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Abstract: In the category of biopolymers, polylactide or polylactic acid (PLA) is one of the most
promising candidates considered for future developments, as it is not only biodegradable under
industrial composting conditions, but it is produced from renewable natural resources. The modifi-
cation of PLA through the addition of nanofillers is considered as a modern approach to improve
its main characteristic features (mechanical, thermal, barrier, etc.) and to obtain specific end-use
properties. Iron oxide nanoparticles (NPs) of low dimension (10–20 nm) such as magnetite (Fe3O4),
exhibit strong magnetization in magnetic field, are biocompatible and show low toxicity, and can
be considered in the production of polymer nanocomposites requiring superparamagnetic proper-
ties. Accordingly, PLA was mixed by melt-compounding with 4–16 wt.% magnetite NPs. Surface
treatment of NPs with a reactive polymethylhydrogensiloxane (MHX) was investigated to render the
nanofiller water repellent, less sensitive to moisture and to reduce the catalytic effects at high tempera-
ture of iron (from magnetite) on PLA macromolecular chains. The characterization of nanocomposites
was focused on the differences of the rheology and morphology, modification, and improvements
in the thermal properties using surface treated NPs, while the superparamagnetic behavior was
confirmed by VSM (vibrating sample magnetometer) measurements. The PLA−magnetite nanocom-
posites had strong magnetization properties at low magnetic field (values close to 70% of Mmax at
H = 0.2 T), while the maximum magnetic signal (Mmax) was mainly determined by the loading of
the nanofiller, without any significant differences linked to the surface treatment of MNPs. These
bionanocomposites showing superparamagnetic properties, close to zero magnetic remanence, and
coercivity, can be further produced at a larger scale by melt-compounding and can be designed for
special end-use applications, going from biomedical to technical areas.

Keywords: biopolymers; poly(lactic acid); PLA; nanocomposites; magnetite (Fe3O4); reactive surface
treatment; melt-compounding; thermal and morphology characterizations; superparamagnetic properties

1. Introduction

The tremendous interest in the production of materials based on biopolymers is
connected to the important demands received from consumers for more environmentally
sustainable products as well as from the amplified restrictions for the utilization of polymers
with a high “carbon footprint” of a petrochemical origin, particularly in applications such
as packaging, automotive, electrical, and electronics, among others [1,2]. Accordingly, one
of the main objectives is to replace “fossil carbon” with “renewable carbon”. Moreover, the
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biodegradability of polymers at the end-use life cycle [3] is a desired condition required by
end users in order to increase attractiveness and to diminish the environmental impact of
these products.

Polylactide or polylactic acid (PLA) is one of the most promising biopolyesters con-
sidered for future developments involving the growth of global production capacities,
and for the realization and commercialization of new PLA grades and PLA-based ma-
terials [4–6]. PLA is currently receiving considerable attention for its conventional use
as a packaging material [7,8], as well as for the production of textile fibers [9] and for
technical applications [10,11], if adequately modified. It has found a higher added value
and remains of great interest in biomedical applications because of its biocompatibility and
biodegradation/bioresorbtion [12,13].

PLA is produced from non-fossil renewable natural resources through the fermenta-
tion of polysaccharides or sugar, e.g., extracted from corn or sugar beet, and corresponding
wastes, while the most relevant end-life scenario is related to its biodegradability under
controlled industrial composting conditions [6] or in the natural environment [14,15] (e.g.,
at a lower rate in the soil). The life cycle of PLA demonstrates that this biopolyester is a
performant and sustainable alternative to the petrochemical polymers with less greenhouse
gas emissions, while at the end of its service life, it can be degraded to CO2 and biomass,
allowing for a reduction in landfill volumes, thus contributing to the so-called carbon
sink [14]. Moreover, the biodegradability of PLA in conjunction with the utilization of
selected disposal systems, such as composting and anaerobic digestion, offers an end-of-life
solution to completely remove the plastic from the environment and to close the carbon
cycle [6,14].

Nowadays, the addition of selected nanofillers (e.g., organo-modified layered silicates
(OMLS) [16,17], graphite/graphene derivatives [18–20], carbon nanotubes (CNT) [21–23],
silver [24,25], zinc oxide (ZnO) [26–28], silica [29–31], magnetic nanoparticles [32–36], etc.)
to PLA is considered as a modern approach that can lead to major improvements of PLA
characteristics (mechanical, thermal, barrier, etc.). Furthermore, these nanocomposites
could be characterized by specific end-use properties, such as anti-UV and antibacterial
protection [27,37], antistatic to conductive electrical characteristics and wear resistance [1],
fire-retardancy [11,18], magnetic properties [34], and so on.

Magnetic nanoparticles (NPs) from the category of iron oxides (e.g., hematite (α-
Fe2O3), maghemite (γ-Fe2O3) and magnetite (Fe3O4)), due to their multiple features, in-
cluding biocompatibility and low toxicity, are much more considered in the frame of
academic and industrial research for a large number of applications [38]. These NPs,
possessing unique biochemical, magnetic, catalytic, and other specific properties after
specific modification, have proven their suitability for environmental protection [39], water
purification [40], technical use (e.g., in data and energy storage, microwave absorption, and
magnetic shielding [41]) and biomedical applications. Furthermore, the utilization of iron
oxide NPs in biomedical applications [38,42–44] is of particular interest for targeted drug
delivery, diagnostic magnetic resonance imaging (MRI), magnetic cell separation, tissue
repair, hyperthermia, biosensors, etc. [45,46].

Magnetite is an iron oxide that exhibits very interesting properties due to the presence
of both Fe(II) and Fe(III) in its structure, having particular magnetic properties that are
highly valorized in biomedicine and industry [47]. It has an inverse spinel crystal structure
and rare electric and magnetic features, which are based on the movements of electrons
between Fe2+ and Fe3+ within the octahedral sites. Fe3O4 is considered to be one the most
attractive magnetic materials, owing to its high saturation magnetization, easy synthesis,
and suitable particle shape and size [48]. Furthermore, iron oxide magnetic NPs, such as
magnetite nanoparticles (MNPs), are characterized by superparamagnetic properties at
a low particle size (10–30 nm [47,49,50]). At such a small size, these NPs do not exhibit
multiple domains as found in large magnets, whereas they behave as a single magnetic
domain acting as a “single super spin”. Moreover, these NPs are characterized by negli-
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gible remanence (residual magnetization) and coercivity (the field required to bring the
magnetism to zero) [51].

Unfortunately, MNPs (Fe3O4) tend to easily agglomerate under the action of van der
Waals forces, while they are very sensitive to the action of moisture [52] and of oxygen
from air or from water, thus they might undergo severe oxidation to ferric hydroxide
(e.g., Fe(OH)3) or maghemite (γ-Fe2O3) [53,54]. To limit these undesired effects and/or
to confer special properties to MNPs, various surface treatments and specific techniques
of encapsulation are currently being considered [38,45,55,56]. The surface of MNPs can
be modified to limit their aggregation and to render the nanofiller with (bio)functional
groups [44,45,54]. Traditional surface treatments such as those realized with oleic acid [57],
functional silanes [53,54], carboxylic acid functional poly(dimethylsiloxane) (PDMS) [58]
and amino-functionalized PDMS [59], and polyvinylpyrrolidone (PVP) [60] are frequently
reported in the literature. Regarding the methods to produce nanocomposites filled with
MNPs, on the one hand, techniques such as solvent-casting, emulsion-evaporation, and
spray drying, which involve the utilization of important amounts of organic solvents,
are strongly considered at a laboratory scale to follow the constraints imposed by the
biomedical application. However, according to the information given in the state of art,
the iron oxide content in superparamagnetic polymer nanocomposites can be adjusted in a
wide range, varying from a small weight percent up to nearly 50–60 wt.%.

On the other hand, following the increased interest in the utilization of these materials
in various sectors, it is assumed by us and other researchers that the melt-compounding
technique can be a more flexible and rapid method to produce polymer nanocomposites
with different loadings of MNPs, having the advantages of a higher productivity, better
control, and simple operation [61]. To the best of our knowledge, there are not many
investigations regarding the production of PLA nanocomposites filled with MNPs, while
there are a lack of studies devoted to their manufacture via melt-compounding or using
the reactive extrusion (REX) approach. Furthermore, it appears that the number of research
papers devoted to the effects of magnetite addition into the PLA matrix is much lower
than those for other nanofillers (OMLS, CNT, graphite derivatives, halloysite nanotubes,
etc.). Generally, the addition of nano- and micro-fillers into PLA can provide polymer
(nano)composites with specific end-use properties, but sometimes these could have side
effects such as loss of mechanical and thermal properties and degradation of the polyester
matrix, aspects that need to be considered when targeting potential applications. It is worth
recalling that during processing at high temperatures, PLA is particularly sensitive to the
hydrolysis (e.g., the moisture can be added in the molten polyester via fillers or reinforcing
fibers) [6], whereas the presence of residual catalytic metals (Sb, Zn, Fe, etc.) or metal
oxides (magnetite is also included) [37,61,62] has been noted to accelerate PLA degradation
by inter- and intra-molecular transesterification reactions; therefore, all precautions should
be applied to limit these undesired effects.

Regarding the aims and results of this study, we would like to point out the following aspects:
(a) The first goal of this study is to propose the utilization of eco-friendly biopolymers

(i.e., PLA, bio-sourced, biocompatible, and biodegradable under industrial composting
conditions) for (b) the synthesis by melt-compounding (solvent-free method) of PLA
nanocomposites filled with MNPs. Furthermore, (c) to render the nanofiller water repellent
and (d) to limit the thermal degradation of PLA induced/catalyzed by iron (from mag-
netite), the effects of a novel surface treatment of MNPs have been compared with those
obtained using an untreated nanofiller.

(e) MNPs are reactively surface treated with polymethylhydrogensiloxane (MHX),
followed by their dispersion into the polymer matrix using a technique (melt-compounding)
that can be easy extrapolated at a larger scale, even by reactive extrusion (REX). The
production of nanocomposites at a laboratory scale (micro-compounder equipment) is
followed by the characterization of morphology, rheology, and of thermal properties, with
a focus on the evidence of superparamagnetic characteristics.
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(f) The characterization of PLA−magnetite nanocomposites reveals significant im-
provements in the properties (e.g., thermal stability) when using surface treated MNPs.

(g) Furthermore, the study is assessing the feasibility of producing superparamagnetic
nanocomposites using a flexible and friendly method (melt-compounding), while it points
out some questions connected to the degradation of PLA by iron at a high processing
temperature, thus, using “coated” MNPs is a prerequisite.

(h) Last, but not least, we present the inherent experimental pathways connected to the
production and characterization of specific features of PLA−magnetite nanocomposites,
highlighting their superparamagnetic performance and their properties, making them of
high interest in many applications (e.g., magnetic micro-carriers in the biomedical sector,
and water purification and filtration).

2. Materials and Methods
2.1. Materials

Poly(L,L-lactide), produced and delivered as Ingeo 4032D grade (NatureWorks LLC,
Blair, Nebraska, USA), was used as the polymer (PLA) matrix. The characteristics according
to the information given by the supplier are as follows: relative viscosity of 3.95, D-isomer
of 1.5%, and residual monomer of 0.2%.

Magnetite (supplier IOLITEC, Heilbronn, Germany) was used as the superparamag-
netic nanofiller. The following characteristics are mentioned on the technical sheet: iron
(II, III) oxide >98%, average particle size in the range of 20–30 nm (determined using
Transmission Electron Microscopy (TEM)), specific surface area of 40–60 m2/g, and true
density of 4.8–5.1 g/cm3.

XIAMETER MHX-1107 20 CST polymethylhydrogensiloxane (-Si-H as H: 1.55–1.66%;
flash point (open cup): above 150 ◦C) [63] was kindly supplied by Dow Corning Europe
(Seneffe, Belgium) and was used for the surface/reactive modification of the magnetite
nanofiller. From here on it will be abbreviated as MHX.

2.2. Treatment of Magnetite and Production of Nanocomposites by Melt-Compounding

To produce small batches (10–20 g) of surface treated MNPs with 3% MHX, the
“wet method” was primarily applied at a laboratory scale. Accordingly, the mixing and
dispersion of previously dried NPs in a solution of MHX in anhydrous acetone (mechanical
stirring for 60 min, 600 rpm) was followed by the removal of organic solvent and a
curing process (4 h at 120 ◦C, under vacuum). It is also noteworthy to mention that to
produce larger amounts of MNPs and nanocomposites, alternative techniques have been
successfully developed by directly conducting the surface treatment of NPs with MHX in
laboratory turbo-mixers (e.g., mixing 15 min at 1500 rpm).

Before processing by melt-compounding, the PLA was dried overnight at 80 ◦C using
a drying oven with recirculating hot air. For the nanocomposite preparation, PLA (as
granules) was first dry mixed with up to 16 wt.% magnetite (MNPs surface treated or not,
dried under a vacuum) by shaking them into glass ampoules. The melt-compounding of
blends (7 g of each composition) was performed at 190 ◦C (feeding for 3 min at 30 rpm,
mixing in recirculating mode through the backflow channel for 10 min at 150 rpm) us-
ing a conical intermeshing corotating twin-screw micro-compounder (MiniLab II Haake
Rheomex CTW5—Thermo Fischer Scientific, Karlsruhe, Germany). To gain information
about the rheology/viscosity of the blends, the initial and final torque values were con-
sidered, respectively, at the beginning and the end of mixing at 150 rpm. For the sake of
comparison, pristine PLA was processed under similar conditions.

The composition and codification of the samples are shown in Table 1. Throughout
this contribution, all percentages are given as weight percent (wt.%). The abbreviations M
and Ms are used for untreated and surface treated MNPs, respectively.
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Table 1. Composition (wt.%) and codification of nanocomposite samples obtained by melt compounding.

Sample Code
PLA Nanofiller, wt.%

wt.% Untreated Treated *

PLA−4% magnetite PLA-4M 96 4 -
PLA−8% magnetite PLA-8M 92 8 -

PLA−16% magnetite PLA-16M 84 16 -

PLA−4% treated magnetite * PLA-4Ms 96 - 4
PLA−8% treated magnetite PLA-8Ms 92 - 8
PLA−16% treated magnetite PLA-16Ms 84 - 16

* Surface-treated MNPs with 3% MHX.

2.3. Characterization Methods
2.3.1. Rheological Measurements

The melt flow index (MFI) of the dried samples was determined using a Davenport
10 Melt Flow Indexer and the measurements were performed at a temperature of 190 ◦C
following the procedure described in ASTM D1238 (standard die 2.1 mm × 8 mm and
using a 2.16 kg load, Lloyd Instruments Ltd., Fareham, United Kingdom).

To gather primary information about the evolution of the melt viscosity of the blends
in the micro-compounder, the initial and final torque values were recorded at the beginning
and the end of mixing at 150 rpm, respectively.

2.3.2. Thermogravimetric Analysis (TGA)

TGA was performed using a TGA Q50 (TA Instruments, New Castle, DE, USA) at a
heating rate of 20 ◦C/min under N2 flow, from room temperature to 600 ◦C (platinum pan,
60 cm3/min nitrogen flow rate).

Isothermal tests as simulated by TGA were performed under air (flow rate of 60 cm3/min).
The procedure was as follows: heating rate of by 20 ◦C/min, from room temperature to the
desired temperature (e.g., 240 ◦C), followed by an isothermal step for up to 60 min.

2.3.3. Differential Scanning Calorimetry (DSC)

DSC measurements were performed using a DSC Q200 from TA Instruments (New
Castle, DE, USA) under nitrogen flow. The procedure was as follows: first heating scan
at 10 ◦C/min from 0 ◦C up to 200 ◦C, isotherm at this temperature for 2 min, then cooled
down at 10 ◦C/min to −20 ◦C, and then a second heating scan from −20 to 200 ◦C at
10 ◦C/min. The first DSC heating scan was used to erase the prior thermal history of the
samples. The events of interest, i.e., the glass transition temperature (Tg), cold crystalliza-
tion temperature(s) (Tcc), enthalpy of cold crystallization(s) (∆Hcc), melting temperature
(Tm), and melting enthalpy (∆Hm) were typically followed in the DSC measurements. It is
noteworthy to mention that in the DSC measurements for all samples, only the amount
of PLA was considered, while the thermal events as evidenced by DSC in the second
heating on the samples with a similar thermal history were mainly used for comparison.
The degree of crystallization (see Equation (1)), all data are obtained via TA Instruments
Universal Analysis 2000 software, Version 3.9A (TA Instruments—Waters LLC, New Castle,
DE, USA) was determined by subtracting ∆Hcc from ∆Hm and by considering a melting
enthalpy of 93 J/g for 100% crystalline PLA [28]. DSC was also used for the comparative
thermal characterizations of MNPs (tests under nitrogen, rate of heating 10 ◦C/min).

Degree of crystallization (PLA), % = ((∆Hm − (∆Hcc1 + ∆Hcc2))/93) × 100 (1)

2.3.4. Scanning Electron Microscopy (SEM)

SEM was performed on the samples previously cryofractured at a liquid nitrogen tem-
perature by using a Philips XL scanning electronic microscope (Eindhoven, Netherlands)
at an accelerated voltage of 20 kV and at various magnitudes. SEM was equipped for both
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secondary electrons (SE) and back-scattered electrons (BSE) imaging. An energy dispersive
X-ray analyzer (EDX) (supplier EDAX, Tilburg, Netherlands) vas also used to provide the
elemental identification of iron and oxygen from the magnetite NPs distributed through
the PLA matrix.

2.3.5. Transmission Electron Microscopy (TEM)

Transmission electron micrographs were obtained with a Philips CM200 (Philips,
Eindhoven, Netherlands) apparatus using an accelerator voltage of up to 120 kV. Samples
(70–80 nm thick) from selected PLA nanocomposites were prepared with a Leica Ultracut
UCT ultracryomicrotome (Leica, Vienna, Austria) by cutting them at −100 ◦C.

As remark, for the investigation of the nanofillers, the surface treated or non-treated
MNPs were firstly slightly pre-dispersed in acetone using a Vortex mini mixer (VWR,
Leuven, Belgium). The reported microphotographs represented typical morphologies as
observed at a minimum of three different locations. The measurements of the NPs size
were mainly realized using ImageJ 1.52d software (National Institutes of Health, Bethesda,
MD, USA) for processing and analyzing the scientific images.

2.3.6. Characterization of Magnetic Properties

The measurements were performed in a DC magnetic field by means of a Quantum
Design PPMS (Quantum Design, San Diego, USA) equipped with a VSM (vibrating sample
magnetometer, Quantum Design, San Diego, USA) option [64]. For the measurements of
the magnetization as a function of the magnetic field, i.e., of M(H), the sample was first
thermally stabilized for 30 min at the measurement temperature of 300 K in the absence
of the field. Then, the magnetic field was ramped to reach +9 T (1 Tesla (T) = 104 Oersted
(Oe)), then lowered back to −9 T, and finally increased to +9 T again, in order to acquire
the complete M(H) hysteresis loops. Care was taken in the reduction of the trapped field in
the magnet before starting each measurement.

3. Results and Discussion
3.1. Preliminary Considerations Regarding the Surface Treatment of Magnetite NPs with MHX

To avoid the oxidation and agglomeration of MNPs, they are usually coated during
synthesis or in an additional step with organic or inorganic molecules [49]. Organofunc-
tional silanes were considered for the modification of MNPs because they have the capa-
bility to bind to the iron oxides through covalent bonding (reaching the –OH groups at
their surface) or adsorption, whereas through specific active functional groups they are
able to interact with biomolecules, drugs, and metals [53]. However, MNPs need to be
synthesized in an oxygen-free environment, i.e., in the presence of an inert gas, due to
their high sensitivity to oxidation. Therefore, the thermal characterizations in this study
were mainly performed under nitrogen atmosphere (except for the isothermal tests of
nanocomposites under air).

Regarding the specific surface treatment of NPs with polymethylhydrogensiloxane
(MHX), through consideration of its molecular structure (i.e., a dimethyl silicone withsome
methyl radicals replaced by hydrogen), each chain contained amounts of ≡Si–H (silicon
hydride) and –CH3 (methyl) groups. Therefore, as suggested in Scheme 1, MHX was able
to react at the sites of hydrogen atoms (≡Si–H) via a dehydrogenation reaction with the
participation of the hydroxyl groups (–OH) present at the surface of MNPs or of other
different materials (e.g., glass, leather, fabric surfaces, cellulose derivatives, and fillers such
as SiO2), finally resulting in the covalent linkage of hydrophobic chains (MHX) onto the
different substrates [65,66]. Moreover, the layers of MHX formed at the surface of MNPs
could be cured by heating in the presence or absence of catalysts, with beneficial effects
through developing water repellency. According to the technical sheet of the product, in a
typical application, uncatalyzed films of MHX can be cured in 3 to 4 h at 120 ◦C, or in a
shorter time, at a higher temperature [63].
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Scheme 1. Schematic illustration of the reaction mechanism between polymethylhydrogensiloxane (MHX) and the hydroxyl
groups (–OH) present at the surface of the magnetite nanofiller.

For better insight, Figure 1 shows the comparative TGA results of two MHX samples
with a different thermal history, i.e., as received and after the curing treatment (4 h at
120 ◦C). Indeed, it can be seen that following the curing process, MHX became much
more stable at a high temperature, thus, this feature could be advantageously valorized
for the surface treatment of MNPs. Moreover, even for water-free systems, due to the
presence of inherent residual moisture, the ≡Si–H bonds were hydrolyzed to ≡Si–OH,
which could condense with another ≡Si–OH group (silanol condensation) or interact with
≡Si–H groups to form cross-links [67]. However, it remains to be discussed the hypothesis
that in industrial conditions, as a function of the MHX percentage (in this study 3 wt.%),
(a) the covalent linkage of MHX on the surface of MNPs (via –OH groups) and (b) the
curing of siloxane by heating (endorsed by inherent residual moisture) [67] could occur in
a simultaneous reactive process, finally leading to the coating of MNPs by water repellent
siloxane layers. These aspects need more comprehension and investigation. Still, as in
the case of the functionalization of (nano)fillers with silanes directly during the extrusion
process (REX), it is considered that a similar procedure could also be applied for the
treatment of MNPs with MHX.
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By comparing the MNPs tested in the frame of the study (i.e., untreated (M) and
surface treated (Ms)) through both TGA and DSC analyses (Figure 2a,b), it can be seen that
following treatment with MHX, the NPs of magnetite became more stable, i.e., less sensitive
to the absorption of moisture. According to TGA (Figure 2a), the weight losses of the
superficial moisture and physisorbed (chemisorbed) water molecules up to a temperature
of 200 ◦C for M and Ms were 3.5% and 1.2%, respectively. On the other hand, a large
endotherm was evidenced by DSC for the untreated magnetite (peak at about 190 ◦C),
whereas this thermal event was not evidenced in the case of MNPs treated with MHX. This
endotherm is traditionally ascribed in the literature to the removal of free and physisorbed
water from MNPs [52], but we did not exclude the influence of other factors/thermal events
that could occur concurrently, such as the presence of traces of iron hydroxide (FeO(OH)
and/or Fe(OH)3, and their dehydration to ferric oxide [68,69]), or of some residual products,
such as metallic impurities or surfactants of fatty acids [70].
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Regarding the morphology of MNPs, Figure 3a–d shows selected TEM pictures of NPs,
before and after treatment with MHX. The nanofiller is mostly as aggregates composed of
spherical-like primary particles of a low dimension (typically 10–20 nm).
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Following surface treatment, the NPs were coated/encapsulated within a network
of polysiloxane chains (Figure 3c,d), which effectively led to the separation and limitation
of interactions between MNPs. On the other hand, as shown in Figure 4a,b, following a
test of dispersion in water, it is clearly seen that the treated MNPs became hydrophobic
due to the presence of siloxane layers at their surface when compared with the untreated
nanofiller (M), which assessed the hydrophilic properties. However, for the production of
PLA-magnetite nanocomposites at a larger scale, the specific surface treatment of MNPs
requires optimization and additional characterizations via different techniques, not devel-
oped in this paper (Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron
spectroscopy (XPS), contact angle measurements, etc.). Evidence of whether the coatings of
different natures will modify (decrease) sensitivity to the oxidation of magnetite NPs is
still of interest.
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3.2. Characterization of PLA-Magnetite Nanocomposites
3.2.1. Effects of Magnetite Addition and MNPs Surface Treatment on PLA Thermal Properties

As stated in the Introduction, the addition of nanofillers into PLA could provide
polymer nanocomposites with specific end-use properties, but there could also sometimes
be undesired effects, such as the loss of mechanical and thermal properties due to the
advanced degradation of the polyester matrix [6]. Regarding the thermal characteristics,
the addition of NPs into PLA can lead to opposite effects, i.e., increasing or diminishing of
PLA thermal stability [1,37]. It was revealed elsewhere [61,62] that the presence of metal
oxides in PLA (the iron oxides are included) is detrimental to the thermal stability of the
polymer matrix. Moreover, the occurrence of residual catalytic metals (Sb, Zn, Al, Fe, etc.)
in PLA has been noted to accelerate inter- and intra-molecular transesterification reactions
at a high temperature.

Figure 5a,b shows a direct comparison of the thermogravimetric (TG (a)) and deriva-
tive thermogravimetric (D-TG (b)) traces obtained following the heating of PLA-magnetite
nanocomposites containing amounts of nanofiller (surface treated or not) ranging from 4%
to 16% MNPs under nitrogen. First, it is worth pointing out that the decrease in the thermal
stability of PLA nanocomposites (ascribed to the catalytic effects of iron) is clearly deter-
mined by the loading of magnetite, while in all cases, it has seen a beneficial boosting effect
following surface treatment with MHX. Still, for better insight, Table 2 shows the values of
the temperatures corresponding to 5% weight loss and to the maximum rate of degradation
(T5% and TD, respectively, from the derivative thermogravimetric curves (D-TG)). T5% is
often considered as the onset of the decomposition temperature, while the residue at 600 ◦C
gives information about the amounts of inorganic filler in the final nanocomposites.
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Figure 5. (a,b) Comparative thermogravimetric traces ((a)TG and (b) D-TG, in the inset of the figure) of PLA−magnetite
nanocomposites filled with 4–16% untreated (M) and surface treated (Ms) magnetite nanoparticles (under nitrogen,
20 ◦C/min).

Table 2. Onset of thermal degradation (T5%), decomposition temperature (TD), and residual products of PLA and PLA–
magnetite nanocomposites as determined by TGA (under nitrogen, 20 ◦C/min).

Sample
T5%

Temperature at 5%
Weight Loss, ◦C

TD
Temperature at Max.

Rate of Degradation, ◦C
Residual Product at 600 ◦C, %

Neat PLA 354 387 0.3
PLA-4M 332 358 3.8
PLA-4Ms 349 370 4.1
PLA-8M 327 349 8.6
PLA-8Ms 341 361 7.7
PLA-16M 324 344 16.1
PLA-16Ms 336 354 15.2

By increasing the percentage of untreated nanofiller (M) in PLA up to 16 wt.%, the
onset of thermal degradation decreased gradually by up to 30 ◦C compared with the
neat PLA (T5% of 354 ◦C). Still, at different magnetite amounts, the values of TD followed
similar tendencies, with the most important drop being of about 43 ◦C in the case of
the PLA-16M sample (TD = 344 ◦C compared with those of PLA (TD = 387 ◦C)). The
important degradation effects of iron on PLA macromolecular chains are explained by
the high capacity of transition metals to coordinate ester groups and to accelerate the
transesterification and depolymerization reactions at a high temperature [62]. On the
other hand, it is noteworthy to mention that in all cases, the utilization of surface treated
magnetite (Ms) led to better stability and improved thermal characteristics. The values of
both T5% and TD were significantly higher compared with those of the nanocomposites
containing similar amounts of untreated magnetite. These improvements are reasonably
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ascribed to the presence of polysiloxane layers at the interface between NPs and the
polyester matrix, with beneficial effects for retarding the catalytic effects of iron on PLA.
Thus, as in the case of MgO and ZnO, nanofillers well recognized for the strong catalytic
action on PLA [37], these results show that the surface treatment of MNPs is a precondition
to limit the catalytic effect of iron, which is determined by the loading of magnetite.

Considering that the maximal temperature of PLA processing is about 240 ◦C, Figure 6
shows the comparative behavior of neat PLA and of selected nanocomposites (PLA-8Ms
and PLA-8M) at this temperature under isothermal conditions (under air, with a residence
time of up to 60 min). The neat PLA shows the best thermal stability, with only 1.4 wt.% loss.
However, it is obvious that the catalytic effect of iron (from Fe3O4) is much more reduced
in the case of surface treated MNPs (Ms), i.e., the weight loss is only 2.7%, whereas in the
case of nanocomposites containing untreated nanofiller (M), it is much more impressive
(i.e., about 10.9%).
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Figure 6. Comparative isothermal tests under air at 240 ◦C for PLA, PLA-8M, and PLA-8M nanocomposites.

In relation to the thermal parameters as evaluated by the DSC analysis (Table 3,
Figure 7), from the results obtained for nanocomposites with a similar thermal history, it
can be seen that the addition and increase of nanofiller (M and Ms) loading led to the slight
diminishing of the glass transition temperatures (Tg) when compared with the neat PLA,
behavior that could be reasonably be ascribed to the formation of PLA chains of lower
molecular weights (see also the Section 3.2.2.) due to polyester degradation at high shearing
during the melt-compounding process. However, the influence of other factors, such as
the properties of lubrication assigned to the presence of MNPs [71], is not totally excluded.
Regarding the values of the main peak of cold crystallization (Tcc1), the crystallization of
PLA at a lower temperature is particularly evidenced at higher nanofiller loading in the case
of nanocomposites containing both untreated (M) and surface treated nanofiller (Ms). On
the other hand, it is noteworthy to mention that a great part of nanocomposites (all samples
containing Ms) showed a second small exothermic peak (Tcc2) just before melting, which
has traditionally been ascribed to the transformation of disordered α′ crystals to the ordered
α-form in the literature [72]. Supplementary Materials S1 shows additional information
obtained using the DSC analysis, i.e., the comparative DSC traces acquired during the
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cooling and subsequent (second) heating (10 ◦C/min) of PLA–magnetite nanocomposites
produced with untreated and surface treated magnetite nanoparticles (Figure S1a,b). Still,
from the information obtained via the DSC analysis, it can be seen that after adding high
amounts of MNPs (i.e., 16%), there was a spectacular effect on the rate of crystallization
of PLA, with effects on the final degree of crystallinity, with values of about 40.1% and
24.9% being obtained through the addition of 16% M and Ms, respectively. Nevertheless,
the thermal events evidenced by DSC could be influenced by concurrent factors, such as
the formation of products of lower molecular weights induced by the shear stress during
melt-compounding, the catalytic effect of iron oxide, and degradation due to the inherent
moisture, among others. Furthermore, the nature of the PLA matrix (content of D-isomer)
and its molecular weights, percentage of nanofiller, specific processing conditions, and so
on, are parameters that require careful consideration when are compared the results of
different studies [61].

Table 3. Comparative DSC data of PLA and PLA-magnetite nanocomposites (second DSC heating, 10 ◦C/min).

Sample Tg
(◦C)

Tcc1
(◦C)

∆Hcc1
(J g−1)

Tcc2
(◦C)

∆Hcc2
(J g−1)

Tm
(◦C)

∆Hm
(J g−1)

χc,
%

PLA 61 109 24.8 - - 169 36.7 12.8
PLA-4M 60 106 27.3 - - 168 39.5 13.1
PLA-8M 59 99 23.4 155 1.6 168 38.3 14.3

PLA-16M 58 - - - - 167 37.3 40.1
PLA-4Ms 59 101 26.9 151 0.5 167 41.5 15.2
PLA-8Ms 60 102 27.7 151 1.1 168 40.9 13.0

PLA-16Ms 57 96 17.4 152 1.8 166 42.4 24.9

Abbreviations: glass transition temperature (Tg), cold crystallization temperature (Tcc), enthalpy of cold crystallization (∆Hcc), melting
temperature (Tm), melting enthalpy (∆Hm), degree of crystallization (χc,).
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3.2.2. Rheological Characterizations

It is noteworthy to mention that the micro-compounder used for the realization of
nanocomposites was built with the ability to give rheological information during melt-
compounding (torque of the motor, drop of pressures in the backflow channel, values of
temperature, etc.). By measuring the torque and the pressure in the backflow channel, the
compounding process is monitored effectively. The evolution and values of torque during
melt-mixing at similar speeds for the twin-screws are conventionally correlated with the
viscosity of blends in the molten state. Figure 8 shows the comparative evolution of the
torque values (i.e., at the beginning and at the end of melt-compounding by 150 rpm) of neat
PLA and of PLA-magnetite nanocomposites at similar shear rates. As it is usually expected,
in the initial phase of melting/mixing, the differences between the behavior of PLA and
PLA-nanocomposites was less significant. Nevertheless, following the melt-compounding
process, the viscosity of the samples in the molten state decreased in correlation with the
residence time under a high shear stress. At the end of melt-mixing, the decrease of torque
became evident for all PLA samples, and this was even more important in the case of the
nanocomposites containing untreated nanofiller (M). However, in comparison with the
pristine PLA, the reduction of torque was quite well determined by the loading of nanofiller,
whereas an eventual lubricant effect conferred by siloxane (MHX) was less evident.

Materials 2021, 14, x FOR PEER REVIEW 14 of 24 
 

 

decrease of torque became evident for all PLA samples, and this was even more important 
in the case of the nanocomposites containing untreated nanofiller (M). However, in com-
parison with the pristine PLA, the reduction of torque was quite well determined by the 
loading of nanofiller, whereas an eventual lubricant effect conferred by siloxane (MHX) 
was less evident.  

On the other hand, similar tendencies regarding the melt rheology of samples were 
evidenced by the determination of MFI values (Table 4), which confirmed the increase of 
melt fluidity in the following order: PLA < PLA–xMs < PLA-xM. However, the increased 
fluidity could be reasonably ascribed to the decrease of PLA molecular masses due to 
shear, the presence of nanofiller, and inherent residual moisture, all with potential degra-
dation effects, without excluding the influence of other factors. Nevertheless, the drop of 
melt viscosity due to the degradation of PLA in the presence of magnetite was evidenced 
elsewhere by performing dynamic rheological characterizations, and the complex viscos-
ity of PLA−magnetite composites was found to be lower than that of neat PLA [61]. It is 
also noteworthy to remember that both magnetite [71] and siloxanes (PDMS) are credited 
with lubricating properties; thus, the accurate interpretation of the rheology of nanocom-
posites becomes more difficult when taking into account the occurrence of different fac-
tors. Unfortunately, the attempts to characterize the nanocomposites through size exclu-
sion chromatography (SEC) and to obtain information about the changes of PLA molecu-
lar weights were not reproducible enough due to difficulties in the separation of nano-
fillers (NPs of 10–20 nm); thus, this aspect, which is apparently missing in the literature, 
must be considered in a forthcoming study. 

 
Figure 8. Evolution of torque values during melt-mixing of PLA and of PLA−magnetite nanocom-
posites. 

Table 4. Characterization of melt-flow index (MFI; 190 °C, 2.16 kg) of PLA and PLA−magnetite 
nanocomposites. 

Sample  
MFI 

(g/10 min) 
PLA (AR) 3.1 

PLA (processed) 5.8 
PLA-4M 9.2 
PLA-8M 10.8 

PLA-16M 14.9 
PLA-4Ms 7.8 
PLA-8Ms 8.7 
PLA-16Ms 10.6 
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On the other hand, similar tendencies regarding the melt rheology of samples were
evidenced by the determination of MFI values (Table 4), which confirmed the increase of
melt fluidity in the following order: PLA < PLA–xMs < PLA-xM. However, the increased
fluidity could be reasonably ascribed to the decrease of PLA molecular masses due to shear,
the presence of nanofiller, and inherent residual moisture, all with potential degradation
effects, without excluding the influence of other factors. Nevertheless, the drop of melt
viscosity due to the degradation of PLA in the presence of magnetite was evidenced else-
where by performing dynamic rheological characterizations, and the complex viscosity of
PLA−magnetite composites was found to be lower than that of neat PLA [61]. It is also
noteworthy to remember that both magnetite [71] and siloxanes (PDMS) are credited with
lubricating properties; thus, the accurate interpretation of the rheology of nanocompos-
ites becomes more difficult when taking into account the occurrence of different factors.
Unfortunately, the attempts to characterize the nanocomposites through size exclusion
chromatography (SEC) and to obtain information about the changes of PLA molecular
weights were not reproducible enough due to difficulties in the separation of nanofillers
(NPs of 10–20 nm); thus, this aspect, which is apparently missing in the literature, must be
considered in a forthcoming study.
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Table 4. Characterization of melt-flow index (MFI; 190 ◦C, 2.16 kg) of PLA and PLA−magnetite
nanocomposites.

Sample MFI
(g/10 min)

PLA (AR) 3.1
PLA (processed) 5.8

PLA-4M 9.2
PLA-8M 10.8

PLA-16M 14.9
PLA-4Ms 7.8
PLA-8Ms 8.7

PLA-16Ms 10.6

3.2.3. Morphology of PLA−Magnetite Nanocomposites

To reveal the morphology of PLA−magnetite nanocomposites, different techniques of
microscopy (SEM in SE and BSE mode, SEM-EDX (energy-dispersive X-ray spectroscopy),
and TEM on chosen specimens) were considered to characterize selected samples produced
in the frame of this study.

First, it was considered of interest to show the comparative images of the nanofillers
as they were obtained using both SEM and TEM methods (Figure 9a,b, respectively). It can
be seen that the information obtained via the two techniques was very different, whereas,
once more, the primary nanoparticles of magnetite are noted to be agglomerates.
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Figure 9. (a,b) SEM (a) and TEM (b) images of magnetite NPs revealing that the primary nanoparticles are agglomerates.

Regarding the morphology of the nanocomposites, the SEM analysis in SE mode
(NB: with secondary electrons) gave only initial information about the topography of the
cryofractured surfaces, but this procedure was considered less helpful to obtain accurate
insight regarding the distribution of magnetite nanofiller (Supplementary Materials S1, and
Figure S2a,b). Fortunately, backscattered-electron (BSE) imaging was found to give a clearer
indication about the presence or lack of aggregates/clusters of NPs in nanocomposites, their
dimension, and their distribution in the superficial zone of the samples. Figure 10a–f shows
selected SEM (BSE) micrographs of PLA–magnetite nanocomposites with different loadings
of non-treated and treated MNPs. The presence of clusters of MNPs was better evidenced,
especially for the nanocomposites containing non-treated magnetite (Figure 10a–c), and
more specifically, for increased amounts of nanofiller (8–16 wt.%). However, at high
loadings of surface treated magnetite (Ms), clusters of magnetite NPs were also present.
From the SEM-BSE micrographs, which give partial information at a microscale level,
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it is difficult to conclude that at high filling, the surface treatment of MNPs allowed
for significant improvements regarding the morphology of nanocomposites, taking into
account the tendency of particles of a low dimension to form aggregates as well as the
limits of micro-compounder equipment.
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Figure 10. (a–f) SEM pictures of PLA–magnetite nanocomposites produced using untreated magnetite (a–c) and surface
treated nanofiller (d–f).

Nevertheless, better evidence regarding the distribution of nanofillers is obtained via
elemental EDX mapping of Fe and O as the main elements from MNPs (Fe3O4) and of Si
from MHX (Ms) in the case of nanocomposites containing treated nanofiller (Figure 11a–g).
These elements are not present only in the clusters identified in SEM-BSE micrographs,
but also as NPs finely distributed/dispersed within the PLA matrix. EDX analysis did not
evidence any traces of Si in the case of nanocomposites filled with untreated nanofiller.
However, the TEM analysis (on selected samples) was once more proven to be a very pow-
erful technique for obtaining information regarding the dispersion of NPs at a nanoscale.
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Figure 12a–d shows representative TEM pictures of the PLA nanocomposites filled
with 4% MNPs (surface treated and non-treated). In agreement with the conclusion of
SEM-BSE analyses, the clusters of bigger dimensions were found, to some extent, to
be more frequent in the case of samples containing untreated nanofillers. Furthermore,
in all pictures performed at a high magnification, the presence of isolated NPs and of
associations/clusters composed by few MNPs appeared to be more evident. Nevertheless,
it is assumed that a better distributive/dispersive mixing will certainly be obtained in
the case of the laboratory/industrial extrusion equipment recognized with an enhanced
melt-blending capability. Still, the fine distribution/dispersion of MNPs of low dimensions
into a polymer of a high viscosity can be a very complex process. Indeed, even at a
lower percentage of magnetite (less than 5 wt.%), based on SEM analysis, it was elsewhere
reported that the presence of “sea-island” structures of MNPs are distributed through the
PLA matrix [61]. Therefore, alternative/optimized techniques and enhanced melt-mixing
conditions are of further interest.
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3.2.4. Magnetic Features of PLA–Magnetite Nanocomposites

MNPs are typically in a superparamagnetic state at room temperature if their di-
ameters are extremely low. The level of magnetization can be saturated under a specific
external field, whereas in its absence, the net magnetic moments are often randomized to
zero [34]. Based on the literature data, the magnetization values for superparamagnetic
iron oxide nanoparticles (SPIONs) range from 30 to 60 emu/g, while higher values (i.e.,
about 90 emu/g) have been observed for bulk materials [46,73]. The magnetization (M)
curves as a function of the magnetic field (H) of PLA nanocomposites containing both
untreated and surface treated MNPs, are shown in Figure 13, whereas in Figure 14, their
specific magnetic features are compared (i.e., the maximum magnetization (Mmax) and H
at 90% of Mmax).
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Figure 13. M(H) at a temperature of 300 K of PLA nanocomposites filled with 4–16% untreated and surface treated
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It is worth noting that, for each sample, the full magnetic saturation (Ms) was not
reached at the maximum applied field (i.e., H = 9 T; 1 T = 104 Oe), while 90% of the
maximum magnetization (Mmax) at 9 T was reached for a magnetic field (H) in the range
1.6 T–1.8 T.

The magnetization of nanocomposites is increasing promptly with the applied mag-
netic field towards the maximum magnetization state (Mmax) determined by the loading of
MNPs, while when the magnetic field is decreased, the magnetization curves follow the
same pathways by passing through the initial starting points, just with a negligible hys-
teretic behavior. As it is expected, the maximum magnetization signal in nanocomposites
increased in very good correlation with the magnetite amounts [74], with the samples filled
with 16% MNPs being characterized by the highest response rate. It is also important to
specify that the inset from Figure 13 shows the M(H) curves near a zero magnetic field.
It can be noted that for all of the samples there was a very low coercive field equal to
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± 6 Oe, whereas at similar nanofiller loading, the treatment of MNPs with MHX did not
significantly modify the magnetic behavior of the samples.
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Figure 14. Comparative magnetic features of PLA−magnetite nanocomposites filled with 4–16% untreated (M) and surface
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Despite the presence of some clusters of MNPs evidenced by SEM analysis, the
magnetic coercivity (Hc) of nanocomposite samples (±6 Oe) was experimentally found
to be lower than the theoretical value ascribed to superparamagnetism (Hc ≤ 50 Oe) [75].
As for all samples Hc had very low values, the superparamagnetic properties of the
nanocomposites were well confirmed. For more information regarding the magnetic
features of PLA−magnetite nanocomposites produced using untreated nanofiller, we also
recommend a recent study published by us [64].

In the view of the biomedical applications, lower magnetic fields could be required
(e.g., 0.2 T) [76]. Interestingly, at 0.2 T magnetic field (H), all samples attained about 68%
of Mmax. Furthermore, the magnetic characterizations did not evidence some differences
that could be attributed to the effects of surface treatments, while to obtain the magnetic
saturation (Msat) level, higher magnetic fields are required (i.e., >9 T).

3.2.5. PLA–Magnetite Nanocomposites with Superparamagnetic Properties: Current Prospects

From the experimental results of this study, in which the equipment for melt-mixing
was a laboratory micro-compounder that only allowed the production of small quanti-
ties of material characterized by superparamagnetic properties, the up-scaling on big-
ger laboratory twin-screw extruders and the tailoring of properties of PLA−magnetite
nanocomposites remains of current interest. Regarding potential applications, it is note-
worthy to mention that these nanocomposites could be designed for utilization in various
sectors, from biomedical to technical applications. In biomedical applications, adequately
biofunctionalized and/or modified magnetite/nanocomposites with suitable surface chem-
istry could be used as magnetic carriers for cell separation systems, as biosensors, as
magnetic-resonance image (MRI) contrast agents, etc., while many technical sectors could
valorize their magnetic features (water purification, microwave absorption, magnetic
shielding, etc.).

Figure 15a,b illustrates the principle of magnetic separation (one key application)
using the superparamagnetic properties of new materials in a potential application as
microcarriers, e.g., for the production of stem cells [77]. The dispersion of microparticles
of PLA−magnetite nanocomposites (obtained by cryogenic grinding) in a selected media
(e.g., PBS (phosphate buffered saline)), is followed by their easy separation/recovering in a
magnetic field.
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Figure 15. (a,b) Dispersion of PLA−magnetite nanocomposites (microparticles) in PBS (a) and illustration of magnetic
separation (b).

Finally, it is assumed that the melt-compounding/REX is a very flexible technique
for the production of nanocomposites filled with MNPs, whereas, on the other hand, the
realization of highly filled masterbatches can also be an option of interest. Still, the utiliza-
tion of eco-friendly materials for applications which need superparamagnetic properties
can represent an alternative of choice for the partial substitution of traditional polymers of
a petrochemical origin (PS, PMMA, etc.); thus, forthcoming studies and additional char-
acterizations (e.g., for the evaluation of mechanical properties, to confirm the stability of
nanocomposites under different conditions of processing and utilization) will be required
to extrapolate the PLA−magnetite nanocomposites of interest at a larger scale.

4. Conclusions

To propose the utilization of eco-friendly materials characterized by superparamag-
netic properties, this study focused on the effects of the addition of magnetite nanoparticles
(MNPs) in the PLA matrix (bio-sourced polyester, biocompatible, and biodegradable).
Magnetite with NPs of low dimensions (10–20 nm) were considered as superparamag-
netic nanofillers to produce PLA nanocomposites. Furthermore, the surface treatment of
NPs with reactive polymethylhydrogensiloxane (MHX) was considered for making the
nanofiller hydrophobic, less sensitive to the action of moisture, and to reduce the catalytic
effects at the high processing temperature of iron (from magnetite) on the polyester matrix.
PLA was mixed by melt-compounding with 4–16 wt.% magnetite NPs (surface treated or
non-treated) using a laboratory micro-compounder, following a traditional melt-blending
technique which does not require any solvent.

The thermal characterizations revealed significant improvements in the thermal stabil-
ity of nanocomposites using surface treated NPs (Ms) by performing both non-isothermal
and isothermal TGAs. Accordingly, it was concluded that the presence polysiloxane layers
on the surface of NPs has a key role in retarding the catalytic effects of iron from magnetite
(Fe3O4) on polyester (PLA) macromolecular chains. From the DSC characterizations, a spec-
tacular increase in the degree of crystallization of PLA was evidenced, especially at higher
amounts of MNPs (i.e., 16 wt.%), ascribed to occurrent factors (formation of products of
lower molecular weights due to shear, catalytic effect of iron oxide, others). Compared with
the neat PLA, the decrease of melt viscosity (increase of fluidity in MFI rheological mea-
surements) was more important at high loading of MNPs and using untreated nanofillers.
Moreover, different techniques of microscopy (SEM, EDX, and TEM) have been used to
reveal the morphology of nanocomposites. Together with well distributed/dispersed NPs
(evidenced via SEM and EDX analysis), the presence of clusters (somewhat more frequent
at higher magnetite loadings, and in the case of non-treated MNPs) was ascribed to the
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aptitude of MNPs to form aggregates, without excluding some inherent limits connected
to the micro-compounder equipment.

The VSM measurements of PLA−magnetite nanocomposites evidenced their super-
paramagnetic behavior, with near zero magnetic remanence and coercivity, and strong
magnetization properties even at low magnetic field (H = 0.2 T). However, the maximum
magnetization signal (Mmax) was found to be directly linked to the loading of nanofillers,
without significant influence connected to the surface treatment of NPs. By considering
the flexibility of melt-compounding (REX) techniques, these nanocomposites could be
further optimized and proposed as an alternative for the partial substitution of petrochemi-
cal polymers, for utilization in similar applications. The production of performant PLA
nanocomposites characterized by superparamagnetic properties could pave the way to the
larger utilization of biopolymers in technical and biomedical sectors (e.g., as superparam-
agnetic micro-carriers).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ma14185154/s1, Figure S1a,b Comparative DSC traces obtained during cooling and subsequent
(second) heating (10 ◦C/min) of PLA–magnetite nanocomposites produced using untreated (a) and
surface treated magnetite nanoparticles (b), and Figure S2a,b SEM pictures in SE mode of PLA—8%
magnetite nanocomposites (PLA-8M and PLA-8Ms) produced using untreated (a) and surface treated
magnetite (b).
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