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Hematite nanoparticle clusters with remarkably
high magnetization synthesized from water-
treatment waste by one-step “sharp high-
temperature dehydration”}
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Hematite (a-Fe,Os) nanoparticle clusters with an exceptionally high magnetization (51 emu g3,

comparable to that of nanoscale FesO,4 and y-Fe,Os, were synthesized for the first time. This material
Received 16th August 2017 df ter-treat t te (i l ipitate) aft ingle-st to high
Accepted 27th October 2017 was prepared from water-treatment waste (iron removal precipitate) after single-step exposure to hig

temperature without any support (template, catalyst, surfactant, or others). The key factor was the using

DOI: 10.1035/c7ra09062¢ of a new approach, namely, “sharp high-temperature dehydration” of iron hydroxides containing
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Nanomaterials based on iron oxides have attracted a great deal
of global research interest because of their ready availability,
low cost, environmental compatibility, high performance, and
wide range of uses." Iron oxide-based nanomaterials are highly
promising materials that are used in diverse fields such as
environmental protection and remediation,> catalysis,® sensing
(e.g., of alcohols and gases such as CO, NO,, etc.),* energy
storage and conversion,®> biotechnology, and medicine.® Such
nanomaterials have been used in the development of
pigments,” electromagnetic-wave-absorbing materials,® and
other products. However, syntheses of iron oxide-based nano-
materials generally include iron salts (as Fe*' precursors),
nonaqueous solvents, and surfactants (which contradicts the
principles of “green chemistry”®); sometimes, catalysts,
templates, oxidizers, fuels, and other substances are also
necessary.'” These processes often suffer from one or more
disadvantages, including their multistage character, complexity
of hardware design, duration, pollution from toxic reagents,
high cost due to the use of expensive reagents, and the use of
nonrenewable sources of iron.

Magnetite (Fe;0,)- and maghemite (y-Fe,Oz)-based nano-
materials have drawn interest primarily because of their
magnetic properties," which enable their manipulation using
external magnetic fields. The magnetization values for bulk Fe;0,
and bulk y-Fe,0; are ~90 and ~74 emu g~ *,*? respectively, and as
their particle sizes decrease to the nanoscale range, their
magnetizations noticeably decline.® Hematite (o-Fe,O3) is
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conventionally considered non-magnetic iron oxide, and is not
regarded as a material for applications that require external
magnetic fields. According to prior reports, its magnetization
value is typically less than 1 emu g~ *.**

However, recent research has shown that materials may
change their properties or even acquire completely new and
unique properties upon nanonization.”® For example, hematite
nanoparticles and nanorods, recently synthesized, demonstrated
a magnetization of 21, 85, and 65 emu g’l.“‘ In these cases,
a template-assisted synthesis was integrated with a high-
temperature combustion stage;'** other procedures included
pulse galvanostatic synthesis in the presence of external magnetic
fields followed by calcination®” and microwave combustion syn-
thesis.'* However, the reported procedures have some drawbacks,
for example, a greater number of materials and reagents used
(template, oxidizer, and fuel® and nucleation starter'®?) and
rather cumbersome template synthesis and iron-impregnation
stages.'® Also it should be noted here that in all cases, the
source of Fe’* was not a renewable material'® (Table S3 and
Section 3.4, ESIT).
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Burner (conditional image)

/4

Scheme 1 Schematic representation of the synthesis of HNPCs: (a)
burner (schematic image), and (b) initial iron removal precipitate (IRP)
material.
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Fig. 1 (a, b, and d) TEM images and (c) electron microdiffraction
pattern of HNPCs.

Herein, the synthesis of hematite nanoparticle clusters
(HNPCs) with remarkably high magnetization of 51 emu g~ *,
comparable to those of nanoscale magnetite and maghemite, is
reported. HNPCs were obtained in a single-step thermal process
in which the precursor was treated with the burner without any
support (Scheme 1) (for more details, see Section 2.2, ESI}).

The iron (Fe**) precursor for the synthesis is known as iron
removal precipitate (IRP), a waste product obtained from the
treatment of natural groundwater for drinking, household, and
industrial needs. This waste material is abundant worldwide,
especially in regions where groundwater is characterized by an
elevated iron content. The FTIR, XRF, XRD, and thermal anal-
ysis data collectively show that the IRP starting material is
a powder based, primarily, on amorphous iron hydroxides
containing a rather large amount of water (Section 3.2, ESI{).

Upon treatment of the IRP with the gas burner flame, a sharp,
almost instantaneous evaporation of water takes place, which
strips the water out of the material and practically disintegrates
the particles of the initial powder at different hierarchical levels.
At the same time, oxygen entering the open tube from the air
contributes to the synthesis of the most thermodynamically
stable form of iron oxide, i.e., hematite. We refer to this proce-
dure as “sharp high-temperature dehydration (SHTDH)".

The key factor of the SHTDH is the very sharp, short exposure
to high temperature of the amorphous iron oxyhydroxide pha-
ses (the Fe*" ion sources) that contain a considerable amount of
adsorbed water in an oxidizing atmosphere. Here, the (i) sharp,
high-temperature exposure involves no preheating of the initial
material prior to the treatment. The material is exposed to
a high temperature immediately. (ii) The short exposure means
that there is no maintaining the product at an elevated
temperature. Such a holding period could lead to the gradual
recrystallization of the synthesized particles, accompanied by
an increase in their size and a change in their properties. For
more details see Section 4, ESL¥

The described synthesis of HNPCs by SHTDH can be viewed,
on the one hand, as a version of the thermal decomposition of
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iron precursors. However, it most likely could serve as a starting
point for developing a new approach for producing iron oxide-
based nanomaterials. It should be noted that this approach
agrees well with the principles of “green chemistry,” and, on the
other hand, in our opinion, it could be extended to the synthesis
of nanomaterials with other compositions.

The results of transmission electron microscopy (TEM) of the
powder obtained from the thermal treatment (Fig. 1a-d and S2,
ESI{) indicate that hematite nanoparticle clusters were synthe-
sized. These clusters display irregular, somewhat elongated
shapes with dimensions of approximately 50-200 nm. Each
cluster consists of multiple individual nanoparticles with
a mean size of less than 10 nm. Furthermore, the clusters tend
to aggregate slightly, rather than remain as isolated entities."**”
This tendency can be explained by the lack of any special
techniques to prevent aggregation of the particles in the nano-
material (e.g., application of various surfactants, polymers, etc.)
during its preparation. The electron microdiffraction pattern
(Fig. 1c), which can be used to clarify atomic crystal structures
for phase identification,'® confirms that hematite was obtained.

The obtained HNPCs were investigated using FTIR spec-
troscopy. In the region of 400-800 cm ', two broad trans-
mission bands centered at 441 and 559 cm ™" and two bands as
bends (shoulders) at 480 and 631 cm™ " are observed (Fig. 2a).
The peaks at 480 and 559 cm ' can be associated with the
perpendicular modes of the Fe-O stretching vibrations in
a-Fe,03, and the peaks at 441 and 631 cm ™" can be ascribed to
a-Fe,O; lattice modes that have polarization parallel to the
c-axis.” Thus, the FTIR spectroscopy data confirm that hematite
was prepared in this work. Some broadening of the peaks may
have been caused by particle aggregation,'* which was noted
above in the discussion of the TEM results.

The prepared HNPCs were also characterized by Raman
spectroscopy. By this method, iron oxide phases a-Fe,03, Fe;0,
and v-Fe,O; can be identified nearly unambiguously. The XRD
method, for instance, cannot explicitly differentiate between
Fe;0, and y-Fe,05.*° To avoid phase changes, which may be
induced by the excitation source during collection of the Raman
spectra, as previously observed for iron oxides,* the spectrum
in this study was collected using a low laser power of ~0.8 mW.
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Fig. 2 (a) FTIR and (b) Raman spectra of HNPCs.
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At least six lines are clearly visible in the Raman spectrum, at
~225, 241, 291, 409, 496, and 608 cm " (Fig. 2b). The peaks at
225 and 496 cm ™" are assigned to the A, modes of hematite,
and those at 241, 291, 409, and 608 cm ™! are attributed to the E,
modes of hematite.”>** The obtained spectrum thus exhibits six
of the seven spectral signatures deemed diagnostic for hema-
tite, and does not contain any peaks associated with either
maghemite or magnetite. There is also a shift of the charac-
teristic lines towards lower wavenumbers, which is common for
nanoparticles.

Thus, the combined TEM, FTIR, and Raman data clearly
demonstrate that hematite nanoparticle clusters were obtained
in the present study.

The field dependence of the magnetization of the HNPCs is
presented in Fig. 3. The data show an exceptionally high value of
saturation magnetization for the HNPCs, reaching 51 emu g~ "
at an applied field of H = 6.5 kOe and temperature 7 = 300 K.
Although this magnetization value is somewhat lower than
those obtained for recently synthesized hematite nano-
particles’ and nanorods,'®® it substantially exceeds that of
o-Fe,03 nanoparticles, 21 emu g~ (H = 10 kOe, T = 300 K)'*
and, as far as we know, is currently one of the highest of all
values obtained for hematite.

Furthermore, the HNPCs magnetization is comparable to or
even higher than those of magnetite and maghemite, which are
conventionally considered as magnetic iron oxides. For
example, for Fe;O, nanoparticles prepared at 25, 40, and 60 °C,
the saturation magnetization values were 45, 50, and 50 emu
g™, respectively (H = 20 kOe, T = 25 °C).> In the case of 42, 30,
and 19 nm Fe;0, nanoflowers, saturation magnetization values
of 33, 45, and 36 emu g~ " were observed, respectively (H = 30
kOe, T = 250 K),** whereas, for porous y-Fe,O3, this parameter
was approximately 9 emu g~ ! (H = 5 kOe, room temperature).2*

The high magnetization value of the HNPCs can be explained
by specific effects of the multilevel hierarchical organization of
their structure. On the one hand, the presence of the small
individual hematite nanoparticles with dimensions of less than
10 nm can play a major role in this phenomenon; the high
magnetization of such nanoparticles can be associated with the
contribution of uncompensated surface spins, which tend to
interact ferromagnetically.’® On the other hand, the clustering

0 2 4 6 8 10
H (kOe)

Fig. 3 (a) Dependence of the HNPCs magnetization on the magnetic
field. (b) Images of (left) initial IRP material and (right) synthesized
HNPCs material with a magnet.
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of these individual nanoparticles and the tendency of the
resulting clusters to assemble, which we noted when discussing
the TEM results, can contribute to the enhancement of
magnetization. For example, Ge et al."** mentioned that clusters
with larger sizes exhibited higher values of magnetization
(however, these results describe the behavior of magnetite
clusters rather than hematite clusters, as in our case). The
interaction of these clusters, in distinction from isolated ones,
apparently results in the formation of structures of another
hierarchical level (with larger sizes), which increases the value
of the magnetization.

Based on these results, new applications of hematite nano-
materials can be anticipated, especially in fields in which
a material with both high magnetization and thermodynamic
stability is required. The former enables the efficient control of
a material's movement in different environments using
magnetic fields,>»¢ and, if necessary, separation of the material
from those environments.?”*** The latter helps the material to
maintain the required properties upon exposure to an extended
temperature range. Hematite is considered the most thermo-
dynamically stable phase of iron oxide,"* in contrast to
magnetite and maghemite, which are usually oxidized to
o-Fe,0j3 at elevated temperature.?*>2

In summary, the hematite nanoparticle clusters with an
exceptionally high magnetization of 51 emu g~ ', comparable to
the magnetization values of nanoscale magnetite and maghe-
mite, were synthesized for the first time. They were prepared
from IRP (a renewable, globally available waste material con-
sisting of iron hydroxides with adsorbed water that is produced
during the removal of iron from groundwater). The newly
described synthesis has many advantages, including rapidity,
environmental friendliness, and single-stage operational
simplicity. It does not require modifiers such as templates,
catalysts, or surfactants, and avoids the use of toxic and/or
expensive reagents or nonrenewable sources of iron. Thus, the
synthesis of HNPCs by SHTDH agrees well with the principles of
“green chemistry”.

It is expected that these HNPCs will find many applications
in the development of advanced materials. In addition, the data
presented in this paper may (i) lead to a revision of ideas about
the magnetic properties of iron oxides, particularly hematite;
(ii) suggest the replacement of magnetite and/or maghemite
nanomaterials in many applications by hematite nanomaterials
as more thermodynamically stable; and (iii) lead to the devel-
opment of a new approach for the synthesis of nanomaterials.
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