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ABSTRACT

In this study thermoplastic starch (TPS) matrix-based microfibrillated cellulose (MFC) reinforced
microcomposites were prepared via extrusion compounding in one-step. Starch was plasticized with a
combination of glycerol and water. The native starch/glycerol and the plasticized starch/water ratios
were set for 4/1 and 6/1, respectively. Two different MFC types (of varying mean length and diameter)
were incorporated up to 20 wt.% in the plasticizer-containing premix prior to its compounding in a twin-
screw extruder. The mechanical properties of the TPS biocomposites were markedly enhanced by the
introduction of MFC. The yield strength was improved by ~50%, whereas the stiffness by ~250% upon
adding 20 wt.% MFC compared to the parent TPS. Dynamic mechanical analysis (DMA) revealed that the
reinforcing effect of the MFC was more prominent in the starch- than in the glycerol (plasticizer)-rich
phase of the TPS. The mean length and diameter of the MFCs, yielding similar aspect ratio values lying
below the estimated critical one, influenced the mechanical, thermal and thermo-mechanical properties
marginally.
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INTRODUCTION

There is a growing interest nowadays in reducing the amount of waste which is caused by the disposable
packaging mainly from petroleum-based plastics. Therefore, a large body of works has been already
devoted to develop polymers from renewable resources. The related studies often addressed the
development of fully bio-based and thus biodegradable packaging materials. Thermoplastic starch (TPS)
is considered as one of the most promising biomaterials for packaging purpose, mainly because of its
low price and biodegradability [1-6]. Note that starch is a renewable feedstock considering the fact that
it can be recovered from numerous plants (potato, corn, sago etc.) [5]. TPS may serve as a “green”
packaging material, which can be produced using common thermoplastic processing technologies



thereby considering some specific characteristics of starch [1]. Starch itself is a polysaccharide having no
thermoplastic feature, however it can be brought into a “thermoplastic-like” state under specific
conditions (using plasticizer and/or mechanical shear) [7,8]. Melt compounding of thermoplastic
materials is performed mostly in an internal mixer or in single- or twin-screw extruders. While internal
mixing is a batch-type method, extrusion is a continuous process, which is not only a cost-efficient route
but also allows for the combination of thermoplastics polymers with other polymers and/or
reinforcements [2,5,9,10]. By using one- or two-step extrusion process the properties (mechanical,
thermal, barrier...) of the TPS-based systems can be tuned to meet the application requirements. For
TPS material development, however, other techniques such as dissolution followed by solution casting
can also be used [3,5,11-13].

Like any common thermoplastic polymer, starch can be processed via melt compounding techniques in
presence of suitable plasticizers [2,9,14]. Various plasticizers have been tried to convert starch into TPS
but the most widely used ones are water, polyols (e.g. glycerol), vegetable oils and sorbitol [9,15-17].
Being a by-product of biodiesel production glycerol is low priced and thus especially suited for mass
production of TPS even if the mechanical properties of sorbitol plasticized TPS have been found to be
slightly better [16]. The amount of plasticizer used can be varied in certain limits to adjust the stiffness
and strength of TPS to our needs. However, one has to bear in mind that if the plasticizer content in the
mixture is not optimal, processing issues are often encountered [4,18], also leading to the presence of
residual granules (referred to "ghost granules" in the literature [1,4]). The presence of these ghost
granules decreases the mechanical properties and gives a hazy appearance of the originally transparent
material. This should be avoided in many cases, especially for selected packaging applications.

Among the main disadvantages of TPS its hydrophilic character and poor mechanical properties should
be mentioned. From this reason many studies have addressed the improvement of the properties of TPS
[3,9,10,12,17,19]. Trials, done so far, include chemical modifications, grafting, blending with other
biopolymers, and also the incorporation of a reinforcing particles [3,5,9,11-13,17,20-24]. Main goal of
these studies was to improve the properties, while still preserving the biodegradability of the related
TPS-based systems. As far as particulate fillers and reinforcements is concerned, the most promising
ones for TPS are cellulose and layered silicates. These additives can improve the mechanical and barrier
properties which are of great relevance for packaging. The dispersion of these particles and its effect on
the properties of TPS were already topics of some publications [5,9,10,13,15,17,19,25]. Extensive
kneading associated with melt shearing during extrusion support the disintegration of the entangled
cellulose micro- and nanofibers when introduced in dry form. Extrusion melt compounding is also the
right way when these cellulosic fillers are incorporated from a premix or aqueous dispersion [9,26]. In
the latter case vent ports of the extruder may work for the evaporation of the excess water as discussed
later.

Cellulose of natural origin may serve in both micro- and nanofiber forms as reinforcements for polymers
[27]. There is a growing interest of using micro- and nanocellulose as property modifiers for different
kind of polymers [28,29], including TPS. The main advantage in using of cellulosic fibers into TPS-based



composites is that their biodegradability and bio-based features are maintained. This is the major
driving force for ongoing studies in this field [9,17,19,30,31].

When fabricating polymer composites with micro- and nanoscale particles, the main problem is to
achieve the homogenous and fine dispersion of the particles within the polymer matrix [32] as these
particulates tend to form agglomerates, bundles. As a consequence the large particles’ agglomerates
may act as stress concentration sites causing premature failure of the materials and in case of fibrous
bundles the high aspect ratio of the constituent fibrils cannot be exploited for reinforcing effect. Thus
the quality of the dispersion of the particles influences the properties of the corresponding composites
significantly [33]. There are numerous methods to support the proper dispersion of micro- and
nanosized particles in thermoplastics, such as in situ polymerization, solvent-assisted techniques, and
traditional melt mixing. In the latter case the agglomerates and bundles are disrupted under action of
the shear stresses developed. A relative new way is to introduce the particles in their aqueous
dispersion or slurry during melt compounding of suitable thermoplastics [34]. Note that in this approach
water works as a temporary carrier of the particles because it is removed downstream during the
extrusion. This technique improves the dispersion of particles, but may not be used universally owing to
the hygrothermal decomposition of some polymers. There are some cases however, when water works
as a plasticizer for the given materials and thus should not be totally removed during melt mixing. An
example for that is the production of TPS from natural starch [34].

This study was aimed at improving the properties of glycerol plasticized TPS by incorporating
microfibrillated cellulose fibers (MFC) of different sizes (e.g. mean length and diameter) at various fiber
content. The MFC-modified TPS was produced in a one-step melt extrusion compounding using a twin
screw extruder. Morphology and structure of the prepared composites were characterized by scanning
electron microscopy (SEM) and optical microscopy (OM). Specimens from MFC-modified TPS were
subjected to static tensile tests and dynamic mechanical analysis (DMA) to check in what extent the MFC
enhances the mechanical properties of TPS. The thermal degradation behavior of the samples was
examined through thermogravimetric analysis (TGA).

EXPERIMENTAL
Materials

Native corn starch (CS) Hungramid F Meritena 100 (obtained from Brenntag Ltd., Budapest, Hungary)
was selected as matrix material. As plasticizers different amounts of glycerol (purity of 99.5%; purchased
from Csepp Bt., Budapest, Hungary) and distilled water were used. Two types of microfibrillated
cellulose (MFC): Arbocel® B 600 (average length of 60 um, diameter of 20 um) and the ultrafine
Arbocel® UFC-100 (average length of 8 um, diameter of 2 um) were introduced as reinforcements (JRS
GMBH, Rosenberg, Germany). The above mentioned mean values of the particles were provided by the
producer. These data have been proved via SEM images taken from the two MFC types as shown in
Figure 1. Note that the mean aspect ratio values of these MFCs are practically identical (~3 and ~4 for



B 600 and UFC-100, respectively). Stearic acid (purchased from a local supplier ICC-Chemol Ltd.,
Budapest, Hungary) was used as lubricant for the TPS.

FIGURE 1 SEM images taken from raw MFC particles B 600 (a) and UFC-100 (b)
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Processing of the materials

The CS powder and the MFC were conditioned in a Memmert HCP153 (Frankfurt, Germany)
humidification chamber at 30°C and a relative humidity (RH) of 50% for at least 168 hours (h) prior to
processing. This was done to ensure that the components have the same moisture content during the
preparation of each mixture. The MFC was incorporated in a premix, composed of starch, plasticizer and
lubricant, through manual mixing before the melt compounding step.

Preparation of premix

Firstly the components were weighed and premixed manually to achieve a “dry” mixture. The ratio of
CS/glycerol was fixed to exactly 4:1 in every mixtures. The MFC content, introduced in this dry mix, was
varied in a range from 0 to 20 wt.%. Table 1 shows the recipes of the samples. 1500 g was prepared of
each mixture. Furthermore 250 g water was added to a batch of 1500 g containing all components. It is
not listed in Table 1. According to Tabi et al. [4] 1 wt.% stearic acid (with respect to whole amount) was
added as well to prevent the material sticking to the screws or to the die during the extrusion.



TABLE 1 Recipes of the premixes used for the preparation of TPS and TPS/MFC microcomposites. Note

the water amount, viz. 250 g water/1500 g material, and the stearic acid lubricant (1 wt.%) are not listed

in this Table.

Starch Glycerol MFC Type of
Sample (WLo%)  (W%)  (wt%)  MFC
TPS 80 20
TPS_B600_5 76 19 5 B 600
TPS_B600_10 72 18 10 B 600
TPS_B600_15 68 17 15 B 600
TPS_B600_20 64 16 20 B 600
TPS_UFC_10 72 18 10 UFC-100
Compounding process

As second step the dry mixtures were melt-compounded using a twin-screw extruder (LTE 26-44,

Labtech Engineering Co., Ltd., Samutprakarn, Thailand) with an L/D ratio of 44 and a screw diameter of

26 mm. The screw speed was 75 revolutions per minute (rpm), and the temperature profile of the
extruder zones is shown in Table 2.The temperature of the die was 120°C. Starve feeding of the extruder
was done manually. The extruder barrel was equipped with an atmospheric vent (at heating zone 7 out

of 10) to remove the vaporized water from the melt. Because of the remaining water content, the
extrudate was still sticky when leaving through the die. Thus the extruded pellet was conditioned (30°C,
50% RH) for a week before further processing.

TABLE 2 Temperature zones of the extruder

Zone  Temperature | Zone Temperature
Nr. [°C] Nr. [°C]
1 85 6 100
2 90 7 110
3 95 8 110
4 100 9 120
5 100 10 120

Compression molding



After conditioning the granulated extrudates were compression molded to sheets of 1.7 mm thickness
using a hot press machine (Teach-Line Platen Press 200E, Dr. Collin GmbH, Munich, Germany) at the
temperature of 130°C. Specimens for testing were punched of the compression molded sheets.

Characterization

Every single sample was conditioned under the same circumstances (30°C, 50% RH) for at least 168
hours prior to the following tests to obtain reproducible results.

Static Tensile Tests

The static mechanical properties were determined by tensile tests performed on a universal testing
machine (Zwick 2020, Ulm, Germany) at a cross head speed of 5 mm/min. Specimens (type: 3 according
to EN ISO 8256) for tensile tests were previously conditioned as mentioned above. The tests were
performed at room temperature (RT). The average value was derived from five parallel measurements.

Scanning Electron Microscopy (SEM)

The fracture surfaces of the TPS/MFC composites were inspected in a scanning electron microscope
(SEM; JEOL JSM 6380LA, Tokyo, Japan). Prior to their inspection, the samples were sputter-coated with
gold/palladium alloy.

Optical Microscopy (OM)

The polished surfaces of TPS and TPS/MFC microcomposites were inspected in an optical microscope
(OM, Olympus BX51M, Hamburg, Germany) equipped with a camera CAMEDIA C-5060.

Dynamic Mechanical Analysis (DMA)

A dynamic mechanical analyzer (DMA Q800, TA Instruments, New Castle, New Jersey, USA) was used to
assess the thermo-mechanical behavior of the samples. Tests were run in tension mode at a frequency
of 1 Hz in the temperature range between -100 and 120°C at a heating rate of 3°Cmin. Prior to the tests
the surface of the specimens (thickness: 1.6 mm; width: 2.8 mm, clamped length: 10 mm) was coated
with a silicon-based grease to avoid their drying during the test [35].

Thermogravimetric analysis (TGA)

A TGA Q500 thermogravimetrical analyzer (TA Instruments, New Castle, New Jersey, USA) was used to
examine the thermal behavior of the samples. Tests were performed from RT to 600°C at a heating rate
of 10°Cmin under nitrogen flow using a flowing rate of 50 ml/min.



RESULTS AND DISCUSSION
Tensile mechanical properties

The mechanical properties of the neat TPS and TPS/MFC microcomposites are summarized in Table 3.
Tensile properties, such as yield strength, elongation and Young’s modulus were evaluated from the
stress-strain curves obtained from the prepared microcomposite specimens. The data in Table 3
indicates that incorporation of MFC enhanced both the yield strength and the Young’s modulus. This
fact refers to the reinforcing action while the low scatter in the data (mostly under 10%) implies to a
proper dispersion of MFC particles in the TPS matrix. The yield strength increases from 7.9 to 11.9 MPa
with increasing filler content from 0 to 20 wt.%. It can be seen that with increasing filler content from 0
to 5 wt.%, the strength increases by 1.2 MPa, while further filler loading (10 wt.%, 15 wt.%) only
improves the yield strength of the parent TPS by 1.8 and 1.9 MPa, respectively. The same trend can be
observed for the stiffness, as well. Possible explanation for this finding may be of morphological origin:
MFC reinforces the plasticized phase of the TPS at its low contents (5-15 wt.%). Further discussion on
this topic will be provided in the DMA section. Nevertheless, considering the yield strength and Young's
modulus there was a significant improvement for all microcomposites except TPS_B600_15. The rise of
Young’'s modulus with increasing MFC content was even more remarkable. The value 0.72 GPa,
measured for TPS_B600_20, is almost 250% of the parent TPS. The elongation at break, however,
dropped from ~30 to ~4%. Interestingly, no such change was observed by Hietala et al. [26] when the
TPS was modified by 10 wt.% treated and untreated wood fiber and cellulose nanofiber. The related TPS
was, however, differently and in lesser extent plasticized than in the present study. Accordingly, TPS of
the cited authors exhibited markedly higher tensile strength (24.2 MPa) and Young’s modulus (1.36 GPa)
than our TPS version (cf. Table 3).

These results are in good accordance with other studies on the same field [9,30]. Cao et al. [30] explain
these changes in the mechanical properties as the effect of strong hydrogen bonding interactions
between the TPS matrix and the cellulose. It is the right place to mention that fibrous reinforcements,
when adhering well to the matrix, in thermoplastics generally reduce the ductility of the corresponding
composites. Results in Table 3 also show that there is no significant difference between the effects of
the different MFC types. Typical stress-strain curves of TPS and TPS/MFC biocomposites are shown in
Figure 2. Figure 2 clearly demonstrates that with increasing MFC contents both the stiffness (initial slope
of the stress-strain curves) and strength are improved but the ductility (strain values) highly reduced.
Comparing the stress-strain curves (and the related results in Table 3) of the TPS with the different MFC
types at 10 wt.% loading one can notice that B 600 performed slightly better than UFC-100, though the
aspect ratio of the latter is a bit higher. This can be reasoned by supposing that the inherent mean flaw
size of the TPS is commensurable with that of the UFC-100. If it is so, then a proper dispersion of UFC-
100 should yield higher ductility values that B 600 at the same content, which was found, in fact. The
ductility increment is owing to an efficient stress redistribution between the inherent voids and small
UFC-100 particles because none of them act as stress concentrator. By contrast, the large B 600 particles
work as stress concentration sites causing ductility reduction.



TABLE 3 Tensile properties of neat TPS and related MFC filled TPS biocomposites.

Yield strength Young’s modulus Elongation at Elongation

Sample code (MPa) (GPa) yield point (%) at break (%)
TPS 7.90.6 0.30£0.04 20.2:4.9 31.9¢5,3
TPS_B600_5 9.1:0.3 0.51£0.03 6.5:0.5 7.5:0.4
TPS_B600_10 9.740.4 0.56+0.04 8.940.9 9,8£0.9
TPS_B600_15 9.8+0.4 0.58+0.05 7.3+1.1 9.8+0.4
TPS_B600_20 11.9+1.4 0.72+0.05 3.8:0.8 3.940.7
TPS_UFC_10 9.140.9 0.52+0.06 9.942.0 11.0£2.1

FIGURE 2 Typical stress-strain curves of TPS and TPS/MFC biocomposites
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With respect of the tensile properties it is straightforward to give an estimate on the critical fiber length
(/) of MFC. Recall that the MFC types used differed markedly in their length and diameter data but not
in the corresponding aspect ratios. /. can be computed by:

| o.d

° 20 )

where oy is the strength of the fiber, d is the diameter of the fiber, and zis the interfacial shear strength

between the matrix polymer and the reinforcing fiber. 7 can be estimated in the knowledge of the
matrix tensile strength (om). For this purpose the same calculation has been used that was reported by
Oksman et al. [36]:



r=2m, (2)

J3
Considering the fact that cm=7.9 MPa and accepting for 5;=2000 MPa [36] we can estimate the /. values
of MFCs B 600 and UFC-100 for ~4400 um and ~440 um, respectively. Accordingly, the length of the
MFC fibers is far below the critical value. This is in harmony of the tensile yield results which did not
differ for the TPS_MFC_10 as a function of the MFC type (cf. Table 3). It can be concluded that a similar

aspect ratio of microfibers results in similar tensile properties in TPS/cellulosic fiber microcomposites.
Morphology

Figures 3 reveals SEM images of the failure surface of the prepared samples. Figure 3/a shows that there
are no remaining granular starch particles in the TPS. So, gelatinization of the starch was successful. In
Figure 3/b and c the cellulose microfibers can clearly identified (indicated by circles). Comparing Figure
3/b and c, one can recognize the difference between the sizes of two types of MFC used. The SEM
pictures suggest a rather good adhesion between the TPS matrix and the cellulose fibers. The SEM
pictures in Figure 3/b and c also refer to a good dispersion of MFC in the TPS matrix, which is in good
agreement with the tensile test results. It can be seen that there are no large MFC agglomerates in the
TPS/MFC according to the SEM images. This was further confirmed in the OM images of the samples
showing that a homogenous distribution of MFC was achieved by the continuous twin-screw extrusion
processing (cf. Figure 4). Comparing Figure 4/c and 4/d the difference between the cross sections of the
B 600 and UFC-100 MFCs becomes obvious. A close look at Figure 4/a and 4/d substantiates the
previous assumption that the inherent mean flaw size of TPS is closely matched with that of the UFC-100
particles.

FIGURE 3 SEM pictures taken from the fracture surface of TPS (a) and TPS/MFC microcomposites (b,c).
Designations: (a) TPS, (b) TPS_B600_10, (c) TPS_UFC_10
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FIGURE 4 OM images taken from the polished surfaces of TPS (a) and TPS/MFC composites (b,c,d).
Designations: (a) TPS, (b) TPS_B600_10, (c) TPS_B600_20, (d) TPS_UFC_10
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Dynamic-mechanical behavior

The thermo-mechanical properties of the prepared TPS-based biocomposites were investigated by DMA.
The diagram in Figure 5 presents the course of the loss factor (tan 8) and the relative storage modulus as
a function of temperature. The relative storage modulus is defined as the ratio between the actual
storage modulus (E’) and the modulus of the material in its glassy state at T=-100 °C (E’;). This kind of
visualization of the stiffness change as a function of temperature (i.e. E’/E’ vs. T) is often followed in
the literature when analyzing the properties of TPS based materials [14,31]. A two-step modulus drop,
parallel to the appearance of two tan & peaks, were observed in the relative modulus vs. temperature
traces. This is in accordance with the literature [14,31,37]. Angles et al. [37] reported that that the
glycerol plasticized TPS represents a complex heterogeneous system that contains glycerol-rich domains
dispersed in a continuous starch-rich phase. Accordingly, these two phases exhibit their own glass
transitions. This has been confirmed by other studies, as well [17,38,39]. The peak at the lower
temperature is attributed to the glass transition temperature of the glycerol-rich domains (Tgs), whereas
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the peak at higher temperature is connected to the glass transition of the starch-rich phase (Tgq). As it
can be noted, the introduction of 10 wt.% MFC into the TPS (regardless of its type) resulted in a shift of
Tgp. The position of Tgp relaxation does not change with increasing MFC content compared to neat TPS.
On the other hand, its intensity was markedly reduced with increasing B 600 MFC. There is only a
marginal difference between the DMA traces of TPS_B600 and TPS_UFC with the same amount of MFC
(i.e. 10 wt.%). This finding is in line with tensile test results. A reduction in the loss factor peaks is always
a hint for the reinforcing action of the filler. By contrast, T, shifts toward higher temperature, its peaks
is reduced and the related drop in the modulus becomes less with increasing MFC content. This
suggests a prominent reinforcement, especially in the starch-based phase, by the MFC incorporated.
One can thus conclude that MFC particles are not homogenously distributed in the two different phases
of TPS. The MFC particles strengthen mainly the starch-based phase thereby improving the heat stability
of the TPS composite. This finding is in good agreement with the tensile test results, viz. increasing
amount of MFC results in an enhanced modulus at room temperature (cf. Table 3).

FIGURE 5 Course of the relative storage modulus (E'/E " in semi logarithmic representation) and
mechanical loss factor (tan 9) as a function of temperature for the TPS and its biocomposites with 10
and 20 wt.% MFC
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TGA behavior

TGA was performed to examine how the incorporation of MFC influences the decomposition behavior of
the TPS/MFC microcomposites. Figure 6 shows the TGA trace (Fig 6/a) and its derivative (DTG, Fig 6/b)
for the MFC types used. The weight loss in the TGA and related peak in the DTG traces up to ~100°C
represents the evaporation of water adsorbed by the cellulose particles. It can be clearly seen that UFC-
100 particles start to decompose ~15°C higher temperature and yield lower ash residue than B 600 MFC.
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FIGURE 6 TGA (a) and DTG (b) curves of different types of neat MFCs
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The TGA traces of TPS and its microcomposites with B 600 MFC are shown in Figure 7. Initial weight loss
observed between 50-250°C corresponds to the elimination of water and glycerol, absorbed by starch,
along with other low molecular weight compounds [25,40]. The peak on the DTG curve representing the
degradation of the neat TPS is at about 323°C. This is in harmony with literature data [15,17,20].
Increasing MFC content had little to no effect on the decomposition behavior of TPS. Thus it can be
concluded, that the effect of MFC on the thermal stability of TPS is insignificant. DTG curves show that
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the thermal decomposition of the neat TPS ends at ~355°C, while in case of its MFC a shoulder appears
at ~380°C. The latter is associated with the decomposition of the MFC particles (cf. Figure 6/b).

FIGURE 7 TGA (a) and DTG (b) curves of parent TPS and its microcomposites containing different
amounts of B 600 MFC
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It has been also observed that the presence of MFC changes the optical properties of the corresponding
TPS composites. The initially transparent TPS became more and more opaque with increasing cellulose
content. Hietala et al. [9] performed UV/Vis spectroscopic measurements to quantify this effect. They
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confirmed that the increased light scattering is due to the reinforcing particles. When using TPS or its
MFC composites as a packaging materials this aspect should be considered for the target applications.

CONCLUSION

Based on this study, devoted to improve the mechanical properties of glycerol plasticized thermoplastic
starch (TPS) by incorporation of microfibrillated cellulose (MFC) particles of different characteristics, the
following conclusions can be drawn:

- the 4:1 ratio of starch:glycerol with additional water in 1:6 ratio with respect to the overall
recipe mass resulted in well gelatinized and plasticized TPS after melt compounding via twin-
screw extrusion. The TPS showed two relaxation transitions, both of them with substantial
stiffness reductions, which were attributed to the presence of glycerol-rich and starch-rich
phases in TPS.

- MFC worked as reinforcement. Its incorporation enhanced the stiffness (Young’s modulus), yield
strength, however, at cost of the elongation at break. The related changes were amplified with
increasing amount of MFC. According to dynamic-mechanical analysis (DMA) MFC acted as
reinforcement more efficiently in the starch-rich than in the glycerol-rich phase of TPS

- the MFC types, differing in their average length and diameter values, did not cause any change
in the tensile mechanical and DMA properties of the related TPS-based composites when
incorporated in the same amount. This was traced to their similar aspect ratios and length
values lying far below the critical one.

- the thermal decomposition behavior of TPS was not influenced by the type and amount of the
MFCs incorporated according to TGA tests.
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