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Abstract

Micro- and nano-sized magnetic adsorbents on the basis of elemental metals, iron oxides,
and ferrites, supported by inorganic (carbon, graphene, silica, zeolites) or organic
(macromolecules, polysaccharides, polymers, biomolecules) compounds, are reviewed.
Main attention is paid to magnetic hydrogels, xerogels, and aerogels due to their high
number of environmental and biomedical applications. Role of carbohydrates and
polysaccharides (starch, alginic acid, chitosan, etc.) for stabilization of magnetic
nanoparticles and use the formed composites for adsorbtion purposes is described.
Magnetic adsorbents are mainly used for heavy metals removal, separation, destruction and
adsorption of oil, dyes, toxic organic compounds, several biomolecules and drugs, as well
as widely in the catalytic processes. These last applications of magnetic adsorbents, in
particular ferrites, are emphasized. Their main advantage for these or other possible
applications is that the adsorbent or catalyst can be easily removed from reaction media
after adsorption or completion of reactions via a simple magnet. Magnetic behavior studies
of magnetic adsorbents are also discussed.

Keywords: magnetic adsorbent, nanocomposite, iron oxides, ferrites, environmental
applications.

1. Introduction

The adsorbents formed with particles in the ranges of nano- and microsize are currently in
the stage of fast development. Recently, a series of books' 23 % and reviews’ © have been
published in this field; among them, we note an excellent comprehensive contribution
dedicated to nanoadsorbents,7 where adsorbent materials on the basis of metal and metal
oxide nanoparticles, carbon-, silica-, and polymer-based nanomaterials, nanofibers,
nanoclays, xerogels, aerogels, and destructive adsorbents are described in detail. At the
same time, inside this huge research and technological area, the adsorbents possessing
magnetic properties are very valuable, since their application allows a simple magnetic
recovery after completion of adsorbtion process using magnets of distinct force. Several
partial aspects of this problem are covered in recent reviews and book chapters, for
example magnetically modified biological materials, containing magnetic nanoparticles as
labels,® {gagnetic cellulose nanocomposites,” and magnetic hydrogel nanoparticles for
proteins.

In this review, we generalize most recent achievements on preparation and main
applications of magnetic adsorbents, paying main attention to nano- and microsize
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magnetic particles in inorganic and organic supports in the form of aerogels, hydrogels, and
xerogels.

2. Useful definitions

Nanocomposites. A composite is considered as a multiphase material with significant
proportion of the properties of the constituent phases, whose final product has its property
improved. There is the possibility of combining various types of materials in a single
composite, in order to optimize their properties according to the desired application. When
one of the phases has nanometric dimension, the system is called nanocomposite. The
interest in the preparation of magnetic nanocomposites has increased in the last years due to
the properties presented by these materials, which depends on the particle size,
concentration and distribution of the particles in the matrix. Nanosystems such as Fe/Si0,,
Ni/Si10,, Fe304/Si0,, CoFe,04/Si0,, NiFe,04/Si0; have been intensively studied in the last
years, revealing different behavior from those of bulk magnetic systems and serving as
models for the study of small particles.'" '*

Xerogels and aerogels. The drying is one of the more important steps in sol-gel process
because it is possible to obtain different materials by changing the drying routes. During the
drying, the solvent adsorbed inside the porous gel is removed. In this process, the gel
network can collapse. There are several types of drying processes; among them the
controlled drying and the supercritical drying could be mentioned.”” In the controlled
process, the solvent is evaporated slowly at r.t. and pressure, generating a contraction on the
material, provoking the decreasing in the pore size due to the surface tension. The dry gels
obtained by this process are called xerogels and have high porosity and specific surface
area. In the supercritical drying, the wet gels are put in a reactor at high temperature and
pressure, above the critical point of the system, where there is no discontinuity between the
liquid and gaseous phase, avoiding capillary forces. The dry gels obtained are called
aerogels and have higher porosity than the xerogel. As an example, carbon aerogel and
xerogel were prepared by a sol-gel process that involves a polycondensation of resorcinol
and formaldehyde in Na,COs; catalysis, followed by a drying step, either in supercritical
conditions of CO, to aerogel obtaining or in normal conditions to xerogel obtaining, and a
pyrolytic step in Ar atmosphere at 750°C for 2 h.'* As an example of silica xerogels, it
consists of a silica network with micro, meso and macro pores interconnected for all the
bulk."® Micro pores are pores smaller than 2 nm in diameter, meso pores are the pores with
diameters between 2 and 20 nm, and macro pores are larger than 20 nm. These xerogel
represent monolithic porous matrices (Fig. 1), without defects after drying, changed in size
after thermal treatments at high temperatures. An image of silica-titania alerogel16 is shown
in Fig. 2.
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Fig. 1. lca xeogel Rprodued Fig. 2. Silica-titania aerogel. Reproduced from ref. 16
from ref. 15 with permission. with permission.

Hydrogels'” '® ' can be defined as cross-linked polymer networks which can absorb large

amounts of water or biological fluids. Hydrogels themselves do not dissolve in water at a
physiological temperature and pH, but swell considerably in an aqueous medium.
Hydrogels are currently being considered for various biological applications such as
components of drug delivery devices, microfluidic devices, biosensors, tissue implants and
contact lenses. On the basis of route of their synthesis, hydrogels can be classified as:?

- Homopolymer hydrogels (made up of only one type of hydrophilic monomer);

- Copolymer hydrogels or network gels (composed of two types of monomers);

- Mutipolymer hydrogels (made up of three types of monomers or inter penetrating
polymeric network).

Another mode of classification is on the basis of type of ionic charges present on polymer
networks:
- Anionic hydrogels (anionic thermoassociative carboxymethylpullulan hydrogels;
- Cationic hydrogels (thermosensitive, cationic hydrogels of N-isopropylacrylamide
(NIPAM) and (3-acrylamidopropyl)trimethylammonium chloride (AAPTAC);
- Neutral hydrogels (miscible blends from water-insoluble polymers like poly(2,4,4-
trimethylhexamethylene terephthalamide);
- Ampholytic hydrogels (acrylamide based ampholytic hydrogels).

On the basis of physical structures hydrogels can be classified as:
- Amorphous hydrogels (chains are randomly arranged);
- Semi crystalline hydrogels (dense regions of ordered macromolecular arrangement);
- Hydrogen bonded or complexation structures (the three dimensional network
formed due to hydrogen bond).

Ferrogels. Composed of a soft polymer matrix and magnetic filler particles, ferrogels are a
smart materials responsive to magnetic fields. Due to the viscoelasticity of the matrix, the
behaviors of ferrogel are usually rate-dependent. One of their synthesis methods is by
introducing monodomain, magnetite particles of colloidal size into chemically crosslinked
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poly(vinyl alcohol) hydrogels.21 The ability to absorb aqueous solution without losing their
shape and mechanical strength depends on the properties of the polymer, nature and the
density of the network and accordingly they can absorb and retain various amount of water.
Chains are connected by electrostatic force of hydrogen bond, hydrophobic interaction and
such gels are not permanent. They can be converted into polymer by heating.22

Ferrofluids or so-called magnetic liquids are suspensions of colloid magnetic particles
stabilized by surfactants in liquid media. The magnetic phase in ferrofluids can be
represented by magnetite, ferrites (group of nonmetallic, ceramic like, usually
ferromagnetic compounds of ferric oxide with other oxides) and Fe,C, particles resulting
from the thermal decomposition of Fe(CO)s.

Iron oxides and ferrites. The presence of the magnetic nanoparticles (such as iron oxides
or CoFe,0,4) inside of the inert porous matrices of xerogels and aerogels reinforce their
structure, avoiding large changes in specific surface area, porosity and in the microstructure
of the matrix after preparation temperature, which varied between 300 and 900°C. These
characteristics influence the properties of the nanocomposites, such as their chemical
reactivity, catalytic activity and magnetization. As it will be seen below, iron oxides and
ferrites are generally used as magnetic phase in adsorbents. Iron oxides is a collective term
for oxides, hydroxides and oxy-hydroxides composed of Fe(Il) and/or Fe(IIl) cations and
O” and/or OH™ anions. Sixteen pure phases of iron oxides, i.e., oxides, hydroxides or oxy-
hydroxides are known to date. These are Fe(OH)s, Fe(OH),, FesHOg4H,0, Fe;0,4, FeO,
five polymorphs of FeOOH and four of Fe,Os. Maghemite (y-Fe;O3) in itself is a material
of great technological importance for its use in magnetic recording systems and in catalysis;
moreover, maghemite properties are particularly enhanced when the size of the particles
reaches the nanometer range. Although nanosized y-Fe,O; transforms into a-Fe;O3
(hematite) at rather low temperatures (350°C) it can be stabilized through the incorporation
of the nanoparticles into polymeric, glassy or ceramic matrices. Another important
component in magnetic adsorbents is magnetite, the cubic spinel Fe;O4, which is
ferrimagnetic at temperatures below 858 K. This mineral exhibits strong magnetic
properties easily allowing creation of devices and processes for both upstream (adsorption)
and downstream/deposition processes such as fixed bed adsorption, magnetically stabilized
beds, magnetic separation, and remote deposition of dangerous materials. The review>
refers to the adsorption/desorption possibility of the magnetite, both natural and synthetic,
with respect to hazardous species dissolved in aqueous solutions. Ferrites are chemical
compounds obtained as powder or ceramic body with ferrimagnetic properties formed by
iron oxides as their main component, Fe,Os; and FeO, which can be partly changed by
others transition metals oxide. The ferrites can be classified according their crystalline
structure: hexagonal (MFe;019), garnet (MsFesO;;) and spinel (MFe;O4), where M
represents one or more bivalent transition metals (Mn, Fe, Co, Ni, Cu, and Zn).

3. Metal-based adsorbents
3.1. Nano zero-valent iron (nZVI), other metals and alloys

As it will be seen below, iron oxides are generally used as a magnetic-responsible
component in adsorbents. However, zero-valent iron has also been applied in a few
magnetic nanocomposites for adsorbance purposes, mainly on the basis of carbon-
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containing materials. Thus, the magnetic cellulose nanomaterials, containing nanoscale
zerovalent iron (nZVI) and cellulose, were prepared by a reduction method.”* With a
saturation magnetization of 57.2 emug”, the cellulose@nZVI composites could be easily
separated from solutions in 30 s through the external magnetic field. Arsenite adsorption by
this nanoadsorbent followed the pseudo-second-order kinetic model and Langmuir isotherm
model, showing maximum removal of 99.27 %. It is necessary to mention that As(V), as
well as Pb(Il), Congo red and methylene blue, can be also effectively eliminated, even after
five cycles, using supported nano zero-valent iron on barium ferrite microfibers.” These
composite microfibers are fabricated from nano zero-valent iron and nano BaFe ;09
grains. The enhanced adsorption characteristics can be attributed to the porous structure,
strong surface activity and electronic hopping. Related zerovalent iron nanoparticles (10
nm) graphene composite (G-nZVI) is also known;*® G-nZVI showed great potential as an
efficient adsorbent for lead immobilization from water, as it exhibited stability, reducing
power, a large surface area, and magnetic separation.

Among other carbon-containing magnetic adsorbents, mesoporous Fe;Cos/carbon
nanocomposite was prepared via a cocasting method.”” ** The authors noted, that by
introducing Fe;Cos alloy nanoparticles into mesoporous carbon, the magnetic property of
the nanocomposite was greatly improved compared to using a single metal Fe or Co
nanoparticles. The nanocomposite was applied as magnetically separable adsorber and
exhibited excellent performance of adsorption for bulk dyes due to its high surface area
(<1429 m*/g) and pore volume (<1.93 cm?/g). Related cobalt magnetic nanoparticles coated
by carbon (Co/C) were prepared by catalytic chemical vapor deposition (CCVD) with
ethanol.”’ Tt was shown that in the CCVD process cobalt oxide (Co3;0,) react with ethanol
in the range 700-900°C producing magnetic metallic cobalt coated by different carbon
materials such as graphite, and filaments. Presence of multiwalled carbon nanotubes
encapsulating a cobalt metal core was confirmed. The produced Co/C nanoparticles were
used as an adsorbent of organic compounds using methylene blue dye as a model molecule.
In case of other metals, a green and low-cost adsorbent with both magnetic property and
high adsorption capacity was prepared on the basis of nickel magnetic core with silica shell
(Ni@Si0,).” Synthesized adsorbent exhibited higher adsorption capacity for dyes with
negative charge/hydroxyl groups as compared to dyes with positive charge/without
hydroxyl groups due to the hydrogen bonding interaction and electrostatic interaction
between the adsorbent and dyes. The binding of these dyes with magnetic adsorbent surface
mainly involves physical adsorption according to D-R model. After regeneration, the
adsorbent still showed high adsorption capacity even for 4 cycles of desorption-adsorption.

4. Iron oxides as magnetic adsorbents
4.1. Adsorbents based on the carbon matrix

A series of ferrite-carbon aerogel (FCA) monoliths with different iron/carbon ratios was
synthesized®' directly from metal-resin precursors accompanied by phase transformation
(Fig. 3). Self-doped ferrite nanocrystals and carbon matrix were formed synchronously via
moderate condensation and sol-gel processes, leading to homogeneous texture. An optimal
5% ferric content FCA was composed of coin-like carbon nano-plate with continuous
porous structure, and the ferric particles with diameters of dozens of nanometers were
uniformly embedded into the carbon framework. When FCA was used as an electro-Fenton
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cathode (Fig. 4), metalaxyl (N-methoxyacetyl-N-(2, 6-dimethylphenyl)-DL-alaninate, 1)
degradation results demonstrated that 98% TOC elimination was realized after 4 h. It was
1.5 times higher than that of the iron oxide supported electrode. It was attributed to self-
doped Fe@Fe,0; ensuring Fe(Il) as the mediator, maintaining high activity via reversibe
oxidation and reduction by electron transfer among iron species with different valences
(reactions [-7). Another carbon-based magnetic aerogel photocatalysts with strong
Rhodamine B (RhB) dye adsorption ability, i.e., tri-functional mesoporous composite y-
Fe,0s/a-Fe,Os/carbon aerogel (CA; its synthesis is described in*?) structures, were prepared
by a hydrothermal process from FeSO, as a precursor in hexamethylenetetramine
(HMTA).33 The as-prepared mesoporous composite y-Fe,Os/a-Fe,O3/CA structures have
ferrimagnetic properties due to their y-Fe,O3; component, and they also have photocatalytic
properties because of their antiferrimagnetic a-Fe,O3; component (Fig. 5). The removal
capacity of RhB dyes of the as-prepared mesoporous structures is increased from 83.5% to
91% under visible light irradiation. The mesoporous structures can also be separated by an
external magnetic field to avoid further separation steps. Curiously, carbon-based aerogels
can also be obtained from biomass, for example a nanocomposite of carbon aerogel and
iron oxide, prepared by a facile hydrothermal treatment of watermelon.’* Graphene-based
magnetic adsorbents are also known; thus, macroscopic multifunctional graphene-based
hydrogels with robust interconnected networks were fabricated under the synergistic effects
of the reduction of graphene oxide sheets by ferrous ions and in situ simultaneous
deposition of nanoparticles on graphene sheets.” a-FeOOH nanorods and magnetic Fe;O4
nanoparticles can be easily incorporated with graphene sheets to assemble macroscopic
graphene monoliths just by control of pH value under mild conditions. These functional
graphene-based hydrogels exhibit excellent capability for removal of pollutants and, thus,
could be used as promising adsorbents for water purification. We consider graphene-based
adsorbents as promising materials, under the condition of reduced cost in their massive
production. For example, the present price of graphene nano platelets is $385-525/kg and it
is predicted that nanoplatelets could be produced at $11 per kilogram.

Polymerize Aging Carbonize

Metallic-Organics Gel FCA Former Body FCA Electrode

Fig. 3. Illustration for fabrication of FCA electrode. Reproduced from ref. 31 with
permission.
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Fig. 4. MET degradation process in heterogeneous E-Fenton system with FCA cathode.
Reproduced from ref. 31 with permission.

=Fe"-OH + ¢* > =Fe""OH (1)
=Fe""-OH + H,0, < =Fe""OH(H,0,)(s) (2)
=Fe"_"OH(H,0,)(s) —> =Fe"-OH(HO,")(s) + H" (3)

=Fe'-"OH(HO,")(s) — =Fe-OH + HO," + H* (4)



RSC Advances

8

=Fe'-OH + H,0, — =Fe"-OH + "OH + OH™ (5)
‘'OH < H + 0, (6)

‘OH + MET — CO, + H,O (7)
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Fig. 5. Scheme of RhB dye removal using the as-prepared trifunctional y-Fe,Os/a-
Fe,O3/CA structures under visible light irradiation. The tri-functional materials can be
separated with an external magnetic field. Reproduced from ref. 33 with permission.

4.2. Adsorbents based on the silica and related supports

Silica is also a conventional basis for most adsorbents. Thus, the aerogel and xerogel iron
oxide-silica nanocomposites were prepared by the sol-gel method.”® Pure maghemite
nanoparticles were obtained starting from both xerogel and aerogel samples, with particles
of average size around 5 nm which tend to aggregate into the silica matrix. Variation of
synthesis conditions could change resulting products. Thus, depending on the synthesis
parameters, ferrihydrite or maghemite particles were obtained in similar conditions.”” The
material was obtained via sol-gel hydrolysis/condensation reactions of a silicon alkoxide
{Si(OCH,CH3;)4 (TEOS) or Si(OCHj3)4 (TMOS)} with water in an alcoholic solvent, further
drying by supercritical evacuation of the solvent, and growth of the magnetic phase in the
silica aerogel starting from Fe(NO3)39H,0 alone or with FeNa(EDTA)-2H,0 as precursors
(Table 1). The nanoparticle phase assignments were found to be maghemite (y-Fe,0O3),
magnetite (Fe;O,) ferrihydrite (FesHOg4H,0). At r.t., the system was found to behave as
an ensemble of non-interacting superparamagnetic particles, indicating that particle
aggregation can be avoided by using a sol-gel preparation method with supercritical
drying. In the temperature range from 15 to 300 K the magnetic ac susceptibility y(7)
displayed a broad peak that shifts to higher temperatures on increasing the ac applied field
frequency.
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Table 1. Aerogel alkoxide precursor and solvents, iron salt precursor, density (o), mean
particle diameter (d,) and standard deviation (oy) from TEM determination, activation
energy (E) for magnetic momento reversal, microscopic attempt time (7) from the ac
susceptibility, effective anisotropy constant (Kr) and magnetic phase identification.

Reproduced from ref. 37 with permission.

Magnetic | Alkoxide | Iron salt P dm O E/kg o Kt
phase and | precursor | (gem) | (m) | am) | (K) | () | m?)
solvent
Ferrihydrite |  TEOS | Fe(NO3); | 0.52 3.4 1.6
ethanol ‘OH,0
Maghemite | TMOS | Fe(NOs); | 0.44 5.0 1.3 1940 | 10" | 1.0210°
methanol ‘OH,0
Maghemite | TMOS | Fe(NOy)s9 | (.44 4.0 1.4 1700 | 10" | 1.410°
methanol H,0 +
FeNa(EDT
A)2H,0

Stability of these nanocomposites could be distinct in comparison with pure iron oxide
nanoparticles. Thus, Fe;04/SiO, nanocomposite aerogel powders were synthesized by a
two-step process, including formation of Fe;O4 nanoparticles, which were further
embedded in SiO; matrix by the hydrolysis and subsequent condensation of the silicic
acid.® The Fe3;04/S10; nanocomposite were found to exhibit an enhanced termal stability
against oxidation compared with pure Fe;O,. In addition, functionalized silica-supported
magnetic adsorbents were prepared and studied. Thus, the magnetic adsorbents with
functional —NH, groups were synthesized by immobilization of amino-silane on the
surface of the magnetic silica supports, which were prepared by co-precipitation method
(Fig. 6).*° These adsorbents on Fe;O, basis were applied in the separation of flavonoids
{flavonoids are polyphenolic compounds and the basic structures of this matter consist of
two aromatic rings (noted A and B) linked through three carbons that usually form an
oxygenated heterocycle (C ring), formula 2; they are frequently used for “greener”
synthesis of metal nanoparticles using plant extracts*’} from the licorice root and ere shown
to have selectivity to the flavonoids to some extent. The affinity selectivity of the
adsorbents is based on the formation of hydrogen bonding between the —NH, groups on
the magnetic adsorbents and —OH, —CO groups on the flavonoids. Another representative
example of functionalization is a versatile and robust solid phase with both magnetic
property and a very high adsorption capacity, presented on the basis of modification of iron
oxide-silica magnetic particles with a Schiff base L (formula 3) (Fe3O4/8102/L).41 On its
basis, an efficient and cost-effective method for the preconcentration of trace amounts of
Pb(II), Cd(IT) and Cu(Il) in environmental and biological samples using this magnetic solid
phase was offered (Fig. 7).
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Magnetic Si-OH OC,Hs
nanopartic

Magnetic

SI-OH + C2H50-Si-(CH2)3-NH2 —_—

Si-OH OC,H;

(CH;);NH,

Fig. 6. Scheme of the coating reaction of APTS {3-aminopropyltriethoxysilane
NH,(CH;);Si(OC,Hs);} with magnetic silica particles.

MeO

Structure of 3-(4-methoxybenylideneamino)-2-thioxothiazolidin-4-one (L).
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Fig. 7. Procedure for synthesizing Schiff base (L) modified silica-coated magnetic
nanoparticles and for the proposed magnetic solid-phase extraction. Reproduced from ref.
40 with permission.

4.3. Adsorbents based on the zeolites

Natural and artificial zeolites are also widespread inorganic supporting materials for micro-
and nanoparticles having distinct applications.** ** ** % ¢ 47 Their composites-adsorbents
with iron oxides can be fabricated by several routes. Thus, the zeolite was synthesized by
alkaline hydrothermal treatment of coal fly ash (a major solid waste from coal-firing power
stations).” * The zeolite-iron oxide magnetic nanocomposite was prepared by mixing
zeolite from coal fly ash with magnetite nanoparticles in suspension. The magnetic
nanocomposite was used for the removal of U(VI) from aqueous solutions by a batch
technique, as well as for adsorption of dye Reactive Orange 16. Sometimes, states of
presence of nanoparticles in zeolites can be “non-conventonal”. Thus, nanoparticles and
nanoclusters of FeO(OH)/Fe;04 were incorporated by co-precipitation in the clinoptilolite
channels.”® The intriguing feature of this report was that the coexistence of paramagnetic
and superparamagnetic Fe(Ill) in clinoptilolite was demonstrated. The bound of trivalent
iron in clinoptilolite results in the formation iron oxide nanoclusters in microvoids, and
stabilize AlQO, tetrahedral in the aluminosilicate matrix. The resulting non-framework and
bound Fe(IIl) exhibited superparamagnetic and paramagnetic properties, respectively.

Among other zeolite-based magnetic nanocomposites, we note the adsorption features of
classic zeolites (NaY, Beta, Mordenite and ZSM-5), combined with the magnetic properties
of iron oxides in a composite to produce a magnetic adsorbent.’’ These magnetic
composites can be used as adsorbents for contaminants in water and subsequently removed
from the medium by a simple magnetic process. In addition, magnetic MCM-41 (from a
family of silicate and alumosilicate solids) of large surface area (ca. 800 m” g'') and high
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magnetization (ca. 8.3 emu’g'l) was prepared at a reasonable iron oxide nanoparticles
loading of 10 wt. % by a two-step synthesis process.”> The 8 nm iron oxide nanoparticles
(i.e., 30 m2'g'1) were embedded in the MCM-41 with no observable effects on the particle
morphology and pore symmetry, but a slight change (i.e., <20%) in the textural properties
and surface chemistry was detected. After absorption of As(V) and Cr(VI) oxyanions, this
magnetic adsorbent was easily dispersed in aqueous solution and can be removed by a
magnet (1550 G) at a rate of 1 cm'min’ compared to 0.004 cm'min’ by gravity.

4.4. Adsorbents based on the macromolecules

Magnetic cucurbituril (MQ[#n]), a functional material compound, was prepared (Fig. 8) via
chemical co-precipitation method as a high-capacity adsorbent for humic acid (HA).” Q[n],
a family of macrocyclic host molecules,™ possessing its unique structure of centre
hydrophobic cavity and hydrophilic portals that can form stable clathrate compounds with
guest molecules through van der Waals interaction, hydrophobic interaction, electrostatic
interaction, hydrogen bonding, ion—dipole or dipole—dipole interaction. Q[n] was found to
be grafted on the surface of Fe;O4. MQ[n] demonstrated good adsorption capacity at pH 7
in adsorption experiments; moreover, the capacity of MQ[n] was also above 80% after
being used for four times, so it may have potential industrial applications.

OH

o HO 0--k--1

i \\L/

—N N\/
/

Magnetic Fe;0, / L 0 _n

Ql[n] MQIn]

Fig. 8. Schematic diagrams for the formation of MQ[n].

A series of different carbohydrates and polysaccharides have been applied for stabilization
of magnetic nanoparticles and use the formed composites for adsorbtion purposes. Thus,
starch (4, Table 2) stabilized magnetic manoparticles (SSMNPs) were prepared by reacting
FeCl;'6H,O with FeCl,'4H,O in 0, 0.025, 0.5, 0.1 and 0.5% w/v of cassava waste water
starch solution.” The SSMNPs were then applied in the removal of nickel ions from crude
oil. The sample with the least starch concentration exhibited the strongest attraction and
surface affinity for nickel complexes in crude oil with up to 93% of nickel complexes
removal. Other important related objects are derivatives of alginic acid 5, whose magnetic
calcium alginate hydrogel beads (m-CAHBs, 3.4 mm average diameter) (Table 2)
composed of y-Fe,O3 nanoparticles and calcium alginate were prepared (Fig. 9).”° On their
basis, the adsorption removal methodology of Cu(Il) from aqueous solution by m-CAHBs
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was offered. Maximum percent removal was attained under the optimum conditions with
pH 2.0, 2.0 gL™" adsorbent dosage for 250 mg' L™ initial Cu(II) ion concentration. The
percent removal of Cu(Il) on m-CAHBs could still be maintained at 73% level at the fifth
cycle. The adsorption mechanism of Cu(Il) was found to occur preferentially more by
chelation than by electrostatic interaction. In addition, a spray gelation-based method was
offered to synthesize a series of magnetically responsive hidrogel nanoparticles on Fe;O3
and alginate-oligoguluronate basis for biomedical and drug delivery applications.”’ This
method is based on the production of hydrogel nanoparticles from sprayed polymeric
microdroplets obtained by an air-jet nebulization process that is immediately followed by
gelation in a crosslinking fluid (Fig. 10).

alginate © Fe 03

— — — —

PP 5 1 Gelation needle Filtration "o,
° ol | c— —p 5
° . rinse
o ° e
. W o™ s @@

Magnetic calcium alginate
Alginate/y-Fe203 CaCl, solution hydrogel beads
mixed suspension

Fig. 9. Schematic presentation of the preparation process of m-CAHBs. Reproduced from
ref. 55 with permission.
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~<~ PEG (3) Aerodynamic aerosol classifier(s)
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Fig. 10. (a) An illustration of the spray gelation-based method used in the development of
the hydrogel nanoparticles. (b) Schematic illustration of the developed magnetically
responsive hydrogel nanoparticles. Reproduced from ref. 56 with permission.
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Chitosan (6, Table 2), one of favourite polysaccharides, widely applied in nanotechnology
despite its low solubility, is also being frequently used. Thus, modified chitosan derivative,
cross-linked with glutaraldehyde and functionalized with magnetic nanoparticles (FezOy),
was prepared for Hg(II) removal from aqueous solutions (Fig. 11).>® The same Fe;0,
nanoparticles with different size (2 pm and 10 nm) were used for incorporation in chitosan
beads (chitosan/ Fe;O4 = from 4:1 to 1:1).5 ® The obtained magnetic beads were modified by
physical cross-linking with CuSOy, chemical crosslinking with epichlorohydrin, or were
coated with a polyelectrolyte complex chitosan/poly(2-acryloylamido-2-
methylpropanesulfonic acid). The magnetic beads completely sorbed a model dye - reactive
red - from its aqueous solution, thus implying that such materials might be used for
wastewater treatment in textile industry. In addition, with aid of oil-chitosan composite
spheres, synthesized by encapsulation of sunflower seed oil in chitosan droplets (Fig. 12),
hydrophilic materials (iron oxide nanoparticles) and lipophilic materials (i.e., rhodamine B
or epirubicin) were encapsulated.” The diameters of the prepared spheres were found to be
approximately 2.5 mm (pure chitosan spheres), 2.3 mm (oil-chitosan composites), 1.5 mm
(iron-oxide embedded oil-chitosan composites), and 1.7 mm (epirubicin and iron oxide
encapsulated oil-chitosan composites), respectively. A lipophilic drug (epirubicin) could be
loaded in the spheres with encapsulation rate measured to be 72.25%. The lipophilic
fluorescent dye rhodamine B was also loadable in the spheres with red fluorescence being
observed under a fluorescence microscope. Also, flat magnetic separator was used long ago
to separate magnetic bioaffinity adsorbents from litre volumes of suspensions.61 Both
magnetic cross-linked erythrocytes and magnetic chitosan were efficiently separated; at
least 95% adsorbent recovery was achieved at maximum flow rate (1680 ml'min™").
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Fig. 11. Preparation of CS and CSm and possible interaction with Hg(II). Reproduced from
ref. 57 with permission.
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Fig. 12. Schematic of the preparation of oil-chitosan spheres. Reproduced from ref. 59 with
permission.

4.5. Adsorbents on the basis of polymers

Polymers can be considered as most common supports for magnetic nanoparticles among
organic compounds and are widely used for creation of magnetic adsorbents. Thus,
hydrogel nanocomposites were synthesized by incorporation of superparamagnetic Fe;O4
particles in negative temperature sensitive poly(N-isopropylacrylamide) (7, Table 2)
hydrogels.62 Applying pulses of alternating magnetic field (AMF), uniform heating within
the nanocomposites, leading to accelerated collapse and squeezing out large amounts of
imbibed drug (release at a faster rate), took place. These smart biomaterials promise
numerous potential applications in externally actuated drug delivery systems for release of
drug molecules. As an example, the nanocomposite was incorporated as a valve in one of
the channels of the device.®> An AMF of frequency 293 kHz was then applied to the device
and ON-OFF control on flow was achieved (Fig. 13). A pressure transducer was placed at
the inlet of the cannel and pressure measurements were done for multiple AMF ON-OFF
cycles to evaluate the reproducibility of the valve. Closely related application of the same
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hidrogel was also reported for the case, when Fe;Os nanoparticles, embedded in
microrobots, can be used for propulsion and tracking in the human vascular network using
an MRI platform.** The same magnetic nanoparticles can also be exploited to perform as
hyperthermic actuators. When embedded in N-isopropylacrylamide thermo responsive
hydrogel, vascular microrobots capable of changing their size to adapt to various diameters
of blood vessels could be synthesized. This type of hydrogel is not only able to reduce size
in response to temperature elevations but, as it was shown above, it can also be used to
release possible therapeutic agents previously trapped within the hydrogel.

Hydrogelcompk

T<LCST

Valveis closed
Fe,0, Particle

............
.....

Increase in
temperature

—
<:

T> LCST : AMF triggered collapse

Valve opens
AM.__P_F_F__
Decrease in
temperature

T < LCST : Gel swells back

Valve closes

Fig. 13. Schematic of the concept of remote controlled hydrogel nanocomposite valves with
an alternating magnetic field (AMF). Application of the AMF results in collapse of the
hydrogel, leading to opening of the valve. Reproduced from ref. 62 with permission.

<:

Magnetic field-induced heating, described above, was also explored for the purpose of
developing a more effective way to recover water from swollen hydrogel draw agents.65
The composite hydrogel particles were prepared by copolymerization of sodium acrylate
and N-isopropylacrylamide in the presence of magnetic nanoparticles (y-Fe;Os, size < 50
nm). It was indicated that the magnetic heating is an effective and rapid method for
dewatering of hydrogels by generating the heat more uniformly throughout the draw agent
particles (Fig. 14), and thus, a dense skin layer commonly formed via conventional heating
from the outside of the particle is minimized. Significantly enhanced liquid water recovery
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(53%) is achieved under magnetic heating, as opposed to only around 7% liquid water
recovery obtained via convection heating. Also, magnetic nano-adsorbent was developed
long ago using superparamagnetic Fe;O4 nanoparticles (13.2 nm, spinel structure) as cores
and polyacrylic acid (PAA, 8, Table 2) as ionic exchange groups.66 The Fe;O4 magnetic
nanoparticles were prepared by co-precipitating Fe** and Fe’* jons in an ammonia solution
and treating under hydrothermal conditions. PAA was covalently bound onto the magnetic
nanoparticles via carbodiimide activation. The maximum weight ratio of PAA bound to the
magnetic nanoparticles was revealed to be 0.12. The ionic exchange capacity of the
resultant magnetic nano-adsorbents was estimated to be much higher than those of
commercial ionic exchange resins. When the magnetic nano-adsorbents were used for the
recovery of lysozyme, the adsorption/desorption of lysozyme was completed within 1 min
due to the absence of pore-diffusion resistance.
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Dry outside
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Dewatering after
At (h)
Dry outside
Saline Water ‘\ ji,/\

Conventional
Heating

Still moist inside

Tousde (°C) > Tinsige (°C)

Fig. 14. Schematic diagram of the effect of magnetic and conventional heating on the
dewatering of nanocomposite polymer hydrogels being used as draw agents in the Forward
osmosis process. Reproduced from ref. 64 with permission.

Superparamagnetic hidrogel microparticles in spherical and non-spherical forms (y-
Fe,03)"” were prepared in the T-junction microfluidic channel (Figs. 15-16). The precursor
(magnetic solution) consisted of poly(ethylene glycol)(700) diacrylate, (PEGDA, 9, Table
2), deionized water, and the ferrofluid (4:4:2 in volume) with Darocur 1173 and Irgacure
819 photoinitiators. Light mineral oil with 3% ABIL EM 90 served as a continuous phase.
In addition, well-defined, magnetic shell cross-linked nanoparticles (MSCKs) with
hydrodynamic diameters ca. 70 nm were constructed through the co-assembly of
amphiphilic block copolymers of PAA,-b-PS,5p and oleic acid-stabilized magnetic iron
oxide nanoparticles using tetrahydrofuran, N,N-dimethylformamide, and water, ultimately
transitioning to a fully aqueous system (Fig. 17).°® These well-defined nanoparticles



RSC Advances

20

showed efficient oil sorption capacity of 10-fold their initial dry weight when introduced
into an aqueous environment polluted with a complex crude oil. Once loaded, the crude oil-
sorbed nanoparticles were easily isolated via the introduction of an external magnetic field.

Cross view

Magnetic solution
-] \, «——Pn

AV=—P.

Mineral oil
(3% ABIL EM 90)

Aluminium reflector PDMS channel

PDMS layer

Supporting glass
>

Fig. 15. Schematic diagram of the T-junction microfluidic channel with aluminium
reflectors for spherical and non-spherical magnetic hydrogel synthesis: sphere, disk, and
plug. P, indicates the input pressure for the hydrogel precursors (dispersed phase) and P,
the input pressure for the mineral oil (continuous phase). Reproduced from ref. 66 with
permission.
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Fig. 16. Optical images of (a) deformed spherical magnetic microhydrogels in the absence
of the aluminium UV reflector and (b)—(e) collections of magnetic microhydrogels in the
presence of the aluminium UV reflector: (b) spheres, (c) disks, (d) plugs, and (e) high
resolution of the disks. The scale bars are (a)—(d) 30 mm and (e) 10 mm. Reproduced from
ref. 66 with permission.
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Fig. 17. Schematic representation of the construction of magnetic shell cross-linked
(MSCK) nanoparticles. Reproduced from ref. 67 with permission.

Micro-size (average size 1 um, range 500 nm — 2 pwm) magnetic polymer adsorbent (MPA)
coupling with metal chelating ligands of iminodiacetic acid (IDA) and its application for
the removal of Cu(Il) ion was synthesized on magnetite basis.” Fe;0, nanoparticles (10
nm in size) were prepared via the chemical co-precipitation method and then coated with
polyvinyl acetate (PVAC, 10, Table 2) via the suspension polymerization with vinyl acetate
(VAC), yielding magnetite-PVAC (denoted as M-PVAC). Several sequential procedures,
including alcoholysis, epoxide activation, and coupling of IDA were subsequently
employed to introduce functional groups on the surface of super-paramagnetite particles of
M-PVAC, yielding magnetite-polyvinyl alcohol (M-PVAL), magnetite-polyvinyl
propenepoxide (M-PVEP), and magnetite-polyvinyl acetate-IDA (M-PVAC-IDA),
respectively. Copper ions can be adsorbed from solutions with its aid; the adsorption
capacity is highest at pH value of 4.5 while decreases as the pH value decreases. Thus, the



RSC Advances

22

exhausted M-PVAC-IDA after removing Cu(Il) ion at moderate pH value of 4.5 can be
regenerated at low pH value of 1.

4.6. Adsorbents on the basis of biomolecules

A stable magnetic nanocomposite of collagen and superparamagnetic iron oxide
nanoparticles (SPIONs, 10 nm) was prepared by a simple process utilizing protein wastes
from leather industry.”® This nanocomposite exhibited selective oil absorption and magnetic
tracking ability, allowing it to be used in oil removal applications.

5. Ferrites as magnetic adsorbents

In addition to magnetic iron oxides, several metal ferrites have also been used as
components in magnetic adsorbents, although in lesser grade in comparison with
monometal iron-containing composites. As far back as in 1997, fine powders of zinc ferrite
nanoparticles (ZFN) ZnFe,Os with an average particle size of 10 nm and inversion
parameter of 0.21 were synthesized by the aerogel procedure.”’ Portions of the powders
were calcined in air at 500 and 800°C and other portions were ball-milled for 10 h. The
magnetic state of the as-produced and calcined samples is best described as disordered and
highly dependent on temperature. The magnetic properties of the ball-milled sample are
similar to those of ferrimagnetic MgFe,O, powders having comparable grain size and
inversion parameters. In a related report,”” monolithic zinc ferrite acrogels were produced
by the epoxide addition sol-gel method (addition of propylene oxide to 2-propanol solution
of either the hydrated metal nitrate salts or the hydrated metal chloride salts resultng in the
formation of stable red—brown gels). All synthesized aerogels exhibited low densities and
high surface areas (340 m%/g). Annealing of the aerogel at relatively lower temperatures
(below 450°C) in comparison with the method above yielded a highly crystalline porous
material which was composed of nanometer sized particles (Fig. 18). In addition, zinc-
ferrite nanoparticles can be non-stoichiometrical: this their property was studied as a
function of the particle size.”
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Fig. 18. Photograph of ZnFe,O, aerogel fabricated using Zn(NO;);’6H,O and
Fe(NO3)39H,0 in 2-propanol. Reproduced from ref. 71 with permission.

The zinc ferrite nanoparticles, surface modified with cetyl trimethylammonium bromide
{11, Table 2}, were applied74 as an adsorbent for dyes Direct Green 6 (DG6), Direct Red
31 (DR31) and Direct Red 23 (DR23). It was found that dye adsorption onto ZFN-CTAB
followed with Langmuir isotherm. It can be concluded that the ZFN-CTAB being as a
magnetic adsorbent with high dye adsorption capacity might be a suitable alternative to
remove dyes from colored aqueous solutions. Also, nanocrystalline zinc ferrite
nanoparticles supported on a silica aerogel porous matrix which differ in size (in the range
4-11 nm) and the inversion degree (from 0.4 to 0.2) as compared to bulk zinc ferrite which
has a normal spinel structure.”” The nanocomposites are superparamagnetic at r.t.; the
temperature of the superparamagnetic transition in the samples decreases with the particle
size and therefore it is mainly determined by the inversion degree rather than by the particle
size, which would give an opposite effect on the blocking temperature. In addition, mixed-
metal  zinc-containing  ferrite-silica  adsorbents are  also  known; thus,
ferrite(Nig sZng sFe,O4)-silica aerogel nanocomposite was found to be a ultra-superlight and
high-porous material, where the magnetic property of ferrite was held in the alerogel.76

Cobalt ferrite is also widespread component in magnetic adsorbents, mainly as aerogels and
more rarely hydrogels. Thus, porous cobalt ferrite aerogel catalysts (the crystallite sizes
range is between 6.3 and 28.1 nm) were obtained by 1,2-epoxide sol-gel process (by
reacting cobalt and iron salts with propylene oxide (similarly to ZnFe,Os above) in
methanol, dried by supercritical carbon dioxide, and calcined between 200 and 800°C) and
investigated in the hydrolysis of 4-nitrophenyl phosphate.”” The “as-prepared aerogel”
surface exhibited M—OH groups that disappear after annealing, which enhances the spinel
structure. The catalysts revealed high porosities that decrease as the annealing temperature
increases. The catalytic properties of these sol-gel materials were found to be due to the
existence of residual surface OH groups that did not undergo condensation. A hybrid
hydrogel with CoFe,O4 NPs as cross-linker agents of carboxymethylcellulose (CMC, 12,
Table 2) polymer was obtained with the aim of testing it as a system for controlled drug
release.”® The NPs were functionalized with (3-aminopropyl)-trimethoxysilane (APTMS) in
order to introduce-NH, groups on the surface (Figs. 19-21). The hybrid hydrogel combines
the magnetic proprieties of CoFe,O4 nanoparticles and the behaviors typical of hydrogel to
create a new system that overcomes some of the drawbacks of NP use in the field of drug
release. This system can be loaded with a large amount of drug and positioned near the
target site. In a related report,” magnetic hybrid cellulose (13, Table 2) aerogels were
prepared followed by two steps, firstly, preparation of cellulose hydrogel films from
LiOH/urea solvent, then CoFe,O4 nanoparticles were synthesized in the porous structured
cellulose scaffolds, which, after being freeze-dried, resulted CoFe,O4/cellulose magnetic
aerogels. The porosity of the composite aerogels ranged from 78 to 52% with pore size
distribution in a few tens of nanometers. These hybrid aerogels showed improved
mechanical strength and superparamagnetic properties. Unlike solvent-swollen gels and
ferrogels, the magnetic composite aerogels have lightweight, flexibility, and high porosity.
Because cellulose is sustainable and readily available in large quantities from plants
(wood), this route is suitable for industrial-scale production and may be used with many
types of nanoparticles, which will open the application fields of cellulose based functional
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materials. As an example, freeze-dried bacterial cellulose nanofibril aerogels on cobalt
ferrite basis can be used as templates for making lightweight porous magnetic aerogels,
which can be compacted into a stiff magnetic nanopaper.

CH;CO

CH3CO>Si\/\/NH2 o
CH,CO o \
APTMS
. 0 si
> / \/\/ NH
\O

Fig. 19. Schematic representation of the functionalization reaction of (3-aminopropyl)-
trimethoxysilane (APTMS) with nanoparticle (NP) surface.

Fig. 20. Bare (left suspension) and silanized (right suspension) images of CoFe,O4
nanoparticles (0.02 mg/mL, pH 4). The instability of bare nanoparticles is clearly evident.
Reproduced from ref. 77 with permission.
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Fig. 21. Reaction scheme of the formation of carboxymethylcellulose (CMC) hybrid
hydrogels. The reaction involves the formation of an amide bond between the carboxylic
groups of CMC and the amine groups of the NP-NH, (the cross-linker agent) in the
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presence of N-(3-dimethylaminopropyl)-N-ethylcarbodiimidehydrochloride (EDC) and N-
hydroxysuccinimide (NHS).

Unusual nanostructures of ferrite basis can be obtained varying CoFe,O,4 concentrations in
supports. Thus, magnetic nanocomposite materials consisting of 5 and 10 wt. % ultrasmall
stoichiometric CoFe,,4 nanoparticles in a silica aerogel matrix was synthesized also by the
sol-gel method.®' For the CoFe;04-10 wt. % sample showed many ‘“needle-like”
nanostructures that typically have a length of 10 nm and a width of 1 nm, and frequently
appear to be attached to nanoparticles. These needle-like nanostructures were observed to
contain layers with interlayer spacing 0.33+0.1 nm, which could be consistent with Co
silicate hydroxide, a known precursor phase in these nanocomposite materials.

Other ferrite-based magnetic adsorbents are rare. Thus, CuFe,04/activated carbon (mass
ratio of 1:1, 1:1.5 and 1:2) magnetic adsorbents, which combined the adsorption features of
activated carbon with the magnetic and the excellent catalytic properties of powdered
CuFe,04, were developed using a coprecipitation procedure.82 The prepared magnetic
composites can be used to adsorb acid orange II (AO7, 14) in water and subsequently,
easily be separated from the medium by a magnetic technique. The magnetic phase present
is spinel copper ferrite and the presence of CuFe,;O,4 did not significantly affect the surface
area and pore structure of the activated carbon. The composite has much higher catalytic
activity than that of activated carbon, attributed to the presence of CuFe,O4. Manganese
ferrite nanospheres constructed by nanoparticles were synthesized in high yield via a
general, one-step, and template-free solvothermal method.*> The resulting sphere-like
manganese ferrite particle was a porous structure with a narrow pore-size distribution.
Their saturation magnetization is high (maximum saturation magnetization value of the
product is 75 emu/g), which showes an excellent ability for magnetic removal of chromium
in wastewater.

Table 2. Polymers and polysaccharides, used as supports in magnetic sorbents.
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6. Magnetic behavior studies

In a predominant number of the reports above, a very frequent statement appears, as an
advantage for possible applications of synthesized magnetic adsorbents, that “the adsorbent
(or catalyst) can be easily removed from reaction media after adsorbtion or completion of
reactions via a simple magnet”. However, we note that, according to our experience, it is
not always possible to remove magnetic nanoparticles effectively from solution using
classic small magnets, especially in case of ultrasmall particles, well-stabilized in
dispersion. Much time is frequently required or the magnet force is insufficient for large
volumes of dispersions. Sometimes, stronger magnets need to be applied for their effective
separation, when even strong centrifugation does not allow a complete process of
precipitate formation. Thus, Fe;Os magnetic nanoparticles were used as recoverable
adsorbent for lignin removal from aqueous solutions was investigated.*® Magnetic
separation was done using a strong super magnet with 1.4 Tesla magnetic fields (2.5x5x5
cm). Another interesting “magnetic” study was carried out for micron-sized magnetic
particles (Fe;0,), dispersed in a polyvinyl alcohol (PVA, 15, Table 2) hydrogel.*> This
multiferroic ferrogel (Figs. 22-23) combines the elastic properties of PVA gel and the
magnetic properties of Fes;Os particles. The response of the ferrogel (with Fes;O4
concentration in the range of 1-10 wt. %) to the application of a static magnetic field (up to
a maximum of 40 mT) was studied. It was shown that the extent of deflection depended
strongly on the Fe;O4 content and the magnetic field strength (Fig. 24). For each Fe;O4
concentration there existed a threshold value of magnetic field strength before large
deflection occurred. This implied that the ferrogel system can be used as an ‘on—off’ type
transducer. The threshold value decreases with an increase in Fe;O4 content.
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Fig. 22. Picture of a ferrogel made of PVA + Fe;04. Reproduced from ref. 84 with
permission.

magnet

ferrogel

Fig. 23. Flexibility of (PVA + Fe;0,) ferrogel. Reproduced from ref. 84 with permission.

Fig. 24. Concentration graded ferrogel, the concentrations are 25, 15 and 3 wt% of iron
oxide in the three regions; the highest concentration is closest to the magnet. Reproduced
from ref. 84 with permission.

In addition, an interesting finding was observed in case of iron oxide in PEG-containing
systems. Thus, the high binding affinity of poly(ethylene glycol)-gallol (PEG-gallol) {PEG,
16, Table 2} allows freeze drying and re-dispersion of 92-nm iron oxide cores individually
stabilized with 9-nm-thick stealth coatings, yielding particle stability for at least 20
months.* Fig. 25 shows the prevention of particle agglomeration even in the presence of a
small external magnet, when the surfactant is used. In all other interactions “suspended
MNPs — magnet”, observed in a series of reports, MNPs were attracted by magnets.
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Fig. 25. a) The biotin-PEG(3400)-gallol/mPEG(550)-gallol dispersant layer surrounding
the iron oxide nanoparticle cores is stable and thick enough to prevent particle
agglomeration in the presence of a small external magnet, even after particles have been
dispersed in PBS for more than 1 year. B) In the absence of the dispersant layer, iron oxide
cores agglomerate and thus sediment instantaneously upon approaching a small external
magnet. Reproduced from ref. 85 with permission.

7. Environmental applications

Magnetic adsorbents discussed above have a host of applications in distinct areas of science
and technology. As it has been observed, they are able to adsorb a series of contaminants in
water, for instance trace amounts of Pb(II), Cd(Il), Hg(II) and Cu(Il) ions in environmental
and biological samples, several organic compounds (lignin and various dyes), can separate
flavonoids, serve as catalysts, and take part in drug delivery systems for release of drug
molecules, as well as in other biomedical applications®’ and, as it is known long ago, in
food industry.88 Symmetric supercapacitors and asymmetric supercapacitors that use carbon
xerogels with different porous textures as negative electrode and manganese oxide as
positive electrode, are also known.*

Due to efficiency in oil sorption, magnetic adsorbents could be useful in a nascent research
area: applications of nanomaterials (in particular xerogels and aerogels) in the processes of
oil extraction, when oil spills (mixtures of petroleum with water) frequently appear.”® *! ¥
This field of technology could have a brilliant future and need to be discussed more in
detail. Thus, the technology of producing a magnetic adsorbent for the oil removal from
waste water and surface water bodies by the controlled magnetic field, was proposed”
using magnetite and the absorbent material which is degradable steel slag. The slag
consisted of CaO, SiO,, Al,O3, Fe;03, MnO, MgO, and Cr,Os. The weight ratio of slag:
magnetite was 1:(1.5-2.0) and optimal particle size of the components was 70-100 microns.
Another representative example is 3D macroporous Fe/C nanocomposites {Fe-C-1+4 (Fig.
26), which {depending on the diameter of polystyrene (PS) microsphere (0.67+4.2) and
pore size (0.35+3.0)} were investigated as highly selective absorption materials for
removing oils from water surface. The macroporous nanocomposites were synthesized by
sintering a mixture of closely packed polystyrene microspheres and ferric nitrate precursor
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(Fig. 27). These nanocomposites exhibited superhydrophobic and superoleophilic
properties without the modification of low-surface-energy chemicals. The macroporous
nanocomposites fast and selectively absorbed a wide range of oils and hydrophobic organic
solvents on water surface, and the removal of the absorbed oils from the water surface was
readily achieved under a magnetic field (Fig. 28). The oil absorption capacity of these
nanocomposites was found to be much higher than that of reported Fe,O3;@C nanoparticles.
Moreover, the nanocomposites still kept highly hydrophobic and oleophilic characteristics
after repeatedly removing oils from water surface for many cycles.”

CA=157.5"

Fig. 26. SEM images of (a) Fe/C-1, (b) Fe/C-2, (c¢) Fe/C-3, and (d) Fe/C-4 samples; inset
images are the water contact angles of the corresponding macroporous nanocomposites.
Reproduced from ref. 93 with permission.
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Fig. 27. Illustration for the synthesis of three-dimensionally macroporous Fe/C
nanocomposites. Reproduced from ref. 93 with permission.
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Fig. 28. Removal of lubricating oil from water surface by Fe/C-2 sample under magnetic
field. The oil was dyed with oil red 24 for clear observation. Reproduced from ref. 93 with
permission.

Other iron-carbon composites, magnetic carbon nanotube sponges (M-CNT sponge),
porous structures consisting of interconnected CNTs with rich Fe encapsulation, were
fabricated by CVD using ferrocene and dichlorobenzene as the precursors. They showed”
(Fig. 29) high mass sorption capacity for diesel oil reached 56 g/g, corresponding to a
volume sorption capacity of 99%. The sponges are mechanically strong and oil can be
squeezed out by compression (Fig. 30). They can be recycled using through reclamation by
magnetic force and desorption by simple heat treatment. The M-CNT sponges maintain
original structure, high capacity, and selectivity after 1000 sorption and reclamation cycles.
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Fig. 29. Removal of spilled oil from water surface by M-CNT sponges under magnetic
field: (a) Optical image of a box of sponges with volume of approximately 5 L; (b) SEM
image of the porous CNT; (c) TEM image of a CNT filled with magnetic Fe nanowires; (d)
Oil (dyed blue) spreading on water; four M-CNT sponge blocks have been placed onto the
oil; (e) Clean water surface after complete oil absorption by the sponges; (f) Collecting the
sponges using a magnet. Reproduced from ref. 94 with permission.
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Fig. 30. Schematic of the recycling of M-CNT sponges used for spilled oil sorption. (I)
sprinkled on the oil; (II) adsorb spilled oil; (IIT) collected by magnet; (IV) regeneration; (V)
reuse. Reproduced from ref. 94 with permission.

A composite material based on commercially available polyurethane foams (PU)
functionalized with colloidal superparamagnetic iron oxide nanoparticles (SPIONs) and
submicrometer polytetrafluoroethylene (PTFE) particles can efficiently separate oil from
water (Fig. 31). %97 1t was found that combined functionalization of the PTFE-treated foam
surfaces with colloidal iron oxide nanoparticles significantly increases the speed of oil
absorption. In addition to the water-repellent and oil-absorbing capabilities, the
functionalized foams exhibit also magnetic responsivity. Finally, due to their light weight,
they float easily on water. This low-cost process can easily be scaled up to clean large-area



RSC Advances

34

oil spills in water. In a related report,98 ultralight magnetic Fe,O3/C, Co/C, and Ni/C foams
(with a density <5 mg'cm3 ) were fabricated (Fig. 32) on the centimeter scale by pyrolyzing
commercial polyurethane sponge grafted with polyelectrolyte layers based on the
corresponding metal acrylate at 400°C. After modification with low-surface-energy
polysiloxane, the ultralight foams showed superhydrophobicity and superoleophilicity,
which quickly and selectively absorbed a variety of oils from a polluted water surface under
magnetic field. The oil absorption capacity reached 100 times of the foams' own weight,
exhibiting one of the highest values among existing absorptive counterparts. In addition, a
stable magnetic nanocomposite of collagen and SPIONs was prepared”” by a simple process
utilizing protein wastes from leather industry. This nanocomposite exhibited selective oil
absorption and magnetic tracking ability, allowing it to be used in oil removal applications.
The environmental sustainability of the oil adsorbed nanobiocomposite was also
demonstrated through its conversion into a bifunctional graphitic nanocarbon material via
heat treatment.

Discussing economic part of use of magnetic materials for oil clean up using magnetic
aerogels, we note that the aerogel in whole is one of the prime candidates for the mitigation
of oil spills; however, its high cost is a major inhibiting factor for its widespread adoption.
Currently, the typical cost of aerogel produced by supercritical drying is about $2,870 per
kg while the aerogel made from discarded rice husks is reported to cost only $276 per kg,
thereby making the latter a commercially viable proposition. Xerogels are of a lower cost,
but their efficiency in oil clean up is lower.

Selected applications of magnetic adsorbents are shown in Table 3.

(b.1) (b.2)
(b.3) (b.4)

A Oil addition

b

2
S91——> Foam

é —>Oil loss

Petri dish

Fig. 31. (a) Prolonged water squirt on the PU/NPs/PTFE sample. (b1,2,3,4) Mixed oil
(colored with blue dye) and water drop are phase separated, and the oil is immediately
absorbed while water remains on the surface. The arrows in (b2) represent the absorption of
the oil. Time interval between frames b2 and b3 is less than 1 s. (c) Experimental setup
used to determine the foams' oil-absorption capacity. The sample is kept in horizontal

position by two needles, and the excess of oil lost through the foam is collected.
Reproduced from ref. 95 with permission.
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PAA grafting lon exchange Calcination

e > b

—

ultralight magnetic foam

PU sponge

Fig. 32. Illustration of the fabrication of ultralight magnetic foams from a polyacrylic acid
(PAA)-grafted polyurethane sponge. The foams were constructed from 3D interconnected
microtubes having nanoscale wall thickness. Reproduced from ref. 95 with permission.

Table 3. Selected applications of magnetic adsorbents.

Adsorbent composition \ Application | Reference
Environmental applications

Sodium alginate-coated | Removal of malachite green from 100

Fe;O4 nanoparticles (Alg- | aqueous  solutions using batch

Fe;0,). adsorption technique.

Mn-doped maghemite | Removal of As(V) and As(Ill) from 101

nanoparticles. water.

Shell-core structured | Pb(I) removal from aqueous 102

Fe;04/MnO, magnetic | solutions-

adsorbent.

Carboxymethyl-f- Selective removal of Pb**, Cd**, Ni** 103

cyclodextrin (CM-B-CD) | from wastewater.

polymer modified Fe;O4

nanoparticles (CDpoly-

MNPs).

Magnetic  Fe-Al  binary | Chromate removal from aqueous 104

oxide adsorbent. solution  with  permanent and
superconducting magnets
(superconducting magnetic
separation).

Magnetite-porphyrin Removal of heavy cations. 105

nanocomposite.

Polystyrene-magnetite Solid-phase extraction of 106

composite. uranium(VI) from aqueous nitrate
solutions.

Cobalt ferrite hollow | Extraction of uranium(VI) ions from 107

spheres. aqueous solutions.

Fe;O4-Embedded graphene | Removal of methylene blue from 108

oxide. aqueous solution.
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Magnetic-activated coke | Removal of organic materials from 109
incorporated  with  Fe3O4 | 2,4,6-trinitrotoluene red water.
particles.
Fe;04/Au composites. Extraction of benzo[a]pyrene from 110
aqueous solution.
Activated carbon (PAC)/iron | Removal of surfactants from water. 111
oxide composite.
Magnetic mesoporous silica | Fast and convenient enrichment of 112
microspheres toxic trace-level microcystin-LR in
(Fe;04,@mSi0,). water.
Graphene grafted silica- | Extraction of four neonicotinoid 113
coated Fe3;04 (Fe3;04@8Si10,- | pesticides (thiamethoxam,
Q). imidacloprid, acetamiprid  and
thiacloprid) from pear and tomato
samples.
Analytical applications
Fe;04/C/PANI (polyaniline) | Determination of five pyrethroids in 114
microbowls. tea  drinks (cyhalothrin, beta-
cypermethrin, esfenvalerate,
permethrin and bifenthrin).
Hybrid materials based on | Extraction adsorbent for pesticide 115
magnetic Fe;0, | residue analysis in beverage samples.
nanoparticles and synthetic
macrocyclic receptor,
carboxylato-pillar[S]arene.
Magnetite/poly(styrene- Adsorbent for enrichment- 116
divinylbenzene) determination of fenitrothion.
nanoparticles.
Adsorbent on the basis of | Separation and preconcentration of 117
2,2'-thiodiethanethiol grafted | Hg, Pb, and Cd in environmental and
with tetra-Et orthosilicate | food samples.
modified Fe;0y4
nanoparticles.
Ionic liquid-coated | Determination of five nitrobenzene 118
Fe;0,@graphene compds.
nanocomposite.
Biomedical applications
Magnetite/graphene Protein adsorption. 119
oxide/chitosan
(Fe;04/GO/CS) composite.
Adsorbent ton the basis of | Separation/isolation of His6-tagged 120
nickel nanoparticle | recombinant  proteins  from a
decorated graphene. complex sample matrix (cell lysate).
MWCNTSs/Fes;0y4 Extraction of fluoxetine from human 121
nanocomposite. urine samples.
Adsorbent on the basis of | Removal of amoxicillin. 122
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multi-walled carbon
nanotubes and iron oxide
nanoparticles.
Cetyltrimethylammonium Extraction and preconcentration of 123
bromide adsorbed on the | ultra-trace amounts of mefenamic
surface of Fe;0;4 | acid in biologic fluids.
nanoparticles.

8. Conclusions

Magnetic nano- and micro-adsorbents are base on magnetic nanoparticles (mainly iron
oxides and ferrites) and supporting agents. The last materials consist on inorganic (carbon,
graphene, silica, zeolites) or organic (macromolecules, polysaccharides, polymers,
biomolecules) compounds. In the last decade, certain attention is paid to magnetic
adsorbents in the form of hydrogels, aerogels,'”* and xerogels due to their numerous
L . 125 126 127 128 129 130 13T 132 .
applications in removal of heavy metals, degradation of dyes and
other organic compounds,'>® separation of oil and water mixtures, as well as several
biomedical applications.

In these composites, the same chemical compound, being in distinct morphological forms,
could play different roles. For example, in the mesoporous composite y-Fe,Os/a-Fe,O3/CA
structures have ferrimagnetic properties due to their y-Fe,Os; component, and they also have
photocatalytic properties because of their antiferrimagnetic a-Fe,O3; component.

Main advantage for possible applications of synthesized magnetic adsorbents, that the
adsorbent (or catalyst, if it is used in organic reacions in this role) can be easily removed
from reaction media after adsorption or completion of reactions via a simple magnet. In
combination with polymers, ferrogels combine the elastic properties of polymer gel and the
magnetic properties of iron oxide particles. It is expected that applications of magnetic
polymer-nanoparticle composites, as well other described above, will be expanded in near
future, in particular for environmental clean up purposes.
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