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Iron oxide nanoparticles have been intensively investigated owing to their huge potential as diagnostic,
therapeutic, and drug-carrier agents in biomedicine, sorbents in environmental technologies, sensors of
various inorganic and organic/biological substances, energy-generating and storing materials, and in
assorted biotechnological and industrial processes involving microbiology, pigment industry, recording
and magnetic media or (bio)catalysis. An eminent interest in exploring the realm of iron oxides is driven by
their chemical and structural diversity, high abundance, low cost, non-toxicity, and broad portfolio of
chemical procedures enabling their syntheses with desirable physicochemical features. The current
review article centers its attention on the contemporary advancements in the field of catalysis and
environmental technologies employing iron oxides in various chemical forms (e.g., hematite, magnetite,
maghemite), sizes (~10-100 nm), morphology characteristics (e.g., globular, needle-like), and nano archi-
tecture (e.g., nanoparticles, nanocomposites, core-shell structures). In particular, the catalytic appli-
cations of iron oxides and their hybrids are emphasized regarding their efficiency and selectivity in the
coupling, oxidation, reduction, alkylation reactions, and Fischer—Tropsch synthesis. The deployment of
iron oxides and their nanocomposites in environmental and water treatment technologies is also deliber-
ated with their roles as nanosorbents for heavy metals and organic pollutants, photocatalysts, and hetero-
geneous catalysts (e.g., hydrogen peroxide decomposition) for oxidative treatment of various contami-
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nants. The associated challenges and potential progress in iron-oxide-based catalytic and environmental
technologies are highlighted as well. Young chemists, researchers, and scientists could find this review
useful in enhancing the usefulness of nano iron oxides in their investigations and developing sustainable

rsc.li/greenchem methodologies.

cations. Until now, iron oxides have been successfully applied
in many branches of human activities comprising first media
to store information, tools for diagnostic,’” therapeutic,”

1. Introduction

For several decades, iron oxides have been intensively exam-

ined and manufactured for a broad scale of applications. An
eminent interest in exploring the realm of iron oxides has
been nourished by comprehension of their remarkable physi-
cal behaviors and their inherent physicochemical properties,
most of which have been found appealing for various appli-
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and drug-delivery purposes in medicine,®® agents enhancing
photocatalytic/catalytic performances in diverse chemical pro-
cesses, materials improving efficiency of energy-generating
cells (e.g., cells for the direct solar splitting of water and hydro-
gen generation),’® key components in spintronic/electronic
devices and energy-storing units (e.g:, Li-ion batteries),"""* sor-
bents removing toxic inorganic and organic/biological pollu-
tants from the environment,’*'* among many others.">™’
Such a broad portfolio of iron oxide applications is attributed
to their high abundance, low cost, and diversity of chemical
procedures to synthesize them with desirable physicochemical
features. Moreover, once synthesized in the nano-dimension
form, they are endowed with unique properties driven by
finite-size (i.e., quantum, confinement-related) effects and
surface effects. Iron oxides also exhibit favorable biochemical
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properties such as non-toxicity, biodegradability, and biocom-
patibility'® placing them among the most appropriate (nano)
materials in various biomedical’®*° and biotechnological
areas especially in view of their encounter with living organ-
isms. The examples include contrast agents in NMR imaging,
carriers for drugs and biomolecules, tools providing immobil-
ization of proteins and cell separation, and therapeutic agents
in magnetically-assisted hyperthermia, among others.
Furthermore, in the context of sustainability and environ-
mental consciousness, the utilization of abundant iron as a
key element in various applications holds significant value.
According to the ACS Green Chemistry Institute’s Periodic
Table of Endangered Transition Elements, iron stands out as
the only ‘white space’ among the transition metals of conse-
quence, thus aligning with the principles of green chemistry
and sustainable practices (Fig. 1a). The unique position of iron
in the periodic table not only reinforces its virtues but also
underscores its importance in promoting environmentally
friendly solutions. Fig. 1b indicates constantly high interest of
scientific community in research of “Iron Oxide, nano-
particles” with nearly 3000 publications per year.

Till date, seventeen crystalline iron oxide phases have been
found and described in detail. They are commonly categorized
into two important classes, i.e., hydrated and non-hydrated
iron oxide phases. Hydrated iron oxides of mineral nature
contain water in their crystal structure, and comprise goethite
(a-FeOOH), akaganeite (B-FeOOH), lepidocrocite (y-FeOOH),
feroxyhyte (8-FeOOH), ferrihydrite (5Fe,03-9H,0), high-
pressure FeOOH, schwertmannite (FegOg(OH)¢(SO,),-nH,0),
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and green rust/green-rust-like compounds.”’ Formally, they
were frequently used as precursors for the synthesis of non-
hydrated iron oxide forms as upon thermal treatment, they
readily undergo phase transformations with molecular water
leaving their crystal structure. In the realm of non-hydrated
iron oxides, three classes have been acknowledged with
respect to the degree of oxidation of Fe identified in their crys-
talline arrangement:*** (i) FeO (wiistite) with only Fe*" ions;
(i) Fe,O; (ferric oxide) with only Fe*" ions, and (iii) Fe;0,
(magnetite) containing both Fe>* and Fe’" ions. While FeO
and Fe;0, each exhibit only one crystal pattern, iron(ur) oxide
demonstrates extensive polymorphism, ie., indicating the
presence of multiple crystal phases that possess identical
chemical composition, however having distinct physical
characteristics revealing their various crystal structures. Other
than amorphous phase, five distinct polymorphs of ferric
oxide, stable under ambient conditions, have been described
so far: (i) o-Fe,O; (mineralogically known as hematite); (ii)
-Fe,0s; (iii) y-Fe,O; (mineralogically known as maghemite);
(iv) e-Fe,03, and (v) recently reported ¢-Fe,0;. The crystal struc-
tures of non-hydrated iron oxide phases are shown in Fig. 2.?°
As the present review deals with the systematic description of
the most important catalytical and environmental applications
of nanocrystalline non-hydrated iron oxides, it is thus timely to
briefly summarize their fundamental structural and physico-
chemical properties.

a-Fe,03, y-Fe,03, and Fe;O, are naturally-occurring non-
hydrated iron oxide phases, and a various synthetic pathways
have been documented to produce both nanoscale and bulk
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Fig. 1 (a) Periodic table of endangered transition elements (source: ACS Green Chemistry Institute, Endangered Elements). (b) The number of publi-
cations for the keyword search “iron oxide, nanoparticles” as uncovered in Web of Science (dated: March 27, 2024).

forms with sophisticated control of particle size, particle size
distribution (PSD), structure, surface modification, and hence,
physicochemical features. Conversely, f-Fe,O; and e-Fe,O; are
viewed as rare non-hydrated Fe,O; phases which barely exist
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naturally, and are challenging to prepare in the laboratory as
single phases without contamination by other Fe,O; admix-
tures. By virtue of being low surface energy and thermodyna-
mical stability, they exist only as nanosized objects (e.g., as
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nanoparticles, nanotubes, thin films). To date, only a few reac-
tion pathways are known for the production of p-Fe,O; and e-
Fe,O; phases and most of them deliver lower yields without
proper control on attaining precise particle size and
morphology.

Among all iron(m) oxide polymorphs, a-Fe,O; phase
possess the highest degree of thermodynamic stability.**??
Notably, o-Fe,O; shows a corundum-type crystal structure
(similar to ilmenite (FeTiO;) and corundum) with hexagonally-
closed packed oxygen (O) lattice wherein Fe** ions occupy two-
thirds of the octahedral positions (see Fig. 2¢). The crystalline
arrangement of o-Fe,O; is represented within the R3¢ space
group with lattice parameters a = 5.034 A and ¢ = 13.752 A.
a-Fe, 05 exhibits two magnetic transitions, (~950 K Néel temp-
erature) and (~265 K, Morin transition temperature MTT). The
strong magnetic dipolar anisotropy competes with local ion
anisotropy which shows different thermal dependencies to
drive the Morin transition. Upon cooling past the MTT, the
spins undergo a 90° spin reorientation from the basal plane to
the c-axis. Nonetheless, above MTT, due to effective spin-orbit
coupling, the spins deviate slightly from the basal plane as a
result slight canting is observed, inducing feeble magnetic
moment pointing along the c-axis. The tilting of the spins
arises due to Dzyaloshinsky-Moriya antisymmetric interaction
prompted by the crystal fields arising from favorable position-
ing of O*~ anions within the a-Fe,0O; crystal lattice. The temp-
erature of Morin transition is influenced by many factors like
lattice defects, exchange by foreign cations, divergences from
stoichiometry, surface effects, structures, and particle size. In
a weakly ferromagnetic state, a-Fe,O; shows very small net
magnetization, which limits its exploitation in magnetism-
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based applications. However, the n-type semiconductor
(a-Fe,0;) exhibit the wide band gap (~2.1 eV) among all the
polymorphs of iron(ir) oxide reported so far; a-Fe,O; possesses
very low hole mobility. Both empirical and theoretical investi-
gations proven that the photoelectrochemical characteristics of
a-Fe,0; can be notably improved through modifying the mor-
phology, particle size, doping, and substrate type during the
growth of nanoscale o-Fe,O; thin films, opening the entry to
effectively apply iron(u) oxide polymorphs for the fabrication
of electrodes in the photo electrolysis of H,O to produce H,."®
Besides, a-Fe,O; has been found as a promising constituent in
gas and humidity sensors and electrodes in lithium-ion bat-
teries.”® In geophysics, hematite-ilmenite solid solutions have
been used as a model system for description and explanation
of the essence of lamellar magnetism, a phenomenon behind
strong remanent magnetization imprinted by a planet’s
internal magnetic field and stable for hundreds of millions of
years.?®

B-Fe,03, discovered in 1956, is metastable crystalline poly-
morph of Fe*" oxide**** which adopts a cubic-body-centered
(CBC) crystalline morphology of a bixbyite type with Ia3 space
group (see Fig. 2d). Owing to the distinct crystallographic
atmospheres, two distinct cation positions in the f-Fe,O;
crystal structure can be clearly recognized and are assigned as
b-sites and d-sites. In the cubic unit cell with a = 9.393 A, 24
Fe®" ions fill the d-sites with the C, symmetry and 8 Fe** ions
occupy the b-sites with the C;; symmetry leaving no vacant
cation position. Unlike other ferric oxide polymorphs, f-Fe,O;
is paramagnetic at room temperature (RT) while at 110 K, it is
magnetically ordered, and below that it becomes antiferro-
magnetic, most probably of canted nature.”” Moreover, it
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Fig. 2 Crystal structures of non-hydrated iron oxides. In panel (a), Fe represents octahedral position in the framework of FeO. In panel (b), T-site Fe
(tetrahedral) and O-site Fe (octahedral) in the FezO,4 crystal structure. In panel (c), Fe represents octahedral position in the framework of a-Fe,Os. In
panel (d), b-site Fe and d-site Fe represents octahedral b-sites and d-sites, respectively, with different polyhedra distortion in the crystalline arrange-
ment of B-Fe,Os. In panel (e), T-site Fe and O-site Fe represents tetrahedral and octahedral position, respectively, in the y-Fe,Os3 crystalline arrange-
ment. In panel (f), A-site Fe, B-site Fe, and C-site Fe stand for the octahedral sites with different polyhedra distortion and D-site Fe stands for the
tetrahedral position in the crystalline framework of £-Fe,Os. In all the panels, O stands for oxygen positions in the respective crystal structures.
Panels (c), (d), (e), and (f) Reproduced with permission from ref. 23 Copyright 2011, American Chemical Society.

undergoes a polymorphic transformation to o-Fe,O; at
~500 °C; however, if p-Fe,O; nanoparticles are endowed with a
hollow morphology, p-Fe,O;-to-y-Fe,O; transformation has
been observed. Despite being a non-attractive magnetic
material, the p-Fe,O; phase offers itself a prospective conten-
der within the realm of optoelectronics,”® serving as a viable
option for chloroform sensing” and enhancement of lithium-
ion battery performance when employed as an anode.*’ In

This journal is © The Royal Society of Chemistry 2024

view of the band gap width of ~1.9 eV, f-Fe,O; phase, prepared
as a thin film has been successfully deployed for the photo-
assisted H, production as an alternative iron oxide
photocatalysts.*"

y-Fe, 03, initially identified in 1925, has an inverse spinel-
type cubic crystal arrangement with a lattice parameter of a =
8.351 A and is formed by the topo tactic oxidation of
Fe;0,.>**® Two crystallographically distinctive cation sites

Green Chem., 2024, 26, 7579-7655 | 7583
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(octahedral and tetrahedral) are established in its crystal struc-
ture (see Fig. 2e). To develop a neutral charge within the
y-Fe,O; crystalline arrangement, certain octahedral sites are
left unoccupied. Thus, y-Fe,O; is described with a stoichio-
metric formula specified as [(Fe*)"(Fes/;> 01/3)°04]4, where o
denotes vacancies. The vacancies within the octahedral sites
can be divided randomly in accordance with cubic Fd3m, cubic
P4,32 or fully ordered tetragonal P432,2 space groups. This
modulation affects the y-Fe,O; crystal symmetry, transitioning
from higher (cubic) to lower (tetragonal) symmetrical configur-
ations. In addition, the ordering of vacancies over the octa-
hedral sites is believed to minimize the electrostatic energy of
the crystal, occurring dominantly under conditions of elevated
temperatures and pressures and at reduced dimensions.
Similarly, as in the case of a-Fe,O; and p-Fe,Os, y-Fe,O; is a
semiconductor with a bandgap of ~2 eV. From the perspective
of magnetism, y-Fe,O; is a strong ferrimagnet with two mag-
netic sublattices (i.e., tetrahedral and octahedral) and where a
range of 780 to 980 K is estimated for the Curie temperature.
The precise determination of Curie temperature is impossible
due to the y-Fe,O; to o-Fe,O; polymorphic conversion upon
heating. The net magnetic moment of stoichiometric y-Fe,O3
per formula unit is offered by the unequal occupancies of Fe**
ions in the tetrahedral and octahedral magnetic sub lattices,
oriented in the direction of the octahedral Fe** magnetic
moments and amounting to 2.5u5. When the size of y-Fe,O;
NPs falls down to a specific value (~30 nm), it exhibits super-
paramagnetic through a robust magnetic reactivity under
minor external magnetic fields and intense relaxation
phenomenon. Moreover, in the nanoworld, e-Fe,O; is fre-
quently identified as midway phase upon thermal processing
on the y-Fe,0;-to-a-Fe,0; route.?*>* y-Fe,0; is considered as
the first model and commonly explored nanomaterials
deployed to construct the groundwork for superparamagnetic
relaxation theory and other characteristics magnetic phenom-
ena prevalent in the nanoscale domain such as emergence of
collective magnetic excitations in the blocked state, theory of
spin tilting and spin defeat, etc.’>** Apart from theoretical
studies, nanosized y-Fe,O; is the most significant form of
ferric oxide, which has previously been used in assorted mag-
netism-based technologies (e.g., information storage pigments,
magnetic fluids, gas sensors, magneto-optical devices,
magneto-caloric refrigeration, etc.) and medical appliances
(e.g., NMR imaging agent, medical diagnosis, cell labeling,
and separation, targeted drug delivery, etc.).c™®"?

Similar to B-Fe,Os, e-Fe,O; is rare, metastable crystalline
form of iron(u) oxide; initially observed in 1934 and primarily
described in 1963.>***3> 1t occurs only in the nanoworld with
a scarce natural abundance. The synthesis of &-Fe,O; as an
individual nanosized object is challenging in view of the essen-
tial requirement of the maintenance of spatial restriction of
NPs growth. Thus, synthetic protocols towards e-Fe,O; must
involve some extent of agglomeration in either the precursor
and/or the silica matrix used as support. e-Fe,O; crystallizes
embracing an orthorhombic unit cell which falls within the
Pna2, space group. Three octahedral and one tetrahedral sites
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are authorized in the e-Fe,O; crystalline arrangement differing
significantly in the degree of polyhedral distortion (see
Fig. 2f). eFe,0O; is a 4-sublattice Néel P-type ferrimagnet.
Generally, e-Fe,O; shows complex magnetic features which
drastically changes at two distinct temperatures, i.e., at ~490 K
(Curie temperature) and ~110 K. At RT, e-Fe,O;3 display the
characteristics of a collinear ferrimagnet®® with an enormous
coercivity of ~2 T and a net magnetic moment of 1.3up.>* At
~110 K, another magnetic transition is noticed with drastic
drop in the coercive field of e-Fe,O; and a notable decrease in
the orbital component of the magnetic moment associated
with Fe**.*> Nonetheless, the magnetic state of e-Fe,05 at lower
temperature remains unresolved and lacks a satisfactory expla-
nation in current research. In addition, the magnetic tran-
sition at ~110 K is attended by lattice distortions and a numer-
ous morphological transformations.”> Upon thermal treat-
ment, e-Fe,0; transforms to a-Fe,Os; the temperature of poly-
morphous transformation intensely depends on the restriction
of size growth during structural change and varies from ~600
to 1300 K.** e-Fe,O; is considered as an extraordinary nano-
material that exhibit a high coercive field at RT,>* millimeter-
wave ferromagnetic resonance,* and coupled magnetoelectric
characteristics.*® It is important to note that these unique pro-
perties not observed in another iron oxide phase. A combi-
nation of these nanomaterial properties renders e-Fe,O3; as an
ideal matter for deployment in various applications that
requires materials with high coercivity®® and/or necessitates
the coupling of electrical and magnetic material features (e.g.,
memory elements with multiple state)*® and/or involving elec-
tromagnetic waves absorption.*®

{-Fe,03, the youngest iron(u) oxide polymorph unearthed
in 2015 as a product of pressure transformation of p-Fe,03,>*
is the first example of a monoclinic phase in the iron(ui) oxide
family. Its crystal structure falls into the I12/a space group with
a=9.683 A, b =10.00 A, and ¢ = 8.949 A; Fe** ions occupy six
non-equivalent octahedral sites. At RT, {-Fe,O3 is paramagnetic
with a transition to the antiferromagnetic state at the Néel
temperature of ~69 K. It has been suggested that {-Fe,O; could
have other interesting features such as electronic, optical, and
transport that would enable its usage for empirical appli-
cations. However, more studies are needed to address its elec-
tronic structure and, therefore, physical properties.

FeO is often observed as an intermediate phase in the
phase transformations of iron oxides and is frequently
deficient with iron (i.e., Fe,O with x ranging from 0.83 to 0.96);
if stoichiometric, it shows a cubic crystal morphology within
the Fm3m space group and a = 4.296 A (see Fig. 2a). For non-
stoichiometric Fe,O, defects in its crystal structure cause an
ordered distribution of vacancies in the cation sites. Fe,O can
be readily oxidized to Fe;O, and ultimately into y-Fe,Os. FeO is
an antiferromagnet with the Néel temperature of around
200 K; below the Néel temperature, the magnetocrystalline dis-
tortion establishes a rhombohedral crystal structure. FeO has
been described in mineralogical and petrological studies as it
a part of the solid solution with periclase (MgO) and its oxi-
dation may form goethite-limonite systems.

This journal is © The Royal Society of Chemistry 2024
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Fe;0,, the oldest magnetic material ever studied, has an
identical crystal structure to y-Fe,Os, ie., the cubic crystal
structure of inverse spinel type with the two distinct cation
sites, the T and O positions (a = 8.397 A, Fd3m space group)
(see Fig. 2b). Contrary to y-Fe,Oj, the O sites are occupied by
Fe®" ions and Fe®" ions in equal ratio. Thus, Fe;0, is described
as (Fe’")"(Fe*'Fe*")?0,. Fe;0, behaves as a ferrimagnetic
material with a net magnetic moment of 4ug per unit formula
and a Curie temperature of about 980 K; moreover, above
120 K (the Verwey transition temperature), Fe;0, is a conduc-
tor. At RT, Fe;0, is believed to show a half-metallic behavior, a
feature required for spintronics materials. At very high temp-
eratures (>1300 K), Fe;O, transforms to o-Fe,O; with an
occasional occurrence of y-Fe,O; as an intermediate phase.
When synthesized as nanoparticles or core/shell structures,
non-stoichiometric phases of Fe;O, are often observed, ie.,
Fe;_s04 with § in the range from 0 (Fe;O0,) to 1/3 (y-Fe,O3).
There have been several discussions in the literature reporting
different threshold value of § determining the transition
between non-stochiometric Fe;O, and non-stoichiometric
y-Fe,0;. Due to its robust magnetic reactivity in the presence
of small external magnetic fields and superparamagnetic pro-
perties at nanoscale, Fe;0, has been found to be effective in
many biomedical applications such as contrast agents, carriers
of drugs, and heating elements in magnetically-assisted
hyperthermia for cancer treatment, and catalytical processes
such as magnetically-separable catalysts.®”>13738

It is widely acknowledged that the physical and chemical
features and applicability of nanocrystalline iron oxides can be
altered by their size and morphology, surface functionali-
zation, particle arrangement and texture, and cation
substitution.®™®1%1315717 [n this review, the selected and vitally
important applications of iron oxide nanomaterials are delib-
erated in the domain of catalysis and environmental remedia-
tion (see Fig. 3). Importantly, the emphasis has been mainly
on challenging aspects in specific applications with the intro-
ductory aspects being briefly outlined under each section com-
prising recent review references.

The review is structured into three main sections with
section 2 being focused on applications of iron oxides in the
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> Miscellaneous reactions
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field of catalysis with an emphasis on their roles in diverse
reactions such as reduction-, oxidation-, coupling-, and alkyl-
ation reactions, Fischer-Tropsch synthesis, and multicompo-
nent reactions (Fig. 3). Section 3 deliberates the use of iron
oxides in the most recent environmental applications; accentu-
ating the role of iron oxides as nanosorbents for toxic heavy
metals and organic contaminants, their significance in photo-
catalysis processes deployed for environmental treatment
while promoting H,0, decomposition, and their immobiliz-
ation capability (Fig. 3). The concluding section summarizes
the current state of applicability of nanocrystalline iron oxides
in the aforementioned fields and delineates challenges that
may motivate future research in the chemistry of nanocrystal-
line iron oxides.

2. Catalytic applications of nanosized
iron oxides

Heterogeneous catalysis mostly deals with various metal nano-
particles, supported catalysts, hybrid catalysts, and metal
oxides,**™** which includes Al,Os, MgO, CeO,, Fe;0,, a-Fe,03,
and y-Fe,O; among other iron oxides; often deployed them-
selves or as supports for important catalytic
transformations.*>** To date, various magnetic catalysts or
magnetic supported catalysts, predominantly based on iron
oxides have been employed in numerous organic transform-
ations besides other applications.** ™’

In the case of iron oxides, up to now, four distinct crystal-
line polymorphic forms of ferric oxides namely o-, f-, y-, and e-
Fe,0; have been thoroughly characterized and their appli-
cations described.”® Because of their unique structural
arrangements, each of the nanoscale polymorphic variants of
Fe,O; exhibits distinctive magnetic, biochemical, and catalytic
features;*® > a-Fe,O; and related hybrid nanomaterials have
been examined as heterogeneous catalysts.>” The catalytic
applications of various forms of iron oxides and related hybrid
catalysts are deliberated with emphasis on the non-magnetic
supported or/iron oxides, especially hematite. The magneti-
cally recyclable catalysts,*® > electrocatalysts,’®”° and assorted

» Wastewater treatment

a _“ »> Photocatalysis processes
g_ g » H,0, Decomposition
[Ty 3 > Fenton reaction
S0 I
Qo. N > Immobilization

@ » Nanosorbents

Fig. 3 Applications of iron oxide nanoparticles in catalysis and environmental technologies.
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Fenton-type reactions””’* associated with iron oxides are not
included here as they have been well discussed in the literature
and being beyond the scope of this review, with the exception
of environmental applications.”> **

Iron oxides are ideal oxide supports, as they are straight-
forward to synthesize, presence of highly reactive surface
hydroxyl groups, facilitating effective adsorption and immobil-
ization of metals and ligands. Additionally, they can be iso-
lated through simple filtration post-reaction, rendering them
relatively benign and greener heterogeneous catalysts.®*** In
this section, nanoiron oxides (e.g., hematite, goethite and their
hybrid forms, like Au/a-Fe,03, f-FeOOH®@poly(dopamine)-Au-
poly(dopamine), etc. and their catalytic applications are high-
lighted with few representative cases of their synthesis. A
variety of catalytic transformations encompassing reduction-,
oxidation-, coupling-, and alkylation reactions, Fischer
Tropsch synthesis, multicomponent reactions, and other mis-
cellaneous reactions are discussed (see Fig. 4).

2.1. Coupling reactions

Noble metal NPs, such as Pd, Pt, Au, and Ru, have garnered
immense interest over the last decade because of their special
features and promising applications in diverse fields like
surface enhanced Raman scattering (SERS),*>® surface
plasmon resonance (SPR),**®° and biomedicine®®®' and
especially in catalysis®*?> > encompassing C-C coupling
reactions;**® Heck and Suzuki reactions being the most

Reduction

Reaction

_¥_ < Miscellaneous

View Article Online
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important examples.”>'°® These reactions are generally cata-
lyzed by palladium-based catalysts and are widely deployed in
the synthesis of various pharmaceuticals.'®*° As it relates to
catalysis, Pd is the widespread noble metal employed for its
outstanding activity and selectivity in various coupling reac-
tions under rather mild conditions.’®”*'° However, there are
still lingering limitations associated with such processes often
stemming from the recovery of the catalyst and challenges per-
taining to cumbersome isolation of the products. To overcome
these problems, dispersion of Pd nanocatalysts on solid sup-
ports have been explored.** ™13

2.1.1. Suzuki-Miyaura cross-coupling reaction. The Suzuki
coupling reaction, which involves the cross-coupling of organo-
borons and organohalides, has emerged as a highly effective
synthetic strategy for synthesizing a diverse array of biaryl com-
pounds essential for various applications in natural products
synthesis, pharmaceuticals, and polymers.'°®*'®'1” The
Suzuki-Miyaura reaction stands out as the second most com-
monly utilized reaction in the realm of drug discovery and
development.'*® Traditionally, these reactions are catalyzed by
homogeneous Pd-complexed catalysts along with ligands like
phosphorous and N-heterocyclic carbene.''® While numerous
homogeneous catalytic systems have been documented in the
literature for efficiently driving Suzuki reactions, they encoun-
ter significant challenges pertaining to their recyclability and
reusability.’'® The escalating demand and cost of Pd have
prompted researchers to innovate and devise novel catalysts

Oxidation J zr‘\—

%y

Fischer- .
Tropsch

Fig. 4 Selected catalytic applications of nanocrystalline iron oxides.
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that either eliminate the need for Pd or incorporate minimal
amounts of this precious metal.'**'*

The field of catalysis science has seen a notable develop-
ment with the emergence of single-atom catalysts (SACs),
where individual metal atoms are distributed on solid
supports.'?>"'** This novel approach has garnered significant
research interest.**'*® Recently, a highly efficient and scalable
method for the synthesis of iron oxide-supported Pd SACs
using a facile, eco-friendly ball milling process was reported
for the Suzuki-Miyaura cross-coupling reaction."® In a typical
gram-scale synthesis of Pd;/FeO,-10 SACs, the metal oxide, and
Pd nitrate precursors are directly milled together in a planetary
ball mill for a given time and then calcinated at 400 °C under
aerobic conditions for 2 h (see Fig. 5a). Using this approach, a
kilogram scale synthesis (up to 1.002 kg) of Pd;/FeO,-1000
SACs in one batch is also achieved, which holds considerable
potential for application in industrial scale-up. The trans-
mission electron microscopy (TEM) images of Pd;/FeO,-10
catalyst revealed that the absence of visible Pd nanoparticles
or clusters, which indicated the uniform dispersion of Pd iso-
lated atoms on iron oxide support (Fig. 5b). This homo-
geneous distribution of Pd, Fe, and O atoms is further con-
firmed by the elemental mapping images, suggesting a well-
dispersed atomic structure (Fig. 5c¢). Additionally, the aberra-
tion-corrected high-angle annular dark-field scanning trans-
mission electron microscopy (AC HAADF-STEM) images
(Fig. 5d) demonstrated that the atomic dispersion of Pd
species on the iron oxide support, as highlighted by the yellow
circles. This well characterized Pd,;/FeO,-10 catalyst exhibited
remarkable catalytic activity, achieving a high turnover fre-
quency (TOF) of 7844 h™" for the Suzuki-Miyaura cross-coup-
ling reaction between bromobenzene and phenylboronic acid
at 40 °C. Various aryl bromides containing electron-donating
and withdrawing functional groups were efficiently converted
into biphenyl products with high product yields (>95%)
without the need for an inert atmosphere (Fig. 5¢). This excep-
tional performance significantly surpassed other catalysts,
including PdO, Pd/C, and Pd nanoparticles, highlighting the
superior catalytic activity of the Pd;/FeO,-10 SACs.
Furthermore, the catalyst displayed greater stability and recycl-
ability, indicating its potential for practical applications in cat-
alyzing cross-coupling reactions.

Iron oxide nanoparticles proved their high potential to act
as a template for the production of advanced
nanocatalyst.'””'?° Fe,0; containing zeolite-NaY (Fe,O;-Y)
support have been developed for the fabrication of hetero-
geneous Pd/PdO-Fe,0;-Y nanocatalyst and deployed for the
Suzuki-Miyaura cross-coupling reaction.’*® The support was
prepared by employing coprecipitation method (Fig. 6a). The
SEM images of the supported Pd/PdO-Fe,0;-Y nanocatalyst on
zeolite-NaY revealed that the presence of foreign particles
(Fig. 6¢), whereas untreated zeolite-NaY displayed clear crystal
indicating absence of additional particles (Fig. 6b). TEM ana-
lysis further confirmed the deposition of ultrafine Pd/PdO NPs
on Fe,0;-Y support (Fig. 6d and e). This Pd/PdO-Fe,0;-Y cata-
lyst demonstrated remarkable efficiency in activating the

This journal is © The Royal Society of Chemistry 2024

View Article Online

Tutorial Review

robust C-Cl bond of aryl chlorides in the Suzuki-Miyaura
cross-coupling reaction under mild conditions (Fig. 6f).
Despite having an extremely low metal (Pd) loading of
0.0037 mol%, this catalyst exhibited higher reactivity, selecti-
vity, and recyclability; ensued biaryl product yield of up to 92%
with a good turnover number (249) was discerned. Particularly,
biaryl product yield significantly improved when a small
amount of water with methanol was used as a solvent system
for the reaction. The presence of basic sites, together with
zeolite-NaY and the transfer of charge from Fe to Pd, played a
pivotal role in the activation of the C-CI bond.

Diao and co-workers™' synthesized hollow carbon nan-
onets (HCN) by combining hydrothermal carbonization of
glucose with a-Fe,O; NPs acting as a hard template; Pd NPs
were immobilized onto the exterior of the hollow HCN via
in situ precipitation-reduction method (Fig. 7). HCN have been
attractive candidates for the catalyst support as they could be
fabricated employing the pre-synthesized hematite NPs as the
hard template. Carbon supported porous nanostructures have
demonstrated significant efficacy as catalyst support, particu-
larly for noble metal nanocatalysts."**”** TEM images of
a-Fe,03, o-Fe,0;@C, HCN, and Pd/HCN are depicted in
Fig. 7b-e. The a-Fe,O; NPs with 50 nm diameter (Fig. 7a) have
been prepared by hydrothermal precipitation, whereas the Pd
nanoparticles with diameter ~8 nm was formed when the
reduction/precipitation method was employed to graft Pd NPs
on HCN. Following their synthesis and comprehensive charac-
terization, the Pd/HCN catalysts were then investigated for the
Suzuki and Heck-Miyaura reaction under mild reaction para-
meters. Notably, outstanding yields of the respective products
were achieved in an aqueous medium (irrespective of the
halides counterparts) with good Turnover frequency (TOF) for
Suzuki cross-coupling reaction. The reaction scope was further
explored for Heck-Miyaura reaction of haloarenes with alkenes
at 120 °C, in DMF (dimethyl formamide) using a base, K,CO;.
Comparatively, iodobenzene gave excellent yields of products,
while bromobenzene and chlorobenzene gave rather low yields
of the coupling products. Furthermore, when compared with
some reported Pd-supported catalysts, the catalytic perform-
ance of Pd/HCN in facilitating the Suzuki reaction, between
phenyl boronic acid and iodobenzene, displayed notable
efficiency in terms of both product yields and reaction time."**

A heterogeneous iron oxide catalyst on graphene oxide (GO)
support (a-Fe,O; nanocluster/GO) was synthesized for the
Suzuki-Miyaura coupling reaction and hydrogenation of
4-hydroxynitrobenzene in an aqueous medium."*” For the
assembly of the catalyst, the tris-trz-PEG ligand was employed
to promote the fabrication and deposition of a-Fe,O3; on GO by
supramolecular interactions (Fig. 8a). The TEM images
revealed that the uniform deposition of a-Fe,03, with a size of
1.8 nm, on the GO (Fig. 8b). The hexagonal morphology and a
lattice fringe space (0.25 nm) correspond to the crystallo-
graphic plane (110) of the a-Fe,O; crystal, which was affirmed
by HR-TEM analysis (Fig. 8c). In context of the Suzuki-Miyaura
coupling in aqueous medium, Handa et al. developed a novel
Fe/ppm Pd nanoparticle catalyst."*® The highly active needle-
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Fig. 5 (a) Schematic representation of the synthesis of Pd;/FeO,-10 catalysts; TEM (b), elemental mapping (c) and AC HAADF-STEM (d) images of
Pd;/FeO,-10; (e) Pd;/FeO,-10 catalyzed Suzuki—Miyaura cross-coupling. Reproduced with permission from ref. 126 Copyright 2022, American
Chemical Society.

shaped NPs of Fe/ppm Pd catalysts facilitated the Suzuki- cant value to the pharmaceutical industry by reducing the
Miyaura couplings across a broad range of electrophiles and residual palladium in the final product.

nucleophiles. This innovative approach enabled the first ppm- 2.1.2. C-N coupling. Compounds with nitrogen atoms play
level Pd catalysis under micellar conditions, offering signifi- a crucial role in the production of heterocyclic compounds,
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Fig. 6 (a) Schematic illustration of the preparation of Fe,Os-Y; (b, c) SEM images of untreated zeolite-NaY and Pd/PdO-Fe,O3-Y respectively; (d, e)
TEM images of Pd/PdO-Fe,0s3-Y; (f) Pd/PdO—-Fe,O3-Y mediated Suzuki—Miyaura cross-coupling reaction. Reused with permission from ref. 130

Copyright 2023, American Chemical Society.

pharmaceutical intermediates, various organic substances,
ligands, and the development of catalysts due to their signifi-
cant impact and versatility in assorted chemical appli-
cations.'®” Therefore, the advancement of cross-coupling reac-
tions that form C-N bonds using substrates containing -NH
groups has become highly significant in both the industrial
and academic sectors.*®'*° In a recent study, iron oxide NPs

This journal is © The Royal Society of Chemistry 2024

exhibiting oxygen vacancies (Fe;03-Oyac) With variable Fe sites
were used as a catalyst for the carbonylation reaction of aryl
halides and amines/alcohols in presence of CO."*° The study
involves a C-N/C-O coupling reaction as part of the carbonyla-
tion process. Fe,03-Oy, catalysts with varying oxygen
vacancies were synthesized by hydrothermal reduction of
Fe,0; using NaBH, (Fig. 9a). These catalysts were labelled as
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Fig. 7 (a) Schematic illustration of synthesis of the Pd/HCN catalysts; (b—e) TEM images of a-Fe,Os NPs, a-Fe,Os@C, HCN, and Pd/HCN catalysts
respectively. Reproduced with permission from ref. 131 Copyright 2013, The Royal Society of Chemistry.

0.5 Fe,03-0yac, 1.0 Fe,053-0,4c, and 2.0 Fe,03-0y,., with the
numbers indicating the molar ratio of NaBH, to Fe,O; used in
the synthesis process (0.5, 1.0, and 2.0, respectively). The mor-
phology and structural features of the catalyst were investi-
gated using TEM and HR-TEM analysis. TEM images showed
that the catalysts had a cube-like structure with a diameter of
approximately 400 nm (Fig. 9b-d). The HR-TEM images
demonstrated a consistent lattice fringe spacing of 0.280 nm,
which was in agreement with the (104) lattice of Fe,O;
(Fig. 9e-g). The (104) lattice was observed for all the Fe,O3-
Oy, catalysts, including 0.5 Fe;03—Oyqe, 1.0 Fe,03-Oy,e, and
2.0 Fe,03-Oy,, indicating that the morphology and structure
of the catalysts were not affected by the NaBH, reduction treat-
ment. Furthermore, the existence of oxygen vacancies and
different Fe sites of the Fe,03-Oy,. catalyst was confirmed by O
1s XPS and XANES spectra, respectively (Fig. 9h and i).

The catalytic performance of the synthesized 1.0 Fe,03-Oyac
catalyst was examined under the optimized condition via ami-
nocarbonylation and alkoxycarbonylation (Fig. 10a and b).**°
The ideal 1.0 Fe,03-Oy,. catalyst demonstrated conversion of
aryl halides and amines/alcohols into the corresponding
amides/esters with excellent yields (75-99%). Additionally, the

7590 | Green Chem., 2024, 26, 7579-7655

catalytically active 1.0 Fe,O3-Oy,. catalyst was also explored for
the synthesis of important drugs such as Moclobemide,
CX-546, Nikethamide, and chiral compounds via carbonylation
reactions (Fig. 10c), highlighting their potential for pharma-
ceutical applications. The catalytic activity of the 1.0 Fe,O3-
Oy, catalysts was found to be critically dependent on the pres-
ence and density of oxygen vacancies, directly impacting their
performance. Furthermore, the different Fe sites on the Fe,03-
Oyac surface emerged as a crucial factor in enhancing catalytic
efficiency. The 1.0 Fe,03;-O,,. catalyst showed excellent recycl-
ability, indicating its suitability for sustainable catalytic appli-
cations. The catalytic mechanism of the carbonylation reaction
has been studied using DFT calculations. The Fe,03-O,,. cata-
lyst facilitated the elementary steps of PhI activation, CO inser-
tion, and C-N/C-O coupling efficiently, leading to improved
catalytic performance (Fig. 10d).

The strategy of borrowing hydrogen is one of the benign
approaches for the C-N coupling reaction as it circumvents the
necessity for an external hydrogen source for the reduction
reactions.”*'™'** The heterogeneous iron oxide nanocatalyst*>
for the C-N/C-C bond formation reactions via borrowing
hydrogen approach were reported to obtain quinoline and its

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 (a) Schematic representation for the synthesis of the a-Fe,03/GO catalyst; (b, c) TEM and HR-TEM images of a-Fe,O3 nanocluster/GO cata-
lyst. Reproduced with permission from ref. 135 Copyright 2017, The Royal Society of Chemistry.

derivatives (Fig. 11); hydrogen auto-transfer mechanism was
confirmed by the deuterium labelling study. In the similar
context, Sarno et al. prepared core-shell Fe;O,/Au nanocatalyst
and deployed it for the N-alkylation reactions.'*

2.1.3. Sonogashira coupling. Sonogashira coupling is a
highly effective method utilized in organic chemistry for the
synthesis of conjugated compounds by linking aryl halides
and alkynes to form C-C bonds. This method is widely docu-
mented and recognized for its efficiency in constructing C-C
bonds.'*”'*° Iron oxide-based NPs were also explored for

This journal is © The Royal Society of Chemistry 2024

Sonogashira coupling reaction.” In this regard iron oxide
based nanocatalyst, PdCu@GQD@Fe;04, have been syn-
thesized for the Sonogashira coupling reaction" which had
been prepared by the modification of Fe;0, nanoparticles with
graphene quantum dots (GQD) to stabilize the PdCu NPs
(Fig. 12a). The small NPs with particle sizes in the ranges of
3-4 nm and 9-25 nm were present in the structure (Fig. 12b
and c). The TEM images affirm the existence of Fe;0, NPs and
thin layered GQD (Fig. 12¢). The PACu@GQD@Fe;0, exhibits
high catalytic activity and recyclability for Sonogashira coup-
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Fig. 11 (a—c) The N-alkylation, C-alkylation and quinoline synthesis over nano-Fe,Os3 catalyst. Reproduced with permission from ref. 145 Copyright
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ling reaction of different aryl iodides, bromides, and chlorides
with various terminal alkynes, achieving excellent yield of
product with only 0.3 and 0.35 mol% loading of Pd and Cu,
respectively (Fig. 12d). The existence of copper in
PdCu@GQD@Fe;0, catalyst was proven to be essential for
achieving optimal yields. In the similar context, Handa et al.
reported recyclable Cu free iron-based NPs with ppm level of
Pd as an active catalyst for the Sonogashira reaction under
mild conditions.">

2.2. Reduction reactions

Reduction reactions are indispensable in various industries,
for the syntheses of pharmaceuticals, dyes and rubber, and
agricultural chemicals'**™'*® among others. Nanosized iron
oxides have garnered attention among researchers for the cata-
lytic hydrogenation of aromatic nitro groups, o,f-unsaturated
aldehydes, nitric oxide (NO) in view of their inexpensive
nature, ease of preparation and environmentally benign
attributes.

Goethite (FeOOH), maghemite (y-Fe,O;) and hematite
(a-Fe,03) supported gold catalysts have been used for
reduction of cinnamaldehyde and trans-benzalacetone.'>®
Among these studied catalysts, Au anchored on FeOOH
(AF35G) presented excellent performance and selectivity for
unsaturated alcohols to generate the corresponding unsatu-
rated carbonyl compounds, while Au anchored on o-Fe,O3
(AF35H) and y-Fe,O; (AF35M) displayed inferior performances.
It is crucial to emphasize that the catalytic performance for
unsaturated alcohols in the reduction of cinnamaldehyde and
benzalacetone are completely dependent on the characteristics
of supporting material wherein both the performance and
selectivity to unsaturated alcohols is enhanced due to the redu-
cibility of the catalysts. Finally, it has been concluded that the

This journal is © The Royal Society of Chemistry 2024

active and selective sites are generated via transfer of electron
from the reduced support to the metal nanoparticles.">®

Iron oxide supported Au catalyst for the liquid phase hydro-
genation of a,f-unsaturated aldehydes was reported.”” Various
supports including hematite, goethite, and iron oxide modi-
fied alumina have been used for the immobilization of gold
and the corresponding catalysts investigated for the reduction
of crotonaldehyde and cinnamaldehyde at 100 °C and at 1
MPa of H, in 2-propanol (Fig. 13). It is observed that iron
oxides immobilized gold particles are more selective relative to
y-Al,0; supported gold particles; hematite supported gold
exhibits the high selectivity for unsaturated alcohols like cin-
namyl alcohol (48%) and hydrocinnamyl alcohol (88%).
Furthermore, no dependence of selectivity on substrates such
as crotyl alcohol and cinnamyl alcohol has been discerned on
gold particles.

The noble metal Pt was adorned on iron oxide via the
atomic layer deposition and deployed for the selective hydro-
genation of cinnamaldehyde to cinnamyl alcohol;**® Pt NPs
with 2.7 nm size were evenly dispersed over the alumina
support (Fig. 14a and b) wherein the Pt30Fe30 catalyst exhibi-
ted higher selectivity (84%) as compared to the pure Pt catalyst
(45%) for cinnamyl alcohol (Fig. 14c).

The chemoselective hydrogenation of cinnamaldehyde to
cinnamyl alcohol were also carried out by employing an iron
oxide decorated catalyst (Pt-3FeO,/M0O;_,).">* The observed
lattice fringes of 0.226 and 0.196 nm refers to Pt (111) and Pt
(200), respectively. The size of Pt NPs was 3 nm which were
well dispersed on FeO, (Fig. 15a and b). The Pt-3FeO,/Mo00;_,
catalyst showed a higher conversion and selectivity for cinna-
myl alcohol due to the Pt-FeO, interfaces (Fig. 15¢). The acidic
Pt-FeO, interface had direct impact on the chemisorption and
activation of the carbonyl group (C=0), leading to the selec-
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tive cinnamaldehyde hydrogenation to cinnamyl alcohol
(Fig. 15d).

The hydrogenation of nitroarenes by heterogeneous catalysis
has been an imperative chemical transformation. The selective
hydrogenation of nitro compounds containing additional redu-
cible groups such as alkene, carbonyl, and/or halide to produce
functionalized amines poses a significant and challenging task
in both contemporary chemical and pharmaceutical
industry."®*'® In this context, Ma et al'®* fabricated TiO,
based iron oxide (Fe;0,@TiO,) heterogeneous photocatalyst for
the selective hydrogenation of nitroarenes into amine deriva-
tives. The Fe;0,@TiO, photocatalyst was synthesized by the
sol-gel approach followed by the pyrolysis process (Fig. 16a).
The catalyst structure comprises Fe;0, NPs supported on TiO,,
forming a composite with a well-defined morphology evident by
TEM and HRTEM analysis (see Fig. 16b and c). The lattice

7594 | Green Chem., 2024, 26, 7579-7655

fringes observed in the HRTEM image (Fig. 16¢) correspond to
specific crystal planes within the iron oxide phase, with
measurements of 2.5 A and 2.9 A corresponding to the (311)
and (220) planes, respectively. Additionally, a lattice fringe of
3.5 A was attributed to the TiO, (100) plane. The prepared
Fe;0,@TiO, photocatalyst demonstrated remarkable efficiency
in the selective hydrogenation of nitroaromatics to amines in
the presence of other reducible groups under photothermal
conditions (Fig. 16d). The exceptional performance of the
Fe;0,@TiO, catalyst was attributed to the robust interaction
between Fe;O, and the reducible TiO, support, boosting the
photothermal effect and enhancing the adsorption of reactants.
Moreover, this catalyst was also utilized for gram-scale reactions,
showcasing its viability for diverse applications in organic syn-
thesis, offering a sustainable and efficient alternative for the
conversion of nitro compounds to valuable amines.

This journal is © The Royal Society of Chemistry 2024
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from ref. 157 Copyright 2009, Elsevier.

The oxygen defective nanocrystalline iron oxide catalysts
(Fe30,4) were used for the reduction of several nitroarenes to
respective anilines with excellent yield and selectivity. Among
as-prepared catalysts, Fe;0, showed high activity, excellent re-
cycling stability, and 100% selectivity.'®® Moreover, Pt SACs
and pseudo SACs supported on iron oxide were developed by
Zhang and coworkers and deployed for the selective hydrogen-
ation of nitroarenes.'®® The 0.08%Pt/Fe0,-R250 catalysts
exhibited broad compatibility with a diverse range of substi-
tuted nitroarenes containing various functional groups, show-
casing their versatility and applicability. In addition, micro—-
mesoporous iron oxide also employed for the base free transfer
hydrogenation of nitroarenes."®”

The hydrogenation of N-heterocycles in aqueous media was
studied using the Rh@Fe;0, nanocatalyst,'®® where the Rh
particles were uniformly distributed on the Fe;O, particles
(7-9 nm) as scrutinized by TEM image analysis (Fig. 17a and
b). The identification of Rh was confirmed by STEM (Fig. 17¢)
and <1 nm size of the Rh NPs (denoted by red circles) was
affirmed by HR-TEM image of Rh@Fe;0, (Fig. 17f). The
heterogeneous Rh@Fe;0, catalyst proved to be highly effective
in the hydrogenation of N-heterocyclic compounds in water
using tetrahydroxydiboron (THDB) as a reductant, demonstrat-
ing high selectivity for 1,2,3,4-tetrahydroquinoline (py-THQ)
with an impressive turnover frequency of 1632 h™" (Fig. 17h).

Afterwards, the Rh@Fe;0, nanocatalyst was modified by
incorporation of CozO, nanoparticles wrapped in N-doped
g-C3N, on FezO, support.'®® The synthesis of Co0304/N-Gr/
Fe;0, nanocomposites is depicted in Fig. 18a wherein the

This journal is © The Royal Society of Chemistry 2024
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Co;0, NPs (15-20 nm) were wrapped in N-doped graphitic
carbon on the surface of Fe;0, (Fig. 18b and c). The lattice
spacing d-value (2.43 A) is associated with (111) plane of crys-
talline Co;0, NPs as analyzed by HR-TEM (Fig. 18d). The core-
shell morphology of this nanocomposite was confirmed by the
HAADF-STEM imaging (Fig. 18e). This nanocomposite was
deployed for the hydrogenation of nitroarenes, cinnamalde-
hyde, and quinoline (Fig. 18f). Notably, more than 99% hydro-
cinnamaldehyde (HCAL) chemoselectivity was obtained in
toluene at 30 bar H, (Fig. 18g).

Recently, silica-supported Fe/Fe-O NPs (Fe/Fe-O@SiO,)
were utilized for the reduction of nitriles to amines."”® The
catalyst was synthesized through the impregnation and
thermal treatment of Fe salt over the silica (Fig. 19a). The glob-
ular and rod-shape structure (Fig. 19b and c¢) and Fe core NPs
resulting from SiO, matrix covered by ultrathin iron oxide
(Fig. 19d and e) comprising the catalyst, Fe(OAc),-SiO,-800,
was investigated by the TEM, HR-TEM imaging, and elemental
analysis, respectively. The as-prepared catalyst with the cata-
Iytic amount of aluminium additives was employed for the
reduction of various nitriles (aromatic, aliphatic, and hetero-
cyclic) to important primary amines (Fig. 19f). Moreover, this
catalyst was investigated for its utility in the reduction of fatty
nitriles to respective fatty amines which are valuable oleo-
chemicals (Fig. 19g). Apart from the cinnamaldehyde, nitro-
arenes and quinoline reduction, iron oxide was also instru-
mental in the reduction of 5-hydroxymethylfurfural (HMF) to
2,bis(hydroxymethyl)furan (BHMF)."”"

Selective catalytic reduction (SCR) of NO with ammonia at
lower temperature has been reported via the deployment of
Fe,O; catalysts'’> and various reaction parameters were
inspected including temperature, oxygen concentration, and
[NH;]/[NO] molar ratio for SCR activity. Notably, Fe,O; cata-
lysts displayed excellent catalytic performance for the SCR of
NO with ammonia in a wide range of temperature from
150-270 °C; more than 95% NO conversion was achieved at
180 °C (molar ratio [NH;]/[NO] = 1). When the addition of SO,
on SCR catalytic performance were examined at 180 °C, the NO
conversion was lowered from 99% to 58% in 240 min.
Thermogravimetric and Fourier transform infrared spec-
troscopy analysis revealed'”* that SO, was responsible for the
deactivation of Fe,O; catalysts because the development of
metal and ammonium sulfates at the surface of the catalyst
during the de-NO reaction, leading to pore clogging and cata-
Iytic activity inhibition.

Similarly, FeW(, (hematite supported tungsten) catalysts
with diverse Fe/W molar ratios obtainable through co-precipi-
tation procedure were introduced for the SCR of NO, with
NH;.'”? Among the catalysts subjected to testing, namely
(FCW(1), FCW(Z), FCW(3), FeW(4), FCW(S)), the catalyst FeW(5)
demonstrated an excellent activity, achieving nearly quantitat-
ive conversion of NO, N, selectivity from 250 to 450 °C, and
robust H,0/SO, strength at temperature more than 300 °C. It
was observed that the insertion of WO, moiety enabled the
lattice structure to alter to the hematite form and high distri-
bution of WO, on the catalysts surface were noticed for the
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FeW(,. Though redundant WO, addition was contrary to the
reaction performance and presumably shields the acid sites
due to big quantity of tungsten oxide moiety, the best perform-
ance of FeW(s) catalysts were ascribed to its largest BET surface
area, amount of surface adsorbed oxygen molecules, Brgnsted
acidity and quantity of weak acid sites thus enabling the SCR
reaction. Overall, the study offers promising alternatives to
substitute the conventional vanadium related catalysts by
FeW(y) type catalysts for the control of NO, emission.'”?

Iron oxide/silver (Fe,O,/Ag) nanocomposite was synthesized
by a single step process using goethite (a-FeOOH) rods as
support.””* First, FeOOH was treated with sodium citrate fol-
lowed by attachment of Ag via electrostatic interaction.
Afterwards, Ag ions were reduced by NaBH, to generate Ag NPs
on the goethite rods surface (Fig. 20a)."”* The structural con-
figuration of the composite material was characterized by SEM
and TEM images as depicted in Fig. 20; Ag NPs with size of
10-50 nm appears to be well-coated over surface of FeOOH
nanorod indicating the high quality Fe,O,/Ag nanocomposite

7596 | Green Chem., 2024, 26, 7579-7655

(Fig. 20b and c). The SAED pattern confirms the presence of
spots because of Ag, Fe,; 33303, and FeOOH (see inset in
Fig. 20d). The FeOOH layers Fe,, 33303, and crystalline lattices
can be seen in HRTEM attributed to (111) phase (d =
0.235 nm) of Ag (Fig. 20e)."”*

The as-synthesized and well characterized Fe,O,/Ag nano-
composite bearing varying contents of Ag were then studied
for hydrogenation of nitroaromatic molecules and decompo-
sition of organic dyes utilizing NaBH, as a reductant; two
nitroaromatic molecules, namely p-nitro aniline and p-nitro-
phenol were reduced completely in few minutes as illustrated
by instant decolorization of yellowish green solution. The good
catalytic activities of Fe,O,/Ag nanocomposite were attributed
to the incorporated Fe,O, components wherein rapid electron
transfer between BH,” ions and p-nitrophenol compound
occurred not only on the surface of AgNPs but also on the
interface between AgNPs and Fe,O,. Accordingly, Fe,O, can
play important role in catalysis through a synergistic effect,
resulting in better catalytic performance.'”

This journal is © The Royal Society of Chemistry 2024
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2.3. Oxidation reactions

In the context of sustainable chemistry, catalytic oxidation of
alcohols, carbonyls, CO, and other oxidizable entities includ-
ing carbohydrates with molecular oxygen as an environmen-
tally friendly oxidizing agent has garnered immense
focus."”>'7° Generally, these protocols are mainly performed
on supported noble metal catalysts like Au, Pd, Rh and
Ru."®%'%° Since these metal-supported catalysts are expensive,
the relatively non-toxic and abundant iron has been con-
sidered as a viable alternative as it is inexpensive and the
second most easily available metal in the earth’s crust.

For the fabrication of ultrafine iron oxides (FeO,/MC),
mesoporous carbon (MC) support was developed via a hard-
template route with abundant surface functional groups.'®”
First, MC was synthesized through the modulated hard-tem-
plate technique that encompasses carbonizing an organic-in-
organic composite including sugar, citric acid, Al and P ions,
and then the removal of on-site formed aluminophosphate
template (Fig. 21a). Three different types of MC (pore sizes 6.5,
3.8, and 2.9 nm) were attained by adjusting the amount of
citric acid and sugar in composite (abbreviated as MC-1, MC-2
and MC-3) and were deployed as support for the immobiliz-

This journal is © The Royal Society of Chemistry 2024

ation of iron oxides (Fe,O;). The as-synthesized catalysts were
investigated for the selective oxidation of benzyl alcohols to
their respective aldehydes (Fig. 21b). Notably, the individual
components, Fe,03; and MC supports, under the same prepara-
tive protocols were not active for the oxidation reaction. Under
similar reaction parameters, all 5 wt% FeO,/MC catalysts with
porous structure accomplished the conversions of more than
92% with a wide substrate scope as exemplified by the oxi-
dation of an array of benzyl alcohols to the respective alde-
hydes with satisfactory yields.

Iron oxide nanoparticles showed their high potential also as
the catalyst support for CO oxidation."®*'°° The hydrothermal
approach to well-ordered a-Fe,O; nanoparticles using amino
acids as additives were reported,'® wherein the nature of amino
acids regulates the size and shape of the o-Fe,O; NPs. The
spindle shape o-Fe,O3 NPs were obtained, when acidic amino
acid was used, whereas basic amino acid afforded rhombohed-
rally shaped a-Fe,O; nanoparticles (see Fig. 22). Additionally,
gold NPs were immobilized on the surfaces of a-Fe,O; NPs to
assess their catalytic activity for CO oxidation; spindle shaped
Au/o-Fe,0; displayed superior performance relative to the rhom-
bohedral Fe,O;. Along with the morphological impact, particle
size of a-Fe,O; play an integral role in CO oxidation; larger
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spindle o-Fe,O; support caused excellent performance com-
pared to smaller counterparts whereas in case of rhombohedral
Au/o-Fe,03, medium-sized o-Fe,O; nanocrystals displayed the
maximum catalytic performance for CO oxidation.

7598 | Green Chem., 2024, 26, 7579-7655

The catalytic performance of hematite concave nanocubes
for low temperature CO oxidation was also explored.'®> These
nanocubes with high index and facets were fabricated by
hydrothermal process employing kinetically controlled growth

This journal is © The Royal Society of Chemistry 2024
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approach. To investigate the details of morphological develop-
ment of a-Fe,Oz; concave nanocubes, time-dependent experi-
ments were performed (see Fig. 23). Among the different cata-
lysts, highly stable a-Fe,O; nanocubes unveiled superior cata-
lytic performance for CO oxidation.

The synthesis of hematite (a-Fe,03) and Pd-doped a-Fe,Os
NPs via a surfactant-free hydrolysis approach has been
reported."® Rod-like iron oxide NPs were yielded through
hydrolysis of iron(ur) chloride with diluted hydrochloric acid at
100 °C; further addition of citric acid in the mixture contain-
ing iron oxide NPs and (Pd (CH3;CN),Cl,), afforded Pd/iron
oxide nanocomposites (see Fig. 24). This attractive protocol
avoided the use of surfactant, template and higher tempera-
tures culminating in good shape/size selectivity as well. A rod-
like iron oxide/Pd nanocomposite displayed high catalytic per-

This journal is © The Royal Society of Chemistry 2024

formance at low-temperature for CO oxidation as compared to
usage of sole o-Fe,03.">> Pd NPs displayed an important role
in low-temperature catalytic CO oxidation and catalytic per-
formance was associated with the facile absorption of (i)
oxygen on the reduced sites of the support (Fe>*) and (ii) CO
adsorbed on Pd@Fe,0; interface.

Oxidation of alcohol using heterogeneous catalyst is a
crucial process in the production of high-value fine
chemicals."**™"%® Iron oxide NPs were successfully used also
for catalytic oxidation of alcohol.'®”'°® Platinum nanowires
(NWs) decorated on iron oxide (Pt@Fe,0O3) were synthesized
via the oxidation of FePt NWs in oleylamine and the resulting
catalyst were examined for the oxidation of alcohols and
alkenes."® For the styrene derivatives, molecular oxygen was
employed as an oxidizing agent to obtain benzaldehyde in an

Green Chem., 2024, 26, 7579-7655 | 7599
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absolute yield of 31%; however, when tBuOOH was used as the The lengths of PtFe, NWs were several micrometers with
sole oxidant for alcohol oxidation, higher yields (more than diameters of ~1.9 nm (see Fig. 26a and b). After the catalytic
80%) of carbonyl compounds could be obtained (Fig. 25). oxidation reaction, the diameters got enlarged to ~2.8 nm (see
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https://doi.org/10.1039/d4gc01870b

Published on 22 mai 2024. Downloaded on 16.10.2025 14:12:56.

Green Chemistry

Sodium citrate
a

i (OH)
P '()()(‘(‘Il,——/(‘\_—(‘ll,('()()'\\9 ‘
: o o n. H. H
o 0

g i

) ! o M~o
[ ‘(l "‘0’"\0'“ g /Fe\ozl"r‘()-\_l‘_‘c,()\;‘_r/uf
/rc\(,/l‘c—()\i‘,_o\‘ﬁ,o i o :

fo

100 nm

View Article Online

Tutorial Review

;:i:,

4800 5.6V 7 Snn 420 ORSE( )

Ag (111) ;
0.235nm

2

FexinOn (322) FeOOH (111)
e 0.245 nm

Fig. 20 (a) Schematic diagram of the preparation of Fe,O,/Ag nanocomposite; Fe,O,/Ag nanocomposite: SEM image (b), TEM images (c, d) (inset:
SAED), (e) HRTEM image. Reproduced with permission from ref. 174 Copyright 2016, Springer Nature.

R —

o OH

- -

mcC FeO,/MC

)

Swt% FeOx/MC-1 X H

: =

//

R= CHa, NO,, Cl etc.

O, (air), toluene, 80 °C

//

Yields: 66-91%
8 examples

Fig. 21 (a) Schematic diagram for the preparation of MC and FeO,/MC catalysts; (b) Oxidation of alcohols with 5 wt% FeO,/MC-1. Reproduced with

permission from ref. 187 Copyright 2015, The Royal Society of Chemistry.

Fig. 26¢ and d) and the Fe in the catalyst was oxidized to Fe,O3
via the Kirkendall effect. This unsupported PtFex NWs catalyst
was identified as more efficient catalyst relative to other
reported Fe,O; NPs and was reusable many times with negli-
gible loss of catalytic performance.

The application of iron oxide NPs has been also investi-
gated for the oxidative dehydrogenation reaction (ODR).>?%>*

This journal is © The Royal Society of Chemistry 2024

ODR is an important transformation in the chemicals reac-
tions to produce olefins which are vital raw materials for
variety of industrially important compounds, including poly-
mers, fibers and their analogues.”*>*®* In this context,
Ondruschka and co-workers®** performed oxidative dehydro-
genation of ethylbenzene on iron oxide containing multi-
walled carbon nanotubes (MWCNTs) in an integral fixed-bed
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Fig. 22 TEM images of a-Fe,Os NPs. Samples (a—c) prepared with [Fe**]/[L-lysine] molar ratios; samples (d—f), prepared with [Fe**]/[p-asparagine]
molar ratios. Reproduced with permission from ref. 191 Copyright 2009, Elsevier.

@ cuz* bulk
® oH- bulk solution bulk solution solution

Fe3* 5 '
@ [CutNH+ o0
] :.
Vr

Fig. 23 SEM images (a—e) of the nanocrystals collected at different reaction times at 200 nm; (f) Schematic illustration of the kinetically controlled
overgrowth of concave nanocubes developed from pseudonanocubes. Reproduced with permission from ref. 192 Copyright 2014, The Royal
Society of Chemistry.
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Fig. 25
GmbH & Co. KGaA, Weinheim.

container using conventional heating and microwave (MW)-
assisted methods. The SAED pattern confirmed the presence
of hematite nanoparticles, which were arbitrarily found on the
external surface of the MWCNTs (see Fig. 27). It has been

This journal is © The Royal Society of Chemistry 2024

acetonitrile, 70 °C

o
R

Yields:10.7-28.1%
5 examples

o

o
o

Oxidant Yield(%)

TBHP = 41.3
0, =16
H202 =125
TBHP = 93.3
02 =3.7
H202 =10.8
TBHP = 72.0
0, =08
H202 =45

(@) TEM images and the corresponding SAED patterns of Pd doped a-Fe,O3z rod-like particles; (b) HRTEM image of Pd@Fe,Oz, where the
lattice spacing ~0.385 nm, which corresponds to Pd planes. Reproduced with permission from ref. 193 Copyright 2009, Elsevier.

(a) Oxidation of styrene and (b) alcohols catalyzed by Pt@Fe,O3. Reproduced with permission from ref. 199 Copyright 2011, Wiley-VCH

observed that 3 wt% of iron oxide-MWCNTs was found to be
the ideal catalyst for ethylbenzene conversion and selectivity of
styrene, while all others were found to be more selective at
380-450 °C under operation in a MW field. The sample dis-
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Fig. 26 TEM and HR-TEM images of (A, B) PtFe NWs and after catalysis (C, D) Pt@Fe,Os NWs. Reproduced with permission from ref. 199 Copyright
2011, Wiley-VCH GmbH & Co. KGaA, Weinheim.

Fig. 27 TEM images of fresh Fe,Oz modified MWCNTSs: (A) LR image with SAED pattern; (B) HR-TEM image. Reproduced with permission from ref.
204 Copyright 2008, Elsevier.

played excellent styrene selectivity under MW irradiation than However, the influence of lanthanum (La), neodymium
the ones achieved by traditional heating under the identical (Nd), zirconium (Zr), and aluminium (Al) on the structural pro-
reaction parameters. perties of hematite and on its catalytic performance for the
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dehydrogenation of ethylbenzene has been studied;?” all
dopants helped to enhance the specific surface area of the fresh
and recycled catalysts thus rendering them more resistant
against reduction. As the specific surface area rises, the area-
dependent catalytic activity of hematite also increases except in
the case of aluminum which essentially performed only as a tex-
tural agent. Notably, zirconium and lanthanum were the main
dopants which decreased the selectivity of the catalytic pro-
cesses, whereas other dopants did not affect the activity.

The iron-oxide NPs were synthesized within the macropor-
ous resins through hydrolysis of Fe** ions, which were chemi-
cally adsorbed at the pore walls;**° the phase of the ensuing
spherical iron oxide particles (2-5 nm) inserted in resin was
identified as p-FeOOH. They were employed for the hydroxy-
lation of phenol with H,0, measured at 50% of conversion,
when excellent catalytic activity for phenol hydroxylation was
observed because of nanosized B-FeOOH particles within
resins and exhibiting minimal aggregation.

The gold catalyst anchored on iron oxide nanoparticles
were reported for the oxidation of formaldehyde and CO at low
temperature.>®” The catalyst being prepared by the dispersion-
precipitation method,?°®?% termed as FeA. For comparison,
additional iron oxide support (denoted by FeB) was syn-
thesized through precipitation technique. Both the samples
were further decorated with gold nanoparticles and evaluated
for the oxidation of formaldehyde and CO.>°” Oxidation of CO
was accomplished in a U-tube the reactor cooled in an ice bath
containing NH,Cl and NaNO; to obtain primary temperature
of —25 °C. Afterwards the temperature was increased up to
25-80 °C and the initial concentration of CO was maintained
by introducing air to keep the concentration 10 000 ppm and
the flow rate at 50 mL min~" with gas hourly velocity (GHSV)
of ca. 30000 h™'. The HCHO oxidation was achieved by reac-
tant containing 450 ppm HCHO in a 20.8 vol% (0)/79.2 vol%
(N) mixture with a total flow rate was set at 50 mL min~" and
product was analysed by GC. The catalytic activity of Au/FeA
(2.5) and Au/FeB (2.5) in CO and HCHO oxidation were
assessed (Fig. 28c and d). As depicted in Fig. 28¢c, the conver-
sion of CO reached 89% at a temperature of —21 °C, attaining
100% conversion at —3 °C in case of Au/FeA (2.5), whereas
value of only 22% was achieved at —21 °C and the total trans-
formation only accomplished at a temperature of 23 °C on Au/
FeB (2.5). In the case of oxidation of HCHO, Au/FeA (2.5) also
displayed greater performance as compared to Au/FeB (2.5) at
ambient temperature where 33% and 23% conversions were
achieved, respectively (Fig. 28d). However, the catalyst with
2.5-3.5% loading of Au exhibits greater activity for CO conver-
sion compare to others (see Fig. 28e and f). The superior per-
formance of Au/FeA (2.5) was rationalized by considering
higher BET specific surface area of Au/FeA (2.5) (99 m* g™?)
than that of Au/FeB (2.5) (67 m* g~ ). Further, TEM images of
Au/FeA (2.5) showed the existence of smaller particles assumed to
be useful for its higher catalytic applicability (Fig. 28a and b).>”

The iron oxide catalyst has been synthesized by the surface
high-temperature synthesis (STS) approach®'® and the ensuing
materials were deployed for oxidation of H,S; iron oxide was

This journal is © The Royal Society of Chemistry 2024
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also synthesized by the traditional method. The STS approach
was well established for the generation of well-dispersed par-
ticles of active components which in turn showed high cata-
lytic performance.”’"*'*> The TEM images of FeO,/GFC glass-
fiber catalysts (GFC) and traditionally synthesized FeO,/Al,O;3
catalyst are shown in Fig. 29; FeO,/GFC shows the localized
silica through large porous particles, while iron oxide exists
mainly as flattened Fe,O; islet with 1-2 nm long and a thick-
ness of 0.5-1.0 nm. The conventional catalyst based on iron
oxide in alumina is found with particle size (15-30 nm) over
the surface of a-Al,O; support. It has been affirmed that FeO,-
based GFC, synthesized from Fe(u) nitrate and glycine by the
STS method is more active for selective H,S oxidation with
high conversion (55-60% at 200 °C) than conventional Fe,O5/
Al,O3 granular catalyst.

The porous silicate supported iron oxide NPs were syn-
thesized by the continuous flow methodology and applied it
for the oxidation of benzyl alcohol;**® synthesis of porous sili-
cates supported iron oxide NPs being illustrated in Fig. 30a.
The black stripes on gray silica grains of iron nanoparticles for
FeAlSi and FeZrSi samples with 6-12 and 5-27 nm, respect-
ively, were investigated by TEM analysis (Fig. 30b-e). The cata-
Iytic activity decreased with increasing iron content as
depicted in Fig. 30f. The 51-66% conversion of benzyl alcohol
and 69-85% selectivity to benzaldehyde for Fe/Al-SBA-15 cata-
lyst was observed (Fig. 30g). Later, an ultra-small (<10 nm) iron
oxide hydroxide nanocatalyst have been synthesized and
deployed it for various oxidation reactions like alcohol oxi-
dation, epoxidation of alkenes and organic sulfide oxidation.*'*

Adipic acid plays a fundamental role in the synthesis of
polymers, fertilizers, lubricants, and insecticides.”'>*'®
Recently Raja and coworkers®'” have fabricated the iron and
tungsten oxide-incorporated MC sphere (Fe-W-MC) with
diverse carbon origins via in situ hydrothermal method. The
SEM images of 10Fe 90 W-MC FF (for fructose) and 10Fe 90
W-MC GF (for glucose) revealed sphere like morphology
(Fig. 31a and b). Notably, 10Fe 90 W-MC FF demonstrated that
the carbon spheres produced with fructose was consistently
spherical and evenly distributed, exhibiting a homogeneous
surface (Fig. 31a). The HR-TEM images of 10Fe 90 W-MC FF
(Fig. 31c and d) revealed that the distinctive d-spacing values
of 0.29 and 0.23 nm, signifying the presence of Fe;O, and
Fe,O; respectively. Additionally, lattice d-spacings of 0.31 nm
were identified, corresponding to orthorhombic WOj;. This
well characterized 10Fe 90 W-MC FF catalyst was employed for
the synthesis of adipic acid from cyclohexanone using H,O, as
an environmentally friendly oxidant under solvent-free con-
ditions with the highest conversion of 93% in 12 h which is
more than the traditional process of production of adipic acid
from KA (ketone-alcohol) oil.**®

Heterogeneous mesoporous Fenton nanocatalyst was syn-
thesized using aluminum oxide anchored on iron-oxide as a
support (Al,0;@Fe,05)*'° via fabrication by self-assembly
pathway (see Fig. 32a). TEM images of Al,0;@Fe,05-2 core-
shell nanoparticles displayed that the self-aggregation of tiny
spherical nanocrystals with size of 15-20 nm (see Fig. 32b).
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Fig. 28
of CO. Reproduced with permission from ref. 207 Copyright 2015, Elsevier.

The exterior of the a-Fe,O; layer can be distinctly visible with
(012) lattice fringes (see Fig. 32c). Furthermore, the Fast
Fourier Transformation (FFT) pattern of Fig. 32¢ was displayed
in Fig. 32d, which demonstrated the existence of y-Al,O; and
a-Fe,0;. The diffraction spots observed in the FFT pattern
accurately matched and indexed with the crystal structures of
y-Al,O3 (A) and o-Fe,O; (F) (see Fig. 32e). The as prepared
AL,O;@Fe,0;-2 catalyst has a very high BET surface area of
385 m” g~ with an average pore size of 3.2 nm. This meso-
porous Al,O;@Fe,0;-2 nanocatalyst demonstrated significant
catalytic activity in the one-pot transformation of cyclohexa-
none into adipic acid in a water-based system in presence of
H,0, as a green oxidant. Recently, TiO,@Fe,0; catalyst pre-
pared via sol-gel method was employed for the cyclohexene
oxidation using molecular oxygen achieved an impressive 97%
selectivity for adipic acid.”*°

Although oxygen gas is the most cost-effective and easily
accessible oxidant, its utilization is limited due to the safety

7606 | Green Chem., 2024, 26, 7579-7655

(a, b) TEM images of Au/FeA; (c, d) CO and HCHO conversion curves over Au/FeA and Au/GeB; (e, f) Effect of Au loading on the conversion

concerns associated in terms of its handling. Consequently, it
is one of the least commonly employed reagents in chemical
processes.”*"**> By considering up-to-date research findings
on this issue, pure oxygen can be safely utilized on a large
scale in continuous-flow reactors for liquid-phase aerobic oxi-
dations. Moreover, this approach offers significant advantages
in terms of synthetic outcomes and manufacturing efficien-
cies. The pharmaceutical industry can draw valuable insights
from the established protocols in the bulk chemicals sector for
handling aerobic oxidation processes. For successful
implementation of large-scale molecular oxygen processes, it
is imperative to foster collaboration among process chemists,
chemical engineers, and process safety experts.”*

2.4. Alkylation reactions

Friedel-Crafts alkylation reactions are universally known for
the synthesis of the industrially significant organic com-
pounds. e.g., alkylation of benzene with benzyl chloride (BC)

This journal is © The Royal Society of Chemistry 2024
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Fig. 29 TEM images of the FeO,/GFC (left) and conventional FeO,/Al,O5 catalyst (right). Reproduced with permission from ref. 210 Copyright 2016,
Elsevier.
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Fig. 30 (a) Schematic for continuous flow synthesis of Fe;,Oz NPs; (b—e) TEM images of FeAlSi150_0.1_40, FeZrSi150_0.1_40, FeSiAl200_0.1_40
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Fig. 31 (a, b) SEM Images of 10Fe 90 W-FF and 10Fe 90 W-GF respectively; (c, d) HR-TEM images of 10Fe 90 W-FF. Reused with permission from

ref. 217 Copyright 2022, Elsevier.

2247226 whose derivatives serve

pharmaceuticals and fine
chemicals.**”**® In this chemical reaction, iron oxide NPs
exhibits an influential role.

In this regard, a Fe/SBA-15/carbon materials (Fe,O3;-SBA-15
and Fe-carbon) prepared by chemical vapor infiltration (CVI)
process utilizing ferrocene as source of Fe and carbon raw
materials.**° These Fe,O; NPs, anchored on SBA-15 silica or
metallic Fe consistently introduced in MC, were prepared by
selective oxidation of the carbon constituent in air or by elimi-
nating the silica template, respectively. Two sets of catalysts
were prepared namely Fe,03;/SBA-15-t and Fe/carbon-t (where ¢
represents minute), via two different processes. Fe,03/SBA-15-t
catalyst were obtained via calcination of the Fe/SBA-15/carbon
composites at 500 °C in an aerobic atmosphere for 3 h to elim-
inate the carbon precursor with concurrent formation of Fe,O;
from Fe species. On the other hand, the Fe/carbon-t were pre-
pared by calcination of the Fe/SBA-15/carbon materials at
800 °C in Ar for 2 h.>*® Fig. 33 depicts the TEM of different
Fe,03/SBA-15-t composites, where the catalyst synthesized at
t = 20 min showed a fairly uniform distribution of Fe,O; NPs
with ~2 nm (loading 21-22 wt%) in the mesoporous channels

enables routes to benzylbenzene,
as essential scaffolds for

7608 | Green Chem., 2024, 26, 7579-7655

of SBA-15. Fe,05-15-40 form small aggregates and Fe,O; nano-
particles in Fe,03/SBA-15-60 show lattice fringes of 0.275 nm
(see Fig. 33b and c, inset), confirming the hexagonal hematite
phase. Fe,05-15-40 displayed excellent catalytic activity and
selectivity for the benzene alkylation with BC. Importantly,
Fe,03/SBA-15 offered high selectivity and its catalytic perform-
ance was extremely sensitive to the reaction temperature. Both
Fe,03/SBA-15-20 and Fe,03/SBA-15-40 catalysts exhibited good
BC conversion (94%) within 5 and 10 min, respectively. The
catalyst Fe,03/SBA-15-40 synthesized by impregnation tech-
nique with the same Fe,0; loading (denoted a Fe,O3/SBA-15-
40-im) showed a much less conversion compared to the Fe,O;/
SBA-15-40 catalyst.

For the purposes of Friedel-Crafts acylation, the a-Fe,O3;
NPs (30 nm) were synthesized employing superabsorbent
nanopolymer (SANP) via thermal treatment.>*® The salient
feature of this approach has been to use salep-g-poly acrylic
acid (salep-g-PAA) as a less expensive and easily accessible
coating material which possesses -OH and -COOH functional
groups to increase the binding affinity to metal ions as well as
to manage the size and structure of o-Fe,O; excluding for-
mation of clusters.>*">** A variety of aromatic ketones were

This journal is © The Royal Society of Chemistry 2024
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Fig. 32 (a) Schematic synthesis of Al,Oz@Fe,Oz mesoporous core—shell catalyst; (b—d) TEM images of Al,Oz@Fe,O3-2; (e) Crystal structures of
v-Al,Os3 (A) and a-Fe,Os(F). Reproduced with permission from ref. 219 Copyright 2013, Wiley-VCH GmbH & Co. KGaA, Weinheim.

formed in moderate to good yields (71-94%) with low mol% of
the catalyst (1 mol%) in 1 h (see Fig. 34). Further, catalytic per-
formance of a-Fe,0; NPs was explored for Friedel-Crafts acyla-
tion reaction with p-methyltoluene and benzyl bromide
afforded product with good yield (87%).

Preparation of iron oxide NPs using a hydrothermal proto-
col has been reported for alkylation of benzene with BC to
generate diphenylmethanes.>*® The benzylation of benzene
with BC was performed using a-Fe,O; nanoparticles, and the
corresponding product was obtained in excellent activity and
selectivity; benzylation reaction over a-Fe,O; NPs were also
explored for substituted aromatic compounds, e.g., toluene

This journal is © The Royal Society of Chemistry 2024

and p-xylene (see Table 1). It has been observed that 100% con-
version of BC was obtained within 3 min.

Activated hematite catalyzed Friedel-Crafts acylation of
benzene (i.e., chlorobenzene and nitrobenzene) has been
reported under benign conditions.”** The activation of hema-
tite was achieved via sonication under air atmosphere, fol-
lowed by heating at 200 °C, which certainly helped improve
the activity of the catalyst. A range of benzene derivatives were
smoothly transformed to the desired acylated compounds with
moderate to good yields (Fig. 35) and the activated o-Fe,O3 can
be recovered with minor loss in catalytic performance. The
benefits of employing this solvent-free methodology encom-

Green Chem., 2024, 26, 7579-7655 | 7609
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Fig. 33 (a—d) TEM images of Fe,03/SBA-15-20; Fe,O3/SBA-15-40; Fe,03/SBA-15-60; and Fe,Os/SBA-15-90 catalysts respectively; inset in (c): high-
resolution TEM image of (104) reflection of a-Fe,Os. Reproduced from ref. 229 Copyright 2009, Elsevier.

Fez04 NPs (1 mol%)

ArH + 90 °C, 1h

Yield-94 %

Fig. 34 Friedel-Crafts acylation using the hematite nanoparticles.?*°

pass easy reaction set-up, mild reaction parameters, greater
efficacy, and selectivity, which bodes well for the future use of
the catalyst for various other greener organic transformations.
Recently, Guo and colleagues®*® reported a blend of
mechanically combined lipophilic a-Fe,O; and CaCO; NPs as
a highly effective catalyst in the Friedel-Crafts acylation reac-
tion. In this study, a-Fe,O; nanoparticles were synthesized
using a continuous precipitation method in a micro-mixer,

while CaCO; NPs were prepared in a flow reactor (see Fig. 36).
The modified NPs were then deployed as catalysts in the acyla-
tion process, leading to a high yield of 97.8% under optimized
conditions. Interestingly, the addition of CaCO; NPs enhanced
the catalytic efficiency compared to using only modified
a-Fe,O3; NPs. This novel acylation method demonstrated effec-
tiveness across various substrates.

2.5. Fischer-Tropsch synthesis

The transformation of syngas into value-added linear hydro-
carbons, popularly referred to as Fisher-Tropsch synthesis
(FTS), is considered an important chemical transformation in
heterogeneous catalysis.?**>*® However, creating FTS catalyst
for the production of an array of compounds with greater per-
formance and selectivity still remains a formidable task for
chemists, the use of iron-based catalyst can potentially offer a
viable solution because such inexpensive, earth-abundant

Table 1 Effect of various electron donating groups for the alkylation of benzene over a-Fe,Oz NPs

Substrate Time (min) Temp. (K) BC conversion (%) Reaction products (selectivity (%))

Benzene 3 358 100 Diphenylmethane (97.76%)

Toluene 3 368 100 o-Benzyltoluene (52.36%)
p-Benzyltoluene (47.64%)

p-Xylene 3 378 100 2-Benzyl-1,3-dimethylbenzene (99.93%)

7610 | Green Chem., 2024, 26, 7579-7655
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Fig. 35 Friedel-Crafts acylation and benzoylation of aromatic com-
pounds. Reproduced with permission from ref. 234 Copyright 2010,
Wiley-VCH GmbH & Co. KGaA, Weinheim.

materials have displayed good performance and have capacity
to produce various hydrocarbon compounds such as diesel,
wax, gasoline to C,-C, olefins or paraffins.”**>*

The graphene oxide incorporated monodispersed iron
oxide NPs were employed as a catalysts for FTS.>** In this

Iron (III)

sulfate

Valve assisted

Ammonia

View Article Online
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process, it was discovered that the thermal behavior of sup-
porting materials was important for good catalytic perform-
ance and selectivity especially for Cs, hydrocarbons. The size
and the structure of monodispersed iron oxide NPs and the
final catalyst, Fe/PGO (pyrolytic graphene oxide), are depicted
in Fig. 37. It was noted that the iron oxide nanoparticles were
keeping the cubic morphology with a size of about 8 nm (see
Fig. 37a) and can be accumulated into a “supper lattice”
assembly because of their homogeneous distribution;**> iron
oxide NPs were very well-dispersed throughout the carbon
support (see Fig. 37b). Because of the heat processing, the
amount of “O” and “S” species decreased, and the degree of
graphitization increased. It is noteworthy to highlight that
oxygen groups onto the surface could change the surface fea-
tures of the active iron form, which provides diverse catalytic
performance.

The prepared catalyst has been employed for the CO conver-
sions as time-on-stream function of FTS at 270 °C and their
product selectivity’s are depicted in Table 2. At the fixed iron
loading for all catalysts (10%), when graphitization tempera-
ture was increased to 380 °C ((Fe/PGO-380), and 600 °C (Fe/
PGO-600)), clearly an improved CO conversion was observed.
As increasing treatment temperature up to 800 °C, only mar-
ginal increase in the activity was noticed when compared to

AF-2400
10 mL

micromixer _l
Further  calcium hydroxide Further
reatment treatment
NP OMe
ik ol CaCO: NPs
Flow chemistry
| O/;/ -

Fig. 36 Schematic representation of continuous flow setup for Friedel-Crafts acylation reaction. Reproduced with permission from ref. 235

Copyright 2018, Elsevier.
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Fig. 37 (A and B) TEM images of iron oxide NPs and Fe/PGO respectively (scale bars: 50 nm). Reproduced with permission from ref. 244 Copyright

2013, Elsevier.

Table 2 Optimization study of the FTS reaction over the catalysts®

Selectivity in hydrocarbon wt.%

Catalysts Conversion% CO, yield (%) CH, Methanol C,-Cy Cs+ Olefin/paraffin in C,-C,
Fe/PGO 10.2 0.6 21.4 9.7 52.0 16.9 0.24
Fe/PGO-380 30.4 5.1 21.2 8.6 46.6 23.6 0.77
Fe/PGO-600 35.0 10.8 12.7 3.2 39.1 45.0 1.57
Fe/PGO-800 36.7 10.1 12.6 3.2 36.8 47.4 1.44
Fe/AC-HNO; 7.8 0.7 22.5 6.7 47.1 23.7 0.80
Fe/AC-HNO;-800 13.6 1.7 16.0 4.1 40.8 39.1 1.28

?Reaction parameters: 80 mg catalyst having 10% iron, 3 MPa syngas,' 270 °C. The C,~C, oxygenates were included in the C,~C, products.

Fe/PGO-600, signifying the similar physical properties of
PGO-600 and PGO-800; comparable selectivity patterns were
discerned for activated carbon containing catalysts, Fe/
AC-HNO; and Fe/AC-HNO;-800, based on PGO resources.

The dynamic behavior of the model iron-based Fisher—
Tropsch catalysts has been demonstrated wherein Ag and Cu
delafossite model systems were synthesized via co-precipitation
method under basic conditions using metal nitrates as precur-
sors, followed by calcination at elevated temperatures.>*® The
catalysts were characterized using AAS, XRD, and Mdssbauer
spectroscopy and the catalytic activity was assessed in a slurry
reactor. Upon activation of the catalysts under different con-
ditions, via H, and CO-activations (commonly employed for FT
catalysts), the evolution of the different phases was monitored
using in situ XRD to understand the dynamic performance of
such catalytic systems. The presence of either Ag or Cu assisted
in the generation of magnetite during the H,-activation step,
which ultimately resulted into conversion of magnetite into
metallic iron, possibly via H,-spill-over. However, for CO-acti-
vation, the influence of as synthesized catalysts (Cu, and Ag
catalyst) seems to be less prominent. Silver nanoparticles dis-
played higher catalytic activity generating not only the olefinic
products but also relatively higher amount of undesired CO,

7612 | Green Chem., 2024, 26, 7579-7655

byproduct. The generation of CO, has been attributed to the
existence of superparamagnetic iron species formed during
the activation step and/or reaction conditions. Alternatively,
hydrogen transfer from the group 11 metal surface could
partly reduce the magnetite surface, aiding in the carburiza-
tion process; Fig. 38 illustrates the changes in iron-based FT
catalyst with group 11 metals presents.

The contribution of hematite in the precipitated iron-based
reported for FT catalysts, by Duvenhage and co-workers;**”
where the co-precipitation method was used originally
reported by the same group. By simply varying the hold time
between the precipitation and the filtration steps, the content,
and the crystallite size of hematite in the catalysts could be
tuned. In their catalytic studies, the low amount of hematite
content (1.5 to 25 wt%) did not improve the performance of
the catalysts presumably due to lower surface area and pore
volume. However, catalysts with hematite content between 25
to 45 wt% not only displayed better catalytic performance but
higher reducibility and improved attrition resistance.

The influence of support for the iron-based FT catalysts
were analyzed by preparing four supports namely SBA-1
(silica), activated carbon (carbon), CMK-3 (carbon) and CNTs
(carbon) and incorporated Fe-species via incipient wetness

This journal is © The Royal Society of Chemistry 2024
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Fig. 38 Schematic diagram for the transformations over the iron-based FT catalyst. Reproduced with permission from ref. 246 Copyright 2013,

Elsevier.

impregnation method.>*® After a calcination step under nitro-
gen, these materials were treated with CO as a part of the acti-
vation step; finally, they were characterized and studied for the
FT synthesis. During the calcination step, hematite was
formed when silica was used as a support, while the decompo-
sition of iron nitrate in carbon materials mostly formed Fe;0y,,
which cannot exclude the presence of maghemite phase. The
CO activation step allowed the facile carbidisation process to
yield Fe-carbide. Among these hybrid systems, silica-supported
catalysts exhibited the lowest performance compared to
carbon-supported catalysts presumably because of the vari-
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ation in phase compositions. The greater catalytic performance
was obtained with carbon-nanotube supported catalysts
(Fig. 39b). The variation in performance was ascribed to the
existence of the Fe-oxides as well as the formation of Fe-
carbide during the CO-activation step (Fig. 39a). In case of
CNTs, the highest activity was explained by the formation of
Fe-carbide-magnetite core-shell nanoparticles, which act as
“nodules” in a confined area exhibiting higher performance. It
is crucial to emphasize that the catalysts without CO-activation
did not catalyze the reaction, confirming that the iron-carbide-
magnetite core-shell serve as efficient catalytic centers.
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Fig. 39 (a) Evolution of iron species over silica and carbon support for CO activation; (b) Catalytic performance of iron catalysts. Reproduced from

ref. 248 Copyright 2014, Elsevier.
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A relatively new and sophisticated inelastic neutron scatter-
ing (INS) technique was deployed to probe the mechanistic
details of the hydrogen pre-treatment process for iron-based
FTS catalysts used in CO hydrogenation.**® The study was per-
formed using hematite (prepared by co-precipitation method)
as pre-catalysts, which were first activated using H,, at two
different temperatures (623 and 723 K), and then subsequently
investigated for CO hydrogenation using INS technique,
coupled with TEM, XRD and other material characterization
techniques. The INS spectra indicated the presence of carbon-
aceous layers with primarily saturated hydrocarbons for the
samples heated at 623 K. However, this activation step for the
high temperature sample exhibited larger quantity of amor-
phous carbons on the surface, thereby reducing the catalytic
performance. The research showed that the activation step
might be disadvantageous for such catalytic systems although
a detailed mechanistic investigation is warranted.

The surface characteristics of 1D nanostructured iron
oxides exhibit significant distinctions when compared to their
counterparts with spherical shapes.>>**' Among them, nano-
tubes are of particular importance due to its rolling, which
imposes stress and allows the electron wave functions to be
different within nanotubes interior and exterior walls. In FTS,

View Article Online
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the selectivity of the product is the main issue because of
Anderson-Schulz-Flory distribution of hydrocarbons.>*> Well-
defined pore size, structure and surface properties have signifi-
cant effect on the selectivity of FTS products.”***** Thus, nano-
tubes with unique properties such as mesoporous structure,
uniform PSD, and surface properties are attractive for FTS.
Recently, Sun and co-workers has synthesized Fe,O; nanorods
and nanotubes by the hydrothermal process of ferric chloride
in the existence of KH,PO, at 220 °C at certain reaction
time.”>® TEM images of nanorods prepared after 6 h, show a
diameter of around 80 nm and a length of 270 nm. The nano-
tubes synthesized after treatment for 48 h, show outer dia-
meters, inner diameters, and lengths between 60-80, 40-60
and 260 nm respectively (Fig. 40).

The catalytic FTS reaction under simulated industrial con-
ditions at 280 °C, 2.0 MPa, and a H,/CO ratio of 2 revealed that
the activity of Fe,O; nanorods increases primarily for 16 h and
reaches a maximum value of 39.5% and then falls slowly up to
12.9% at 120 h. On the other hand, for Fe,O; nanotubes the
CO conversion values reached a maximum within 16 h, and
remained constant during the 120 h period. The ratio of
olefins to paraffin (O/P) for Fe,O; nanorods and nanotubes
was found to be 1.85 and 3.0, respectively along with the

Fig. 40 (a, b) SEM and TEM analysis of Fe,O3 nanorods; (c, d) SEM and TEM images of Fe,Os nanotubes. Reproduced with permission from ref. 255

Copyright 2016, The Royal Society of Chemistry.
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selectivity for Cs, products (63.4% and 72.1%, respectively).
These findings clearly indicate superior selectivity’s of nano-
tubes over nanorods. Reduction and carburization of Fe-based
catalysts allegedly activate catalyst for FT synthesis due to
carbide formation.>*®

Co- and Fe-based catalysts®®” were investigated for FT
process wherein Fe-based catalyst were synthesized by report-
edly similar method in which a Fe(100)/Zn(10) precursor
(atomic ratios) mixture was obtained by semi-batch-co-precipi-
tation of Fe and Zn nitrates at constant pH to produce porous
Fe-Zn oxy/hydroxycarbonate powders. The obtained powders
were heated at 350 °C for 1 h and further facilitated by potass-
ium carbonate and copper nitrate by incipient wetness impreg-
nation method, followed by calcinations at 400 °C for 4 h.
Samples with a Cu/Fe a (0.01) and K/Fe with atomic ratios of
0.02, 0.04 and 0.1 were also synthesized; denoted as “Fe2K”,
“Fe4K” and “Fe10K” respectively.

All prepared catalysts were deployed in FT process under
various reaction conditions. During the hydrogenation of CO,,
conversion of H, and CO, were found of 20% and 9%, respect-
ively. The degree of the conversion remains constant over the
entire period of the reaction (60-80 h). In fact, in addition to
water, gaseous and liquid hydrocarbons, a significant amount
of CO was observed in the product pool. Subsequent to sub-
jecting the catalyst to testing in the presence of CO,, the
activity of the catalysts with H,/CO mixtures were evaluated for
comparative study analysis when CO and H, conversions were
identified as 12% and 22%, respectively, which are greater
than with the similar H/C ratio of H,/CO, mixture. These find-
ings suggest that CO, has lesser performance than CO under
similar conditions for an iron-based catalyst. Remarkably, it
was found that in contrast to the CO, conversion rates, the
hydrocarbon distributions achieved from the hydrogenation of
CO and CO, were completely different. For CO, a direct
Anderson-Schulz-Flory (ASF) distribution of hydrocarbons was
accomplished, with probability of chain growth for the C3-C10
species of 0.71 and a small negative deviation from the linear
trend of species C1 and C2. These results are completely con-
sistent with the existing literature,?*®*2° which suggests that
the alkali-doped Fe-based catalysts show less selectivity for
CH, during the hydrogenation of CO.*°" In contrast, for CO,,
the yield of hydrocarbons (C1-C3) is substantially better and
the chain growth probability of species C3-C10 decreased to a
degree of 0.65. The other fractions of olefins, specifically C2-
C10 products, are also found as a function of the carbon
number. In this case, the olefin fractions decrease monotoni-
cally with C number, tending to an asymptote value close to
70% for C4-C10 species. It indicates that the distribution of
product and the yield of olefin in the hydrocarbons are con-
stant over the course of continuous CO hydrogenations and,
after catalytic tests with CO,, the mixture H,/CO quickly
reaches a steady state after switching back.

An et al.*®* synthesized Fe;0,@iron carbide NPs by pyrol-
ysis of Fe-containing MOFs for FTS. The synthesis of the
Fischer-Tropsch catalyst Fe-MIL-88B/C and Fe-MIL-88B-NH,/C
is illustrated in Fig. 41a. The formation of surface carbonates

This journal is © The Royal Society of Chemistry 2024
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comes from the CO in the feed gas, as shown in Fig. 41b; core-
shell Fe NPs were uniformly distributed on iron carbide. The
lattice planes (311) and (111) correspond to the inner core
Fe;0, and the outer shell y-FesC,, respectively (Fig. 41c). In the
first 30 hours, the catalyst activity increased and then remains
constant with no evidence of quenching even after 200 hours.
The selectivity to olefins and long-chain hydrocarbons remains
unchanged during test (Fig. 41d and e).

Recently, Wu et al.*>®® reported boron carbon nitride sup-
ported iron oxide nanocatalyst (Fe@BCNNSs) through thermal
decomposition for the FTS. The TEM images affirmed that the
black iron oxide nanoparticles were evenly dispersed across
boron carbon nitride sheet (BCNNs) with particle size of
2-18 nm (Fig. 42a and b). The lattice space of dark particle
and the encapsulated layer was 0.21 nm and 0.34 nm, respect-
ively (Fig. 42c and d). The conversion of CO enhanced remark-
ably with increasing reaction temperature at 320 °C and
reached 95% at 340 °C over Fe@BCNNSs catalyst (Fig. 42f).
The selectivity for different hydrocarbons is also illustrated
(Fig. 42e). The increased stability of the catalyst is due to the
special encapsulated structure even after 1000 hours of oper-
ation. The BCNNSs shell prevents catalyst deactivation under
high temperature conditions.

2.6. Multicomponent reactions

Multicomponent reactions (MCRs) involve the simultaneous
reaction of three or more reactants within a single vessel to
produce a final product that incorporates features from all the
reactive components.>®* 3,4-Dihydropyrano[c]chromenes and
its analogues are important building blocks in numerous
areas including chemistry, biology and pharmacology;**> >
representative compounds from this class display spasmolytic,
diuretic, anti-cancer, anticoagulant, and anti-anaphylactic
activities.””**”! Additionally, they can be employed as a cogni-
tive activator for the therapeutic interventions of neurodegen-
erative diseases, such as Alzheimer’s disease, Huntington’s
disease, amyotrophic lateral sclerosis, etc.>”>?”?

In this context, the combustion-based preparation of o-
Fe,O; nanopowder were developed®”* and their catalytic per-
formance was studied for single step preparation of 3,4-dihy-
dropyrano[c]chromenes under mild and benign reaction con-
ditions. The o-Fe,O; nanopowder was found to be very
effective for the three-component condensation of aldehyde,
malononitrile and 4-hydroxycoumarin at RT (Fig. 43). This
appears to be an ideal alternative for the preparation of 3,4-
dihydropyrano[c]chromenes as the reactions are rapid, clean,
and the target compounds are obtained with satisfactory
yields. The recyclability of a-Fe,O; catalyst was also inspected
wherein the catalyst can be recovered readily and they are reu-
sable till five tested cycles.

Afterwards, iron oxide nanocatalyst was used for benzimida-
zoles synthesis.?”> The acidic nature of the prepared iron oxide
catalyst activates aldehyde which participates in the nucleophi-
lic addition of amine. In the next steps, Michael addition and
air oxidation lead to the benzimidazole product. Recently, a
benign nanocatalyst (NiFe,O,/geopolymer) were prepared for

Green Chem., 2024, 26, 7579-7655 | 7615
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Fig. 41 (a) Schematic representation for the synthesis of Fez04@FesC, nanocatalyst; (b) Schematic diagram for production of Fes0,@FesC; cata-
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Fig. 43 One-pot preparation of 3,4-dihydropyranolclchromenes catalyzed by a-Fe,Oz. Reproduced with permission from ref. 274 Copyright 2010,

Elsevier.

the synthesis of imidazole derivatives via ultrasonication.>”®
The nanocomposite was prepared by two steps including (i)
synthesis of NiFe,0, NPs by coprecipitation method, and (ii)
synthesis of bentonite-based geopolymer and the addition of
NiFe,0, NPs to geopolymer (Fig. 44a). The cubic shape and
particle size (30 nm) of NiFe,O, NPs were studied by FE-SEM
analysis (Fig. 44b and c). Fig. 44d and e shows the presence
and dispersion of NiFe,O, NPs on geopolymer. The stepwise
mechanism is depicted in Fig. 44f. The Lewis acid sites of the
nanocomposite activates the aldehyde while ammonium chlor-
ide was used as a nitrogen source for the synthesis of imid-
azole derivatives.

The Biginelli reaction is notably acknowledged for its role
in the syntheses of dihydropyrimidones/thiones and essential
compounds with biological significance.>®* Bhaumik and co-

This journal is © The Royal Society of Chemistry 2024

workers®”” developed chemically conjugated catalyst that has
been engineered through the thio-ene click reaction, incorpor-
ating Fe;0, NPs into mesoporous SBA-15 (Fe;0,@SBA-15). The
HR-TEM image confirms honey-comb like hexagonal pattern
(see Fig. 45a) with a pore size ranging from 6-7 nm and
selected area electron diffraction (SAED) pattern affirms the
existence of crystalline Fe;O, (see Fig. 45b). This as prepared
Fe;0,@SBA-15 heterogeneous catalyst was utilized in the one-
pot Biginelli condensation process (Fig. 45c) enabling the syn-
thesis of diverse and valuable 3,4-dihydropyrimidin-2(1H)-
ones.

Additionally, highly innovative and efficient green catalyst
i.e. Fe30,@[Ni(bpy),(py-tmos)] was developed for the Biginelli
condensation reaction’”® and this well characterized nano-
catalyst was employed for the synthesis of a broad spectrum of

Green Chem., 2024, 26, 7579-7655 | 7617
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3,4-dihydropyrimidin-2(1H)-ones from the mixture of urea, aro-
matic-aldehyde and ethyl-acetoacetate. The synthesis of
a-aminonitriles, critical intermediates for a-amino acid deriva-
tives, amides, diamines, peptides, proteins, and heterocycles,
was accomplished through the Strecker reaction, using methyl-
arene oxidation. This reaction, considered one of the oldest

7618 | Green Chem., 2024, 26, 7579-7655

and most cost-effective methods, involves the nucleophilic
addition of cyanide ions to imines. Similarly, wet impregnation
method was deployed for the fabrication of nanocrystalline
spinel ferrites i.e. ZnFe,0,.>” It is represented by MFe,O, (M =
Ni, Zn, Mn, Co, Mg, etc.), and these heterogeneous Lewis acid
catalysts are attracting significant attention for their unique

This journal is © The Royal Society of Chemistry 2024
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structures, superior selectivity, and catalytic activities com-
pared to monometallic counterparts.>®® The most favorable
outcome has been achieved when using ZnFe,O, as a dual
catalyst, among these metal oxides (ZnFe,O, > NiFe,O, >
Fe;0,). Due to high Lewis acidity of as prepared ZnFe,0, cata-
lyst further utilized for the Strecker reaction in presence of KI.
Additionally, KI could serve as a scavenger for any elemental
iodine that might be produced during the reaction, preventing
side reactions and improving the yield of the desired product.
This as prepared KI/ZnFe,O, catalytic system utilized for oxi-
dation of methyl arenes using aqueous tert-butyl hydroperox-
ide (TBHP) as the oxidizing agent and trimethylsilyl cyanide
(TMSCN) as a nitrile source, achieving a yield of up to 88%
within 2 h.

2.7. Miscellaneous reactions

In this section, a variety of miscellaneous catalytic reactions,
exploring iron oxide NPs are described. Nanomaterials with a
core/shell assembly can be developed with various elements/
components to prepare multifunctional materials to fine tune
their catalytic performances.’®*#"*%> Besides composition, the
size,”®® shape,*®* and assemblies also affect the -catalytic
activity. The anisotropic nanocomposites display versatile fun-
damental properties and considerable efforts are being made
for the synthesis of novel functional 1D core/shell
nanomaterials.>*>2%¢

A reusable rod-like B-FeOOH@poly(dopamine)-Au-poly
(dopamine) nanomaterials were prepared for reduction of
Rhodamine B (RhB).>*” Initially, p-FeOOH was coated with
poly(dopamine)(PDA) to generate a core/shell nanomaterial,
followed by the decoration of Au nanoparticles on
f-FEOOH®@PDA nanorods. Another layer of PDA then coated
onto the ensuing particles to avoid the leaching of Au nano-
particles (see Fig. 47A). TEM images of the nanomaterials
during various steps are depicted in Fig. 47B, which shows an
average size of the p-FeOOH nanorods amounting to 260 nm.
The obtained B-FEOOH@PDA core/shell nanoparticles were
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properly distributed on to Cu grid leaving out agglomeration.
Next, the catalytic applicability of p-FeEOOH@PDA-Au was
examined for the reduction of Rhodamine B (RhB) where the
amount of catalyst used seemingly played a pivotal role as the
catalytic activity strongly improved with the increasing quantity
of the catalyst. Due to the thin shell layer of PDA, the re-
usability of f-FeOOH@PDA-Au-PDA radically increased; excel-
lent yield of 98% was obtained even after five cycles when
using p-FeOOH@PDA-Au-PDA as catalysts, whereas the
B-FeOOH@PDA-Au demonstrated that it was maintained at
only 73%.

Earth surface contains its fair share of toxic conditions,
which renders iron prevailing in the form of Fe(ur) (oxyhydr)
oxide minerals. Nonetheless, because of the microbial respir-
ation, this subsurface environment become anoxic which
could turn to reduction of iron species, including aq. Fe(u) and
aq. Fe(ur). The co-occurrence of aq. Fe(u) and Fe(u) (oxyhydr)
oxides is normal at redox interfaces within the enduring of Fe
(u)-containing primary rocks, the upsurge of anoxic spring
water, and microbial iron species reduction. The chemical
reaction of aqueous Fe(u) with iron oxides occurs macroscopi-
cally via cation sorption at principally passive oxide
surfaces.”®® 2! Scherer and co-workers**> reported Fe atom
switch within hematite and aq. Fe(u) under mild reaction con-
ditions, where aqueous Fe(u) has been exchanged with Fe(i) of
goethite devoid of any substantial phase alteration although it
not clear that the aqueous Fe(u) endures related interchange
reactions with hematite Fe(m). In this study, an enriched *’Fe
tracer was used to confirm that aqueous Fe(u) exchange with
structural Fe(m) hematite at RT, and it was found that the
quantity of interchange was affected by size of the particle, pH,
and the concentration of Fe(n). In their experimental studies,
hematite (80 nm, 27 m* g') in an aqueous medium of Fe(u) at
pH = 7.0, was kept for thirty days, which resulted in ~5% of its
structural Fe(u) atoms interchanging within Fe(u) in solution
phase; being comparable to nearly one surface iron coating.
Notably, hematite nanoparticles (50 nm, 54 m* g~") displayed

Fig. 46 (a, b) SEM images of FezO,4-bpy-Ni(i). Reproduced with permission from ref. 278 Copyright 2018, Wiley-VCH GmbH & Co. KGaA,

Weinheim.

This journal is © The Royal Society of Chemistry 2024
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Fig. 47 (A) Synthesis route of p-FeOOH@PDA—-Au—PDA nanostructure; (B) TEM images of prepared catalysts: (a) p-FeOOH, (b) p-FeOOH@PDA, (c)
B-FEOOH@PDA-Au, and; (d) p-FeOOH@PDA-Au-PDA. Reproduced with permission from ref. 287 Copyright 2015, The Royal Society of Chemistry.

roughly 25% exchange (~3x surface Fe) in aqueous Fe(u), indi-
cating that structural hematite Fe(i) was convenient for liquid
at existence of Fe(i). Importantly, the magnitude of exchange
in hematite rises up with pH up to 7.5 and then starts to drop,
presumably due to saturation of surface site sorbed by Fe(u).
However, exchange levels decreased when aq. Fe(n) was
enhanced above surface saturation limit. Overall, it can be con-
cluded that even though hematite being the supreme thermo-
dynamically stable iron oxide, Fe(u) can catalyze Fe atom inter-
change among aq. Fe(n) and bulk hematite. Remarkably,
HR-TEM images of the hematite NPs before and after the reac-
tion remained unchanged (see Fig. 48) and the absence of any
new phases were affirmed by XRD analyses.***

The strategy exploiting the graphene-based materials with
designer features entails better knowledge of the interfacial
interaction amidst iron oxide particles and graphene
sheets.??*?°* Therefore, it is essential to know how the oxi-
dation-reduction reactions of Fe NPs are influenced by the gra-
phene support. This acquaintance is necessary in consider-
ation of the activity of the nanocomposites depending crucially
on a specific phase of the iron oxides (i.e., oxidation state of
the iron and the crystal structure of the oxides).

The spectroscopic investigation®®® was carried out as to how
the specific surface sites influence the reducibility of a-Fe,Os/
graphene nanomaterials with H,; the steadiness of the Fe,O;
nanoparticles concerning reduction was enriched by the inter-
action of graphene nanosheets than the bulk Fe,0;. Post
annealing TEM images, disclose the presence of both core/shell
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and homogeneous Fe,0; nanoparticles with the final develop-
ment of unusual channels into the graphene sheets (see
Fig. 49). Because of heat treatment under Fe,O; and H,, it was
partly reduced to FeO and to some extent the Fe nanoparticles
drill the few layers thick graphite (FLGs) and were grafted on
the graphene surface. Overall, in this work, empirical evidence
for the function of FeO, during the construction of trenches in
the FLGs was established comparatively at lower temperature.

In petroleum refineries, valuable light fuels are obtained
from bulk volume of atmospheric residue and vacuum-dis-
tilled residual 0il.>*> In general, to produce the lighter fuels
from the residual oil, various conventional processes are used
including thermal cracking,?*®*%” catalytic cracking®®®*°° and
hydrocracking.?°*°*

Iron oxide nanocatalysts (as free a-Fe,O; NPs) as well as
Si0,-supported a-Fe,O; crystals were reported®®* for the cata-
Iytic cracking of bottom product from the vacuum distillation
unit, ie., vacuum residue (VR) in supercritical water (SCW).
Various reaction parameters such as reaction period, tempera-
ture, catalyst to oil weight ratio, and water to oil weight ratio
were investigated on the yield of coke and maltene obtained
from VR cracking including asphaltene conversion. It was
found that the a-Fe,O;@SiO, catalyst was more durable and
efficient when compared to free NPs in case of VR cracking. In
a plausible reaction mechanism, a cycle starting with oxidative
cracking of hydrocarbons with lattice oxygen (obtained from
reduction of a-Fe,O; to Fe;0,), followed by liberation of the
active H, via SCW gas shift reaction into VR hydrocracking and

This journal is © The Royal Society of Chemistry 2024
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Fig. 48 HRTEM images at two length scales for 27 m? g~* (a—d) and 54 m? g~* (e—h) hematite. Reproduced with permission from ref. 292 Copyright
2015, American Chemical Society.

Fig. 49 Post-annealing TEM image of Fe/FLGs (a) large-scale image; (b) core—shell iron NPs; (c) early stage of trenching and; (d) nanotrench cre-
ation in FLGs (few-layer thick graphite). Reproduced with permission from ref. 295 Copyright 2013, American Chemical Society.

manufacture of aliphatic compounds, was reported; the Recently, iron containing nitrogen-functionalized graphene
reduced species of the Fe;0, catalyst were converted back into  nanoflakes (N-GNFs) were prepared®®? following a procedure
a-Fe, 03 by the liberated “O” atom from SCW (see Fig. 50). by Pristavita et al.>** for producing an active oxygen reduction
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Fig. 50 Schematic representation of catalytic cracking in the SCW: (a) generation of hematite from iron nitrate in SCW; (b) cracking of VR in the
presence of hematite and; (c) cracking of VR in the presence of iron nitrate in SCW. Reproduced with permission from ref. 302 Copyright 2015,

Elsevier.

reaction catalyst. By taking benefit of the exceptional perform-
ance of the plasma atmosphere in the GNFs preparation step,
they produced iron-based catalyst in a one pot method. The
methane was employed as a carbon source which upon
decomposition with argon (Ar) thermal plasma produced
GNFs via homogeneous nucleation. An inconsequential quan-
tity of N is added at the time of the growth resulting in N
content up to 2%. The Fe is added in two distinct phases, one
in oxide and other in iron acetate. It is assumed that the vel-
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ocity variation and the residence time of the excited species in
the plasma recombination zone would affect the Fe
functionalization of the GNFs. Further, iron functionalization
is predicted to be governed by the duration of exposure of the
GNFs to iron vapour; shorter exposure time leads to the gene-
ration of an inadequate number of catalytic sites, whereas
longer duration of exposure results into the Fe overload of the
samples (considering the restricted number of the N-based
host sites).

This journal is © The Royal Society of Chemistry 2024
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Aromatic and aliphatic halogenated chemicals are essential
to the pharmaceutical industry and fine chemical synthesis,
but because of their potential harm to the environment and
human health, they must be used responsibly and disposed of
appropriately. Regulatory frameworks and industry practices
are adapting for more sustainable chemical and pharma-
ceutical production. Metal NPs play a key role in removing
halogenated disinfection byproducts, aiding environmental
remediation.’®®> In this context, a precisely structured meso-
porous metal oxide material named MFT-1 consisting of TiO,—
Fe,0; was prepared using sodium dodecyl sulfate as a struc-
tured-directing agent by sol-gel method.’*® The HRTEM and
FFT image of mesoporous TiO,-Fe,0; (MFT-1) catalyst
revealed a highly ordered two-dimensional (2D) hexagonal
mesophase with a 6-fold symmetry (Fig. 51a). The FESEM
image showed that the sample consists of small spherical NPs
around 40 nm in diameter (see Fig. 51b). This mesoporous
MFT-1 catalyst exhibited good catalytic performance in dehalo-
genation of aryl iodides, bromides, and chlorides, even in the
presence of functional groups like -F, -CN, -CH3, -OCH3, and
-NO, (see Fig. 51c). This material offers a promising avenue
for the development of sustainable technologies in the treat-
ment and remediation of halogenated organic compounds.

In a similar context, a new approach was deployed for the
hydro-dehalogenation of haloaromatic compounds, utilizing
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Pd/Fe,0; nanohybrids anchored on Amberlite resin (Pd/
Fe,0;@ARF-110)."* The HRTEM image and energy-dispersive
X-ray spectroscopy (EDS) analysis confirmed that the crystal-
line Pd and Fe,O3; NPs, with an average dimension of about
4-5 nm, coexisting within the resin matrix with a molar ratio
approximately equal to 1:1 (see Fig. 52a-d). The arrangement
of Pd and Fe,O3; NPs on the polymer surface was optimized to
boost the catalytic activity, showing potential for addressing
persistent organic pollutants (POPs). Effective electron
exchange between the iron oxide and palladium NPs aids in
breaking B-H bonds of NaBH,, resulting in the generation of
active hydrogen and impressive catalytic efficiency.
Particularly, the Pd/Fe,O;@ARF-110 nanocomposites showed
outstanding performance in dehalogenating various haloaro-
matic compounds (see Fig. 52e). Moreover, the heterogeneous
Pd/Fe,O;@ARF-110 catalyst attests to be conveniently separ-
able and recyclable, exhibiting nearly identical efficiency over
five consecutive runs (see Fig. 52f).

3. Nanosized iron oxides in
environmental applications

Starting with the industrial revolution in the late 18" century
and beginning of 19™ century, a boom in the anthropogenic

Catalyst

T—

343 K, 2-Propanol
X=Cl, Br, I
R=H, F, CN, Me, OMe, NO,

R

R

Fig. 51 (a) HRTEM image of MFT-1, FFT image is shown in the inset; (b) FESEM image of MFT-1 (c) Dehalogenation reaction using MFT-1 nano-
catalyst. Reproduced with permission from ref. 306 Copyright 2012, American Chemical Society.
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Fig. 52 (a, b) HRTEM images of Pd and Fe-oxide NPs; (c, d) EDS elemental mapping of Pd and Fe respectively; (e) Hydrodebromination of 9,10-
dibromoanthracene employing Pd/Fe,O3@ARF-110 nanohybrids (f) Recycle study of Pd/Fe,Os@ARF-110 catalyst. Reproduced with permission from

ref. 129 Copyright 2019, American Chemical Society.

activities including mining, heavy industry, metallurgy, textile
manufacture, production of chemicals, agriculture, steam
power, etc. had a severe impact on environment. Air, water,
and soil were contaminated with toxic inorganic and organic
compounds with a little effort to decrease pollution and/or
treat the affected environment. During 19" century, several
laws have been introduced in big cities such as London and
Paris to inflict companies polluting air and water; however,
these laws and regulations were not strictly obeyed. In the 20
century, the human race witnessed increase in automobile
industry, armament industry, industrial chemistry, pharma-
ceutical industry, plastic industry, electronics, energy pro-
duction, transportation, and nuclear science, representing
additional sources of pollution. The issue of atmospheric pol-
lution was firstly brought to public attention after the World
War II with worries caused by information about radioactive
fallout from atomic testing and conflict. In the 1970s, several
ecological movements were established to force governments
of developed countries to limit pollution of the environment.
Currently, the problem of pollution is addressed worldwide by
international and local advisory and executive boards introdu-
cing regulations and laws in the area of pollution limits and
protection of the environment with law suits and penalties.
The protection of the environment constitutes a topic of
utmost importance and is heavily discussed within the scienti-
fic community over the broad spectrum of fields.

Over the past five decades, substantial emphasis has been
placed on the issue of water pollution which is frequently identi-
fied as prominent worldwide contributor to fatalities and dis-
eases. The water contaminants include a broad portfolio of in-

7624 | Green Chem., 2024, 26, 7579-7655

organic, organic, and biological compounds/entities such as
heavy metals, nitrates, phosphates, arsenates, ammonia,
pharmaceutical drugs, surfactants, endocrine disrupting chemi-
cals, antibiotics, hormones, perchlorate, chlorinated solvents,
volatile organic substances, detergents, and pathogens, to name
a few. Diverse methodologies have been introduced for water
treatment including physical, chemical, and biological processes
and their combinations. Currently, nanotechnology strategies
are regarded as promising alternatives to complement or substi-
tute traditional water treatment technologies as they often offer
enhancement in the effectiveness of the treatment process, are
environmentally friendly and, to some extent, low-cost.

Many efforts have focused on treatment of outer and under-
ground water which are the source of potable water through
which toxic pollutants enter the human body. Various tech-
niques have been suggested for treatment of surface and
underground water such as adsorption, exchange of ion,
reverse osmosis, membrane filtration, photo-oxidation and Fe/
Mn removal processes and their combinations. Among a long
list of traditionally used materials and specifically designed
nanostructures, iron oxides, especially in the form of NPs,
hold a paramount position due to relatively high abundance,
availability in nanosized forms via a diversity of sophisticatedly
controlled chemical pathways, high surface area, robustness,
eco-friendly attributes, and cost-effectiveness. Herein, the
focus has been on environmental uses of iron oxide nano-
materials in sewage treatment, magnetic separation, photo-
catalytic applications, and activation of hydrogen peroxide and
their use as supports via immobilization of biomaterials and
enzymes (see Fig. 53).1371:3077313

This journal is © The Royal Society of Chemistry 2024
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Fig. 53 Examples of environmental applications of iron oxide nanomaterials.

3.1. Iron oxide nanomaterials for wastewater treatment

Due to worrying prognosis of the chronic shortage of drink-
ing water around the globe in near future, an eminent scienti-
fic interest is devoted to the development and advancement
of wastewater treatment technologies, especially using iron
oxide nanoparticles.”"*'**1%31% Their distinct features such
as greater surface area, excellent magnetic behavior and
response to external magnetic fields, non-toxicity, biocompat-
ibility, and biodegradability, rank them among most promis-
ing materials employed for waste water treatment. Numerous
environmental and sustainable purification methods have
been developed for sewage processing, which commonly
exploit iron oxide nanoparticles as nanosorbents. The most
recent applications in sewage processing and the knowledge
gaps that restricts their extensive applications are delineated
here.

The steadiness of iron oxide nanomaterials can be signifi-
cantly enriched through modifying the surface with appropri-
ate functional units, such as amine, cysteine, carboxylic and
phosphonic acid (see Fig. 54).>'®*"” Several options exist for
adornment of various functional groups onto iron oxide NPs
surface, still search for a robust protocol is continually being
explored. It is important to highlight that the usage of iron
oxide nanoparticles is strongly linked with their natural pro-

This journal is © The Royal Society of Chemistry 2024

perties, which are dictated by immobilized entities on their
surface.

3.1.1. Iron oxide nanosorbents for heavy metal contami-
nants. Contamination of a heavy metal is a chronic problem
because of its toxic effects on human beings, plants, and
animals; therefore, successful remediation protocols for the
heavy metals are urgently sought. In recent years, the utiliz-
ation of nanomaterials for sewage processing involves carbon
nanotubes,*'®3° activated carbon,**° mixed aluminum/iron
hydroxides,**! graphene-based macrostructrures,®** supported
magnetic nanomaterials,**>>** and zero-valent iron.***>?®
Although all these (nano)materials exhibit their own advan-
tages/disadvantages; magnetic iron oxide NPs are viewed as
the most potential tools for heavy metal treatment with an
additional value of magnetic separation.>>?*°

The numerous techniques have been adopted for the elim-
ination of heavy metal ions from industrial wastewater
includes adsorption, nanofiltration, exchange of ion, electro-
dialysis, and chemical precipitation.>®* Among these
approaches, adsorption is the elegant because of its greatest
effectiveness, ease of use and minimal costs.>** Here, iron
oxide NPs are broadly used owing to their great performance
and sustainable properties.**®> A variety of iron oxide NPs
varying in particle size, PSD, morphology, structure, and aggre-
gation degree have been successfully designed via diverse pro-
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Fig. 54 Immobilization of polymers and functional groups on the iron oxide NPs surface. Reproduced with permission from ref. 317 Copyright

2010, Elsevier.

tocols to improve their adsorption performances.***%® In

general, heavy metal ions withdrawal by sorption relies on the
degree of oxidation of the heavy metal, adsorption capability
of the sorbent against these species, pH of the solution,
sorbent-to-heavy metal ratio, and salts and molecules present
in the aqueous phase that can compete for adsorption sites.
Therefore, an effective approach to improve the removal
efficacy is to adjust the size, structure, and physiochemical
properties of the sorbent or the degree of oxidation of heavy
metal species at the time of their withdrawal.

For heavy metal ions, these unique characteristics of iron
oxide nanoparticles with diverse morphologies and three-
dimensional (3D) structures show greater adsorption ability as
compared to the bulk counterparts (see Fig. 55).3%9%°
Although several types of 3D iron oxides nanoparticles com-
prising Fe;0,, a-Fe,03, a-FeOOH, and y-Fe,O; have been suc-
cessfully synthesized by various methods,**°** the assembly
of 3D iron oxides with higher adsorption potential for heavy
metal ions remains a substantial challenge. Cui et al.*** have
documented the fabrication of 3D Mn doped a-Fe,O; porous
nano-system engineered by calcination of carbon spheres
including Fe(u) and Mn(u) ions. This synthesis was achieved by
hydrothermally treating the mixture of glucose, Fe(u), and Mn
(u) ions. The prepared and well-characterized iron oxide nano-
structures show greater capabilities for elimination of Pb(u), As
(m), and Cr(v1), ions from wastewater. Nassar and co-workers®*>
have observed maximum adsorption performance (36.0 mg
g™ ") for Pb(u) ions with Fe;0, nanoparticles. It was proposed
that the smaller sized Fe;O, nanosorbents were promising for
distribution of metal ions onto the adsorbent’s surface, thus
rendering them useful for extraction and retrieval of metal
ions from wastewater. Despite that the extremely significant
surface-forced phenomena in water medium, aggregation,
induced by high surface area to volume ratios of nanoparticles,
may impede various imperative environmental processes,
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along with ion uptake.*>*® Besides aggregation, numerous other

interactions with ions could be invoked in wastewater, which
could influence the adsorption of metals. In particular, the
high concentration of phosphates in the wastewater can make
it good adsorbent and even surpass metals for adsorption
sites.>®” These causes along with the nature of the pollutants
can confine the efficiency of nanosorbents, and consequently
the investigation of considerably selective transformation pro-
tocols for nanomaterials is becoming a hot bed of research
activity for enhancing the efficacy of nanosorbents.

Several interesting findings have been reported on heavy
metal decontamination by iron oxide NPs and 3D type iron
oxide nanostructures.’****° Arsenic (As) is classified as a carci-
nogen for humans and is viewed as one of the most toxic
elements. The rising levels of arsenic in nature is an escalating
problem that several nations currently face. Because of
extreme health impacts on the population (irritation of the
digestive tract, nausea, diarrhea, skin cancer, increased risk of
cancers of the lung, kidneys, and liver), the influence on
the health of humans significantly relies on the oxidized
state of arsenic. Beside processes of natural origin such as
weathering of rocks, artificial interferences like mining,
utilization of arsenic containing toxicants, factory wastes,
and inappropriate discarding chemical effluents heavily con-
tribute to the increased levels of arsenic in nature.**® Thus, to
increase the performance of As extraction from the environ-
ment, engineered iron-oxide-based environmentally friendly
materials®*®*" have been developed and examined. These
materials comprise monodispersed Fe;O, nanoctystals,**?
hybrids of Fe;0, and rGO sheets,**? thiol-functionalized iron
oxide NPs,>** (GO)/Fe(OH); composites,*> high-surface area
superparamagnetic Fe;O, NPs,>>® and superparamagnetic
y-Fe,O; nanoparticles with mesoporous nature of particle
arrangement promoted by strong magnetic interparticle inter-
actions.®®” Recently, a hypothesis has emerged suggesting that

This journal is © The Royal Society of Chemistry 2024
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Fig. 55 (a) SEM image of the iron oxide NPs. Inset: EDX analysis; (b, c) SEM and TEM images of flowerlike iron oxide NPs respectively. Reproduced
with permission from ref. 339 Copyright 2006, Wiley-VCH GmbH & Co. KGaA, Weinheim.

if the surface of Fe(ur) oxide nanoparticles is functionalized
with NaOH in liquid phase, new hydroxide reactive functional
groups are generated which promotes increase in the ion
exchange process, resulting in the enhancement of removal
capacity towards arsenic species.?*®

A magnetic hybrid material fabricated by incorporating iron
oxide NPs into a chitosan matrix with the assistance of euca-
lyptus extract as a reductant and utilized it for arsenic
removal.*>® Bangari et al. synthesized magnetite-coated boron
nitride nanocomposite for As(v) ion extraction from aqueous
medium.*®® The diameter of the BNNS-Fe;0, nanocomposite
(10-22 nm) was analyzed by HR-TEM analysis (Fig. 56a). The
HAADF image display the uniform distribution of boron
nitride on Fe;0, (Fig. 56b). The adsorption ability of BNNS-
Fe;0, nanocomposite were higher relative to those of BNNSs
nanocomposites for As(v) ion removal (Fig. 56¢). The several
active sites in the BNNS-Fe;0, nanocomposite enhanced the
percent removal than BNNSs nanocomposites; highest adsorp-
tion ability of both adsorbents being 0.2 g L™" (Fig. 56d).
Recently, magnetite iron oxide NPs nanodevice coated with
meglumine ligand by co-precipitation method were developed
for the adsorption of heavy metals (As, Cr and B).***

If y-Fe,O; nanoparticles are distributed on the CMK-3
surface, such a hybrid shows eminent capability to extract Cr
(vi) from the aquatic medium®®* (Fig. 57). The synthesis
method involves two steps: AcOH fumes react with an immobi-

This journal is © The Royal Society of Chemistry 2024

lized Fe cation in the carbon matrix to generate an iron acetate
intermediate, following by its pyrolysis to produce iron(u)
oxide nanoparticles. Iron-oxide/carbon hybrids, combining
organized forms of interlinked carbon rods, were reportedly
displayed high specific surface areas ~1043 m”> g™, evenly
immobilized y-Fe,O; NPs with equal sizes (~20 nm) and super-
paramagnetic characteristics at RT. Because of the explicit
surface characteristics of magnetic carbon hybrids and syner-
gistic impact of both equivalents, these hybrids exhibited
greater Cr(vi) extraction ability, which was significantly better
compared to pure CMK-3 carbon.

Tuning the morphology and degree of porosity is frequently
adopted as another approach to enhance the sorption capabili-
ties of iron oxides as exemplified by the synthesis of a-Fe,O; in
the form of very thin and porous nanofibers and its assess-
ment for extraction of Cr(vi) from the aquatic environment.**®
Such o-Fe,O; nanofibers displayed greater adsorption
efficiency (16.17 mg g™ "), extraction rate, and excellent recovery
without loss of performance; they can be recycled after cen-
trifugation and treatment with diluted NaOH. The Cr(vi)
species could be removed by a monolayer adsorption on the
surface of porous a-Fe,O; nanofibers.

A single-step preparation of magnetic-silica nanoparticles
by using alkaline sodium silicate solution has been reported
by Gole and co-workers.>** This methodology not only created
iron oxide but simultaneously decorated Fe;O, nanoparticles
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with silica coating. The biocompatible and stable silica-shell
magnetic nanoparticles serve as anchors for various functional
groups; iron oxide-silica surface modified with 3-amino propyl
triethoxy silane (APTES) are employed for tagging of
Rhodamine B (Rh B) dye molecules (flurophore tagging). The
bare magnetic and silica-coated nanoparticles have been used

7628 | Green Chem., 2024, 26, 7579-7655

for the zinc loading and the utility of such nanocomposites
have been explored for water purification by arsenic removal in
the form of arsenate.>**

Iron ferrite NPs*®®

were synthesized via a biogenic strategy
and utilized for the Pb(u) and Cr(m) heavy metal removal. The

particle size (20-45 nm) of the magnetic inverse spinel iron

This journal is © The Royal Society of Chemistry 2024
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oxide nanoparticles (MISFNPs) was confirmed by TEM analysis
(Fig. 58a) and the adsorption and desorption study suggested
that the MISFNPs was stable and reusable up to four cycles
(Fig. 58b). The adsorption percentage of the MISFNPs was
higher relative to bulk Fe;O, because of the nano size and
high surface area of the MISFNPs (Fig. 46d). The highest
adsorption of Pb(n) and Cr(n) reached up to 0.5 g L™ with
increased NPs dosage and then decreased due to lower active
sites (Fig. 58¢c). Pan et al.>*° reported iron oxide nanoparticles
coated with organics and utilized them for the elimination of
Cr(v1) from water. The DNA modified Fe;0,@Au magnetic NPs
has been employed for the electrochemical detection of Ag"
and Hg>*.**’

A nanocomposite (mPCS@Fe,0;) was prepared by combin-
ing mesoporous carbon sphere with Fe,O; and employed the
catalyst to remove antimony (Sb) from wastewater.>*® The SEM
images of mPCS and mPCS@Fe,0; revealed spherical mor-
phology (Fig. 59a and b) and they were well dispersed on
mPCS with particle size <6 nm, as confirmed by HR-TEM
studies (Fig. 59c¢ and d). The adsorption kinetics suggested
that the adsorption of Sb increased during its initial 40 min
and afterwards, the adsorption attains equilibrium within
120 min (Fig. 59¢). The co-existing anions contained in the Sb
solution did not affect the removal of Sb metal. The PO,*>~ ion
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slightly effected the Sb removal because of its similar structure
to Sb(m) (Fig. 59f). Xiang et al.**° reported carbon-supported
zero valent Fe NPs for the photocatalytic extraction of U(vi)
from sewage.

A magnetic Fe,03/AlI0(OH) nanocomposite was synthesized
using a template-free route by utilizing ferrous sulphate and
magnesium acetate. Initially, urchin-like lepidocrocite
y-FeOOH was prepared in single step, then o,y-Fe,O; was
obtained via high temperature calcination and finally, the
target compound was formed by immobilizing a-,y-Fe,O; and
Al(NO3)3-9H,0 utilizing ultrasound-assisted chemical precipi-
tation method®”° (Fig. 60a). The composite material compris-
ing Fe,O; and AlO(OH) displayed admirable efficiency to
extract heavy metal ions from drinking or wastewater.’”'*”?
The obtained hierarchical material exhibited superfast adsorp-
tion rates and greater adsorption performance for the extrac-
tion of As(v), Cr(vi) and Pb(u) ions from aquatic medium in
30 min; highest adsorption extents being 37.45 mg g%,
21.6 mg g ', and 29.55 mg g, respectively. Notably, Fe,O3/
AlO(OH) materials displayed excellent recyclability for As(v)
removal, even after three cycles 75% adsorption rate was
retained. The high activity and recyclability could be because
of the extensive surface area of the materials and special mor-
phology of Fe,O;@AIO(OH)*”° (Fig. 60b). It is speculated that

=Pb(1l)
uCr(lil) |

No of Cycles

Fe304
W Pb(Il)-MISFNPs

0 I '

Fig. 58 (a) HR-TEM images of MISFNPs; (b) Study of the stability and reusability of the MISFNPs; (c) Adsorption activity; (d) Effect of MISFNPs
dosage on Pb(i) and Cr(in) adsorption. Reproduced with permission from ref. 365 Copyright 2016, Elsevier.
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this inexpensive and benign synthetic approach for
Fe,0;@AIO(OH) nanomaterial might be useful for other types
of environmental applications.

The growing universal need for pure and clean water coerce
the research experts to discover functional processes for drink-
ing water production.’”**”* Among these, membrane filtration
is one of the most efficient and simple pathways to deliver
high-quality of safe drinking water. Nevertheless, membrane
fouling is greatest drawbacks that inhibits the widespread util-
ization of membrane process. A new type of membrane,
created from interwoven Fe,O; and TiO, nanowires (FeTi-
NWM) has been reported®”” with anti-fouling ability for humic
acid (HA) removal from water. TiO, and iron oxide nanowires
were employed to make TiO, nanowires by a filtration and hot-
pressing technique (Fig. 61). HA is a primary contaminant
responsible for the fouling of membranes in water treatment
processes.’’® A stainless-steel reactor housing nanowire-mem-
brane based circulating water filtration technique was intro-
duced.?”® The ensuing results revealed that under solar illumi-
nation the FeTi-NWM accomplished nearly complete HA
extraction within 2 h short-term trial at a starting HA concen-
tration of 200 mg L™, which is comparable with HA extraction
by Ti-NWM (89%). After long-term trial of 12 h, the FeTi-
NWM displayed 98% HA abstraction, though the Ti-NWM
could show only 55% extraction at the end. The enhanced HA
removal provided by FeTi-NWM relative to Ti-NWM and its
exceptional anti-fouling potential under solar light illumina-
tion can be ascribed to: (i) an improved absorption of HA by
iron oxide nanowires and (ii) the created Fe,03/TiO, hetero-
junctions that enhances the photo-induced charge transfer

7630 | Green Chem., 2024, 26, 7579-7655

and enhance visible light performance. Outstandingly, in com-
parison to Ti-NWM without Fe,O; nanowires, FeTi-NWM dis-
played greater HA extraction.

3.1.2. Carbon-supported iron oxide nanoparticles for water
purification. Recently, graphene/iron oxide nanocomposites
explored as efficient nanosorbents in water purification
technologies.>”” Magnetite-reduced graphene oxide (M-RGO)
composites containing low concentration of magnetite (M1-
RGO) and high concentration of magnetite (M2-RGO) were
effectively deployed to extract As(m) and As(v) from contami-
nated water.>”®> M-RGO superparamagnetic composites were
synthesized through a chemical reaction and the TEM image
of M-RGO (Fig. 62a) showed properly distributed magnetic
nanoparticles in the RGO matrix having the average particle
size of 11 nm, and the graphene sheets displayed the folding
environment. The HRTEM image (Fig. 62b) depicts the lattice
fringes from Fe;O, NPs in the nearby of the RGO matrix.
Different concentrations of As, ranging from 3 to 7 ppm, were
employed for the experiments (Fig. 62c) and maximum adsorp-
tion capacity for As ions was established (Fig. 62d). It was
observed that the extraction of As by using M2-RGO is superior
when compared to M1-RGO; the fact confirming the principal
effect of magnetite nanoparticles in arsenic removal.

The surface area, temperature, and pH of the contaminated
solution determine the ultimate adsorption capacity.’”®
Certain supplementary additives boost the adsorption as
shown by Luo et al.’’® for As(m) and As(v) ions, where the
inclusion of MnO, with the magnetite/graphene material
helps for the oxidation of As(m) to As(v) without any additives.
As(v) was firmly absorbed at pH ranging from 2 to 10 which

This journal is © The Royal Society of Chemistry 2024
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Fig. 60 (a) Schematic illustration of the preparation of Fe,Os@AIO(OH) hierarchical porous structure; (l) generation of nucleation centers; (ll) nano-
crystal development and directed linking to 3D urchin-like y-FeOOH superstructure; (lll) calcination and generation of porous magnetic «, y-Fe,Os;
(IV) formation of mesoporous y-AlO(OH) from «,y-Fe,Os; (V) adsorption of heavy metal ions from aquatic media; (b, c) SEM images of Fe,O;@AIO
(OH). Reproduced with permission from ref. 370 Copyright 2013, The Royal Society of Chemistry.

was not the case for the basic magnetite/graphene which
afforded stable adsorption at lower pH range. Similarly, the
addition of ZnO in maghemite/graphene composite, enhanced
the decomposition of methylene blue (MB) with a high efficacy
(95%) and was consistently effective after 5 cycles as shown by
Kumar and co-workers.*®® The endocrine disruptors like
dibutyl phthalate, bisphenol A, atrazine, and 1-naphthol,
could be actively eliminated (85-100%) from contaminated
aqueous streams by using graphene/Fe,O; based nano-
composites prepared by simple method.*®' These materials are
well suited for the adsorption of endocrine disruptors from
water due to the large surface area and an exposed graphene
surface. Although synthetic steps for the hybrids containing
graphene sheets and core/double shell NPs of Fe/Fe,03/Si-S-O
type were involved but they were found to be active in the
extraction of Cr(vi).*®* The Fe/Fe,0;/Si-S-O material was pre-
pared by thermo-decomposition procedure having a core@:-
double-shell arrangement of the NPs with Fe as the core, Fe,0;
as the first shell and amorphous Si-S-O material as the
second shell (Fig. 63). This iron oxide based graphene nano-
material displayed extremely quick extraction of Cr(vi) from the
sewage. Importantly, the material was retrievable for several

This journal is © The Royal Society of Chemistry 2024

runs and it can be employed to treat solutions with lower pH
levels which make it ideal material to eliminate the heavy
metals from wastewater.

The size and morphology of modified NPs can contribute
to the design of the magnetic graphene nanocomposites with
unique characteristics, such as electroconductivity, flexibility,
higher magnetic resistance, negative permittivity, and
superparamagnetism.***~*%> The propensity of these materials
to organic compounds and ions has also been used in sensing
applications. More importantly, it offers suitable conditions
for the immobilization of biomolecules like hemoglobin,**®
horseradish peroxidase®®” and such materials could be used
for the detection of H,0, at low sensing limits of ~0.5 pM.
These type of materials have also been employed for the extrac-
tions of numerous heavy metal ions such as Cr(vi),*%%°
UW)**° and Co(n)**' and organic constituents including
tetracycline,>®> 1-naphthol, 1-aminonaphthalene, methylene
blue,>*® polychlorinated biphenyls, polyaromatic hydro-
carbons, phthalates,*** 395,396

3.1.3. Iron oxide nanosorbents for organic contaminants.
Various studies have been performed to remove organic con-
taminants by using iron oxide nanomaterials.>*”*%* Fe;0,

ciprofloxacin, and norfloxacin.
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hollow nanospheres have been documented as a potent
sorbent for red dye extraction.**® The saturation magnetization
of magnetite nanospheres was detected to be 42 emu g™, sat-
isfactory enough for separation with magnet, thus demonstrat-
ing its viability. Similar to the adsorption of heavy metals, the
adsorption of organic pollutants occurs via interchanging of
surface until the functional surface sites are entirely filled,
after which pollutants could disperse into the adsorbent for
functional group interactions.*®®

Mixed composite of nanocrystalline y-Fe,O; and cerium
oxide (CeO,/y-Fe,03) was developed for the decomposition of
organophosphorus pesticides, parathion methyl, and the
chemical fighting agent, soman, and nerve agents, VX.*** The
composite was prepared by simple reverse co-precipitation
process in which Fe(u)/Fe(u) salts with aq. NH; was employed
for the preparation of Fe;0O, core, with further precipitation of
Ce,(CO3); on the surfaces of Fe;O, (again in the reversed
mode); calcination finally delivered cerium oxide while Fe;0,
got converted to y-Fe,O; (Fig. 64).***

HR-TEM confirmed the existence of CeO, nanoparticles
decorating the y-Fe,O; surface (Fig. 64a). The phase combi-
nation of the reactive sorbents produced at distinct tempera-
tures is depicted in Fig. 64b. Increase in calcination tempera-
ture decreased the SSA and pore volume, and significant modi-
fications occurred at 500 and 700 °C temperature range (see
Fig. 64c). Degradation efficiencies were assessed by a test in
2 h using all types of sorbents; correlation of the degradation

7632 | Green Chem., 2024, 26, 7579-7655

efficacy on the calcination temperature was discerned at
300 °C (see Fig. 64d). The highest efficacy was obtained using
sorbents annealed at temperatures <500 °C, and the phospha-
tase-like performance lowered with rise in annealing tempera-
ture (see Fig. 64e). In general, CeO,/y-Fe,O3; nanomaterials syn-
thesized at temperatures of 300-400 °C displayed the higher
decomposition performance without any change in its mag-
netic properties.*®*

Xiong et al.**® described the preparation of nanocomposites
comprising cellulose and iron oxide NPs by co-precipitation
employing ionic liquid (IL) as co-solvent; as-synthesized
y-Fe,O; NPs exhibited uniform particle size distribution. The
individual adsorption capacities of cellulose@y-Fe,O;, pure
y-Fe,0; and IL processed cellulose were investigated, and
cellulose@y-Fe,0; was found to be the best candidate.’®® The
adsorption ability of nanospheres for the withdrawal of Pb(u)
and Methylene Blue (MB) were 21.5 and 40.5 mg g™, respect-
ively which is comparable to the other reported magnetic
materials. Additionally, utilizing an external magnet, magnetic
nanoadsorbent could be easily recycled. The excellent removal
capacities render the cellulose@y-Fe,O; as extremely capable
nanoadsorbent for water treatment. In a similar context, mag-
netic iron oxide nanosorbent, and polymer functionalized
nanoparticles were utilized for MB adsorption.*°® 4%

Water bodies confront pollution from iodinated contrast
media (ICM), primarily released by pharmaceutical compa-
nies.’” The microbial processes involved in organohalide res-

This journal is © The Royal Society of Chemistry 2024
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piration are essential for developing effective bioremediation
strategies and promoting the sustainable cleanup of sites con-
taminated with chloroethene.”'® To tackle this problem, the
reductive dehalogenation of trichloroethene (TCE) has been
scrutinized using aquifer material rich in iron oxides in a con-
tinuous flow column.*'! The study observed sustained dehalo-
genation effectiveness over a period of 1000 days of column
operation. In a similar context, recent research employed
nanoscale zero-valent iron (nZVI) for the reduction-based
removal of halogens, specifically focusing on the iodinated
contrast medium diatrizoate (DTA).*'> The study reported a
100% removal efficiency of diatrizoate (DTA) within a 24-hour
timeframe.

The iron oxide NPs (17 nm) prepared by Chang et al.*'? was
employed for the extraction of Reactive Black 5 (RB5, Azo dye)
from polluted water in the textile industry. The adsorption of
RB5 to iron oxide NPs was ascribed to electrostatic attraction
and the highest withdrawal capacity was 18 mg g~ at 45 °C;
withdrawal capability of NPs being 90% after 10 cycles.
Mazario and co-workers®'* reported superparamagnetic nano-
sorbents for the adsorptive elimination of methyl orange and

This journal is © The Royal Society of Chemistry 2024

lead (Pb) from water. The physio-chemical interactions of the
pollutant with the nanosorbent were demonstrated by a
pseudo-second order kinetic model. The highest adsorption
ability for methyl orange was found to be 240 mg gns™*. In a
similar line, iron oxide was also utilized for the degradation of
organic matters.”'* Recently, core-shell magnetic NPs were
synthesized and deployed them for binding of the organic pol-
lutant such as polychlorinated biphenyls.**

3.1.4. Iron oxide-based metal-organic frameworks (MOFs)
for waste water treatment. Metal-organic frameworks (MOFs)
also known as porous co-ordination polymers (PCPs), have gar-
nered significant attention in the modern world of chemistry.
These compounds are distinctive in that they comprise metal
ions or clusters connected by organic ligands, resulting in a
three-dimensional porous structure. Due to exceptionally high
surface area and 3-D structure, rendering them valuable in
diverse applications such as gas adsorption, catalysis, sensing,
plasmonic, pollutant-immobilization, separation, fuel pro-
duction, and bio-medical, etc.*'® Nowadays ionic liquids (ILs)
and their composites are considered promising substrates as
an adsorbent for adsorption separation due to their versatile

Green Chem., 2024, 26, 7579-7655 | 7633
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functionality present on the surface and multiple interaction
forces.””” Recently, layer by layer modification method was
employed for the engineering of IL-COOH/Fe;0,@Zr water
stable MOF nanocomposites aimed at selectively adsorbing
and detecting fluoroquinolone antibiotics (FQs).*'®* TEM
images of IL-COOH/Fe;0,@Zr water stable MOF nano-
composites confirmed that the Fe;O, exhibits a uniform par-
ticle size, measuring approximately 280-300 nm (see Fig. 65a).
The Fe;0,@PDA (polydopamine) nanocomposites displayed a
well-defined core-shell structure, with a shell thickness of
around 24 nm (see Fig. 65b). Zr-MOF particles, such as UiO-67-
bpydc, exhibited a regular octahedral crystal structure (see
Fig. 65¢). Fe;0,@UiO-67-bpydc revealed that the uneven thick-
ness ranged from 42 to 75 nm (see Fig. 65d). Among these
different IL MOFs, IL-COOH/Fe;0,@UiO-67-bpydc exhibited
superior adsorption capabilities compared to other MOFs,
with an impressive maximum adsorption capacity of 438.5 mg
g~ for ofloxacin.

In recent years, the utilization of hydrogen as a renewable
substitute for fossil-based energy has been gaining momen-
tum, and photoelectrochemical (PEC) water splitting stands
out as an appealing and promising method for converting sun-
light into hydrogen without the direct emission of greenhouse
gases. However, achieving economic viability in PEC necessi-
tates the enhancement of electrode efficiency and durability as
the primary challenge.”'® Mondal and colleagues**® have

7634 | Green Chem., 2024, 26, 7579-7655

developed a cost-effective bifunctional Fe,0;@C and FeP@C
electrocatalyst for solar-driven water splitting (see Fig. 66a). As
Fe,0;@C was synthesized through a straightforward one-step
pyrolysis process at different temperatures 600, 700, and
800 °C under inert conditions. The resulting brown colored
powders synthesized at different temperature were identified
by various shades and labeled as Fe-A, Fe-B, and Fe-C. TEM
images of the Fe,0;@C nanohybrid revealed that the densely
packed arrangement of Fe,O; in Fe,O;@C (see Fig. 66b-d).
The HRTEM images confirmed that the distinct lattice fringes,
with a measured d-spacing of ~0.252 nm (see Fig. 66e-g).
Additionally, selected area electron diffraction (SAED) patterns,
as shown in the insets of Fig. 66(e-g), indicated that the poly-
crystalline nature of Fe,O; in all the nanostructures. The
Fe,0;@C/Si composite has demonstrated significant activity in
catalyzing the oxygen evolution reaction (OER), achieving a
photoanodic current density of 2.5 mA ecm™> at 1.65 V vs. RHE
(versus the reversible hydrogen electrode).

Oxytetracycline (OTC) is a frequently utilized antibiotic for
addressing infectious diseases in animals in intensive farming
systems and aquaculture due to its broad-spectrum antibiotic
properties but it became a major problem when OTC release
was encountered in soil and groundwater.*”"*** Traditional
methods for detecting oxytetracycline (OTC) primarily rely on
liquid chromatography, capillary electrophoresis, enzyme-
linked immunosorbent assay, and high-performance liquid

This journal is © The Royal Society of Chemistry 2024
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chromatography (HPLC). While these conventional techniques
are known for their reliability, sensitivity, and stability, their
widespread application is hindered by certain drawbacks,
including the need for expensive equipment, high costs, and
lengthy sample preparation times. Limited research has been
conducted on MOF-derived materials in the context of electro-
chemical sensing and aptasensors applications.*** A chain of
Fe;0,@mC nanocomposites derived through the pyrolysis of
Fe-MOF (525-MOF) was successfully explored for detection of
OTC.*** The as-synthesized catalyst was analyzed by TEM to
examine the morphological transformations of the Fe;0,@mC
nanocomposites under different calcination temperatures. In
the initial temperature range (350 °C) (see Fig. 67a and b), the

This journal is © The Royal Society of Chemistry 2024

majority of the Fe,O; exhibits a uniform distribution, resem-
bling sphere-like structures with an average size of 5-8 nm.
Moving to the second stage (550 °C) (see Fig. 67c and d), larger
spherical particles are observed, forming, and embedding into
porous carbon nanosheets, with most particles ranging in size
between 10 and 12 nm. Further elevation of the calcination
temperature to 700 and 900 °C results in the enlargement of
iron oxide particle sizes due to crystal aggregation (see Fig. 67e—
h), as evidenced by TEM images. Red arrows indicated that the
Fe,0; or Fe;O, NPs; yellow arrows indicated the mesopores
within the amorphous carbon sheet (see Fig. 67a, c, e and g). As
reported Fe;0,@mCy, stands out as the optimal candidate for
achieving highly sensitive and selective detection of OTC.

Green Chem., 2024, 26, 7579-7655 | 7635
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Fig. 65 TEM images of (a) FezOy4; (b) Fes0,@PDA; (c) UiO-67-bpydc; and (d) Fes0,@UiO-67-bpydc. Reproduced with permission from ref. 418

Copyright 2021, American Chemical Society.

Hydrogen sulfide (H,S) is a malodorous gas emitted from
various natural and human activities. Gupta et al.**®> have devel-
oped an innovative method to convert H,S waste into value-
added products by utilizing FeBDC and FeBTC derived iron oxide
MOF’s, labelled as I0-D and IO-T. They have detailed a process
for synthesizing iron-based MOFs by sonication of organic
linkers with freshly prepared iron hydroxide. The removal of H,S
using iron oxide adsorbents primarily involves oxidizing H,S into
sulfur and sulfates. Notably, the adsorption capacity of iron oxide
adsorbents surpassed that of the corresponding MOF. Among
them, FeBDC (IO-D) exhibited the highest adsorption capacity,
reaching 36.2 mg ¢~ under moist conditions.

3.2. Photocatalytic applications of iron oxides in
environmental technologies

Photocatalysis, a cutting-edge technology employed in photo-
catalytic decomposition of organic pollutants, has garnered
attention in view of its sustainability attributes.***"**° By defi-
nition, photocatalysis entails speeding up the reaction by the
light in the existence of catalyst. In catalyzed photolysis, a sub-
strate absorbs light, whereas in the photogenerated catalysis,
the catalyst performance depends on the capacity to form elec-
tron-hole pairs, which undergo secondary reactions.

7636 | Green Chem., 2024, 26, 7579-7655

However, some difficulties restrict the extensive implemen-
tation of iron oxide NPs for the photodegradation of hazar-
dous chemicals due to difficulty in partition of compounds
after completion of the action. The operational procedure is
usually costly due to labor, time and raw materials intended
for precipitation, further decantation or centrifugation at the
termination of process, and the low quantum-yield of
treatment that limits the rate and efficacy of the process.**°
Great strides, however, have been made to increase the
photocatalytic performance by reducing the size of the
photocatalyst, thereby increasing the surface area, thus
merging photocatalyst with some new and efficient metal
nanoparticles;****** a variety of iron oxide nanoparticles
have been employed for photocatalytic reactions with varied
applications.*** As an example, Zhou et al*** have reported
1D nanorods of goethite (a-FeOOH) and hematite (a-Fe,Oj3)
for photocatalytic decomposition of Rhodamine B (RhB) by
visible light under the existence of H,0,. Nanometer-scale
a-FeOOH and o-Fe,O; particles were found to be more
effective compare to microscale counterparts in respect of
surface area normalized reaction rate. Furthermore, a-Fe,O5
nanorods displayed the highest catalytic performance com-
pared to other samples. The perceived photocatalytic

This journal is © The Royal Society of Chemistry 2024
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Fig. 66 (a) Synthesis of bifunctional photoelectrodes, namely Fe,Os@C and FeP@C, intended for neutral water splitting; (b—d) TEM images of the
Fe-A, Fe-B, and Fe-C respectively; (e—g) HRTEM images of the Fe-A, Fe-B, and Fe-C respectively, inset SAED patterns of the Fe-A, Fe-B, and Fe-C
respectively; reproduced with permission from ref. 420 Copyright 2018, Wiley-VCH GmbH & Co. KGaA, Weinheim.

efficiency of iron oxide NPs was ascribed to the combined The Fe,05/CQDs (Carbon Quantum Dots) composites for
impact of particle composition, porosity, size, and deviations photodegradation of toxic gas under visible light have been
in morphology. reported by Liu and Kang.**® Fig. 68a shows three photographs
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Fig. 67 TEM images of (a, b) Fes0,@mMCssg, (¢, d) Fes04@mMCsso, (e, f) Fes0,@mMC500, and (g, h) Fes04,@mCgoo Nanocomposites (insets: corres-
ponding SAED patterns). Reproduced with permission from ref. 424 Copyright 2013, The Royal Society of Chemistry.

of distinct colors of (i) CQDs aq. solution, (ii) reaction mixture
including CQDs, FeCl; and (NH,),CO and (iii) product solu-
tion. The complete disappearance of the dust color of CQDs is
indicative of the formation of Fe,0;/CQDs. The deployment of
Fe,03/CQDs composites for photocatalytic toxic gas decompo-
sition has been described in this report for the first time. The
synthesized Fe,0;/CQDs nanomaterials displayed improved
photocatalytic performance for decomposition of toxic gas
under visible light when compared to Fe,Os; photoexcited elec-
trons from iron oxide particles could be transferred without
restraint in the conducting network of CQDs (Fig. 68b).**®
Moreover, it was proposed that an improvement in the photo-
activity of iron oxide is encouraged by the presence of CQDs as
they support for active segregation of photogenerated electrons
and holes. The electron-hole pairs can then react with
adsorbed oxidants/reductants, generating plentiful active
oxygen radicals with strong oxidizing ability for the degra-
dation of toxic gases. In addition, CQDs display up conversion
photoluminescence by lower wavelength of light than
absorbed light, thereby exciting Fe,O; to form electron-hole
pairs. There have been other reports on grafting iron oxide
NPs in the mesoporous carbon matrix for such potential
applications,?¢>4377440

Among iron oxides, hematite (a-Fe,Os, with a bandgap of
~2.1 eV) is one of most widely explored oxides for
photocatalysis;**'~*** various protocols have been applied for
the synthesis of controlled films of hematite with considerable
photocatalytic activity although some of them have drawbacks
including formation of less amount of the product. Diab and
Mokari*** reported the scaled-up general synthesis of meso-
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porous a-Fe,O; to exploit their photoelectrochemical (PEC)
properties. The presented methodology has been established
on direct thermal degradation of iron acetate on a substrate to
form a mesoporous film of a-Fe,O; with excellent pore size
regulation. An improvement of the PEC features of iron oxide
was attained by using CoO areas, which were developed by
thermolysis of the Co salt on the hematite surface to get
a-Fe,03/Co0 nanomaterials. The cobalt material was deposited
by two methods: (a) by thermal decomposition and (b) by
adsorption of Co salt. The photoconductivity of pristine hema-
tite was 0.25 mA cm™> at 1.23 V versus reversible hydrogen elec-
trode (RHE), whereas alteration of hematite surface employing
thermolysis protocol displayed 180% enhancement by the
adsorption process. Furthermore, the beginning potential was
changed by 130 and 70 mV when hematite surface was
amended by the thermolysis and adsorption process, respectively.

Fenton and photo-Fenton processes have been proposed as
potent methods for treating organic pollutants in wastewater.
Hydroxyl (HO") and superoxide (O-O") radical are formed in
the Fenton reactions (eqn (1)-(3)), which then significantly
decompose and mineralize the organic contaminants to H,O,
CO,, and other inorganic compounds. In particular,

Fe’* + H,0 — Fe** + HO', (1)
Fe*™ + H,0, < FeOOH*" +HT, (2)
FeOOH>" — Fe*™ 4 HO,, (3)

Despite exhibiting powerful oxidation capability, Fenton
reagents face several drawbacks like very low pH range for

This journal is © The Royal Society of Chemistry 2024
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Fig. 68 (a) Preparation of Fe,0O3/CQDs composites by the hydrothermal treatment; (b) Schematic of the photocatalytic process of Fe/CQDs com-
posites in the presence of visible light. Reproduced with permission from ref. 436 Copyright 2011, The Royal Society of Chemistry.

efficient reactions (2.5-4.0), formation of ferric hydroxide
sludge at values of pH higher than 4.0, difficulty in recovery of
the catalyst, and higher costs for iron ions removal from the
process after the termination of the reaction.*** Moreover, an
impulsive oxidation of Fe** to Fe®* ions frequently occur by
dissolved oxygen in water via diverse partially oxidized meta-
stable Fe>'/Fe®* intermediates which eventually transforms
into stable iron oxides like hematite, maghemite, and magne-
tite. Thus, an idea has been proposed to replace the dissolved
iron with solid catalysts.

Photo-Fenton reaction is a fusion of the Fenton reagents
and ultraviolet and/or visible light that promotes formation of
an extra ‘OH radicals through photo-reduction of Fe** to Fe>*
ions and H,O0, photolysis. Iron oxides have been identified as
promising candidates for photocatalysts as they, among
others, show semiconductor properties. However, hole-elec-
tron recombination process in iron oxides can be very fast,
impairing the photocatalyst performance. In iron oxides, semi-
conducting mechanisms involves two steps. Firstly, a photon
with an energy equal of higher than the energy band gap
between the valence and conduction band is adsorbed by iron
oxides, generating an electron-hole pair, ie., Fe,O; + hv —

This journal is © The Royal Society of Chemistry 2024

Fe,0; (e~ + h"). Even though the excited electron-hole pair can
recombine with a heat dissipated, few of the excited electron
and holes can promote the redox reactions occurring on the
surface of iron oxide semiconducting particle. Several redox
processes may then occur in an aqueous environment, con-
taining iron oxide particles with generated electron-hole pairs
and organic substance (OS) such as (eqn (4)-(7)).***

€p +0,— 07, (4)
hp™ +0,"7 = 10,, (5)
e + > FelT —> Fe?T, (6)
h*®* + 08,9 — 0Saa"~ (7)

It is well known that irradiation may also trigger the hetero-
geneous Fenton process on Fe-containing nanoparticles,
encouraging occurrence of the photo-reduction of >Fe’*OH to
>Fe**; >Fe®" can then react with H,0, to produce "OH radicals
at the surface of the nanoparticle, i.e. **®

> Fe*"OH + hv —> Fe’* + 'OH, (8)

Green Chem., 2024, 26, 7579-7655 | 7639
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> Fe*" + H,0, —> Fe*™ + OH™ + "OH. (9)

However, a-Fe,O; shows a poor Fenton reaction perform-
ance. Thus, there have been several attempts to increase the
reaction activity of a-Fe,O;. One of the approaches is to dope
a-Fe,0; structure with sulfur (in the form of FeS or FeS,) as
has been described by Guo et al;**” sulfur in the a-Fe,Oj; struc-
ture promotes photo-Fenton reaction. Firstly, S-doping alters
the interfacial reaction process of Fe ions with H,0,, i.e.

=Fe** + H,0, — =[Fe*TO,H]*" + H", (10)
=[Fe’*0,H]*" — =Fe?* + '0O,H, (11)
=Fe?t + H,0 — =Fe?" (H,0,), (12)
=Fe?* (H,0,) — =Fe*'=0 + H,0. (13)

It confirms that electron transfer among the peroxide
species ("O-0) and Fe ions is increased at the interface which
results in a higher Fenton reactivity. Secondly, doping sulfur of
a-Fe,O; promotes formation of trap states within the band gap
of a-Fe,O;. When illuminated under UV or visible light,
a-Fe,0; photocatalytic processes occur.**”

a-Fe,O; + hv — eq,” + hyp™, (14)

dye + hv — dyesx, (15)

dye * +a-Fe,0;3 — dye™ +ew (16)
ew  +hy™ — recombination, (17)
e +=Fe’" — =Fe’", (18)
=Fe’"-OH + hy, " — =Fe'™=0 + H™, (19)
=Fe’*-OH + hy, " — =Fe®*" + "OH, (20)
=Fe’" + H,0, — =Fe** (H,0,), (21)
=Fe’*(H,0,) — =Fe*'=0 + H,0, (22)

(a) hv.

Fe,O;

nanoparticle Humic acid 19

nanowire
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*OH’ (=Fe*"=0) + organics — degradation intermediates.
g g
(23)

The formed trap states act as defect state with a tendency to
catch the charge carriers immediately after they are formed,
thus retarding their recombination process. The photo-Fenton
reactivity of S-doped o-Fe,O; has been then assessed for the
decomposition of phenol and acid orange, showing much
higher performance compared to undoped a-Fe,03.**”

A nanocomposite comprising TiO, nanowires, Fe,O3; NPs,
and GO sheets has been synthesized to address the problem of
membrane fouling in membrane water treatment technologies,
produced by humic acid.**®
involves two steps, i.e., adsorption and photo-degradation (see
Fig. 69). Humic acid is first adsorbed on the Fe,O; nano-
particle sites. Then, under irradiation, electron-hole pairs are
formed on the surface layers of the TiO, nanowires. The holes
oxidize water and generate ‘OH radicals which oxidize nearby
adsorbed HA. The electrons are preferentially carried to gra-
phene oxide sheets (as a result of strong electric conductivity
of graphene oxide) and upon reaction with oxygen, they
promote formation of superoxide anion radicals (O, ). Thus,
membrane photocatalytic activity is enhanced due to splitting
of electrons and holes. The 12 h test confirmed a higher
removal of humic acid (92%) and a decrease in pressure across
membrane were observed under irradiation compared to dark
conditions, implying an anti-fouling ability of the novel mem-
brane. Very recently, Qiu and co-workers*** employed iron for
the photocatalytic remediation of heavy metals. The combi-
nation of iron oxide and graphene also increased the adsorp-
tion for the decomposition of ammonium perchlorate.**°

The removal of humic acid

3.3. H,O0, decomposition promoted by iron oxides for
environmental applications

In general, the Fenton process was initiated with the invention
of short-lived, enormously reactive hydroxyl radical ("OH) with
a potential of 2.8 V (ref. 451) from the interaction between Fe*
and H,0,; hydroxyl radical then helps for the material
decomposition as discussed above.**>™*** Over the last few

(b) ©OElectrons +Holes 0,
-

GO sheet

Fig. 69 (a, b) Schematic representations of membrane surface with humic acid adsorption and plausible mechanism for humic acid photo-degra-
dation over the membrane surface. Reproduced with permission from ref. 448 Copyright 2016, Elsevier.
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Table 3 Iron oxides in the Fenton reactions*5%4%°
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Sr. no. Fenton’s reaction types Reagents Iron loss pH Light
1 Photo Fentons Complex free iron ions Yes Acidic to neutral Yes

2 Classic Fentons Fe*', H,0, Yes 2-4 No

3 Fenton like Fe**, H,0, Yes 2-4 No

4 Electro-Fentons Electrogenerated Fe** Yes 2-4

5 Heterogeneous Fentons H,0,, solid iron oxide, free iron No Broad range No

6 Heterogeneous Photo-Fenton H,0,, solid iron oxide No Broad Range Yes

7 Heterogeneous Photoelectron-Fenton H,0,, solid iron oxide No Broad Range Yes

years, tremendous emphasis has been directed towards the
progress of Fenton reactions specially focused on role of pH
increase, in situ delivery of H,0, though oxygen reduction,
in situ offering of Fe** though the electrochemical oxidation of
Fe, prevention loss of Fe and regeneration of Fe(u) by enligh-
tening the sludge of iron origins (see Table 3).*>

The catalytic decomposition of H,0, has been widely exam-
ined because of its major application in water treatment
technologies. Hydrogen peroxide along with iron oxides has
the capability to decompose organic pollutants in wastewater
and contaminated soils; thus, it is viewed as a challenge for
chemists to design unique and inexpensive catalyst materials/
nanomaterials.”>**® The rate of the H,O, decomposition pri-
marily depends on several experimental factors like concen-
tration of H,0,, pH, and the nature of catalyst.*>”**® The reac-
tions of Fe(u) with O, and H,0, are essential as they directly
produce the highly reactive oxidants i.e. hydroxyl radical ("OH)
which is the key reactive species in various advanced oxidation
processes.**5 60

There are numerous scientific literatures detailing the
exploitation of various iron oxide nanoparticles for the hetero-
geneous Fenton reaction including mainly hematite, magne-
tite, goethite, and maghemite NPs.””*®*®* Tang and co-
workers*®? reported BiFeO; NPs for the oxidation of bisphenol
A (BPA) with benign oxidant. To initiate the catalytic efficacy of
BiFeO; nanoparticles, in situ surface tempering of ligands was
employed and BPA removal was enhanced through incorporat-
ing chelates including formic acid, tartaric acid, glycine, nitri-
lotriacetic acid (NTA) and EDTA. The catalytic efficiency order
was found to be, blank < tartaric acid < formic acid < glycine <
NTA < EDTA. Among these ligands, EDTA serve as the highly

Hi0: -l

0
HO.
\f //kou
EDTA /\/\
‘/‘ ‘\' . o
Fe Fe i

( Nano-BiFeO;

active complexing agent, and 0.25 mmol L™" of EDTA removes
91% BPA. The degradation of BPA was reliant on the quantity
of additional EDTA, the starting conc. of H,O, pH, and temp-
erature. Furthermore, EDTA strongly induced the performance
of BPA decomposition, resulting from the three different reac-
tion sites on the BiFeO, surface, such as bare BiFeOj; sites,
EDTA-adsorbed sites, and intermediate blocked sites (see
Fig. 70).%¢

The mechanism of hydrogen peroxide decomposition utiliz-
ing iron oxide as a catalyst has been clearly delineated*>**®*
where degree of H,0, decomposition is in direct proportion to
the iron oxide concentration.’®® However, salient feature
responsible for the enhanced catalytic efficacy in hetero-
geneous catalysis involves greater surface area, obtained with
the help of NPs. Hydrogen peroxide with iron oxide nano-
particles have been especially found attractive for wastewater
treatment; H,0, decomposes catalytically by means of Fe>" at
acidic pH to generate hydroxyl radicals.**®

Fe/H,0, oxidations have been prominent because of the fact
that Fe is an earth-abundant and relatively nontoxic metal, com-
bined with the ease of handling of H,0,, which additionally
degrades into environmentally benign byproducts when present
in excess safe products. It has been referred to as the most econ-
omical alternative when compared to other oxidation methods;
the process uses simple equipment and mild operational con-
ditions (atmospheric pressure and room temperature).*®” H,0,
decomposition on iron oxide nanoparticles is a well-established
platform for environmental applications in wastewater treat-
ment, organic compounds, and dyes degradation.*®*™*”*

Mesoporous iron oxides are important and versatile
materials as they possess high surface area, equal pore size

j Bisphenol A

1.0 e
EDTA-BiFeO;

t H,0,-BiFeO;

EDTA-H,0,-BiFeO,

0.0
\ 0 40 80 120

Degradation ~ Time/min

Fig. 70 Degradation of BPA showing distinct reaction sites. Reproduced with permission from ref. 462 Copyright 2011, American Chemical Society.
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distributions, nanosized walls, substantial pore volume, and
surface functionality.”’”> An organized mesoporous Mg-modi-
fied hematite with an ultra-high surface area was synthesized
by hard templating techniques in mesoporous silica KIT-6 and
was employed for the methylene blue degradation.””® The con-
centration of methylene blue in the supernatant was obtained
at an absorbance peak of 664 nm and the concentration of
'OH was determined by the terephthalic acid by a fluorescence
method.”’* Further, these results confirmed that approxi-
mately 2/3 of the Mg cations were detached at the time of
leaching, and as a result produces more structural defects
(Fig. 71). The activated mesoporous Fe,O; displays outstanding
catalytic efficiency for MB degradation, achieving over 95%
extraction of 60 mg L™' MB after 3 h. The rate constant of
employed meso-Mg/Fe,O; catalyst is 1.972 h™ which is 1.22,
3.02 and 4.53 times higher compared to meso-Fe,O3, con-Mg/
Fe,03,"”% and y-Fe,0; respectively. The leaching concentration
of Mg and the catalytic activity increased with the reuse of
meso-Mg/Fe,0j; catalyst, which is fully disparate with the multi-
component catalytic mechanism in typical heterogeneous
Fenton-like processes, like Fe-Cu and Fe-Zn composites.*”?
The heterogeneous catalyst (Fe;O,/usGO) for Fenton-like
degradation of MB as dye pollutant was reported by Song
et al.*’”” Various iron oxide NPs have been employed for the
removal of methylene blue,”’® antibiotics degradation®”” and
also for safeguarding of human health by Fenton reaction.?”®
To increase the reactivity of the system, a strategy was
suggested to enhance the contact of Fe(0) with Fe;0, nano-
particles by grinding;*”® it was found that assembling such
architectures promote electron transfer from the metal to the
reaction center. In particular, at the Fe(0)/Fe;0, interface, the
metal transfers electrons to iron oxide which serves as an inter-
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mediary with the reaction center. Iron oxide is a semi-
conductor showing a high electric conductivity, thus promot-
ing the movement of electrons; moreover, its octahedral sites
can readily adapt Fe®" and Fe®* species in the redox equili-
brium. The development of the reactive species is schemati-
cally depicted in Fig. 72. Reactive networks are also syn-
thesized by mechanical milling and thermal treatment leading
to Fe(0)/a-Fe,0; and Fe(0)/y-Fe,O; interface mixtures, but with
an inferior efficiency for H,O, in comparison with Fe(0)/Fe;0,.
This implies that Fe*>" species are accountable for the activity
and thus, are more effective in the oxidation of organic pollu-
tants in wastewaters. Recently, Qin et al.*®* studied the degra-
dation of pollutant such as p-nitrophenol by regulating the
concentration of Fe*" and ligand as a tripolyphosphate.

Reactive
Fe?*, 4 species

Highly reactive
species formed
at the interface

Fe2+
Surf
Alloying
_——
Thermal
treatment Fe°
Fe 0,

Electron transfer X .
Reactions with O, and H,0,

Fig. 72 The formation of the reactive species at the Fe(0)/FezO, inter-
face. Reproduced with permission from ref. 479 Copyright 2006,
Elsevier.
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Fig. 71 Schematic representation of mesoporous Mg—Fe,O3 by leaching of Mg ions; arrows indicate the Mg leaching sites. Reproduced with per-

mission from ref. 473 Copyright 2015, The Royal Society of Chemistry.
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3.4. Biomolecule immobilization on iron oxide nanoparticles
towards advanced environmental applications

Iron oxide nanoparticles have displayed a substantial potential
for immobilizing the biomaterials, enzymes, etc.*"*®> The bio-
sorption capability of diverse macro- and microbial enzymes
or biomolecules has extensively employed to eliminate many
contaminants; assorted types of iron oxide nanomaterials offer

higher surface areas and number of active sites for
483-485

synergy.

The research on biofuels is advancing at a fast pace as an
emerging field of study to offer substitute sources of renewable
energy. Nanotechnology advancements have aimed to increase
the efficacy of biofuel production, thereby increasing energy
security.’®® Recently, magnetic single walled carbon nanotubes
(mSWCNTs) have developed*®” by introducing an iron oxide
NPs into SWCNTs. In this protocol, the enzyme amyloglucosi-
dase (AMG) was immobilized onto mSWCNTs utilizing to
combine the two technologies i.e., nanotechnology and biofuel
generation. Up on immobilization on mSWCNTSs, enzyme pre-
serves its catalytic performance in the ideal enzymatic hydro-
lysis of starch over repeated applications, subsequently, the
material can be removed from the reacting environment by
using an external magnet. These ensuing results, open the
path for higher efficacy and lower principal expense of carbon
nanotube enzyme bioreactors in industrial enzyme protocols,
together with the special features of carbon nanotubes. There
are several other innovative examples of post-synthetic modifi-
cations of iron oxides nanoparticles. Carbon-coated cobalt NPs
that are chemically functionalized were employed for the
immobilization of enzyme.*®® Li and co-workers**° have inves-
tigated Ni-NTA (2,2',2"-nitrilotriacetic acid) functionalized iron
oxide NPs that were deployed for the selective immobilization
of histidine-tagged enzyme; other promising examples of
immobilization of enzymes and their applications have been
documented.****%?

Another crucial arena is the immobilization of biomaterials
onto a sturdier and porous support that has been significantly
investigated for varied applications; examples can be found for
fungi and microalgae and exploitation for hydrogen
production.*®*™*” Indeed, immobilized cells have garnered a
huge attention since the 1970s, because of their clear merits
over dispersed cells.**® First, the immobilization of native bio-
material improves the physical properties and proposes
advanced degree of action.’”® In addition, opposition to
environmental influences like pH, temperature, and toxicity
can be improved.>® Moreover, immobilization promotes the
use cyclic biomaterials, offering simplified liquid-solid separ-
ation, and reducing the blocking in continuous-flow systems.
These benefits could meet the technical requirements for the
utilization of such supports, where it is crucial to use economi-
cal, simple, easy, and suitable methods for immobilization.

Peng and co-workers®®’ have reported that Saccharomyces
cerevisiae supported on chitosan-coated magnetic NPs (SICCM)
can be deployed as an adsorbent for Cu(u) ions from aqueous
media. The removal efficacy of over 90% is achievable within

This journal is © The Royal Society of Chemistry 2024
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20 min, with the highest adsorption capability being 134 mg g~
It can therefore be assumed that the dispersion of biomaterials
on appropriate support is important for the application of bio
adsorbents in bulk-scale technologies. Additional research,
however, is needed to improve the adsorbent, primarily by
choosing suitable strains that have great adsorption capability
for specific heavy metals and organic compounds.

In a similar context, recently the modified iron oxide nano-
particles have been used for the environmental application
such as the immobilization of cadmium from contaminated
s0il,>°? arsenic removal from wastewater,’®® nano-remediation
of contaminated aquifers®***°> and also, for the immobiliz-
ation of phosphorous from soil.>*®>%”

Although an array of immobilization media and protocols
have been examined, relatively scant information is available
on combination of nanotechnology-based iron oxides with
other biological matrices for environmental use. An ideal
fusion could result in the development of innovative appli-
cations by using the inherent advantages of both the nano-
material and biomaterials. Consequently, it is crucial to inves-
tigate not only the mass scale applications of adsorption tech-
nique but also ideal immobilization methods with a greater
potential and constancy. Further research ought to exploit the
potential of magnetic nanomaterials in combination with bio-
logical components for novel biotechnology applications like
biosensors, immobilization of proteins for magnetic separ-
ation and environmental enhancement.

4. Conclusions and future directions

In this review, we have strived to comprehensively describe the
usage of non-hydrated iron oxides in catalytic and environ-
mental applications. It is amply demonstrated that the posi-
tion of non-hydrated iron oxide phases in these areas is para-
mount and superior compared to other materials. The review
deals with the identification of various parameters that can be
synthetically controlled and, hence, they can be finely tuned in
a way to be targeted for specific catalytic and environmental
technologies.

Iron oxide nanoparticles have been extensively deployed as
highly efficient catalysts and/or catalytic supports for diverse
organic transformations like reduction, oxidation, coupling,
and alkylation reactions, Fischer Tropsch synthesis, or multi-
component reactions. A remarkable impact has also been
made by iron oxide nanoparticles to promote the production
of crucial organic compounds. Nonetheless, there are still
several challenges associated with iron oxide NPs and their
applications in catalysis that need to be circumvented in the
future. Despite of having diverse physical, chemical, and bio-
logical procedures to prepare various iron oxide NPs, there is
still an obstacle to regulate their surface properties and immo-
bilization of surface fractions in the framework of organic/in-
organic composites, thus tuning their stability and the compo-
site’s strength. Therefore, future research ought to be under-
taken on computational design including artificial intelligence
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approaches and optimizing routes for the controllable and
scalable synthesis of iron oxide nanoparticles. There is also a
significant challenge in exploring the reaction mechanisms
and identifying individual reaction steps. Here, the compu-
tational approaches and advanced i situ techniques should be
largely applied. Finally, the possible use of magnetic iron
oxides as advanced supports for single atom embedding need
to be more intensively studied thus opening the doors towards
scalable and readily separable iron oxide based single atom
catalysts.

One of the foremost societal and scientific challenge is the
generation of large amounts of wastewater, which needs
routine wastewater treatment operations to prevent harm to
people, animals, soils, and plants as well as the spread of
numerous illnesses. Thus, the substantial portion of this
review article is dedicated to the use of iron oxide NPs in
advanced environmental and water treatment technologies
including e.g., sorption technologies, photocatalytic appli-
cations, hydrogen peroxide assisted degradation of pollutants
and other techniques. When compared to traditional adsor-
bents, iron-oxide nanoparticles operate more effectively and
efficiently in wastewater treatment in terms of their abun-
dance, low toxicity, and low costs. However, the future research
should examine and assess the possibility of sorbent regener-
ation, and reusability potential to exploit the use of iron oxide
nanoparticles for wastewater treatment. Similarly, the tailored
surface modification of iron oxide NPs towards selective
removal of particular contaminants represents another impor-
tant challenge. There is a paucity of information on the inter-
action of iron oxides with biological matrices, which would
affect their efficiency in environmental applications. Behind
the successful progress of the heterogeneous nanocrystalline
iron oxides for the use in photo-Fenton process, skillful coup-
ling of this technology with traditional techniques including
filtration, coagulation, and membrane technology is needed.
In addition, further pilot-scale studies are required to investi-
gate the full-scale application of iron oxide NPs in remediation
and photocatalytic technologies.
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