while it increased
calcium carbonate the least. The level was highest with
PHBV samples and somewhat lower level was detected for
PLA. PBAT had a lower elastic modulus compared to the
brittle polymers. Similar trends were observed for the
injection-molded specimens. In general, the elastic
modulus of the films was higher than that of the injection
molded specimens (except for neat PBAT). The results
follow the development of crystallinity, which have been
seen with other polymers as well [52].

In this work, the different behavior of the compression
molded films and injection molded specimens could have
been caused by the processes used for the sample prepa-
ration. More specifically, the injection molded samples
were thicker and more homogenously mixed than the
films. However, based on the elastic modulus of the films,
one can speculate that the crystallinity of the PLA and
PHBV films was higher than for the injection molded
specimens [52]. Higher crystallinity would mean stronger
but less stretchable material [47], which would explain the

obtained results. Since one of the main functions of a
packaging material is to protect a given product [53], the
mechanical characteristics are critical for a suitable mate-
rial to be selected.

3.4 Barrier characteristics

The barrier properties are one of the most important
features defining the quality and safety of packaging
materials [53]. The results of the barrier properties are
presented in Figure 3. Improvements in water vapor
barrier were achieved for all polymers. The water vapor
transmission rates (WVTR) of PLA samples were signifi-
cantly decreased with all the fillers and filler loadings.
The lowest WVTR of PLA samples (at 38 °C/90% RH), up
to 72% lower than that of the neat PLA, was achieved
with 30 wt% talc. Similar results have been reported for
PLA or PLA blends with talc [7, 42, 54] and calcium car-
bonate (water absorption) [36]. A decrease in WVTR was
also obtained for PLA/halloysite (HNT) nanocomposite
films [55], and with silver-loaded kaolinite PLA/PBAT
(including tetrabutyl titanate compatibilizer) nano-
composite blown films [56].

Figure 3: Barrier properties of the compression-molded films (talc, kaolin and calcium carbonate are referred to as T, K and C, respectively,
followed by the filler content 5, 10 and 30 wt%). The results have been normalized according to the film thicknesses.
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The WVTR of PBAT decreased with the talc (30 wt%)
and kaolin (10–30 wt%). The largest reduction was 24%
(38 °C/90%RH) for PBAT30T. Calcium carbonate increased
the WVTR of PBAT with all loadings. The water vapor
barrier of PBAT was enhanced by other authors with a
combination of organically-modified montmorillonite
(OMMT), sepiolite (SEP) and nano titanium dioxide (TiO2)
[57], OMMT [58], and silver oxide (Ag2O) [17]. In this study,
the reduced WVTR in PHBV films was achieved with all
filler content (talc and kaolin), and with 5–10 wt% of cal-
cium carbonate. The lowest WVTR in PHBV films (40% at
38 °C/90% RH) was obtained by 5 wt% talc addition. In the
literature, the water vapor barrier of a PHBV has been re-
ported to improve with other fillers such as OMMT [59].

The oxygen barrier properties were studied, Figures 3
and 4. OTR of PLA films were decreased with 30 wt% talc
and kaolin addition. The reduction in OTR was up to 62%
with talc and up to 54%with kaolin. The enhanced oxygen
barrier properties of PLAusing talc have also been reported
by others [7, 28, 54, 60]. In PBAT films, 30 wt% talc
enhanced the oxygen barrier, while other fillers reduced it.
Talc decreased the OTR by 15%. Other authors have

reported a reduction of the OTR in PBAT with OMMT [57]
and Ag2O [17]. Similar to PLA, the platy filler types lowered
the OTR in PHBV films, while calcium carbonate produced
the opposite effect. The OTR of PHBV30T was 72% smaller
than the neat polymer. Kaolinite [22] and calcium carbon-
ate have been reported to decrease the OTR of PHBV by
increasing the crystallinity and tortuosity [20].

The shape of the platelet fillers (talc and kaolin) is
beneficial in creating more tortuous diffusion path for the
oxygen and water vapor molecules, and therefore, they
improve the barrier effect [60]. In addition, compared to
calcium carbonate, talc and kaolin improved the crystal-
linity more extensively for PLA and PHBV. This is
explained by the dense crystalline regions that impede
permeability compared to the amorphous ones [42]. Cal-
cium carbonate had an increasing effect on WVTR in PBAT
(5–30 wt%) and PHBV (30 wt%) films, and on OTR for all
the polymer films (minor in PLA and PBAT and major in
PHBV). Similarly, kaolin weakened the oxygen barrier of
PBAT the most. The cause of the limited effect of calcium
carbonate is likely the result of the presence of voids (SEM
images, Figure 1). In turn, such voids occur from weak

Figure 4: Effect of the fillers (30 wt%) in the polymer matrices (talc, kaolin and calcium carbonate are referred to as T, K and C, respectively).
Apart from the crystallinity, the values have been measured from compression-molded films. Water vapor transmission rate (WVTR) has been
measured under 38 °C/90%RH, and oxygen transmission rate (OTR) under 23 °C/50%RH conditions. The outermost line of the radar chart
represents the highest value (100%) achieved among the sample points represented in the radar chart A, B, C or D. The iso-lines, going from
the center to the periphery, correspond to 0, 20, 40, 60, 80, and 100%.
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polymer–filler interactions. Kaolin weakened the OTR of
PBAT the most, which could be related to the agglomera-
tions seen in the SEM image (Figure 1E).

3.5 Cross-evaluation

When optimizing the properties of a material for end-use
applications, combinations of certain features are desired
and, hence, a cross-evaluation is needed. For example,
some of the aims of food packaging are to protect the
product, extend shelf-life, provide information, be cost-
effective, meet industry requirements and consumer ex-
pectations, and minimize environmental impacts. Food
packaging must protect the product physically, chemically
and biologically [61]. The cross evaluation and the effects
of different fillers in biopolymer matrices are displayed in
Figure 4. Apart from the crystallinity, all reported mea-
surements correspond to the films.We note that the scaling
of the radar charts (A, B, C and D) have been normalized to
the highest value of eachproperty in the given chart (A, B, C
and D) (relative data) and the figures cannot be compared
across polymer samples. The first three radar charts (A, B
and C) are representing each polymer individually with all
the fillers, and in the fourth radar chart (D) the neat poly-
mers are compared to each other.

The impact of the fillers differed for the PLA matrix.
The platelet-shaped talc and kaolin increased the crystal-
linity and elastic modulus while the tensile strength,
elongation and permeability (water vapor and oxygen)
were reduced. Talc had significantly higher nucleating ef-
fect on PLA compared to kaolin and calcium carbonate.
Compared to the neat PLA, the irregularly-shaped calcium
carbonate in the filled polymer decreased slightly the
crystallinity. The tensile strength of PLA/calcium carbon-
ate composites were somewhat at the same level with other
fillers but the elongation remained at similar level to that of
neat PLA. The elastic modulus was higher than neat PLA
but lower than for platelet-like fillers. Calcium carbonate
improved the water vapor barrier up to 30% (at 38 °C/90%
RH) compared to neat PLA. The modified calcium carbon-
ate used in this study has been reported to be fatty acid
modified [62], which can be assumed to increase the hy-
drophobicity of the film and therefore provides better water
vapor resistance. However, due to the presence of cavities
(SEM images) and poor crystallinity development, no
improvement was achieved in oxygen barrier properties.
Based on the results, the platelet-shaped fillers improved
the barrier properties the most, creating tortuous diffusion
paths while increasing the crystallinity (case of PLA).

However, the filler weakened the elongation, which is as a
drawback in packaging applications.

The effect of the fillers on the elastic PBAT varied
somewhat compared to the other polymer matrices.
Compared to the neat PBAT, the fillers decreased the
crystallinity, the tensile strength and the elongation. The
barrier properties (WVTR and OTR) were improved mainly
by 30 wt% of talc, but the WVTR was decreased by kaolin
(10–30 wt%). The elastic modulus was significantly
increased by kaolin and calcium carbonate, and the OTR
increased with kaolin addition. As far as the barrier effect,
talc was the best choice in developing such a property
in PBAT.

Filler addition further increased the crystallinity of
PHBV and the elastic modulus. WVTR was significantly
decreased with talc (5–30 wt%), kaolin (5–30 wt%) and
calcium carbonate (5–10 wt%, Figure 3), while OTR was
only decreased with talc and kaolin. Calcium carbonate
considerably weakened the oxygen barrier of PHBV. Ten-
sile strength and elongation were decreased by filler ad-
ditions. As the PHBV composite materials were rather
brittle, they would not be optimal materials for packaging
application as such.

The differences between the polymers are shown in the
radar chart D of Figure 4. PHBVhas the highest crystallinity
and elastic modulus, best barrier properties, but lowest
elongation. PLA has the highest tensile strength, rather
high elastic modulus, relatively good barrier properties
and low elongation. PBAT clearly presents the largest
elongation, but lowest barrier properties, tensile strength
and elastic modulus. Based on the results, it is reasonable
to consider blends of PLA and PHBV with the elastic PBAT
[9, 10, 12, 13, 19, 36, 40, 63–66]. Polymer blending allows
possible property optimization; however, as shown in this
study, incorporation of fillers also develops material
properties.

4 Conclusions

Composites were produced bymelt compounding followed
by injection- or compression-molding. PLA, PBAT and
PHBV were mixed with talc, kaolin and calcium carbonate
at different loading levels (0–30 wt%). Based on SEM im-
aging, the fillers (30 wt%) were dispersed rather uniformly
in the polymer filmmatrices. However, some agglomerates
were observed in the kaolin films probably due to the
limited mixing during the film forming process. Talc and
kaolin were tightly surrounded by the polymer, indicating
a good polymer–filler adhesion. A poor adhesion was seen
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from cavities around calcium carbonate particles.
Compared to calcium carbonate, talc and kaolin weremore
effective as nucleating agents for PLA and PHBV compos-
ites. The crystallinity of the PBAT composites decreased by
filler additions, possibly due to the decreased space for
crystal growth. The tensile strength of the films was
reduced with filler loading. This was not as clearly seen in
the injectionmolded specimens. Moderate reductions were
observed in PLA composites while the tensile strength in
PHBV composites remained at about the same level than
neat PHBV. Similar to the tensile strength, elongation was
clearly decreased in films but no clear reduction was
observed for the injection-molded specimens. The PLA/
calcium carbonate samples were an exception. Calcium
carbonate enhanced the elongation clearly in the injection-
molded specimens, but the effect was also seen in the films.
The elastic modulus was increased by increasing filler
addition. Significantly improved barrier properties were
obtained by filler addition. WVTR (38 °C/90% RH)
decreased by 72% in PLA30T, by 24% in PBAT30T and by
40% in PHBV30C. Meanwhile, OTR (23 °C/50% RH)
decreased by 62% in PLA30T, by 15% in PBAT30T and by
72% in PHBV30T. Some weakened barrier effects were
obtained by filler addition, caused by the agglomerations
(PBAT30K), or by cavities and low crystallinity develop-
ment in calcium carbonate composites. The significant
benefit of filler addition was apparent in the enhanced
crystallinity, elastic modulus and barrier properties. The
performance of the bio-based and/or biodegradable com-
posites is valuable in the formulation of packaging
materials.
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