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Abstract: In this work, new biodegradable composite materials based on poly (butylene adipate
terephthalate) (PBAT) reinforced with zein–TiO2 complex microparticles were prepared and charac-
terised by electron microscopy and tensile and dynamic-mechanical tests. The composite pellets were
prepared by solvent casting with different filler contents, namely 0, 5.3, 11.1 and 25 part per hundred
resin (phr), to modify and modulate the properties of the final materials. Scanning electron microscopy
(SEM) images showed homogeneous dispersion of the filler, without microparticles aggregation or
phase separation between filler and matrix, suggesting a good interphase adhesion. According to
tensile tests, Young’s modulus showed an improvement in the rigidity and the yield stress presented
an increasing trend, with opposite behaviour compared to other composites. Dynamic-mechanical
analysis (DMA) results exhibited increasing storage modulus values, confirming a greater rigidity
with a higher filler percentage. The glass transition temperature showed a slightly increasing trend,
meaning the presence of an interaction between the two phases of the composite materials. Overall,
the produced PBAT composites showed similar properties to low-density polyethylene (LDPE), prov-
ing to be promising and more sustainable alternatives to traditional polymers commonly adopted in
agri-food fields.

Keywords: biopolymers; biocomposites; poly (butylene adipate terephthalate); protein complex;
characterisation

1. Introduction

Among materials for packaging, plastics are the most widely used, thanks to their
lightness, good mechanical behaviour, barrier properties and low cost, among others [1].
Amongst traditional plastics, the most employed are polypropylene (PP), high-density
polyethylene (HDPE), low-density polyethylene (LDPE), polyethylene terephthalate (PET)
and polystyrene (PS), which however are not eco-sustainable due to the problems related
to their end-of-life disposal [2].

In the last few decades, increasing attention has been devoted to the study and employ-
ment of bioplastics in order to reduce the environmental impact and increase sustainability.
Since bioplastics generally present poorer properties when compared to traditional plastics,
the realisation of composite materials represents a valid way to improve and modulate
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their characteristics. The major downside of biopolymers being their high cost [3], the use
of natural biodegradable fillers is a possible solution to reduce the production costs and at
the same time to preserve their degradability [4].

Poly (butylene adipate terephthalate) (PBAT) is a 100% biodegradable polymer pro-
duced from fossil resources [5], although recently it has been reported that its monomers
can be obtained from renewable sources [6–8]. PBAT presents similar properties and
processability to polyethylene (PE), especially high flexibility [9,10].

Zein is a prolammine protein which can be extracted in pure form from corn. Its
use in polymers has been studied since the 20th century [11] as it is considered a safe
biocompatible and biodegradable material [12]. Zein can be formed into films and displays
good barrier properties, thanks to its hydrophobic nature [13]. However, protein films
are usually tough and brittle and cannot be used as is, but protein in the form of particles
can be used as the reinforcing phase in the realisation of composites which are based on a
flexible polymer matrix [14], such as PBAT in this case.

Of late, zein has been functionalised in protein–TiO2 complexes for packaging, envi-
ronmental and medical applications [15].

The aim of this work was to design and fabricate biocomposites based on PBAT
loaded with microparticles of a zein–TiO2 complex. The so-obtained composites have been
characterised in terms of their mechanical and dynamic-mechanical properties.

2. Materials and Methods

PBAT (MAgMa Spa) pellets were dissolved into pure chloroform. The zein–TiO2
complex had been previously prepared with a composition of 50–50 wt%, by first dissolving
the zein (Sigma-Aldrich, St. Louis, MO, USA) in ethanol at 50 ◦C and then adding TiO2
(Carlo Erba, Emmendingen, Germany) under constant stirring until a homogeneous phase
was obtained. After casting and ethanol evaporation, the recovered material was milled
and sieved at 25 µm, and the so-obtained powder was homogeneously dispersed into the
polymer solution at the concentrations of 0, 5.3, 11.1 and 25 phr. After solvent evaporation,
the obtained films were used for the production of different loaded composite samples,
named PBAT, PBAT + 5.3P, PBAT + 11.1P and PBAT + 25P, respectively.

Dumbbell specimens, model 1BA according to the UNI EN ISO 527 standard, of each
composite were produced by injection moulding and their mechanical properties were
characterised.

Uniaxial tensile test (UTT) results allowed the evaluation of the characteristic parame-
ters, such as Young’s modulus E, yield stress σY, elongation at break εB, stress at break σB
and toughness T.

DMA measurements were carried out according to ASTM D7028 standard with a
single cantilever clamp for the determination of the storage modulus (E′), the loss modulus
(E′′) and the loss factor (tanδ).

SEM images were acquired to investigate the internal microstructure of the composites,
by means of a field emission gun SEM (FESEM, Nova Nano SEM 450, FEI company,
Hillsboro, OR, USA). SEM was performed on the central cross-section of the specimens
obtained through a cryo-fracture.

3. Results and Discussion

In Figure 1, SEM images at different magnifications of PBAT and PBAT + 25P are
reported as representative samples. The morphology of the filler particles (as visible in
detail in Figure 1d) emphasises the protein–TiO2 complex nature, showing bright-white
areas corresponding to the TiO2 portion and a greyer part representing the zein protein.
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Figure 1. SEM images of PBAT (a,b) and PBAT + 25P (c,d) at different magnifications, as
representative samples.

The images display homogeneous dispersion of the protein complex within the poly-
mer matrix, even at a high concentration of the filler, with no aggregation of the particles
and no phase separation (Figure 1b). Indeed, a region with an intermediate shade of
grey is visible at the grain boundaries. This suggests the formation of an actual inter-
facial layer bonding the PBAT matrix to the protein due to the presence in the protein
structure of both polar and non-polar functional groups [16], able to interact with the poly-
mer macromolecules. Therefore, good adhesion and interaction between the phases can
be supposed.

UTT results on the prepared biocomposites indicated a pronounced increase, up to 47%,
in the E modulus with increasing filler content. An important result is the increasing trend
shown by σY, significantly different from what is traditionally displayed by other composite
materials [17]. The obtained results can be interpreted as additional evidence of the good
interaction between the phases involved in the biocomposite [18]. The characteristic
parameters εB, σB and T showed a decrease with increasing filler content, related to the
increased stiffening of the composites. The representative values are reported in Table 1.

Table 1. Young’s modulus (E), yield stress (σY), stress at break (σB), elongation at break (εB) and
toughness (T) values of poly (butylene adipate terephthalate) (PBAT) and protein complex composites.

Sample E (MPa) σY (MPa) σB (MPa) εB (MPa) T (MJ/m3)

PBAT 126 ± 12 8.1 ± 0.2 13 ± 1 4.0 ± 0.8 45 ± 6

PBAT + 5.3P 131 ± 10 8.4 ± 0.2 12 ± 1 3.7 ± 0.3 35 ± 4

PBAT + 11.1P 149 ± 4 8.8 ± 0.2 11 ± 1 3.5 ± 0.2 32 ± 3

PBAT + 25P 186 ± 11 8.9 ± 0.1 9 ± 1 2.7 ± 0.2 22 ± 2

The E’ modulus obtained from DMA analysis as a function of the temperature exhib-
ited a linear increase with increasing filler content in the composite, thus confirming the
stiffening effect obtained by the addition of high amounts of filler (Figure 1c).

Other authors have investigated similar biocomposite systems, based on biopolymers
reinforced with natural filler particles at different concentrations [19], finding a similar
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increasing behaviour of E’ compared to the system studied in the present work. The
enhanced modulus in composite materials can be attributed to the restricted mobility of
the polymer chains due to the physical presence of the filler particles and to the chemical
interaction at the interface between the polymer and the particles [20].

The glass transition temperature (Tg) was calculated as the temperature corresponding
to the peak of the tanδ curves, defined by the ratio between E” and E’ moduli. The values
of Tg for the different composites show a slight increase as the filler content increases,
confirming the interaction between matrix and filler, as observed in other composite
systems [21]. Table 2 displays the discussed results of DMA tests.

Table 2. DMA representative results of PBAT and protein complex composites.

Sample E′ @ 0 ◦C (MPa) E′ @ 20 ◦C (MPa) E′ @ 40 ◦C (MPa) Tg (◦C)

PBAT 273 ± 60 202 ± 50 155 ± 50 −20.4 ± 0.9

PBAT + 5.3P 297 ± 60 224 ± 70 182 ± 60 −20.3 ± 0.8

PBAT + 11P 319 ± 70 239 ± 60 192 ± 70 −18.3 ± 0.5

PBAT + 25P 395 ± 50 294 ± 50 235 ± 60 −17.9 ± 0.5

4. Conclusions

Among the different biopolymers, PBAT is one of the most studied and promising
biodegradable plastic materials. In this work, it was employed in the fabrication of biocom-
posites reinforced with a zein–TiO2 complex at different concentration. The addition of
different amounts of filler enabled modulation of the material properties.

The filler particles were homogeneously dispersed, as emerged from SEM images of
the analysed samples, and with the presence of an interface connecting layer between the
protein complex and the polymer matrix. The protein complex appeared to have a stiffening
effect on the polymer matrix, with an increase of the E and σY, suggesting, therefore, an
effective good interfacial interaction between the phases.

The stiffening effect was confirmed by the increasing trend observed in the E’ mod-
ulus calculated from DMA analysis. Moreover, Tg values increased with increasing
filler content, validating the hypothesis of an interface layer bonding the matrix and
the reinforcing particles.

According to the obtained results, the biocomposites can be considered as a valid and
more sustainable alternative to the non-biodegradable, fossil-based plastics generally used
in the packaging field, such as LDPE.

Author Contributions: Conceptualisation, C.S.; methodology, C.S.; formal analysis, C.C.L.; investiga-
tion, E.T., C.C.L., M.G., O.P. and D.P.; resources, A.C.; data curation, C.C.L.; writing—original draft
preparation, E.T.; writing—review and editing, D.M. and C.S.; supervision, D.M. and C.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Piergiovanni, L.; Limbo, S. Food packaging. In Materiali, Tecnologie e Qualità Degli Alimenti, 1st ed.; Springer: Berlin, Germany,

2010; pp. 1–576.
2. Andrady, A.L.; Neal, M.A. Applications and societal benefits of plastics. Philos. Trans. R. Soc. London, Ser. B 2009, 364, 1977–1984.

[CrossRef] [PubMed]
3. Harrison, J.P.; Boardman, C.; O’Callaghan, K.; Delort, A.-M.; Song, J. Biodegradability standards for carrier bags and plastic films

in aquatic environments: A critical review. R. Soc. Open Sci. 2018, 5, 171792. [CrossRef]

http://doi.org/10.1098/rstb.2008.0304
http://www.ncbi.nlm.nih.gov/pubmed/19528050
http://doi.org/10.1098/rsos.171792


Mater. Proc. 2021, 7, 20 5 of 5

4. Xiong, S.-J.; Pang, B.; Zhou, S.-J.; Li, M.-K.; Yang, S.; Wang, Y.-Y.; Shi, Q.; Wang, S.-F.; Yuan, T.-Q.; Sun, R.-C. Economically
competitive biodegradable PBAT/lignin composites: Effect of lignin methylation and compatibilizer. ACS Sustain. Chem. Eng.
2020, 8, 5338–5346. [CrossRef]

5. Ferreira, F.V.; Cividanes, L.S.; Gouveia, R.F.; Lona, L.M.F. An overview on properties and applications of poly(butyleneadipate-co-
terephthalate)–PBAT based composites. Polym. Eng. Sci. 2019, 59, E7–E15. [CrossRef]

6. Volanti, M.; Cespi, D.; Passarini, F.; Neri, E.; Cavani, F.; Mizsey, P.; Fozer, D. Terephthalic acid from renewable sources: Early-stage
sustainability analysis of a bio-PET precursor. Green Chem. 2019, 21, 885–896. [CrossRef]

7. Skoog, E.; Shin, J.H.; Saez-Jimenez, V.; Mapelli, V.; Olsson, L. Biobased adipic acid—The challenge of developing the production
host. Biotechnol. Adv. 2018, 36, 2248–2263. [CrossRef] [PubMed]

8. Silva, R.G.C.; Ferreira, T.F.; Borges, É.R. Identification of potential technologies for 1,4-Butanediol production using prospecting
methodology. J. Chem. Technol. Biotechnol. 2020, 95, 3057–3070. [CrossRef]

9. Kijchavengkul, T.; Auras, R.; Rubino, M.; Ngouajio, M.; Fernandez, R.T. Assessment of aliphatic–aromatic copolyester biodegrad-
able mulch films. Part I: Field study. Chemosphere 2008, 71, 942–953. [PubMed]

10. Jian, J.; Xiangbin, Z.; Xianbo, H. An overview on synthesis, properties and applications of poly(butylene-adipate-co-terephthalate)–
PBAT. Adv. Ind. Eng. Polym. Res. 2020, 3, 19–26. [CrossRef]

11. Lawton, J.W. Zein: A history of processing and use. Cereal Chem. 2002, 79, 1–18. [CrossRef]
12. Oymaci, P.; Altinkaya, S.A. Improvement of barrier and mechanical properties of whey protein isolate based food packaging

films by incorporation of zein nanoparticles as a novel bionanocomposite. Food Hydrocolloids 2016, 54, 1–9. [CrossRef]
13. Oh, J.-H.; Wang, B.; Field, P.D.; Aglan, H.A. Characteristics of edible films made from dairy proteins and zein hydrolysate

cross-linked with transglutaminase. Int. J. Food Sci. Technol. 2004, 39, 287–294. [CrossRef]
14. Kadam, D.M.; Thunga, M.; Srinivasan, G.; Wang, S.; Kessler, M.R.; Grewell, D.; Yu, C.; Lamsal, B. Effect of TiO2 nanoparticles on

thermo-mechanical properties of cast zein protein films. Food Packag. Shelf Life 2017, 13, 35–43. [CrossRef]
15. Anaya-Esparza, L.M.; Villagrán-de la Mora, Z.; Rodríguez-Barajas, N.; Sandoval-Contreras, T.; Nuño, K.; López-de la Mora, D.A.;

Pérez-Larios, A.; Montalvo-González, E. Protein–TiO2: A functional hybrid composite with diversified applications. Coatings
2020, 10, 1194. [CrossRef]

16. Guo, X.; Ren, C.; Zhang, Y.; Cui, H.; Shi, C. Stability of zein-based films and their mechanism of change during storage at different
temperatures and relative humidity. J. Food Process. Preserv. 2020, 44, e14671. [CrossRef]

17. Százdi, L.; Pukánszky, B.; Vancso, G.J.; Pukánszky, B. Quantitative estimation of the reinforcing effect of layered silicates in PP
nanocomposites. Polymer 2006, 47, 4638–4648. [CrossRef]

18. Pegoretti, A.; Dorigato, A.; Penati, A. Tensile mechanical response of polyethylene—Clay nanocomposites. eXPRESS Polym. Lett.
2007, 1, 123–131. [CrossRef]

19. Nanni, A.; Messori, M. Thermo-mechanical properties and creep modelling of wine lees filled Polyamide 11 (PA11) and
Polybutylene succinate (PBS) bio-composites. Compos. Sci. Technol. 2020, 188, 107974. [CrossRef]

20. Dorigato, A.; D’Amato, M.; Pegoretti, A. Thermo-mechanical properties of high density polyethylene—Fumed silica nanocom-
posites: Effect of filler surface area and treatment. J. Polym. Res. 2012, 19, 9889. [CrossRef]

21. Kang, S.; Hong, S.I.; Choe, C.R.; Park, M.; Rim, S.; Kim, J. Preparation and characterization of epoxy composites filled with
functionalized nanosilica particles obtained via sol–gel process. Polymer 2001, 42, 879–887. [CrossRef]

http://doi.org/10.1021/acssuschemeng.0c00789
http://doi.org/10.1002/pen.24770
http://doi.org/10.1039/C8GC03666G
http://doi.org/10.1016/j.biotechadv.2018.10.012
http://www.ncbi.nlm.nih.gov/pubmed/30389426
http://doi.org/10.1002/jctb.6518
http://www.ncbi.nlm.nih.gov/pubmed/18262221
http://doi.org/10.1016/j.aiepr.2020.01.001
http://doi.org/10.1094/CCHEM.2002.79.1.1
http://doi.org/10.1016/j.foodhyd.2015.08.030
http://doi.org/10.1111/j.1365-2621.2004.00783.x
http://doi.org/10.1016/j.fpsl.2017.06.001
http://doi.org/10.3390/coatings10121194
http://doi.org/10.1111/jfpp.14671
http://doi.org/10.1016/j.polymer.2006.04.053
http://doi.org/10.3144/expresspolymlett.2007.21
http://doi.org/10.1016/j.compscitech.2019.107974
http://doi.org/10.1007/s10965-012-9889-2
http://doi.org/10.1016/S0032-3861(00)00392-X

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

