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Weakly magnetic hematite (α-Fe2O3) nanoparticles were synthe-
sized by heating an amorphous polymer supported iron(III)
complex (Fe_POL) at 400 °C for 4 h in air. The growth of
nanoparticles (NPs) was studied by PXRD, heating the polymer
from 150 °C to 400 °C at 25 °C intervals, revealing that, at all
temperatures, the only crystalline phase detected is hematite.
Conversely, annealing of Fe_POL at 400 °C for 4 h under
nitrogen, yielded a material containing wüstite (FeO) as the

only crystalline phase, supported onto pyrolised acrylamidic
polymer. The synthesized materials were characterized by TXRF,
PXRD, SEM-EDS, XPS, Raman and FTIR spectroscopy as well as
by magnetic analysis. Differently from natural micrometric
hematite, synthesised nano-hematite turned out to be an
efficient and recyclable catalyst for the hydrogenation of
nitroarenes to the corresponding anilines.

Introduction

In the last few decades, iron oxides minerals received great
attention from the scientific community because of their low
cost and their abundance in nature.[1] Among the sixteen known
oxides and hydroxides, hematite (α-Fe2O3), magnetite (Fe3O4),
wüstite (FeO) and maghemite (γ-Fe2O3) have fundamental
scientific and technological importance due to their intrinsic

magnetic properties combined with possible nano dimensional
advantage.[2] Iron oxides nanoparticles (NPs) have applications
in several fields such as catalysis,[3] pigments,[4] molecular
imaging,[5] wastewater treatment,[6] phytochemistry[7] and
medicine.[8] Due to their technological importance, extensive
researches have been carried out on the development of
various synthetic routes to yield iron oxide nanoparticles with
desired properties.[9] The most common methods for synthesis-
ing nanometric iron oxides are chemical co-precipitation,[10] sol-
gel,[11] hydrothermal method,[12] solvothermal route,[13] and
microwave assisted hydrothermal techniques.[14] Among iron
oxides, hematite (α-Fe2O3) is widely studied and raises great
interest for technological applications such as catalysis,[15]

wastewater treatment,[16] and gas sensors.[17] It is well known
that the shape and size of α-Fe2O3 NPs

[18] have a deep impact
on their chemical and physical properties such as magnetic[19]

and catalytic applications.[20]

Back in 1999 the synthesis of nano-sized magnetite and
hematite had been reported by thermal treatment of Fe(acac)3
(acac=acetylacetonate) in 1-propanol.[21] The authors reported
that a small amount of water in the organic solvent drastically
influenced the type of iron oxides formed. In fact, by using neat
1-propanol microcrystalline magnetite (Fe3O4) formed, while
adding 1–3% of water to 1-propanol yielded only hematite (α-
Fe2O3) which, in turn, slowly transformed into magnetite after a
long reaction time. In 2014, Yan et al. synthesized α-Fe2O3

nanoparticles by calcination of the spindle-like β-FeOOH
precursors at 600 °C for 2 h.[22] By using co-precipitation method,
in 2015 Farahmandjou et al. reported the synthesis of hematite
NPs by using FeCl3 · 6H2O as precursor and ammonia solution as
precipitator. The α-Fe2O3 nano-powders, with a particle size
about 30 nm, were obtained by calcination at 500 °C.[23]

In 2009, Hua et al. reported the procedure for the prepara-
tion of α-Fe2O3 NPs having dimensions of ca. 80 nm, by
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hydrothermal synthesis using FeCl3 and sodium acetate at
200 °C for 12 h.[24] By using a similar procedure Tadic et al.
prepared hematite NPs of size ca. 8 nm, endowed with
magnetic properties. These properties were correlated to a
combination of magnetically disordered surface shell and
magnetically ordered core.[25]

Many studies have shown how the experimental conditions
influence the nature of the synthesized iron oxides.[26] For
example, hematite is the only iron oxide formed by hydro-
thermal methods at pressures less than 100 bar whereas at
pressure higher than 100 bar goethite was formed.[27]

Herein we describe the synthesis of crystalline nano-
hematite obtained by heating under air an amorphous polymer
supported iron(III) complex and its use in the catalytic hydro-
genation of nitroarenes.

Results and Discussion

The starting material for the synthesis of iron oxide nano-
particles was the polymer supported iron(III) complex obtained
by copolymerisation of Fe(AAEMA)3 [AAEMA� =deprotonated
form of 2-(acetoacetoxy)ethylmethacrylate] with N,N’-meth-

ylenebisacrylamide and N,N-dimethylacrylamide[28] and referred
to as Fe_POL (Scheme 1).

The thermal behaviour of Fe_POL was studied by TGA/DTA.
Figure 1 shows the TGA, DTG and DTA curves for Fe_POL

obtained under N2 with a heating rate of 10 °C/min.
The thermogravimetric curve (blue line) shows a ca. 9% loss

of weight between 25 and 100 °C attributable to adsorbed
water. Three subsequent steps of weight loss are distinguish-
able in the ranges 160–308 °C, 308–420 and 420–500 °C; they
correspond to 28%, and 58% and 75% weight loss, respec-
tively. The DTA curve shows an endothermic event occurring
between 150 and 300 °C but no loss of weight. It is plausible
that in this temperature interval breaking of C� C bonds
resulting in rupture of cross-linkages across the polymer chain
takes place.

The relevant loss of weight detected from 308 °C to 500 °C is
due to pyrolysis of the organic matrix of Fe_POL. The three
endothermic peaks detected at 308–364, 364–395, and 395–
462 °C may be attributed to the evolution of: CO2, NH3, H2O, and
N2 (1

st event); amides (acetamide, isobutyramide), cyclic imides,
nitriles,[29] methacrylates and methacrylic acid[30] (2nd and 3rd

events).
In the light of the thermal analysis results, we decided to

study the materials obtained by heating Fe_POL at 150 °C,
300 °C, and 400 °C (in the latter case, both under nitrogen and
air). The analytical investigations, performed by total reflection
X-ray fluorescence (TXRF), FTIR, SEM-EDS, magnetisation curves,
indicate that calcination at 150 °C and 300 °C yielded a
composite material constituted by polymer supported iron-
based NPs which did not exhibit magnetic behaviour. On the
other hand, calcination at 400 °C for 4 h in air yielded a material
constituted by α-Fe2O3 while, calcination at 400 °C for 4 h under
N2 produced a mixture constituted by pyrolysed organic
polymer supporting wüstite (FeO) as the only crystalline iron
oxide phase.

The dark red powder obtained after Fe_POL heating at
150 °C for 24 h (POL_150, Scheme 1) contained 2.4% of Fe (wt.).
The FTIR spectrum (Figure 2) shows intense bands due to C� H,
C=O and C� N stretching indicating a structure constituted by
an organic polymer supporting iron particles.

The shiny black powder obtained after calcination at 300 °C
for 3 h in air (POL_300, Scheme 1) contained 7.5% of Fe and
showed, in the 400–4000 cm� 1 region, a FTIR spectrum (Fig-
ure S1) similar to that of POL_150. No bands attributable to
Fe� O stretching of hematite (α-Fe2O3), maghemite (γ-Fe2O3), or
magnetite (Fe3O4) are observable in the spectrum of POL_150

Scheme 1. Synthesis and calcination products of Fe_POL.

Figure 1. TGA (blue curve), DTG (red curve) and DTA (green curve) of Fe_POL
heated under N2 (rate: 10°/min). Figure 2. IR (KBr pellet) spectrum of POL_150.
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(Figure 2) whereas two weak bands at about 430 and 500 cm� 1

are present in the FTIR spectrum of POL_300 (Figure S1).
SEM-EDS analyses of POL_150 (Figure 3 top) documented

that the polymer occurs as microporous grains and it incorpo-
rates globular Fe NPs (Figures 3 bottom, and Figure 4).

As for POL_300, microscopic observation documented that
polymer may occur also as compact grains; Fe NPs are visible
on the surface as bumps (Figure 5).

In order to shed light on the formation of crystalline phases
in the polymer calcined at 150 or 300 °C we collected the PXRD
spectra of POL_150 and POL_300.

POL_150 X-ray diffraction pattern (Figure 6) is characterised
by a high background in 2# interval 2–30°; no peaks
attributable to crystalline phases were recorded. The diffraction
band centred at 10°2#, that disappeared at 300 °C, indicates
that the polymer is not amorphous, but its forming molecules
are locally ordered probably in microdomains.

Figure 3. SEM micrographs of POL_150.

Figure 4. EDS map of POL_150 showing the Fe distribution onto the
polymer.

Figure 5. SEM micrograph of POL_300.

Figure 6. PXRD patterns of POL_150 (a) and POL_300 (b). Asterisked peaks
refer to NaF.
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As for POL_300, XRD pattern (Figure 6b) shows peaks at
about 33 and 35°2# due to α-Fe2O3. The peak at 33°2# is
strong because of it partially overlaps a NaF line (33.6°2#). On
the basis of these results, FTIR bands at about 430 and
500 cm� 1 may be tentatively attributed to the Fe� O stretching
of supported hematite.

The red solid obtained after calcination at 400 °C for 4 h
under air (Hem_400_Air, Scheme 1) exhibited a Fe weight
percentage of 70.0%: its IR spectrum (Figure 7b) is characterised
by intense bands due to Fe� O stretching at 445 and 531 cm� 1

with only very weak bands attributable to the organic matrix.
This indicates that prolonged annealing at 400 °C in the air
causes the almost complete combustion of the supporting
polymer.

The IR spectrum of Hem_400_Air is similar but not super-
imposable to that of natural hematite (Nat_Hem, Figure 7a)
because of possible difference in particle size[31] and crystallinity
(shift of ca. 20 cm� 1 in the Fe� O stretching).

The RAMAN spectrum of Hem_400_Air (Figure 8) exhibits all
the spectral signatures deemed diagnostic for hematite:[32] two
A1g phonon modes (224 and 495 cm� 1), four Eg phonon modes

(244, 291, 408 and 610 cm� 1). Two other bands, at 660 cm� 1 and
the at 1310 cm� 1, are also present. A correct assignment of the
former is still controversial: some scholars relate it to magnetite
or maghemite contamination,[33] others to the Raman forbidden,
IR active longitudinal optical (LO) Eu mode of hematite,
activated by disorder within the hematite crystal lattice.[34] The
1310 cm� 1 band has been either attributed to a two-magnon
scattering, or more recently to an overtone of the previous
band, i. e. a two-LO phonon scattering process.

A representative SEM picture of Hem_400_Air is reported in
Figure 9. It can be observed that Hem_400_Air mainly consists
of subspherical nanoparticles, whose size varied between 6 and
41 nm and having the distribution centred at 21 nm.

The PXRD of Hem_400_Air is reported in Figure 10 and
reveals that hematite is the only crystalline phase. Scherrer
equation analysis carried out on the [104] peak of hematite
gave 22.3 nm as average size of the nanoparticles, consistent
with SEM observations (mean size=21 nm, Figure 9).

The formation/transformation of crystalline Fe-phases with
temperature was studied in detail by PXRD. Spectra were
collected from 150 °C to 400 °C, at 25 °C intervals (Figure S2). Up
to 250 °C the powder X-ray diffraction analysis confirmed the

Figure 7. IR spectrum (KBr pellet) of ore hematite (Nat_Hem, a) and Hem_
400_Air (b).

Figure 8. Representative baseline-subtracted Raman spectra acquired with a
633 nm laser � 50X LWD objective, 0.6 mW, 3600 s of natural hematite (Nat_
Hem, a) and Hem_400_Air (b).

Figure 9. SEM micrograph of Hem_400_Air (top) and size distribution of the
nanoparticles (bottom).
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presence of the polymer, without any type of crystalline phase.
A slight lowering of the background can already be observed at
275–300 °C but the wide hump at 10–22°2# is still present up
to 300 °C. At this temperature, the sample shows the presence
of some weak lines at 33 and 34°2#, that may be referred to
hematite (α-Fe2O3). These weak lines become stronger after
325 °C – and even more at 400 °C – and new diffraction lines
appear at 34, 27.9 and 41.8°2# thus confirming the crystallisa-
tion of hematite. The background flattens out at 350 °C thus
indicating the polymer disappearance.

To the best of our knowledge, this is the first experimental
evidence of the direct synthesis of nano-hematite by annealing
of an amorphous Fe-supported polymer. Iron oxides have been
obtained by metal organic deposition from Fe(acac)3

[35] or from
calcination of Fe(acac)3 at 300, 400 and 500 °C in air, with
formation of γ-Fe2O3, mixture of γ-Fe2O3 and α-Fe2O3, α-Fe2O3,
respectively.[36]

Given that annealing Fe complexes under inert atmosphere
(N2 or Ar) is known to produce magnetite (Fe3O4)

[37] and looking
for a method to prepare magnetic iron oxide using a polymeric
matrix we annealed Fe_POL at 400 °C under N2.

The shiny black powder obtained (Wüs_400_N2) was shown
to be constituted by wüstite (FeO) as the only crystalline phase
(Figure 11), supported onto pyrolised acrylamidic polymer (IR,
Figure S3), with a Fe content equal to 22.2%. SEM observations
of Wüs_400_N2 documented the presence of micrometric
rounded grains and shards (Figure S4); high magnifications
reveal that they are composed of aggregates of nanoparticles
(mean size about 25 nm), as shown in Figure 12. It is interesting
to note that annealing Fe_POL at 400 °C under N2 for 0.5 h

yielded a black material (Fe=13.5%wt) containing hematite as
the only crystalline phase (Figure S5). This suggests that the
transformation of Fe(AAEMA)3(initially present onto the poly-
mer) into wüstite can occur via the sequence Fe(AAEMA)3!
hematite!magnetite!wüstite.

XPS study

XPS analysis has been exploited to examine the surface
chemical composition of the investigated materials. In Table 1,
the XPS atomic percentages of the elements, detected on Hem_
400_Air and Wüs_400_N2, are reported. The iron atomic
percentages, lower than those expected, could be attributable
to the sampling depth of this technique (at most 10 nm) that

Figure 10. PXRD of Hem_400_Air. Asterisked peaks refer to NaF.

Figure 11. PXRD pattern of Wüs_400_N2.

Figure 12. SEM micrograph of Wüs_400_N2 (top) and size distribution of the
nanoparticles (bottom).

Table 1. XPS surface atomic percentages recorded on Hem_400_Air and
Wüs_400_N2.

Sample C1s O1s Fe2p Si2p Na1s N1s

Hem_400_Air 57.0 31.8 9.4 1.4 0.4 0.1
Wüs_400_N2 80.5 13.7 0.7 2.0 - 3.2

Research Article
doi.org/10.1002/ejic.202100943

Eur. J. Inorg. Chem. 2022, e202100943 (5 of 10) © 2022 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 10.02.2022

2299 / 236569 [S. 5/11] 1



also reveals an important presence of carbon containing species
on the materials surfaces. The almost complete combustion of
the polymer in Hem_400_Air is confirmed by the negligible
amount of found nitrogen on the surface (0.1 atom%), which, in
Wüs_400_N2, is expectedly much higher (3.2 atom%). In Fig-
ure 13, Fe 2p regions relevant to Hem_400_Air (a) and Wüs_
400_N2 (b) are reported. Previous studies demonstrated that Fe
2p3/2 and Fe 2p1/2 peak positions depend on the ionic state of
the iron but also the satellite peaks have been investigated due
to their high sensitivity to the oxidation state. The peak position
of Fe 2p3/2 for Fe2O3-based compounds has been investigated in
many studies and values in the range 710.6–711.2 eV have been
reported.[38] Moreover, the satellite peak associated to Fe 2p3/2

for Fe2O3-based compounds is positioned at values of approx-
imately 8 eV higher than the main Fe 2p3/2 peak.

[38,39] In the Fe
2p spectrum of Hem_400_Air (Figure 13a), the Fe 2p3/2 and Fe
2p1/2 binding energies are 710.6 and 724.2 eV, respectively. At
718.7 eV, the satellite peak of the Fe 2p3/2 is clearly evident.
These data, in agreement with XRD analysis, allowed the
attribution of this signal to Fe(III) oxidation state.[38,40] As far as
Fe 2p spectrum of Wüs_400_N2 (Figure 13b) is concerned, the
binding energies of Fe 2p3/2 and Fe 2p1/2 are 710.8 and 724.5 eV,
respectively. The Fe 2p3/2 satellite peak is not clearly evident in
this case, but the presence of a weak ‘shoulder’ satellite peak at

a binding energy difference of about 6 eV seems to confirm the
presence of Fe(II) species (indicated by XRD analysis), in
agreement with previous literature data.[38,39b]

Magnetism study

The magnetic behaviour of Hem_400_Air and Wüs_400_N2 was
studied by recording their field-dependent magnetization loops
at 300 K (Figure 14) and compared with that of natural
hematite. The latter (Figure 14a) shows a finite coercivity (Hc~
0.35 kOe) and a saturation magnetization (Ms~4.5 emu/g),
which are lower and larger, respectively, than the values
expected for pure bulk hematite (i. e., Hc=1–4 kOe, Ms~
0.4 emu/g).[41] Owing to the micrometre size of the measured
natural hematite powder, the observed discrepancy may be
related to the presence of magnetite/magnetite impurities (<
5%), which are not detectable by XRD but large enough to
affect the magnetic measurements. Synthesized particles (Figur-
es 14b and 14c) present an almost zero remanence and
coercivity, thus suggesting that the nanoparticles are close to
the superparamagnetic regime owing to their reduced size. The
magnetization value corresponding to the maximum available
field (2 T), M2T, of the Hem_400_Air sample is significantly larger

Figure 13. XPS Fe2p signals recorded on Hem_400_Air (a) and Wüs_400_N2

(b).
Figure 14. Normalized magnetization loops measured at 300 K of: Hem_400_
Air (a); Wüs_400_N2 (b); ore hematite Nat_Hem (c).
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that the bulk hematite value and may be ascribed to traces of
maghemite and/or magnetite and/or surface spin disorder.[25]

The field-dependent magnetization loop of the Wüs_400_N2

sample is compatible with wüstite nanoparticles with uncom-
pensated surface spins,[42] even if the presence of traces of other
Fe oxide phases cannot be excluded.

Catalytic tests

Recently, iron oxide-based catalysts for selective hydrogenation
of nitroarenes to anilines[43] have aroused much interest[44] for
economic and sustainability related reasons, being iron an earth
abundant metal. Among iron(III) oxides, the well-known active
catalyst for this reaction is γ-Fe2O3.

[45] To date, the use of nano-
hematite as catalyst for the hydrogenation of nitroarene has
been only seldom described[46] and, in any case, nano-structured
α-Fe2O3 has been demonstrated to be less active than γ-Fe2O3

and Fe3O4 nanoparticles under hydrogen pressure (30 bar) at
150 °C.[47] Negligible activity of pure (not nanometric) α-Fe2O3 in
nitroarene reduction has been reported by Dong[48] when
hydrazine hydrate was used as the reductant.

Preliminary catalytic tests were carried out using Hem_400_
Air as catalyst and nitrobenzene as substrate. Results are
reported in Table S1. By employing NaBH4 as reducing agent
and ethanol as solvent, the yield into aniline was negligible
both at room temperature (entries 1 and 2 in Table S1) and at
reflux (entry 3). By using neat water as solvent, the yield slightly
increased (27% after 3 h and 30% after 12 h, entries 4 and 5,
respectively). Increasing the NaBH4/substrate molar ratio up to
20 did not improve the catalytic performance (entry 6). Poor
yields were obtained either by using EtOH/H2O as mixed solvent
(entry 7), or by using hydrazine monohydrate (N2H4 ·H2O) as a
reducing agent at room temperature in EtOH (entries 8–9).
Maintaining these experimental conditions but raising the
temperature to ca. 80 °C (refluxing ethanol) permitted to
achieve a quantitative yield in aniline after 3 h reaction
(entry 10).

Once optimized the experimental conditions for the hydro-
genation of nitrobenzene to aniline, the best synthetic
procedure (N2H4 ·H2O in EtOH at reflux) was applied for the
hydrogenation of p-bromonitrobenzene using Hem_400_Air
(consisting of nano-hematite) and POL_300 (consisting of
acrylamidic polymer supporting hematite) as catalysts. Results
are collected in Table 2. While quantitative yield in p-bromoani-
line was achieved using Hem_400_Air after 3 h reaction
(entry 1), the yields obtained with POL_300 were unsatisfactory:
20% after 3 h (entry 2), 25% after 6 h (entry 3) and 40% after
6 h but with a 20-fold excess of N2H4 ·H2O (entry 4). A possible
explanation of the poor catalytic activity observed for POL_300
could reside in its morphology, which appeared not properly
nanostructured as for Hem_400_Air, with consequent detrimen-
tal effect for the catalysis. In addition, it is widely recognized
that the supporting organic matrix plays a key (positive or
negative) role in the whole catalytic cycle.[49] In this case, the
presence of organic residues might hamper the migration of
the substrates towards the catalytic centres, thus lowering the

final yields, as already observed, for example, for ceria-based
nanocomposites.[50]

Since the nanometric hematite in Hem_400_Air turned out
to be an efficient and selective catalyst for the hydrogenation
of nitrobenzene and p-bromonitrobenzene, the question arises
whether ore hematite is also an active catalyst for this reaction.
Thus, we tested natural micrometric hematite (Nat_Hem) in the
hydrogenation of p-bromonitrobenzene. After 3 h, negligible
yield in p-bromonitroaniline was obtained (entry 5), confirming
results reported by Dong.[48] The difference in catalytic perform-
ance between natural hematite and Hem_400_Air may then be
ascribed to the particle size and shape: nanometric spheres in
Hem_400_Air, micrometric plates in natural hematite (Fig-
ure S7).

The recyclability of the weakly magnetic Hem_400_Air was
tested by using the same catalyst, recovered with a magnet, in
five subsequent reactions of hydrogenation of p-bromonitro-
benzene. As shown in Figure 15, the recycled Hem_400_Air kept
intact its activity and selectivity for at least five cycles.

Finally, Hem_400_Air was employed in the hydrogenation of
the nitrobenzenes X� Ph� NO2 with X=Cl, I, OH, F, CH3, OCH3

(Table 3). Excellent yield in the corresponding substituted
anilines was achieved with p-chloronitrobenzene (entry 2) and

Table 2. Hydrogenation of p-bromonitrobenzene catalysed by Hem_400_
Air, POL_300 or natural hematite.

Entry[a] Catalyst Reaction time N2H4 ·H2O/
p-BrPhNO2 molar ratio

Yield[b]

1 Hem_400_Air 3 10 >99
2 POL_300 3 10 20
3 “ 6 10 25
4 “ 6 20 40
5 Nat_Hem 3 10 2

[a] Reaction conditions: 0.50 mmol of p-bromonitrobenzene; Fe/substrate
molar ratio=0.18. [b] Yield determined by GLC with the internal standard
method.

Figure 15. Recyclability of Hem_400_Air in the hydrogenation of p-bromoni-
trobenzene to p-bromoaniline. In each run the reaction conditions were:
0.50 mmol of p-bromonitrobenzene ; Fe/substrate molar ratio=0.18;
N2H4 ·H2O/p-bromonitrobenzene molar ratio=10; solvent and temperatur-
e= refluxing ethanol; time=3 h.
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p-nitrophenol (entry 3), while a high yield of 88% was obtained
with p-iodonitrobenzene (entry 4), due to a little extent of
hydrodehalogenation. Higher degree of hydrodehalogenation is
held responsible for the 78% yield obtained with p-fluoroni-
trobenzene (entry 5). High yield in the corresponding anilines
was achieved with p-nitrotoluene (entry 6) and p-meth-
oxynitrobenzene (entry 7). The hydrogenation of nitroarenes
can follow two pathways that is direct and condensation
routes.[44b] The direct route gives the aniline product through
the formation of nitrosoarene and phenylhydroxylamine inter-
mediates. In the condensation route, nitrosoarene and phenyl-
hydroxylamine react to give azoxyarene and azoarene inter-
mediates prior to aniline formation.[51] Since azoderivates
intermediates were never detected while monitoring the
reactions catalysed by nanohematite, we favour direct route as
operative, as already reported for analogous iron based
systems.[45d,52]

Conclusion

Annealing of the polymer supported iron(III) complex Fe_POL
resulted in a partial or complete loss of the polymeric support,
depending on the reaction conditions. When annealing was
carried out in air, crystalline nano-hematite (Hem_400_Air) with
mean size of nanoparticles of 21 nm was produced. Hem_400_
Air turned out to be an active, selective, and recyclable catalyst
for the transfer hydrogenation of nitroarenes to anilines, a
feature likely associated to the nanometric dimension of the
synthesised hematite, as micrometric (natural) hematite turned
out to be almost inactive. The performance of nano-structured
hematite in transfer hydrogenation catalysis is not inferior to
that of maghemite or magnetite, the oxides most frequently
used in this reaction. Annealing carried out under inert
atmosphere yielded pyrolised acrylamidic polymer supported
wüstite (Wüs_400_N2). Both Hem_400_Air and Wüs_400_N2

showed weak magnetic properties which may ascribed to the
presence of hematite and wüstite nanoparticles, respectively,
with a surface spin disorder. The presence of magnetite/
maghemite impurities cannot be excluded.

Experimental Section
Fe(AAEMA)3

[28] was obtained as reported in literature. The copoly-
mer of Fe(AAEMA)3 (Fe_POL) was obtained by thermal copolymer-
ization of the AAEMA complexes with N,N-dimethylacrylamide and
N,N’-methylenebisacrylamide in N,N-dimethylformamide, following
the procedure reported in literature.[53] Micaceous hematite (herein
referred to as Nat_Hem) comes from Elba Island (Italy). All other
chemicals were purchased from commercial providers and used as
received. Iron content in all Fe containing materials was assessed
by total-reflection x-ray fluorescence (TXRF) spectroscopy, using a
S2Picofox spectrometer (Bruker GmbH, Germany) equipped with a
Mo source (50 kV and 600 μA), a multilayer monochromator and a
XFlash® SDD detector with an active area of 30 mm2 (energy
resolution<150 eV@Mn� Kα). For the analysis, Ga was added as
internal standard at a final concentration of 1.0 mg/L. Then, 10 μL
of the prepared solution were deposited on a quartz reflector and

left drying on a hot plate at 50 °C. Samples were analysed for
1000 s (live time). The samples for TXRF analysis were preliminarily
subjected to microwave irradiation with an ETHOS E-TOUCH Mile-
stone applicator, after addition of HCl/HNO3 (3 : 1 v/v) solution
(12 mL) to each weighted sample. Microwave irradiation up to
1000 W was used, the temperature being ramped from rt to 220 °C
in 10 min and the sample being held at this temperature for
10 min. After cooling to room temperature, the digested Fe samples
was diluted to 1000 mL before submitting to TXRF analysis.
Thermogravimetric analyses were performed using a Hitachi STA
7200, fluxed with nitrogen (80 mL/min) in the range 25–500 °C with
a heating rate of 10 °C/min. PXRD investigations were performed
using Cu radiation by an X’Pert PANalytical equipped with X-
Celerator detector, and by a Rigaku (Japan) MiniFlex2. Since the
amount of synthesised material was not sufficient for filling in the
sample holder for PXRD analyses, villiaumite (NaF) has been used as
“support”. GC-MS data (EI, 70 eV) were acquired on a HP 6890
instrument using a HP-5MS cross-linked 5% phenylmethylsiloxane
(30.0 m×0.25 mm×0.25 μm) capillary column coupled with a mass
spectrometer HP 5973. The products were identified by comparison
of their GC-MS features with those of authentic samples. FT-IR
spectra (in KBr pellets) were recorded on a Jasco FT-IR 4200
spectrophotometer. SEM-EDS observations and analyses were
performed using a Field Emission Gun - Scanning Electron Micro-
scope (Zeiss, SUPRA 40) equipped with an Energy Dispersive X-ray
Spectrometer (EDS, Oxford Inca Energy 350). XPS analyses were
performed on a scanning microprobe PHI 5000 VersaProbe II,
purchased from Physical Electronics (Chanhassen, MN). The instru-
ment is equipped with a micro-focused monochromatized AlKα X-
ray radiation source. The samples were examined in HP mode with
an X-ray take-off angle of 45° (instrument base pressure ca.
10� 9 mbar). The size of the scanned area was about 1400×200 μm.
Wide scans and high-resolution spectra were recorded in FAT mode
for each sample, setting pass energy values equal to 117.4 eV and
29.35 eV, respectively. Atomic percentages were inferred from peak
areas, previously normalized by MultiPak library’s sensitivity factors.
Adventitious carbon C1s was set as reference charge (284.8 eV).
RAMAN investigations were carried out employing LabRAMHR
Evolution® (Horiba®, Kyoto, Japan) spectrometer, equipped with a
Peltier-cooled charge-coupled device detector (CCD), a He� Ne
633 nm lasers, a BH2® microscope (Olympus Corporation®, Tokyo,
Japan). The used parameters were adjusted after several tests
finding a compromise between intensity, noise abatement and
performance; the laser power was always kept below 0.7 mW at the
sample, to avoid sample degradation. After each spectrum had

Table 3. Hydrogenation of substituted nitrobenzenes catalysed by Hem_
400_Air.

Entry[a] X Yield[b]

1 H >99
2 Cl 98
3 OH 97
4 I 88
5 F 78
6 CH3 90
7 OCH3 85

[a] Reaction conditions: 0.50 mmol of substrate; Fe/substrate molar ratio=

0.18; N2H4 ·H2O/substrate molar ratio=10; reaction time=3 h. [b] Yield
determined by GLC with the internal standard method.
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been recorded, a careful visual inspection was performed using
white light illumination on the microscope stage to detect any
change that could have been caused by the laser. System has been
calibrated using the 520.7 cm� 1 Raman band of silicon before each
experimental session. A 50X long-working-distance (Olympus,
Tokyo, Japan, N.A. 0.50) objective was used. The spectral resolution
achieved with the 1800 g/mm grating was of about 1 cm� 1. A linear
baseline was subtracted from the raw spectra using the software
LabSpec6® (Horiba®, Kyoto, Japan). Substances were identified by
the comparison with reference spectra of minerals. The magnetic
behaviour of the annealed materials was preliminarily ascertained
by checking whether a neodymium magnet was able to attract the
powders. For samples exhibiting magnetic behaviour (Hem_400_Air,
Wüs_400_N2) magnetisation curves were recorded. For samples
exhibiting magnetic behaviour (Hem_400_Air, Wüs_400_N2) field-
dependent magnetisation loops were recorded at room temper-
ature by using a commercial vibrating sample magnetometer
(MicroSense Model 10) with a maximum magnetic field of 2 T.

Synthesis of iron oxide materials

POL_150

Solid Fe_POL (2.0 g) was annealed in air at 150 °C for 24 h, yielding
a deep red solid referred to as POL_150. Yield: 1.8 g. TXRF: Fe
2.40%. IR (cm� 1): 3482, 2930, 2874, 1727, 1625, 1498, 1449, 1383,
1257, 1144, 1103, 1053, 958, 878.

POL_300

Solid Fe_POL (1.0 g) was annealed in air at 300 °C for 3 h under air,
yielding a black powder referred to as POL_300. Yield: 0.500 g.
TXRF: Fe 7.47%. IR (cm� 1): 3475, 2927, 2874, 1721, 1627, 1496, 1449,
1402, 1355, 1255, 1209, 1142, 1104, 1051, 934. 745, 626

Hem_400_Air

Solid Fe_POL (1.5 g) was annealed in air at 400 °C for 4 h, yielding a
red powder referred to as Hem_400_Air. Yield: 0.050 g. TXRF: Fe
70.0%. IR (cm� 1): 3421, 1629, 1382, 531, 445. RAMAN: 224, 244, 291,
408, 495, 610, 1310 cm� 1.

Wüs_400_N2

Solid Fe_POL (0.780 g) was annealed under nitrogen at 400 °C for
4 h, yielding a black shiny powder referred to as Wüs_400_N2. Yield:
0.080 g. TXRF: Fe 22.2%. IR (cm� 1): 3420, 2918, 2863, 1645, 1599,
1435, 1264 (sh), 750, 574, 420.

General experimental procedure for the reduction of
nitroarenes catalyzed by hematite nanoparticles

0.50 mmol of nitroarene, 7.0 mg of Hem-400_Air (Fe%w=70,
0.09 mmol of Fe) and 5.0 mmol of hydrazine monohydrate were
stirred at reflux in 5 mL of ethanol for 3 h. The progress of the
reaction was monitored by GC-MS. The organic phase was
removed, and the catalyst washed several times with ethanol and
diethyl ether to remove any traces of organic material. The final
product was concentrated under reduced pressure to yield the
crude product, which was characterized by GC-MS by comparison
with authentic samples.

Recycling experiments

At the end of reaction, the organic layer was removed with a
syringe and the catalyst was washed with ethanol and diethyl ether
(3×5 mL), and then, added of fresh reagents. Iteration of this
procedure was repeated for five reuses of the catalytic system.
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