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Abstract The development of carbon-encapsulated
iron nanoparticles (CEINS) is of considerable interest
in many areas of cancer nanotechnology, ranging from
basic tumor biology to early detection and treatment of
cancer. To meet these challenges, the present study was
undertaken to determine the magnetic and relaxometric
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performance of CEINS used as a new contrast agent for
magnetic resonance imaging (MRI) in preclinical phan-
tom models. CEIN samples were synthesized using a
carbon arc discharge route, and the as-synthesized nano-
particles were purified and functionalized with surface
acidic groups. The presence of various Fe-bearing me-
tallic phases reflecting the net magnetic properties of
CEINS was characterized by powder X-ray diffraction
(XRD), thermogravimetry (TGA), and vibrating sample
magnetometry. The morphological and surface chemis-
try features were characterized by electron microscopy
(transmission electron microscopy [TEM] and scanning
electron microscopy [SEM]), Raman spectroscopy, and
Fourier transform-infrared (FT-IR) spectroscopy. The
textural properties of CEINS, including porosity, surface
total charge density, and zeta potentials, were also mea-
sured. The as-synthesized different CEIN samples were
finally examined as a potent MRI contrast drug candi-
date. Magnetic resonance relaxation measurements
were performed in bovine gelatin-based phantom
models by using a 1.5-T MRI scanner equipped with a
standard radiofrequency “birdcage” type head coil. To
obtain data, T1- and T2-weighted MR images were
acquired using the inversion recovery spin echo (SE)
and the SE protocol with multiple time of echo (TE),
respectively. Chemical characterization showed similar-
ity in morphology and textural properties between as-
synthesized CEINS, purified CEINS, and CEINS func-
tionalized with acidic groups. The as-synthesized
CEINS had significantly higher Fe content and higher
saturation magnetization. The analysis of the
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ABSTRACT

ARTICLE HISTORY

A method of the synthesis of novel magnetic nanocomposite adsorbent of Fe(lll) from aqueous Received 5 April 2019
solutions is presented. The nanocomposites consisted of carbon-encapsulated iron nanoparticles ~ Accepted 8 July 2019

and styrene-p-divinylbenzene copolymer. The adsorptive active sites were introduced via the
post-synthesis sulfonation. The presented sulfonated magnetic nanocomposite adsorbents can

KEYWORDS
Adsorption; Fe(lll) ions;

be easily separated using permanent magnets and their adsorption performance was comparable carbon-encapsulated iron
to the commercially available ion-exchange resins. The determined maximum adsorption capa- nanoparticles; styrene-
cities were between 10.9 and 49.5 mg-g~, whilst the equilibrium was reached for the contact time p-divinylbenzene copolymer;

lower than 60 minutes.

Introduction

The environment is exposed to the growing pollution of an
anthropogenic origin."! Heavy metal ions are one of the
most dangerous pollutants’®! among a wide range of che-
micals released by the industry and humans to aqueous
environments. Therefore, there is a great need to develop
novel materials and methods which are able to eliminate or
neutralize these contaminants.

Adsorption processes are commonly applied to remove
various pollutants from the environment."” The metal ions
can be removed from aqueous solutions using commer-
cially available ion-exchange resins that are composed of
functional polymers. As for example, many resins (e.g.
Amberlite, Purolite) consist of a sulfonated cross-linked
copolymer of styrene and p-divinylbenzene.! One of the
greatest disadvantage of these adsorbents is a problem with
separation of the spent adsorbent, especially from the solu-
tion of high viscosity. Filtration, sedimentation or centri-
fugation are efficient separation methods, however, they
are time- and energy-consuming and can be difficult to
implement in the real applications. In general, centrifuga-
tion and filtration are used to separate spent adsorbents
from aqueous solution. However, these methods have
some disadvantages. Both centrifugation and filtration are
time consuming methods. Centrifugation methods require

sulfonation

very high speed and large energy inputs. On the other hand
filtration methods frequently lead to filter blockages.'”) The
use of magnetic separation method offers an alternative
way to solve this problem./*” A reasonable solution of this
drawback is to construct a composite adsorbent which is
enriched with a ferromagnetic phase. The composites of
this type can be separated using a permanent magnet. The
synthesis of magnetic composite adsorbents is still
a developing branch of research.[*%!

In this work, the synthesis of sulfonated magnetic
nanocomposite adsorbents is described. The developed
composite materials consist of two phases. The first
phase is active in the adsorptive removal of heavy metal
ions and this is a sulfonated cross-linked copolymer of
styrene and p-divinylbenzene. The second one provides
ferromagnetic properties. This phase is based on carbon-
encapsulated iron nanoparticles (CEINs). In CEINs iron
nanoparticles are tightly covered by a carbon shell."! The
iron nanoparticles are well protected against corrosion
and oxidation. The corrosion resistance of CEINS was
described elsewhere.!"? Importantly, the zero-valent
iron core is inert and cannot be etched in acidic solutions
and in the solutions of metal ions which have higher
redox potential than the iron. This feature of CEINs
allows to use them in the construction of mobile compo-
site adsorbents with excellent corrosion resistance.
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ARTICLE INFO ABSTRACT

Editor: GL Dotto A novel easy-to-prepare magnetic catalyst, composed of palladium nanoparticles supported on surface-oxidized
carbon-encapsulated iron nanoparticles, has been synthesized. The synthesis involved the reduction of palladium

KEW""F" precursor in the presence of magnetic core-shell nanomaterial. The size of the palladium nanoparticles distrib-

Catalysis uted over the support does not exceed 15 nm. The catalytic performance of this composite material was tested in

Magnetic nanoparticles
Hydrogenation
Green chemistry

hydrogenation of seven various nitro compounds to the respective amino derivatives. The composite exhibits
excellent catalytic activity and can be easily separated from the reaction mixture after the reaction. The deter-

mined reaction yields were above 90 % and this value was not worsened even after ten cycles, for the case of
hydrogenation of nitrobenzene. Importantly, the method is chromatography-free and employs the ammonium
formate as a hydrogen source, which makes the herein presented protocol safer in comparison with the previ-
ously reported reductions in which highly dangerous gaseous hydrogen was used.

1. Introduction

The simplicity of introducing the nitro groups to the aromatic ring
via nitration with the subsequent reduction of these groups to amines is
a powerful methodology widely applied in the chemical industry [1,2].
Many methods for the formation of amino groups from nitro derivatives
were reported, including the Zinin reaction, in which hydrogen sulfide is
applied as the reducing agent [3], or the Bechamp reduction, in which
the reducing environment is formed from hydrochloric acid and metallic
iron [4]. Importantly, in the latter case, hydrogen is formed in situ.

Typically, reduction with use of gaseous hydrogen requires hetero-
geneous catalysts. The most important are: Raney nickel [5], Urushibara
nickel [6], platinum(IV) oxide [7], and palladium supported on acti-
vated carbon [8-10]. Importantly, nickel or its compounds exhibit high
toxicity [11], whilst platinum is a very expensive material. For these
reasons, many palladium-based catalytic materials have been developed
over last years. Among all the solid supports used, activated carbon
provides a well-developed porosity, which is a very important parameter
in heterogeneous catalysis [8,12,13]. However, there is a need for
seeking novel supports for palladium. Despite numerous advantages,
palladium supported on activated carbon has one crucial drawback,
namely the separation of catalysts can be time- and solvent-consuming,

* Corresponding author.
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as well as difficult due to its grain size.

The supports made of magnetic materials are promising vectors for
the post-process operations. The application of magnetic materials as a
support in catalytically active composites is a novel approach in the
development of heterogeneous catalysts [14-20]. Magnetic supports
allow for simple and efficient separation of a catalyst from the reaction
mixture. The simplicity of separation with the use of an external per-
manent magnet is a promising way to expand the application of het-
erogeneous catalysis in chemical engineering and industry. Frequently
studied magnetite (Fe3O4), maghemite (y-FepO3) and hematite
(a-Fe03) nanoparticles are sensitive to acids and undergo dissolution in
acidic media [21,22].

In this field, carbon-encapsulated magnetic nanoparticles are a
promising material to be applied as a magnetic component of catalyti-
cally active composites. Nowadays, the use of nanomaterials in catalysis
becomes more common [23]. Carbon-encapsulated magnetic nano-
particles consist of nanosized core (e.g. iron, cobalt, nickel, or their al-
loys) which is wrapped in a carbon shell [19,24,25]. The shell is
chemically stable and protects the core against corrosion, including
strong acids at high temperature [26]. The carbon shell can be subjected
to subsequent functionalization in order to introduce new surface groups
with various functionalities [27-29]. A magnetic composite of
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ARTICLE INFO ABSTRACT

Article history: Among various 2D materials, graphene has received extensive research attention in the last 2-3 decades
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due to its fascinating properties. The discovery of graphene provided an immense boost up and new
dimension to materials research and nanotechnology. The multidisciplinary characteristics of graphene
havea wide range of applications from health to aerospace. Modern graphene research has been directed
towards the exploration of new graphene derivatives and their utilisations for fabrication of products and

devices. The enhancement of graphene properties by functionalization or surface modification is another

innovative approach. However, like other 2D materials, graphene research also needs amendments and

Keywords: e 3 S ;i e
G,‘:phene up-gradation in the light of recent scientific output. In this contribution, we have reassessed the recent
2D materials research output on graphene and graphene-based materials for applications in different fields. For the
Graphene oxide reader's comfort and to maintain lucidity, first, some fundamental aspects of graphene are discussed and

Engineering application of graphene

then recent overviews in graphene research are explored in a systematic manner. Overall, this review

article provides an outline of graphene in terms of fundamental properties, cutting-edge research and

applications.

© 2020 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Our world is full of materials and these are the backbone of our
modern society. Among these materials, carbon-based materials
are popular and play a crucial role in human civilization. In the
present situation, it is not an overstatement by saying that without
carbon materials, our life is impossible on the planet earth. Since
2004, graphene is treated as one of the most wonderful achieve-
ments in the field of science and technology [1]. The hexagonal
crystalline single layer of graphite (the simplest form and one of the
most important crystalline allotropes of carbon atoms having a C—C
bond distance of 0.142 nm) has received massive attention in the
field of sensors, biomedicals, composite materials and microelec-
tronics [1—3]. A wide range of applications such as transparent
conductive films, ultra sensitive chemical sensors, thin-film
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transistors, quantum dot devices and anti-corrosion coverings has
been tested and is well established [1—-5]. However, industrial-scale
production of graphene for these overwhelming applications
strongly depends on the easypath of graphene production which
was a bottleneck in the past and which, fortunately, has been
improved recently.

Graphene is the only allotrope of carbon in which every carbon
atom is tightly bonded to its neighbours by an unique electronic
cloud that raises several exceptional questions to quantum physics
[3,5]. Along with the unique quantum hall phenomenon, graphene
itself exists in several forms like graphene nanoribbons, nano-
sheets, nanoplates and 3D graphene. Each of them displays
amazing applications. As mentioned above, the electronic and
quantum properties of graphene are still a matter of fundamental
studies. Each carbon atom in graphene is sp? hybridised, having
three bonds, related to different neighbour carbon atoms (Fig. 2).
The sp? hybridisation is a combination of s, px, and py orbitals [1-3].
In the hexagonal phase, three distinct carbon atoms fortify cova-
lently to each carbon atom and all of them are essentially sp?
hybridised, resulting for each carbon atom in one free electron. The
p. orbital holds this free electron and this p-orbital lies above the
plane and forms the pi bond [1—3]. Interestingly, the p, orbital of

2468-2179/© 2020 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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Abstract: This work demonstrates the application of magnetic carbon-encapsulated iron
nanoparticles (CEINs) for the construction of bioelectrodes in a biobattery and a biofuel cell. It has
been shown that carbon-encapsulated iron nanoparticles are a suitable material for the

immobilization of laccase (Lc) and 1,4-naphthoquinone (NQ) and fructose dehydrogenase (FDH).

The system is stable; no leaching of the enzyme and mediator from the surface of the modified
electrode was observed. The onset of the catalytic reduction of oxygen to water was at 0.55 V, and
catalytic fructose oxidation started at —0.15 V. A biobattery was developed in which a zinc plate

served as the anode, and the cathode was a glassy carbon electrode modified with carbon-
encapsulated iron nanoparticles, laccase in the Nafion (Nf) layer. The maximum power of the cell
was ca. 7 mW/cm? at 0.71 V and under external resistance of 1 kQ. The open-circuit voltage (OCV)
for this system was 1.51 V. In the biofuel cell, magnetic nanoparticles were used both on the

Citation: Chomicz, R.;

bioanode and biocathode to immobilize the enzymes. The glassy carbon bioanode was coated with

Bystrzejewski, M.; Stolarczyk, K. carbon-encapsulated iron nanoparticles, 1,4-naphthoquinone, fructose dehydrogenase, and Nafion.

Carbon-Encapsulated Iron
Nanoparticles as a Magnetic
Modifier of Bioanode and
Biocathode in a Biofuel Cell and
Biobattery. Catalysts 2021, 11, 705.
https://doi.org/10.3390/catal11060705
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The cathode was modified with carbon-encapsulated magnetic nanoparticles and laccase in the
Nafion layer. The biofuel cell parameters were as follows: maximum power of 78 uW/cm? at the
voltage of 0.33 V and under 20 kQ resistance, and the open-circuit voltage was 0.49 V. These
enzymes worked effectively in the biofuel cell, and laccase also effectively worked in the biobattery.

Keywords: magnetic nanoparticles; bioelectrode; biofuel cell; enzyme; fructose dehydrogenase;
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Currently, the use of natural resources, in particular fossil fuels, is higher than our
Publisher's  Note:  MDPI stays  planet can regenerate. In connection with the above, it is important to develop renewable
neutral with regard to jurisdictional - energy sources, which include biofuel cells. In classical fuel cells, noble metals, such as
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platinum and nickel, are used as catalysts. Enzymatic biofuel cells are a special type of
fuel cell that uses enzymes from living cells as catalysts [1-4]. They have several

@ advantages: enzymes are relatively easy to obtain in mass production. Moreover, they
also have special properties that enable them to convert various organic compounds
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(sugars, alcohols) that are used as fuels in biofuel cells. Due to the fact that sugars and
other biofuels can be grown and harvested on a massive scale, the fuel for enzymatic
biofuel cells is cheap and can be found almost everywhere. Enzymes are also common in
nature. Most organic compounds cannot be used as fuel in fuel cells with noble metal
catalysts because carbon monoxide (II) which is formed during the work of the fuel cell,

Attribution  (CC BY) license  quickly “poisons” the surface of the metal and hampers its further use.

(http://creativecommons.org/licenses

The most commonly used enzymes which are used to construct the bioelectrodes in
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