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ABSTRACT

The manufacture of biopolymers foams with poly-lactic acid (PLA) and thermoplastic
starch (TPS) using the green process of extrusion assisted by supercritical CO, is a promising
way towards new applications. A parametric study evidenced that the porosity is strongly
correlated with the die temperature, CO, content and TPS load. To get a high porosity, die
temperature has to be diminished to block the gas escape from the extrudate sample. This
reduction in temperature was only feasible when it was associated to an increase in CO,
content to lower melt viscosity in the extruder. Higher TPS content led to foam samples with
lower porosity, due to a weaker melt strength which in turn favoured the CO, escape instead
of forming pores. Finally, for the 80 % PLA-20 % TPS blend, porosity as high as 96 % has
been obtained.

INTRODUCTION

In the field of packaging, expanded thermoplastics from petrochemical origin are often
used. These products show excellent mechanical properties, in addition to low density and
cost. The main issues are the manufacture impact on the environment and the management of
waste. With the goal of retaining these properties without the drawbacks, the use of biobased
and biodegradable polymers to make foams with a green technology is highly recommended.

Extrusion assisted by supercritical CO; (sc-CO) is considered as a green process for
the manufacturing of foam [1]. In this process, sc-CO; is injected in the heating barrel of an
extruder. Not only it modifies the melt properties inside the extruder by dissolving in the
polymer under pressure, but also it acts as an expansion agent during the return to
atmospheric pressure through the die and creates porosity. This process has shown great
interest and is frequently investigated with biopolymers as recently reviewed by Chauvet et
al. [2].

In this study, a blend of poly-(lactic acid) (PLA) and thermoplastic starch (TPS) was
used. These two biopolymers are obtained from renewable resources and both are
biodegradable after exposure to moisture. They can substitute synthetics polymers, especially
in the packaging area. The literature has shown that blending TPS with PLA improves the
biodegradability of PLA [3,4]. Even if Martin and Averous have reported the lack of affinity
between these two biopolymers [5], Mihai et al. [6] have shown that for a blend consisting of
33 % TPS and 67 % PLA, a foam density as low as 34 kg.m™ was obtained without any
coupling agent.

The aim of this study is to observe the influence of the operating conditions
(temperature and sc-CO, mass fraction) on the foams porosity without coupling agent on
blend with TPS content varying between 0 and 50 %.

MATERIALS AND METHODS
Materials

PLA (PLE 001 extrusion grade) and TPS (NPWS 001 grade) were purchased from
NaturePlast (France). The first polymer is semicrystalline with a glass transition temperature
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(Tg) around 58 °C and a melting temperature (Tm) around 148 °C. The thermoplastic starch
used is an amorphous polymer with a glass transition temperature (Tg) around -45 °C.

In this work, pure PLA and two different blends will be extruded:
80 % PLA-20 % TPS (referred to as SOPLA-20TPS) and 50 % PLA-50 % TPS (referred to as
S0PLA/50TPS) in mass fraction.

Extrusion assisted by sc-CO»,

The equipment have already been used and described in recent publications [7-10]. It
consists of a single-screw extruder (Rheoscam, SCAMEX) with a 30 mm screw diameter with
a length to diameter ratio (L/D) of 37 as illustrated on Figure I. This extruder is divided into
four parts: the first zone (L/D=20) allows the transport of solid polymer pellets and their
melting and plasticizing, the next two zones (L/D=7.5 each) corresponds to the location where
the CO; is injected, the last zone (L/D=2) being a removable static mixer (consisting of four
static mixer elements with a diameter of 17 mm (SMB-H 17/4, Sulzer)) to favour the CO,
dissolution in the polymer melt. Between each part, a restriction ring has been fitted out in
order to obtain a dynamic gastight, which prevents sc-CO, from back-flowing.

The temperature inside the barrel is regulated at six locations: T; and T, before the
CO; injection, T3 and Ty after the injection, Ts in the static mixer and Tg in the die. There are
four pressure and three temperature sensors: P; after the CO; injector, P, and T before the
second gastight ring, P; and Ty, before the static mixer and P4 and Ty by the die.

CO; is pumped from a cylinder by a syringe pump (260D, ISCO). The pressure in the
CO; pump is kept slightly higher than the pressure P;. The CO; injector is positioned at a
length to diameter ratio of 20 from the feed hopper. It corresponds to the beginning of the
metering zone, i.e. the part where the channel depth is constant and equal to 1.5 mm.
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Figure I. Experimental device

Foaming experiments began with a constant volumetric flow rate of 1.5 mL/min and
with Ts=Ts. The static mixer and die temperature are lowered together and samples are
collected once the system has reached a steady state. This temperature will be called die
temperature. When the pressure upstream the die becomes too high, the volumetric flow rate
of sc-CO2 is increased to have an enhanced plasticization, and by consequence a lower
viscosity. The experiments are stopped when the syringe pump is empty.

Characterization of the foams
The foam porosity (&), representing the ratio of void volume to the total volume of the
sample, can be calculated by the following equation:
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_ Papp

Pp
Papp 18 the apparent density of the foamed sample, determined by water pycnometry and p,,
the polymer density determined after extrusion with water pycnometry at 1231 kg.m™.

e=1

RESULTS

In the literature about polymer foaming with sc-CO,, it has been shown that the
temperature was the predominant parameter to obtain high porosity. Park ef al. [11] have
shown that, for promotion of large volume expansion ratio, the gas lost must be prevented.
The solution is to stiffen the extrudate surface by a decrease of the melt temperature obtained
by lowering the die temperature. They also shown that, in order to prevent cell coalescence, a
uniform cooling of the polymer is required, hence the temperature before the die must be
decreased too. Authors demonstrated that, with further decreased temperature, extrudate was
too stiff, preventing the CO; to achieve its total blowing agent effect. It was also demonstrated
that the temperature and CO; content were strongly correlated [12]. With low temperature,
viscosity of the polymer, as well as pressure inside the extruder, will increase, hence more
CO; has to be injected in order to plasticize the polymer. This principle has been applied with
a lot of different polymer (polycarbonate [12], polypropylene [13—15], polyethylene [16]) and
more particularly with the poly-(lactic acid) [17-23].

Figure II shows the evolution of porosity with temperature and sc-CO; content.

For the pure PLA, the previously described behaviour is observed. As soon as CO; is
injected, 65 % of porosity is created. Then, porosity increases with decreasing temperature, to
finally reach a maximum of 96.8 % at 111 °C. Beyond this maximum, porosity starts to
decrease with further decrease in temperature.

The PLA-TPS blends show a similar trend: porosity increases with decreasing
temperature, reaches a maximum, and finally decreases with further temperature decrease.
However, it can be observed that, for a given porosity, there is a shift in temperature between
the PLA and the two blends. In other word, the same porosity is obtained at lower temperature
than for pure PLA. For instance, to get a porosity of at least 60 %, the temperature of the die
must be lower than 130 °C for the pure PLA, against 120 °C for the 80PLA-20TPS blend and
112 °C for the 50PLA-50TPS one. Moreover, the maximum porosity is 96.3 % and is
obtained at 99 °C while it is only 67.1 % at the same temperature of 99 °C for the SOPLA-
50TPS.

These differences are mostly due to the inherent properties of the TPS. As explained in
the Materials and Methods section, TPS is an amorphous polymer with a very low glass
transition temperature (-45 °C) in comparison with operating temperatures. In consequence, at
the die exit, the TPS is still amorphous lowering the global melt strength and cannot prevent
the CO, from escaping and giving its total blowing effect. A lower operating temperature
would be probably necessary to obtain a better expansion of TPS (Alavi and Rizvi [24]).
Moreover, the solubility of sc-CO; is lower in TPS than in PLA (see reference [25] for the
TPS and reference [26] for the PLA), what limits also the expansion level. This effect is not
observable for a TPS mass fraction of 20 %, as the TPS volume fraction remains low in the
final foam. But it becomes largely significant for the SOPLA-50TPS blend.

A similar result was published by Mihai et al. [6] for a blend with 33 % TPS: a density
of 34 kg.m™ representing a porosity of approximately 97 % considering the PLA density at
1267 kg.m™. However, these authors observed that the addition of a coupling agent was
necessary to obtain a large foaming and a fine cell structure.

In consequence, the effect of blend composition on the foam morphologies needs to be
further investigated, in particular by carrying out microscopic observations of foam samples.
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Figure II. Evolution of porosity with temperature and sc-CO, content
CONCLUSION

Foams of biopolymers blend were successfully manufactured by the process of
extrusion assisted by supercritical CO,. A maximum porosity of 96.8 % was obtained for the
pure PLA at an optimal temperature of 111 °C.

The addition of TPS shifts the operating temperature towards lower values and
decreases the maximum porosity. Indeed, TPS exhibits a low glass transition temperature and
a lower sc-CO; solubility, what decreases the operating temperature and the expansion. This
effect is limited for the blend with 80 %PLA and 20 % TPS as the volume fraction of TPS is
low in the final foam. However, it becomes significant for the blend with 50 % PLA and 50 %
TPS. The effect of blend composition on the foam morphologies needs to be further
investigated to confirm these observations.

REFERENCES

[1] SAUCEAU, M., FAGES, J., COMMON, A., NIKITINE, C., RODIER, E., New challenges in polymer foaming: A
review of extrusion processes assisted by supercritical carbon dioxide, Progress in Polymer Science, Vol.
36,2011, p. 749.

[2] CHAUVET, M., SAUCEAU, M., FAGES, J., Extrusion assisted by supercritical CO2: A review on its
application to biopolymers, Journal of Supercritical Fluids, Vol. 120, 2017, p. 408.

[3] SHOGREN, R. L., DOANE, W. M., GARLOTTA, D., LAWTON, J. W., WILLETT, J. L., Biodegradation of
starch/polylactic acid/poly(hydroxyester-ether) composite bars in soil, Polymer Degradation and
Stability, Vol. 79, 2003, p. 405.

[4] IoviNO, R., ZULLO, R., RAO, M. A., CASSAR, L., GIANFREDA, L., Biodegradation of poly(lactic
acid)/starch/coir biocomposites under controlled composting conditions, Polymer Degradation and
Stability, Vol. 93, 2008, p. 147.

[5] MARTIN, O., AVEROUS, L., Poly(lactic acid): Plasticization and properties of biodegradable multiphase
systems, Polymer, Vol. 42, 2001, p. 6209.

[6] MIHAL M., HUNEAULT, M. A., FAVIS, B. D., L1, H., Extrusion foaming of semi-crystalline PLA and
PLA/thermoplastic starch blends, Macromolecular bioscience, Vol. 7, 2007, p. 907.

[7] NIKITINE, C., RODIER, E., SAUCEAU, M., LETOURNEAU, J., FAGES, J., Controlling the Structure of a
Porous Polymer by Coupling Supercritical CO2 and Single Screw Extrusion Process, Journal of Applied



(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

(20]

(21]

[22]

(23]

(24]

[25]

(26]

16™ EMSF European Meeting on Supercritical Fluids, 25-28 April 2017, Lisbon, Portugal

Polymer Science, Vol. 115, 2010, p. 981.

NIKITINE, C., RODIER, E., SAUCEAU, M., FAGES, J., Residence time distribution of a pharmaceutical grade
polymer melt in a single screw extrusion process, Chemical Engineering Research and Design, Vol. 87,
2009, p. 809.

LE MOIGNE, N., SAUCEAU, M., BENYAKHLEF, M., JEMAI, R., BENEZET, J.-C., RODIER, E., LOPEZ-CUESTA,
J.-M., FAGES, J., Foaming of poly(3-hydroxybutyrate-co-3-hydroxyvalerate)/organo-clays nano-
biocomposites by a continuous supercritical CO2 assisted extrusion process, European Polymer Journal,
Vol. 61,2014, p. 157.

NAGY, Z. K., SAUCEAU, M., NYUL, K., RODIER, E., VAINA, B., MAROSI, G., FAGES, J., Use of
supercritical CO2-aided and conventional melt extrusion for enhancing the dissolution rate of an active
pharmaceutical ingredient, Polymers for Advanced Technologies, Vol. 23, 2012, p. 909.

PARK, C. B., BEHRAVESH, A. H., VENTER, R. D., Low density microcellular foam processing in extrusion
using CO2, Polymer Engineering and Science, Vol. 38, 1998, p. 1812.

LEE, J. W. S., WANG, K., PARK, C. B., Challenge to Extrusion of Low-Density Microcellular
Polycarbonate Foams Using Supercritical Carbon Dioxide, Industrial & Engineering Chemistry
Research, Vol. 44, 2005, p. 92.

NAGUIB, H. E., PARK, C. B., Strategies for Achieving Ultra Low- Density Polyproylene Foams, Polymer
Engineering and Science, Vol. 42, 2002, p. 1481.

NAGUIB, H. E., PARK, C. B., REICHELT, N., Fundamental foaming mechanisms governing the volume
expansion of extruded polypropylene foams, Journal of Applied Polymer Science, Vol. 91, 2004, p.
2661.

NAGUIB, H. E., PARK, C. B., LEE, P. C., Effect of Talc Content on the Volume Expansion Ratio of
Extruded PP Foams, Journal of Cellular Plastics, Vol. 39, 2003, p. 499.

PARK, C. B., PADAREVA, V., LEE, P. C., NAGUIB, H. E., Extruded open-celled LDPE-based foams using
non-homoheneous melt structure, Journal of Polymer Engineering, Vol. 25, 2005, p. 239.

WANG, J., ZHU, W., ZHANG, H., PARK, C. B., Continuous processing of low-density, microcellular
poly(lactic acid) foams with controlled cell morphology and crystallinity, Chemical Engineering
Science, Vol. 75, 2012, p. 390.

Bocz, K., TABIL, T., VADAS, D., SAUCEAU, M., FAGES, J., MAROSI, G., Characterisation of natural fibre
reinforced PLA foams prepared by supercritical CO2 assisted extrusion, Express Polymer Letters, Vol.
10, 2016, p. 771.

PiLLA, S.,KIM, S. G., AUER, G. K., GONG, S., PARK, C. B., Microcellular extrusion foaming of
poly(lactide)/poly(butylene adipate-co-terephthalate) blends, Materials Science and Engineering: C, Vol.
30,2010, p. 255.

PILLA, S.,KIM, S. G., AUER, G. K., GONG, S., PARK, C. B., Microcellular Extrusion-Foaming of
Polylactide with Chain-Extender, Polymer Engineering & Science, Vol. 49, 2009, p. 1653.

LARSEN, A., NELDIN, C., Physical extruder foaming of poly(lactic acid)-processing and foam properties,
Polymer Engineering & Science, Vol. 53, 2013, p. 941.

KESHTKAR, M., NOFAR, M., PARK, C. B., CARREAU, P. J., Extruded PLA/clay nanocomposite foams
blown with supercritical CO2, Polymer, Vol. 55, 2014, p. 4077.

NOFAR, M., Effects of nano-/micro-sized additives and the corresponding induced crystallinity on the
extrusion foaming behavior of PLA using supercritical CO2, Materials & Design, Vol. 101, 2016, p. 24.

ALAVL S.,Rizvl, S. S. H., Strategies for Enhancing Expansion in Starch-Based Microcellular Foams
Produced by Supercritical Fluid Extrusion, International Journal of Food Properties, Vol. 8, 2005, p. 23.

CHEN, K. H. J., RizvI, S. S. H., Measurement and prediction of solubilities and diffusion coefficients of
carbon dioxide in starch-water mixtures at elevated pressures, Journal of Polymer Science, Part B:
Polymer Physics, Vol. 44, 2006, p. 607.

MAHMOOD, S. H., KESHTKAR, M., PARK, C. B., Determination of carbon dioxide solubility in polylactide
acid with accurate PVT properties, Journal of Chemical Thermodynamics, Vol. 70, 2014, p. 13.



