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The effect of magnetite nanoparticles (NPs) content on the magnetic properties of polylactide (PLA) and
polystyrene (PS) matrix has been investigated by means of DC magnetization measurements as a function of
temperature (T) and magnetic field (H). Previous to the dispersion by melt-compounding into PLA and PS, the
magnetite NPs have been reactively surface treated with 3% polymethylhydrogensiloxane (MHX) in order to
make them hydrophobic and more stable to the action of oxygen and moisture. The magnetic analysis of the
properties has been performed by measuring the Zero Field Cooling (ZFC) magnetization curve as a function
of the temperature, at 0.1 Tesla applied field. In this framework, a superparamagnetic shape like has been
noted for all the samples with the possibility to individuate the blocking temperature (TB) of the NPs.
Moreover, the magnetization as a function of the field has been measured at room temperature (in particular
above TB) investigating the coercive field and the magnetization values finding potentially interesting results.
In particular, the very low values obtained for the coercive field at room temperature, together with the
maximum found in the ZFC curve, have confirmed the superparamagnetic behavior of the PLA and PS -
magnetite filled samples. Finally, a table with the fundamental magnetic features values of the samples has
been reported for understanding if the obtained results for this kind of surface treated NPs and the afferent
nanocomposites could be suitable for being used in applications requiring superparamagnetic properties
(protection of environment, magnetic microcarriers, magnetic separation of stem cells, other biomedical
purposes).

1. Introduction

The interest of the scientific community in considering the magnetic NPs for various applications arise from the
1960s after the Bean and Livingstone dissertation about the superparamagnetic properties that the magnetic
NPs can develop in certain conditions [Bean and Livingston, 1959]. In particular, in the last years, the
possibility to embed the magnetic NPs in polymeric matrices produced considerable efforts in view of using
these nanocomposites in many practical sectors ranging from environmental to biomedical ones [Shirinova et
al.,, 2016; Zhu et al., 2013; Horst et al., 2016; Kalia et al., 2014]. The main magnetic features which make
these samples so interesting are the high magnetic response in terms of magnetization and the coercive field
close to zero that allows to use the magnetic NPs as drug delivery in cancer treatments even using small
fields [Veiseh et al., 2010; Kim et al., 2010] or also in induced processes of hyperthermia of cancer cells [Hergt
et al., 2006; Kumar and Mohammad, 2011]. Among all the magnetic NPs, the Fe304 (magnetite) ones are
very attractive due to their biocompatibility and due to the fact that they show a low toxicity suggesting their
possible use in data and energy storage sector [Zhang et al., 2010], in the enhancement of the contrast in
magnetic resonance imaging [Huang et al., 2010], in the magnetic separation of stem cells [Balmayor et al.,
2011], as effective nanomaterials for the removal of heavy metals from water [Carlos et al., 2013; Kalia et al.,
2014], and so on. Unfortunately, the magnetite NPs are very sensitive to the action of oxygen, thus some NPs
might undergo oxidation to ferric hydroxide (Fe(OH)s) or to maghemite (y-Fe;Os) phases in an aqueous
medium [Bini et al., 2012; Demirer et al., 2015]. To limit this undesired effect and also the aggregation of



primary NPs of low dimension (10-30 nm), specific surface treatments and techniques of encapsulation are
currently used to allow their utilization [Oh and Park, 2011; Ali et al., 2016]. Also the choice of the polymeric
matrix in which the NPs are embedded can be important for the exploit of their magnetic properties.
Nowadays, the challenge of the researchers is to find the best category of polymers that can show
biocompatibility, feasibility for applications and, finally, a low environmental impact. In this direction, among the
polymers studied in the last decade, the bio-sourced polylactide (PLA) matrix has shown interesting
characteristics together with other eco-friendly polymeric matrices [Murariu and Dubois, 2016; Dos Santos et
al.,, 2015; Zhu et al., 2013; Kalia et al., 2014] that could substitute in some applications the petrochemical
matrices, like the polystyrene (PS), which can be dangerous for the environment once degraded and because
it requires a very long time for degradation [Ho et al., 2018]. On the other hand, due its stability and unique
properties, PS is one of the main polymers currently used for encapsulation of magnetic nanoparticles and in
biomedical applications [Yan et al., 2014; Lerman et al., 2018]. To propose as alternative the utilization of eco-
friendly materials (i.e., PLA, bio-sourced, biocompatible and biodegradable) for applications requiring
superparamagnetic properties, the studies were mainly focused on the production and characterization of
PLA-magnetite nanocomposites, while the traditional PS (of petrochemical origin, non-biodegradable) and PS-
based nanocomposites were used for comparative analyses.

In this work, the effect of Fe304 NPs content on the magnetic properties of PLA and PS nanocomposites have
been analyzed by means of DC magnetic measurements as a function of the temperature and DC field, and
the results have been discussed for understanding eventual suitability of the samples for applications.

2. Materials and methods

Poly(L,L-lactide)- produced by NatureWorks LLC (4032D grade), a general purpose PS (PS 158N, INEOS)
and magnetite NPs with primary particle size in the range 20-30 nm (supplier IOLITEC) have been used as
main raw materials. The nanofiller was reactively surface treated with 3% polymethylhydrogensiloxane
(XIAMETER MHX-1107, Dow Corning) using a Rondol turbomixer, step followed by a specific curing treatment
at 120°C (4h, under vacuum). For nanocomposites preparation, PLA was dry-mixed with up to 16% magnetite
nandfiller, while the melt-compounding of blends was performed at 190°C (mixing 10 min, 150 rpm) using a
twin-screw micro-compounder (Thermo-Scientific Haake MiniLab). The blends of PS and magnetite nanofiller
were processed by melt-compounding at a temperature of 240°C, while in the subsequent step the PS
nanocomposites have been used for comparative analyses. The two categories of samples have been
characterized in DC magnetic field. The measurements have been performed by means of a Quantum Design
PPMS equipped with a VSM option. The magnetization of the samples has been measured as a function of
the temperature, M(T), and of the DC magnetic field, M(H). Before each measurement, the magnetic field has
been reduced to 1 x 10 T as described elsewhere [Galluzzi et al., 2019, 2018b]. For what concerns the M(T)
measurements, the sample has been cooled down to 5 K in absence of field and then the field has been put
equal to H = 0.1 T. To perform the Zero Field Cooling (ZFC) curve, the temperature has been ramped from 5
K up to 300 K at 0.5 K/min [lannone et al., 2007]. For what regarding the M(H) measurements, the
temperature has been set to T = 300 K and stabilized for 30 minutes. After that, the magnetic field has been
ramped from O T up to +9 T, from +9 T down to -9 T and finally from -9 T up to +9 T again to acquire the
complete hysteresis loops [Galluzzi et al., 2018al].

3. Results and discussion

In order to study the influence of magnetite NPs content on the magnetic properties of nanocomposites, we
have to understand firstly which is the magnetic behavior of the two pure samples of polylactide (PLA) and
polystyrene (PS). At this aim, the hysteresis loops M(H) have been reported in Figure 1 for both the samples.
A negative value of magnetization has been measured for both the materials when a positive magnetic field
was applied. In particular, M(H = +9 T) = -0.035 emu/g for PLA and M(H = +9 T) = -0.068 emu/g for PS. This
suggests a diamagnetic behavior of the neat samples. The magnetization measurements as a function of
temperature M(T) have been performed on PLA samples filled with 4%, 8% and 16% of Fe3O4 NPs at a fixed
field of 0.1 T and reported in Figure 2. Positive magnetization values can be seen together with the presence
of a peak in the ZFC curves. These features in the M(T) curves suggest a superparamagnetic behavior of the
samples. In the insets of Figure 2, the peak regions have been enlarged showing a blocking temperature (Tg)
of about 150 K, 100 K, 150 K for the PLA samples filled with 4%, 8% and 16% of Fe3O4 NPs, respectively.
The important aspect to consider in this kind of samples is the magnetic behavior for T > Tg since the NPs
behaving in a superparamagnetic way can be exploited in a very wide range of applications ranging from
technical to biomedical ones [Zhu et al., 2013; Di Palma et al., 2018; Horst et al., 2016; Polichetti et al., 2020;



Kalia et al., 2014]. For this reason, our field dependence magnetization analysis will be focused for T > Tg, in

particular at room temperature (T = 300 K).
008 E + T T T T

= PLA

.04

002 -

0.00 |

-0.02

M (emu/g)

004

-(L06 - I=300K

0,08 Lt A . . s ,
SSHO000 60000 -30000 0 J0000  GO000  SOO00
H{Oe)

Figure 1: M(H) at T = 300 K on PLA and PS pure samples.
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Figure 2: M(T) at H = 0.1 T on PLA + 4% Fe304 (a), PLA + 8% Fe304 (b), PLA + 16% Fe304 (). Insets: the
maximum in ZFC curve determines the blocking temperature Tg.

For what concerns the M(H) measurements, they have been performed for T = 300 K > Tg in order to study
the superparamagnetic behavior of the samples. In particular, the M(H) curves for PLA + 4, 8, 16% Fe3O4
have been reported in Figure 3. Looking at high fields, it can be noted that the full saturation magnetization is
not reached even at 9 Tesla although the 90% of the maximum signal is already reached at about 1.6-1.8 T for
all the samples. These results suggest that there is the possibility to exploit almost completely the maximum
magnetic response of the sample even at fields lower than its saturation field. A similar observation can be
made considering that at H = 0.2 T, the 68% of maximum magnetization is reached. This is an important
information since 0.2 T is a typically required field for biomedical applications [Pankhurst et al., 2003]. The
inset of Figure 3 shows an enlargement of the near zero field region of the samples. It is important to note that
the coercive field is low: H; = + 6 Oe. This result is in agreement with the superparamagnetic behavior found
in the M(T) curve and also suggests the good quality of the magnetite NPs in terms of small dimensions and
superparamagnetic properties [Di Palma et al., 2018].
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Figure 3: M(H) at T = 300 K on PLA + 4, 8, 16%Fe30.. Inset: an enlargement of the region near zero field is
shown.

Subsequently, we have reproduced the same measurement procedures for a representative PS filled sample
for checking the differences and analogies among the PLA and PS samples. At this aim, in Figure 4 the M(T)
for PS + 10% Fe304 has been reported. Also in this case, the sample presents positive magnetization values



that can be seen together with the presence of a peak in the ZFC curve. Again, these features in the M(T)
curve suggest a superparamagnetic behavior of the sample. The blocking temperature for this sample is about
100 K (see inset Figure 4). It is worth to underline that the fact that the value of Tg being < 300 K allows to
exploit the superparamagnetic properties of the sample at room temperature.
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Figure 4: M(T) at H = 0.1 T on PS + 10%Fe30.. Inset: the maximum in ZFC curve determines the blocking
temperature Tg.
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For what concerns the M(H) measurement, it has been performed for T = 300 K. The result is reported in
Figure 5. The full saturation magnetization is not reached even at 9 Tesla although the 90% of the maximum
signal is reached at 2 T. Another interesting feature is the magnetization percent at 0.2 T equal to 65% that
can be exploited for biomedical applications (NB: value slightly lower than in the case of PLA — Fe3O4
nanocomposites). The inset of Figure 5 shows an enlargement of the region near zero field. It is important to
observe that H; = £ 5 Oe, a very low value that indicates that the NPs have been well dispersed in the PS
matrix so avoiding the agglomeration formation which would lead to high coercive fields and to the loss of the
superparamagnetic properties.
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Figure 5: M(H) at T = 300 K on PS + 10%Fe30.. Inset: an enlargement of the region near zero field is shown.

Figure 6: M(H) at T = 300 K for all the considered samples. Inset: the region near zero field is shown.

12F —u— PLA +4% Fe,0, :
]: 3 PLA + 8% Fe,0, ' 4
of PLA + 16% Fe,0,
4’ 3 PS + 10% Fe,0,
% 2F T Y7 P— A
Z 0F
3 of 0.02 -
e (SR S LR
B F § Foor ¢ e
-0 E | X |
-12f R [T P e i ;,%s i0
= L 1 L L 1 1 H r()‘:jl
-90000 -60000 -30000 0 30000 60000 90000
H (Oc)



A direct comparison of the M(H) curves among all the samples at T = 300 K is provided in Figure 6. In the
main panel it is interesting to note that no samples reach the magnetic saturation, even at 9 T. Another feature
to observe is that the PS + 10% Fe304 presents a magnetization always lower than PLA + 8% Fe3O4 despite
having a higher Fe3O4 concentration, aspect that will require carefully explanation taking into account the
influence of different factors (nature of polymer matrix, quality of distribution and dispersion of NPs, presence
or not of specific additives, others). On the other hand, in the inset of Figure 5 the behavior of all the samples
near zero field has been reported. It can be observed that all the values are similar and near to zero indicating
a superparamagnetic behavior for all the samples.

The key magnetic parameters extracted from the measurements are summarized in Table 1. The magnetic
features reported in Table 1 can be compared quite favorably with those of other formulations [Shannigrahi et
al., 2012; Dos Santos et al., 2015; Wilson et al., 2004; Shirinova et al., 2016] although the complexity of a fair
comparison due to differences in filler type, size, shape and content that affect the magnetic properties of the
samples. The Table shows that, in principle, both the PLA and PS -magnetite nanocomposites have magnetic
properties suitable for the various applications mentioned in the introductive section. Nevertheless, it is worth
to underline that the PLA use is advisable from an environmental point of view due to its biocompatibility and
biodegradability (NB: leading to carbon dioxide (CO;), water and humus as final products of biodegradation)
with respect to the PS that has a petrochemical origin and so hypothetically harmful to the environment as
source of toxic chemicals once degraded.

Table 1: Magnetic features of the samples at T = 300 K.

Sample Coercive Percent of H (90% Mmax) (T) H (Msat) (T)
field (Oe) Mmax @ H=02T

PLA + 4% Fe304 +6 68 1.6 >9

PLA + 8% Fe304 +6 68 1.7 >9

PLA + 16% Fe304 +6 68 1.8 >9

PS + 10% Fe304 +5 65 2 >9

4. Conclusions

The DC magnetic properties of PLA and PS matrices filled with different percentages of FezOs NPs have been
studied as a function of temperature and magnetic field. For all the samples, a superparamagnetic behavior
has been found analyzing the M(T) and M(H) curves. In particular, from the ZFC curves of M(T)
measurements a blocking temperature well below 300 K has been found for all the samples indicating the
possibility to exploit the superparamagnetic features of the samples at room temperature. In this framework,
the magnetization of the samples has been studied as a function of magnetic field at T = 300 K finding very
low coercive fields, about 5-6 Oe, in agreement with the superparamagnetic behavior observed in the M(T)
curves. Moreover, it has been observed that the full saturation magnetization was not reached even at 9 Tesla
although the 90% of the maximum signal can be achieved for H < 2 T for all samples. Another important
characteristic of all the samples consists in the fact that almost the 70% of the Magnetization can be exploited
at H = 0.2 T suggesting the possibility to use these samples also in biomedical applications. Finally, a table
with the fundamental magnetic features values has been reported showing that the PLA composite samples
are characterized by outstanding magnetic properties, thus they are preferable for utilization in various
applications for the protection of environment thanks to their biocompatibility and biodegradability.
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