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Investigation of Fe;O,/AEAP supermagnetic nanoparticles
on the morphological, thermal and magnetite behavior of

polyurethane rigid foam nanocomposites
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Abstract: Novel, magnetic, polyurethane, rigid foam nanocomposites were synthesized by incorporation
of surface modified iron oxide nanoparticles with 7-(2-aminoethyl)-3-aminopropyltrimethoxysilane
(AEAP) via a one shot method. The resulting data showed remarkable improvements in the thermal, as
well as magnetic, properties of the nanocomposites when nanoparticles were incorporated into the poly-
mer matrix. The prepared nanocomposites were characterized by Scanning Electron Microscopy (SEM),
Fourier Transform Infrared Spectroscopy (FI-IR), Vibrating Sample Magnetometry (VSM), Thermo-
mechanical Analysis (TMA) and Thermogravimetric Analysis (TGA). The effect of different amounts of
Fe;O,/AEAP on the thermal and magnetic behavior of the resultant nanocomposite was investigated and
the optimum percentage of the nanostructures in the foam formulation was defined.

Keywords: magnetic nanocomposite, polyurethane rigid foam, iron oxide, sol-gel method, surface func-
tionalization.

Wplyw dodatku supermagnetycznych nanoczastek Fe,O,/AEAP na morfolo-
gie, termiczne i magnetyczne wlasciwosci nanokompozytow sztywnych pia-
nek poliuretanowych

Streszczenie: Nowe, magnetyczne nanokompozyty otrzymano metoda jednoetapowa, wprowadzajac
do matrycy poliuretanowej (PUR) modyfikowane powierzchniowo nanoczastki zelaza (Fe;O,/AEAP).
Badano wptyw dodatku réznej ilosci nanoczastek magnetycznych na morfologie, wlasciwosci termiczne
i magnetyczne wytworzonych materiatow. Otrzymane sztywne pianki poliuretanowe zawierajace czast-
ki Fe,O,/AEAP badano metodami skaningowej mikroskopii elektronowej (SEM), spektroskopii w pod-
czerwieni z transformacjg Fouriera (FT-IR), magnetometrii z wirujaca probka (VSM), analizy termome-
chanicznej (TMA) oraz termograwimetrycznej (TGA). Na podstawie uzyskanych wynikéow stwierdzono,
ze wprowadzone do matrycy poliuretanowej magnetyczne czastki zmodyfikowanego tlenku zelaza
wplynely korzystnie na termiczne i magnetyczne wlasciwosci otrzymanych nanokompozytéw sztyw-
nych pianek poliuretanowych.

Stowa kluczowe: nanokompozyty magnetyczne, sztywne pianki poliuretanowe, tlenek zelaza, metoda
zol-zel, funkcjonalizacja powierzchni.

Polyurethane (PUR) is one of the most versatile mate-
rials in the world today because of its wide application
ranges from upholstered furniture, insulation in walls,
roofs, biomaterials and thermoplastic PUR in medical de-
vices and footwear, to coatings, adhesives, sealants and
elastomers and automotive interiors [1, 2]. PUR has in-
creasingly been used during the past thirty years in a va-
riety of applications due to their comfort, cost benefits,
energy savings and potential environmental soundness.
Despite these extensive applications, PUR foams have
some disadvantages e.g. low thermal stability and low
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mechanical strengths. A great deal of effort has been
devoted to overcoming these drawbacks by developing
novel nanocomposite generations in recent years [3—5].
Incorporation of nanofiller into PUR foams leads to new
applications for the nanocomposite. Recently, a synthetic
method was reported incorporating silver nanoparticles
(NPs) into PUR foams where the final nanocomposite
was applied as an optical sensor [6]. In addition, Moham-
madi and coworkers prepared magnetic PUR elastomer
nanocomposites by incorporating pure and thiodiglyco-
lic acid (TDGA) surface modified Fe;O, nanoparticles
into a PUR matrix via an in situ polymerization method.
Surface modification of Fe;O, nanoparticles allowed the
preparation of magnetic nanocomposites with improved
mechanical properties [7].
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Magnetic nanoparticles (MNPs) (Fe;O,) show re-
markable new phenomena such as super paramagne-
tism, high field irreversibility, high saturation field, extra
anisotropy contributions or shifted loops after field cool-
ing. The introduction of inorganic MNPs into polymer
matrices can provide high-performance novel materials
that find applications in many industrial fields and
MNPs that provide high mechanical, thermal and mag-
netic properties are good candidates for the preparation
of PUR nanocomposites. Nano scale magnetic materials
have attracted considerable attention in recent years be-
cause of their potential applications in information stor-
age, magnetic refrigeration, magneto-optical solid devi-
ces, cell separation and magnetic resonance imaging en-
hancement [8—10]. The interfacial interactions between
the NPs and polymer matrix play a crucial role in deter-
mining the quality and properties of the nanocomposites.
Understanding the interfacial interactions between the
nanofiller and polymer matrix is important to improve
the design and manufacture of polymer nanocomposites.
It has been indicated that the formation of the
Fe;0,/AEAP core-shell has some advantages such as less
aggregation, supermagnetic properties, improvement of
chemical stability, better dispersion in various matrices,
stability at low pH, easy surface modification and easy
control of the shell thickness in comparison with Fe;O,
NPs [11]. The amino groups modified on the NP surfaces
react with isocyanate to form urea linkages. A silica shell
can be attached to MNPs via the Stober method, which is
based on the hydrolysis and condensation of a sol-gel
precursor [12].

In the current study, an in situ polymerization method
was used for the preparation of nanocomposites. The key
to this approach is the distribution of nanofiller in the
monomer. With control, the link between the nanofiller
and the field material can achieve the desired distribution
[13—16].

In this report, and in the continuation of our previous
work on PUR magnetic nanocomposites [17], we sought
to prepare PUR rigid foams with supermagnetic proper-
ties that can increase the functional application areas of
PUR rigid foam and also improve some of its properties,
such as low thermal stability. Nanocomposites were pro-
duced by an in situ method, whereas the MNPs and
Fe;O,/AEAP core-shell were synthesized by co-precipita-
tion and sol-gel methods, respectively. MNPs were used
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atup to 3 % in the foam formulations and the thermal and
magnetic properties of the nanocomposites were studied.

EXPERIMENTAL PART
Materials

Dalto Foam TA® 14066 polyether polyol (OH NO. 430
+ 20, viscous yellow liquid, viscosity 526 Pa-s at 25 °C and
water content 2.3 %) containing additives and methylene
diphenyl diisocyanate (MDI) (Suprasec®5005, dark
brown liquid, viscosity 22 Pa-s at 25 °C) for rigid PUR
foam formulation were purchased from the Huntsman
company and blown by the reaction of water with MDI.
Iron(Il) chloride tetrahydrate (FeCl,-4 H,O, 99.7 %),
iron(Ill) chloride hexahydrate (FeCl;-6 H,O, 99.0 %), am-
monia (NH;-H,O, 25-28 %), ethanol (C,H;0H, 99.7 %),
n-(2-aminoethyl)-3-aminopropyltrimethoxysilane
(AEAP) and citric acid were purchased from Merck and
used as received without further purification.

Synthesis of Fe,O,/AEAP magnetic nanoparticles

The super paramagnetic NPs were synthesized by a
chemical co-precipitation method with ferric chloride
and ferrous chloride (2/1 mol/mol) according to previous
reports [18 —20]. For the synthesis of Fe;O,/AEAP, at first
500 cm® of ethanol and 100 cm® of deionized water were
placed into a round bottom flask, and then 500 mg of
Fe;O, MNPs were added. The solution was sonicated for
20 min and then 2 cm® of AEAP was added. The reaction
mixture was stirred mechanically at room temperature
for 2 h. The resulting dark brown precipitation was
washed 2 times with de-ionized water and dried at 50 °C
in an oven for 24 h [21]. Scheme A shows the formation of
Fe;O,/AEAP.

Synthesis of the Fe,O,/AEAP-PUR nanocomposites

Nanocomposites were synthesized by an in situ poly-
merization method. For the synthesis of the Fe;O,/AEAP
nanocomposite, 0.05, 0.10, 0.15, 0.20, 0.25, and 0.30 g of
MNPs were dispersed in polyol and the mixture sonica-
ted for 4 min on an ultrasonic homogenizer (Hielscher,
UP200S, Germany) to obtain significant dispersion. Then,
the nanoparticulated polyol was hand mixed with MDIin

0\
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a 300 cm?® paper cup at 10:12 (polyol:MDI) ratios. Finally,
the sample was kept at room temperature for 24 h for post
curing and future testing [17]. The formation of PUR-ri-
gid foam nanocomposite is shown in Scheme B.

The prepared nanocomposites were labeled RPUR
where (n) is the Fe;O,/AEAP percentages in the foam for-
mulation.

Methods of testing

— The morphology and particle size of the magnetite,
Fe;O,/AEAP and PUR nanocomposite were studied by
Field Emission Scanning Electron Microscopy (FE/SEM,
Hitachi model SE 4160).

— FT-IR spectra were obtained on a Bruker Tensor 27
spectrophotometer.

— TGA was performed with a Perkin-Elmer Pyris
Diamond.

— TGA/DTA was under an air atmosphere at a heat-
ing rate of 7.5 °C/min.

— The Thermal Mechanical Analysis (TMA) measure-
ments were performed with a thermal mechanical analy-
zer (LinseisTP-1000, Germany) over a temperature range
of -100—250 °C and in compression mode.

— The magnetic properties of the samples were stu-
died using a vibrating sample magnetometer (VSM).

RESULTS AND DISCUSSION

Characterization of magnetite and Fe,O,/AEAP
nanoparticles

Infrared spectroscopy

Functional groups were identified by recording the
FT-IR spectra in the spectral range of 400—4500 cm™. As
shown in Fig. 1, characteristic absorptions of Fe-O bonds
are observed at 491 and 595 cm™ due to bending and
stretching, respectively. The presence of Fe-O-5Si bonds
cannot be seen in the FT-IR spectrum because they appear
at around 595 cm™ and therefore overlap with the Fe-O

Fe,O,

Transmittance

Fe,0,/AEAP Fe

T g b
4500 4000 3500 3000 2500 2000 l1500 1000 500
Wave number, cm’
Fig. 1. FT-IR spectra of Fe,O, and Fe,O,/AEAP

vibration of magnetite NPs [22, 23]. It can be seen in com-
parison with the unmodified sample, the modified Fe;O,
nanoparticles possess an absorption band at 1082 cm™
due to the Si-O stretching vibration [22]. The vibration
bonds in the 3300—3500 cm™ range are assigned to NH,
group stretching vibrations. The absorption bands at
2925 and 2970 cm™ are assigned to the stretching vibra-
tion of the C-H bond [24].

Thermogravimetric analysis

Figure 2 shows the TGA curves of Fe;O, and
Fe;O,/AEAP NPs. The initial weight loss at 40 °C in the
Fe;O, curve is due to the removal of physically adsorbed
solvent. The weight loss of AEAP modified MNPs (21 %)
in the Fe;O,/AEAP curve can be seen at 210 °C, which is
due to the thermal decomposition of the n-(2-amino-
ethyl)-3-aminopropyltrimethoxysilane (AEAP) groups.

Fe.O
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X
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Fig. 2. TGA of Fe,0, and Fe,O,/AEAP NPs
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Scanning electron microscopy

FE-SEM was applied to characterize the size and mor-
phology of the spherical MNPs. The size of uncoated
spherical NPs and AEAP-coated NPs are 30—40 nm and
45—50 nm, respectively (Fig. 3). Also, it can be seen in
Fig. 4 that the NPs are well distributed in the polymer
matrix. These results show that little agglomeration of
synthesized NPs takes place.

Fig. 3. FE-SEM images of: a) Fe,O,, b) Fe,O,/AEAP NPs

a)

Fig. 4. FE-SEM images of distributed NPs in the PUR rigid foam:
a) RPUR, ,, b) RPUR,,

Characterization of PUR-rigid foam nanocomposites

Infrared spectroscopy

Figure 5 shows the FT-IR results of Fe;O,/AEAP-PUR
nanocomposite blending with different amounts of
MNPs. As can be seen in these spectra, the stretching vib-
ration at 1100 cm™ is due to C-O bonds. The absorption
band at 1580 cm™ belongs to the N-H deformation vibra-
tion and C-N bond [25]. The absorption band at 1730 cm™!
is due to C=O stretching vibrations [26]. These spectra
also show a characteristic peak of unreacted NCO groups
at 2273 cm™ [27]. The absorption bands at 2860 and 2931

Transmittance

pristine PUR

N 1 LR ' T T T T L T M
4500 4000 3500 3000 2500 2000 l1500 1000 500
Wave number, cm’
Fig. 5. FT-IR spectra of pure PUR and Fe,O,/AEAP filled PUR-ri-
gid foams

cm™ are attributed to CH, asymmetric stretching vibra-

tions. A broad absorption band at 3200 —3400 cm™ corres-
ponds to the N-H stretching vibration [28]. As can be seen
in Fig. 5, the samples containing 1.5 and 3.0 % nanofiller
have strong absorptions that show a favored bonding
between PUR chain bonds and Fe;O,/AEAP. This result
indicates that crosslinking is increased.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a profitable
technique to determine the quantitative degradation ba-
sed on the weight loss of a composite material as a func-
tion of temperature. The thermal stability of the samples
was evaluated in initial (Ty), 5 % (T5 ¢,), 10 % (T4q9,) and
maximum (T,,,,) temperatures [29, 30]. The temperature
of the first degradation, about 172 °C, was increased with
higher amounts of NPs (Fig. 6). As shown in Table 1, the
thermal degradation temperature values shift to higher
temperatures with the addition of various percentages of
NPs. In other words, the thermal resistance of PUR foams
isincreased. The possible reason for this behavior is attri-
buted to reducing the PUR chain mobility [31]. Further-
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Fig. 6. TGA of pure PUR and Fe,O,/AEAP filled PUR-rigid foams

more, by increasing the Fe;O,/AEAP content in the poly-
mer matrix, the formation of carbon residues are increa-
sed and this can explain the high heat capacity of
Fe;O,/AEAP and its performance as a thermal insulator.
The irregularities in thermal behavior with different
amounts of filler can be explained as an inappropriate
distribution of the nanoparticles that don’t establish app-
ropriate crosslinking between the polymer matrix and
the amine functionalized NPs.

Scanning electron microscopy

FE-SEM images of the Fe;0,/AEAP-PUR nanocompo-
site are shown in Fig. 7. The shapes of the PUR rigid foam

Table 1. Degradation temperature of PUR rigid foam with va-
rious percentages of filler

Sample To, °C | Ts9, °C | T19%, °C | Ty °C | Residue, %
PUR 172.59 219.14 | 253.42 565.29 3.53
RPURys5 | 197.84 | 261.06 | 283.97 | 553.60 3.57
RPUR;, | 203.10 | 248.77 | 278.85 565.23 4.12
RPUR;5 | 205.53 213.94 | 254.79 566.73 3.76
RPUR,, | 202.05 258.61 293.25 543.03 4.21
RPUR,5 | 212.64 | 26292 | 283.98 569.11 4.64
RPUR;, | 21052 | 23696 | 265.34 | 569.30 5.56

cells are spherical. The spherical shaped cells are found to
be closed cells. Figure 7 shows that the foams have a
higher number of cells as the concentration of AEAP is
increased. This indicates that a higher percentage of
nanofiller reduces the cell size. A decrease in the cell size
leads to a reduction in the heat transfer and improvement
in the thermal insulation efficiency [32, 33]. According to
SEM images (Fig. 7), and using equation (1), the cell den-
sity of the synthesized nanocomposite can be calculated
(Table 2) [34]:

N, = (nM?/A)*? 1)

In this formula, Ny (cells/cm?) is the cell density, 7 is
the number of cells in a specific area of the SEM micro-
graph, A (cm?) is the area of the micrograph and M is the
magnification factor of the SEM images, which is x40 in
this case.

Fig. 7. FE-SEM images of PUR rigid foams modified with Fe,O,/AEAP NPs: a) PUR, b) RPUR, ;, ¢) RPUR,,

|i0um_|
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T a b1 e 2 Cell density of nanocomposite foams based on
Fe,O,/AEAP NPs

Sample PUR RPUR; 5 RPUR;,

0.84 0.52 0.78

Ny (cells/cm?3)-10°

The foam density of the synthesized nanocomposites
(Fig. 8) is calculated according to equation 2:

D=M/v) )

where: D (g/cm’) — the foam density, M (g) — the weight,
V (cm®) — the volume of the sample. As can be seen in
Fig. 8, incorporation of filler increases the foam density.

0.074 -

0.0724

g

0.070 l

0.068 1

0.066

Foam density, g/cm

0.064

o
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00 05 10 15 20 25 30
Content of Fe;O,/AEAP NPs, %

Fig. 8. Foam density of RPUR nanocomposites based on
Fe,0,/AEAP NPs
Magnetic properties

The magnetic properties of Fe;O,/AEAP-PUR nano-
composite with 1.5 and 3.0 % nanofiller were characteri-
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Fig. 9. Hysteresis loops by VSM of the PUR rigid foam nanocom-
posite modified with Fe,O,/AEAP NPs

zed by vibrating sample magnetometry (VSM). The su-
permagnetic property of the 1.5 and 3.0 % nanocomposi-
tes are about 0.25 and 0.41 emu/g, respectively. As can be
seen in Fig. 9, the resultant nanocomposite was shown to
possess superparamagnetic behavior at room tempera-
ture as no hysteresis loop was observed in the magnetiza-
tion graph. Also, the remanence and coercivity in the
absence of the external field were zero.

TMA studies

The linear thermal expansion coefficient (o) and the
glass transition temperature (T,) are parameters that can
be extracted from TMA graphs. The softening point of
foams is the temperature where the sample shows a se-
vere decline in its dimensions. As can be seen in Fig. 10,
T,is decreased with an increase in the MNPs content in
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Temperature, °C
Fig. 10. TMA of pure PUR and RPUR nanocomposites

the foam. The reason for this behavior is assigned to the
placement of modified NPs in between the PUR chains
and thus a reduction in the direct crosslinking degree be-
tween PUR chains and also enhancing the soft segment
mobility [17]. Furthermore, an increment in the o value in
the nanocomposite samples is confirmed with a dimen-
sional instability and reduction in elastic properties of the
cell walls.

CONCLUSIONS

MNPs (Fe;O,) and AEAP-coated MNPs with 35 and
45 nm average diameter were prepared by co-precipita-
tion and sol-gel method, respectively. It has been shown
that AEAP-coated MNPs can significantly improve the
thermal properties of PUR. This type of inorganic NP is
chemically trapped in a PUR matrix by the formation of
hydrogen bonds between the urea linkages. The NPs are
well distributed up to 3.0 % in the PUR polymer matrix
and with this increase, the thermal resistance of the foam,
and also the amount of remaining char, were increased.
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T, reduced in nano-filled PUR rigid foams. In addition,
the resultant nanocomposites were shown to have super-
magnetic behavior.
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