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Resumen

En el contexto del tratamiento de aguas contaminadas, este trabajo ofrece una vision general y en
profundidad de los ltimos avances en disefio racional, sintesis y aplicaciones de nanomateriales
magnéticos mesoporosos en la adsorcion, oxidacion quimica y reacciones de reduccion centradas
en la eliminacion de contaminantes organicos. Se presta especial atencion a los materiales
magnéticos mesoporosos a base de silice y carbono. Finalmente, se discuten los desafios que
enfrenta la aplicacion de estos materiales en sistemas de tratamiento reales.
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Abstract

Within the context of wastewater treatments, this review offers a general and in-depth overview
of the latest advances in rational design, synthesis and applications of mesoporous magnetic
nanomaterials in adsorption, chemical oxidation and reduction reactions focused on the removal
of organic pollutants. Special attention is paid to magnetic mesoporous silica- and carbon-based
materials. Finally, the challenges facing the application of these materials in real treatment
systems are discussed.

Palabras Clave: magnetita, hierro cero valente, silice mesoporosa, carbon mesoporoso, nanotecnologia

Keywords: magnetite, zero valent iron, mesoporous silica, mesoporous carbon, nanotechnology.

1. Introduction

The involvement of nanotechnology in environmental applications is an important topic of
current research.!” In particular, nanotechnology-mediated processes can provide water
treatment solutions and new treatment capabilities, expanding the water supply from
unconventional water sources.*® The unique properties of nanomaterials (NMs), including large
surface area, catalytic activity, and magnetic properties, are all promising features for water
treatment.” Among the NMs with potential application in wastewater treatments, mesoporous
materials are propitious as adsorbents and catalyst supports due to its regularly ordered
mesoscale channels, high specific surface areas and fast mass transfer kinetics.® Mesoporous
silica- and carbon-based NMs are the most frequently mesoporous NMs studied for removal of
organic contaminants by means of adsorption, and oxidation or reduction reactions. One critical
point of the application of NMs in a water remediation process is their separation from treated
water for further regeneration and reuse. It is important to note that the special properties that
make the NMs unique and useful could adversely affect organisms and ecosystems.”!® Thus,
avoiding its release to the environment by an efficient separation process minimizes risks to
public and environmental health. This issue can be overcomed providing magnetic properties to
the NMs allowing an efficient separation with an external magnetic field. Magnetic separation

has emerged as a highly efficient, simple and cost-effective method compared to conventional
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58 S. Ocampo et al.

separation processes as filtration or centrifugation.!!

Although there are many magnetic
materials, the most used in water treatment are NMs based on nanoscale zero-valent iron (nZVI),
magnetite (Fe3;O4) and maghemite (y-Fe»0s3).!? They possess diverse physicochemical and
magnetic properties originated from the difference in their iron oxidation state and structure.
Therefore, NMs with magnetic properties and mesoporous structures are very promising for
efficient applications in water treatments. Recently, different strategies have been developed for

the synthesis of magnetic mesoporous NMs with different morphologies and several studies

related to its applications in water treatments have been performed.'*!°

This review gives an overview of the application of magnetic mesoporous NMs in adsorption,
reduction and oxidation processes for the removal of organic pollutants in water. Special
emphasis will be made on mesoporous silica- and carbon-based materials. In particular, the
synthesis and features of these NMs will be summarized, and the performance on the organic

pollutant removal by these NMs will be addressed.
2. Magnetic mesoporous materials.
2.1. Silica based materials

Mesoporous silica-based materials are inorganic solids with a three-dimensional structure made
of interconnected SiO4 tetrahedra via siloxane bonds. Due to their outstanding properties, these
materials have attracted an exceptional attention in water remediation. These properties include
large specific surface area (200—1500 m? g'!), high pore volume (up to 1 cm? g!), very adjustable
structure and surface chemistry (i.e. pore size, surface functionalization, etc.), low toxicity,
chemical stability and low production cost.

Since the first report of Mobile Composite of Matter family (MCM-41, MCM-48, and MCM-50
with pore sizes between 2-8 nm) in early 1992,'®!'7 many other mesoporous silica-based
materials were developed. KIT-5 and KIT-6, similar to MCM-41 in high specific surface area

and uniform pore size but with enhanced thermal stability, were produced in 1997.!8 In 1998,
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researchers of the University of California developed the Santa Barbara Amorphous (SBA)
family (SBA-1, SBA-2, SBA-6, SBA-8, SBA-11, SBA-12, SBA-15, and SBA-16) with larger
pore diameters (7.5-32.0 nm) and thicker walls.!*°

The most common synthesis procedure of mesoporous silica involves a templating agent,

typically a surfactant, in aqueous solution that directs the polymerization of a silica precursor,

usually a silicon alkoxide like tetraethoxysilane (TEOS) (Figure 1).

. Silica precursor (TEOS shown)
Micelle organization d J : '. Hydrolysis and polymerization
(hexagonal ) )
arrangement shown)

Micelle
formation

Inorganic mesostructured
J Solid/surfactant

Removal of
surfactant

Surfactant
molecule

Mesoporous silica
(MCM-41 shown)

Figure 1. Synthesis procedure of mesoporous silica. Adapted from reference 21.

The pore size, particle size and morphology of mesoporous silica can be adjusted by selecting
different surfactants, by controlling pH and by using additives.?? For instance, the synthesis of
MCM-41 typically involves the cationic surfactant cetyltrimethylammonium bromide (CTAB)
obtaining a pore size between 2-3 nm; meanwhile the neutral co-polymer with larger molecular
weight Pluronic P123, leads to around 9 nm pore width in the preparation of SBA-15.> Adding a
co-solvent, like trimethylbenzene, to expand the micelle formed by the templating agent is
another way to obtain wider pores.? It is also possible to increase the pore size by post-synthesis

hydrothermal treatment.>*2® The pore structure mainly depends on the relative amounts of
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template and silica precursor and the packing ability of the surfactant.?’

For silica with pore sizes
among 2-5 nm the most usual structures are the hexagonal (MCM-41), 3D cubic (MCM-48) and
lamellar (MCM-50), while for larger pore sizes, between 6 and 20 nm, the most common
structure is 2D hexagonal (SBA-15).2® On the other hand, mesoporous silica-based materials can
be prepared in neutral, basic or acid media. Highly basic conditions (pH > 12) generate fast
condensations inducing lamellar mesophases (MCM-50), while moderate alkaline ones (10 < pH
< 12) preferentially produce hexagonal structures (MCM-48). SBA-15, KIT-5 and KIT-6 are

prepared in acid media*® whereas HMS (hexagonal mesoporous silica)* and MSU mesoporous

materials®! are synthetized at neutral pH.

Bare mesoporous silica is rarely reported as a candidate material for water remediation. Usually,
a surface functionalization is needed to obtain a material with specific properties regarding of the
water remediation method. For instance, functional groups (i.e. amino, thiol, aromatic, etc.) that
can interact with pollutants (i.e. heavy metals, organic molecules) are usually bonded to the silica
for adsorption process. Organo-substituted trialkoxysilanes are the most typical molecules
applied to functionalize the silica surface.?® This procedure can be done both post-synthesis or
during the synthesis. In post-synthesis methods the alkoxysilane is added to bare silica, their
alkoxy groups are hydrolysed and a covalent bond with the silanol groups of the silica surface is
formed by condensation.>? Moreover, it is possible to perform a further reaction of a previously
grafted functional group, for example a polymerization of a vinyl alkoxysilane bonded to a
mesoporous silica resulting in a polymer functionality.**-** Functionalization in the synthesis can
be achieved by a co-condensation reaction adding an alkoxysilane, like (3-
aminopropyl)triethoxysilane, along with the primary silica precursor in the presence of a
surfactant.®=7

In order to provide magnetic properties to mesoporous silica-based materials, the integration of

iron and iron oxides, such as magnetite or maghemite, to the mesopores structure is commonly

carried out. To this end, two approaches are commonly used to prepare materials for
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environmental applications: 1) nano- and micro-spheres encapsulating magnetic cores into
perpendicularly aligned mesoporous shells. This approach consists in covering a core of iron
oxide nanoparticles with a shell of mesoporous silica to produce hierarchical structures known as
“core-shell” nanoparticles.’® These structures have the additional advantage of protecting the
iron oxide core from leaching and oxidation in water and, at the same time, reducing the

tendency of aggregation of the particles. Recently, Zhang et al.*

developed core-shell magnetic
silica microspheres (Fe3O4@mSiO2) using the amphiphilic co-polymer polystyrene-block-poly
(4-vinylpyridine) as a templating agent. The obtained material showed large mesopores (10 nm),
high specific surface area (244 m? g'') homogenous core-shell morphology and good adsorption
performance of organophosphorus pesticide fenthion (Figure 2A and 2B). 2) Ordered
mesoporous materials loaded with magnetic NPs inside the porous channels. This approach
consists in inserting iron oxide nanoparticles into a mesoporous silica matrix. For instance,
monodisperse and hierarchically mesoporous silica microspheres embedded with maghemite

).40

nanoparticles (Figure 2C More recently, Fuentes-Garcia and co-workers*!' dispersed

magnetite nanoparticles in a silica matrix to study their magnetic properties (Figure 2D).

Figure 2. SEM (A) and TEM (B) images of core-shell magnetic silica microspheres. Adapted from
reference 39. SEM image (C) of maghemite embedded mesoporous silica. Adapted from reference 40.

TEM image (D) of magnetite dispersed in a silica matrix, adapted from reference 41.
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nZVI can also provide magnetic properties to mesoporous silica materials.*> However, it is more
common to use nZVI as a catalyst because of its strong reduction capability against heavy
metals, organochlorine compounds and nitroaromatic compounds.*>** In order to maximize the
reactive surface area and reduce particle aggregation, nZVI can be embedded in porous
materials. The most reported procedure consists in adding an iron source, like iron salts, which
diffuse inside the pores, followed by reduction under hydrogen atmosphere or chemical
reduction with sodium borohydride. Tang et al.*> immobilized nZVI on SBA-15 surface. Also,
nZVI was successfully loaded inside the channels of mesoporous silica nanoparticles by means

of iron impregnation using hexane as a solvent followed by chemical reduction with NaBH4.*®

2.2. Carbon based materials

Mesoporous carbons are other key mesoporous materials for the removal of organic
contaminants from water. Activated carbon (AC) is one of the most used supporting materials
and one of the most ancient and studied adsorbents. It exhibits specific areas of 500 - 2000 m?/g
and pore diameters generally in the micro- and meso-pore region.” AC is obtained from
vegetable carbon sources submitted to an activation process (Figure 3). This process consists of a
two-step calcination, where the raw material is carbonized at 500-800°C under inert atmosphere
followed by activation at 700-1100 °C under CO> or H>O steam. Another way to achieve
activation is through the use of dehydrating and oxidizing agents such as ZnCl, CaCl,, KOH,
NaOH, H,PO4 and simultaneous calcination at 400-900 °C.*’-5! The degree of mesoporous
content depends on the type of activation and the nature of the chemical agent.>? For instance,
Hu and Srinivasan®? reported the preparation of mesoporous activated carbons with mesopore
contents above 70% by means of a simultaneous physical and chemical activation technique that
utilize CO> and ZnCly. Ordered mesoporous carbons (OMC) are another family of adsorbents

and supporting materials. The first OMC were obtained by Ryoo et al.”® in 1999. This gave rise
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to a series of synthesis process called “hard template” methods, where a carbon precursor
solution is impregnated in the insides of a rigid silica template (Figure 4A). After this
impregnation, carbonization creates the carbon structure inside the template, and the desired
product is obtained when the silica is removed via acid dissolution.’*>% Another approach to
obtain OMC are the “soft template” methods. In this case, a phenol/formaldehyde resin is mixed
with a try-block copolymer like Pluronic P123 or F127 and polymerized at temperatures close to
100-150°C to form a solid ordered structure, then this solid is carbonized to obtain the final

OMC (Figure 4B).

Biomass AC
4] 4]
500-800°C 700-1100°C
—_—» —_ >
N, C0, /H,0
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Figure 3. Schematic route for activated carbon synthesis.
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Figure 4. OMC synthesis routes: (A) Hard template and (B) Soft template. Adapted from reference 57.
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The typical magnetic mesoporous carbon-based MNs for environmental application consist of
nZVI supported on the mesoporous carbon matrix and rattle-type magnetic mesoporous hollow
carbon materials. These magnetically separable materials show improved adsorption

45,58,59

capacities, can be used as chemical reductors and can serve as catalyst for Fenton like

60-63 hZ V1 supported on mesoporous carbon can be broadly classified into three groups:

reactions.
1) iron supported on unordered mesoporous carbon (UMC), as activated carbon, biochar,
etc.;°®%* 2) iron supported on ordered mesoporous carbon, as CMK and FDU types; 3) other
materials that fall out of these two categories, as “core-shell” materials and others.®>” The
synthesis procedure of the first two mesoporous materials consists of two steps: first mesoporous
carbon is subjected to a wet impregnation with iron salts. In this way, the iron precursors are
incorporated into the mesopores of the material. The second step involves the reduction of the

iron precursors to Fe’ by means of a chemical agent, such as NaBH4, or by calcination at

temperatures between 500 and 1000 °C under N2 or H» atmospheres (Figure 5).5%¢

AC, Biochar, etc. Fe°-UMC

Wet

i ; Reduction
impregnation
NaBH,
Carbon Support Fe precursors .
FeS0y 7H,0 p
FeCl; 6H,0
500 - 1000°C
Fe(NO3); 9H,0
e(NO3); 9H; H, /N,
- o
CMK 3, CMK 8, etc. Fe®-OMC

Figure 5. Iron loading on carbon matrix through wetness impregnation.

Core-shell materials are obtained in a process that combines carbon precursors such as glucose

with iron salts, typically Fe(NOs)s. These species are dissolved and brought into contact by

Anales AQA — Div. Jévenes Profesionales An. Asoc. Quim. Argent. 2019, 106(2), 56-78
FB @djpg.aqa — TW @jovenes AQA



Recent Studies on Magnetic... 65

agitation for a certain period of time and then subjected to hydrothermal treatment at
temperatures between 150 and 300 °C for times ranging from 1 to 18 h. Finally, the obtained
solid is subjected to a final calcination step at temperatures between 300 and 800 °C in an inert
atmosphere. Examples of this process can be found in the literature, where glucose and olive mill
wastes were used as carbon sources.>® On the other hand, rattle-type magnetic mesoporous
hollow carbon materials have shown great promise as adsorbents for water treatment.%” This kind
of materials are prepared through a hard template approach, which involves encapsulation of
phenol-formaldehyde resin in the mesopores of preformed hard template of

Fe;04@Si02@mSiO», followed by carbonization and silica removal.’®"!

3. Application of magnetic mesoporous NMs in remediation processes.
3.1. Adsorption.

Adsorption is one of the most promising techniques to be applied in water remediation because
of its low cost, ease procedure, possibility of regeneration and highly efficient removal of target
pollutants. Different steps must be considered in the adsorption process: a) adsorption of the
pollutant b) recovery of the adsorbent for further reuse c) adsorbent regeneration, and d)
management of both the regeneration solution and the saturated adsorbent. The great challenge is

developing highly efficient and reusable adsorbents.

Due to their high specific surface area, pore volume, adaptable structure, functionalizable surface
and ease separation, magnetic mesoporous NMs have attracted great attention for adsorption
applications. In this section, we summarized recent advances on the application of mesoporous
silica- and carbon-based materials for the adsorption of different families of organic pollutants
(Table 1). Among organic pollutants, cationic dyes (such as methylene blue or crystal violet) and
anionic dyes (like acid orange 10 or methyl orange) are the most frequently reported in

1.72

adsorption assays. Liu et al.”” prepared a magnetic bimodal mesoporous carbon via hard-
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template method with Fe and Ni (Fe/Ni-OMC) as magnetic precursors and tested this NMs for
the adsorption of dyes. As expected, alkaline pH was favourable for cationic dye methylene blue
adsorption and acid pH was better for anionic dye methyl orange. The maximum adsorption
capacities were 959.5 mg ¢! and 849.3 mg g!, respectively. The adsorbent was able to be used
up to 7 cycles using ethanol as the regeneration solvent. As was stated before, adsorbent
regeneration is a significant step for adsorption process cost as well as the final disposition of
pollutant. The most common way for regeneration is by using an eluent (e.g. ethanol, acid or
basic aqueous solution, acid or basic organic solution) to desorb the adsorbate. Then, if the
adsorbate has no commercial value, a degradation process (like oxidation, reduction or
calcination) can be performed. Mesoporous silica-based materials were also tested for dyes

adsorption. In the study performed by Brigante et al.”

, cationic dye malachite green and humic
acids were adsorbed onto core-shell magnetic mesoporous silica (Fe;Os@mSiO») with different
magnetite and silica ratio. For both species, adsorption showed a dependence with pH. They
proposed that the adsorption of HA takes place by hydrogen bonds between their functional

groups and the active sites of the magnetite. For malachite green, the most relevant interaction

proposed were electrostatics among dye positive charge and negative-charged silanol groups.

Mesoporous carbon and organo-functionalized silica were studied as adsorbents of PAHs from
aqueous media. Sharma et al.”* tested the removal of 2-naphthol and naphthalene from water
with mesoporous carbon coated superparamagnetic ZnFe>O4 nanoparticles (UMC-ZnFe>O4). The
results revealed higher adsorption capacity (qmax = 40.27 mg g!) of polar 2-naphthol than non-
polar naphthalene (qmax = 24.44 mg g ). The adsorbent was able to be used after 4 washing
cycles with alkaline ethanol solution. Furthermore, the mesoporous carbon was prepared from

date palm seed waste, which contributes for the adsorbent low-cost.

Tang et al. ¥

reported the removal of 2,4-dicholorophenoxyacetic acid (2,4-D), a widely used
herbicide, by ordered mesoporous carbon prepared via hard-template method, functionalized

with carboxyl groups and magnetized with the deposition of iron oxide nanoparticles inside the
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pores (OMC-IONPs). The adsorption of 2,4-D on OMC-IONPs resulted in a fast pseudo-second

order kinetics, a Langmuir-type isotherm (qmax = 310.78 mg g!) and a decrease of the adsorption
capacity with temperature and pH. The adsorbent was regenerated with ethanol, retaining
percentage of removal up to 50% after 6 cycles of reuse. Recently, the performance of biochar
supported nZVI (Biochar-nZVI) in the removal of glyphosate was studied for the first time.>®
Biochar was prepared from palm by calcination and then was used in a liquid-phase reduction
process to obtain the absorbent. The adsorption process showed a pseudo second order kinetics,
pH dependence and a Langmuir model behaviour. The authors proposed various mechanisms
involving the removal process: pore-filling, hydrogen bonding, complexation, and electrostatic
interactions. The low-cost adsorbent presented a high adsorption capacity (80 mg g at pH 4),

however no reuse experiments were performed.

Huang et al.”® prepared a particular permanently confined micelle array core-shell nanoparticles
to use as adsorbent. Maghemite cores were surrounded by 3-(trimethoxysilyl)propyl-
octadecyldimethyl-ammonium chloride (TPODAC) surfactant with 1,3,5-trimethyl benzene
(TMB) as micelle swelling agent, then TEOS was added to covalently bind the surfactant (which
has reactive methoxy group) onto the magnetic cores. Three different TMB:TPODAC weight
ratio were used to prepare the adsorbent nanoparticles. In this work, the authors studied the
adsorption performance of the as prepared nanoparticles (y-Fe.O3;@SiO,-TPODAC) on methyl
orange, sulfamethoxazole, gemfibrozil, acenaphthene and phenanthrene. It was found that larger
amounts of TMB results in noteworthy higher sorption kinetic rate as well as slightly higher
sorption capacity to ECs and PAHs. In addition, the core-shell nanoparticles showed good

adsorption capacity after 5 regeneration cycles employing methanol as regeneration solvent.
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Table 1. Application of magnetic mesoporous nanomaterials as adsorbents for pollutants removal from

water.
Adsorption Regeneration
Material Pollutant capacity solvent and  Ref.
(mg g reuse cycles
methylene blue 959 EtOH
Fe/Ni-OMC &
methyl orange 849 7 cycles
HCI
Fe;04,@mSiO; malachite green - 3
3 cycles
2-naphthol 40 NaOH-EtOH
UMC-ZnF 6204 74
naphtalene 24 4 cycles
EtOH
OMC-IONPs 2,4-D 310 45
6 cycles
Biochar-nZV1 glyphosate 80 - 58
Fe;04,@mSiO; Fenthion 440 - 39
Methyl orange 104
MeOH
v-FexO3@SiO-TPODAC Sulfamethoxazole 50 75
5 cycles
Phenanthrene 0.95

3.2. Reduction.

Magnetic mesoporous NMs frequently used in reductive treatments to degrade organic
pollutants are mainly made up of nZVI nanoparticles embedded into de mesopores of a solid
matrix. It has been proven that nZVI is very effective for the removal and degradation by
reductive pathways of a wide variety of chemicals, including nitrated organic compounds,
chlorinated organic compounds, organophosphates, nitro amines, PCBs, and organic dyes.’® The
chemical reduction of the pollutant induced by Fe® typically requires the contaminant to be
adsorbed on or near to the surface of the solid.”” The mesoporous nanocomposites described in
this section seek to combine the adsorbent capacities of the mesoporous structure with the
reactive characteristics of nZVI. In this section we will describe recent literature results of
magnetic mesoporous NMs applied for the removal of organic pollutant from waters by

reductive pathways (Table 2).
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Tang et al.”® obtained nZVI dispersed on SBA-15 nanoparticles (Fe-SBA15-WI) by wet
impregnation of SBA-15 mesoporous silica and studied the reduction of p-nitrophenol (PNP).
They observed a significant dependence of the PNP degradation with the pH, achieving 96% and
16% removal at pH 3 and 9, respectively, by using 400 mg/L solutions of PNP and 5 g/L solid
dose. They also found almost no iron leaching from the remaining supernatants. Zhang et al.”
developed a nanocomposite where nZVI was dispersed inside the SBA-15 mesopores (Fe-
SBA15-IWI) using two different types of SBA-15 through incipient wetness impregnation of
iron precursors and H» reduction. Reduction capacity was studied on 20 mg/L solutions of
nitrobenzene (NB) achieving 94% and 84% removal for the two different composites and 57%
for unsupported bare nZVI. Similarly, Lu et al.*¢ studied NB reduction by nZVI incorporated
inside the channels of monodisperse mesoporous silica nanospheres (nZVI-MSN) under different
experimental conditions such as pH, presence of typical anions, solid dose, etc. and evaluated
reusability and stability in successive removal experiments. They obtained a 99 to 74% removal
from pH 3 up to 11. Ions including Na*, K*, Cl", NOs™ and SO4* showed no effect on NB
degradation, while Ca?", Mg?*, HCO;™ showed a slight inhibitory effect. Moreover, after seven
cycles of reduction the removal efficiency of NB remained higher than 86%. On the other hand,
nZVI supported on ordered mesoporous silica (Fe-MCM41) was evaluated for n-
dimethylnitrosamine removal from water.®® Unlike other studies, these authors found a
maximum removal around neutral pH, in particular they reached 70%, 90% and 80% removal at

1.8! prepared core-shell nanoparticles of nZVI core with a

pH 4, 7 and 9 respectively. Chen et a
mesoporours silica shell (Fe@mSiO,) by the synthesis of bare nZVI directly followed by
mesoporous silica condensation using CTAB and TEOS. Surface charge, dispersion stability and
mobility in sand columns were studied. The Fe@mSiO; nanoparticles were used for treatment of
1,1,1-trichloroethane in water and real groundwater samples obtained from a pesticide factory site.

Among nZVI-UMC composites, Choi et al.*? synthesised granular activated carbon impregnated

with reactive iron/palladium bimetallic nanoparticles (Fe/Pd-AC) through traditional wetness
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impregnation method with NaBH4 reduction, coupled to an additional step of Pd doping. They
tested this material against 2-chlorobiphenyl and obtained almost complete dechlorination of 4
mg/L solutions within 1 day at 20 g/L of Fe/Pd-AC. Wang et al.®* obtained nZVI supported on
granular AC (Fe-AC) to reduce various nitrosamines to their corresponding amines, nitrate and
nitrite. They also studied the influence of various anions, cations and humic acids (HA), and
found that all of this coexisting species had a negative effect on the total reduction obtained.
Similarly, Zhang et al.3* used a traditional wet impregnation method followed by a post
annealing treatment (T~ 105-700°C under N> for 2 h) in order to increase crystallinity and
improve electron mobility inside the iron phase of Fe-AC nanocomposites. Dechlorination of
trichloroethane, trichloroethylene and tetrachloroethene by Fe-AC reached 95% after 300 min of
treatment. They found a negative effect of Na®, Ca**, SO4>" , NO; and HA, on the substrates
dechlorination rate, but no effect on the final dechlorination degree. Wang et al.® studied
Metronidazole degradation using nZVI supported on non-porous carbon spheres (Fe-CSS). With
1 g/L dose of Fe-CSS under aerobic conditions they observed 94% degradation in 6 min,
compared with 36% for bare nZVI in the same time. On the other hand, Ling et al.’¢ studied the
reduction of nitrobenzene using a nZVI supported on ordered mesoporous carbon (Fe-OMC)
prepared from a soft template route and wet impregnation. They observed a 92 % removal of 80
mg/L solutions of NB using a 0.5 g/L of Fe-OMC, compared with a 49% removal for

unsupported nZVI under the same conditions.
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Table 2. Application of magnetic mesoporous nanomaterials in reductive treatments.

Material Load Pollutant Conc. %Removal Ref.
Pd/Fe-AC 20gL! 2-chlorobiphenyl 4mgL! 100 82
Fe-AC 2gL! Nitrosamines 0.2 mg L' 80-100 8

Trichloroethylene
Fe-AC 7gL! 80 mg L' 95 84
Tetrachloroethylene

Fe-CSS 0.8gL"! Metronidazole 60 mg L"! 90 8
Fe-OMC 0.5gL! Nitrobenzene 80 mg L 90 86
Fe-SBA15-WI 5gL! p-nitrophenol 400 mg L*! 96 8
Fe-SBA15-IWI 1gL! Nitrobenzene 20 mg L 94 7
Fe-MSN 23gL! Nitrobenzene 20 mg L 100 46
Fe-MCM41 0.02 gL' N-dimethylnitrosamide lugL! 90 80
Fe@mSiO» 39gL! 1,1,1-trichloroethane 4.5 mM 77 81

3.3. Oxidation.

Magnetic mesoporous NMs have recently attracted attention in oxidation processes, such as
Fenton processes, for the removal of organic pollutants. The Fenton processes is an Advanced
Oxidation Process (AOP) that has gained vast acceptance for its high removal efficiency of
organic pollutants. In the Fenton reaction, H>O» oxidizes Fe?" to Fe*" producing hydroxyl radical
(HO"), which is the key reactive specie involved in the degradation of the pollutants.®’ In
particular, when ZVI is used in the treatment, ZVI naturally oxidizes upon reaction with H>O and
0., leading to the formation of oxidation products such as HO" radicals, superoxide radical,
ferryl ion species and H>0,.%% These reaction products can subsequently degrade organic
contaminants through oxidative reactions. Moreover, external addition of H2O> cause an efficient
pollutant degradation treatment commonly named ZVI-assisted Fenton systems.® Immobilizing
the nZVI on mesoporous NMs can effectively increase the contact area with pollutants, and

prevent the agglomeration of nZVI. Duan et al.%

investigated ordered mesoporous carbon
supported nZVI catalysts (Fe/OMC-300) in Fenton-like degradation of 4-chlorophenol. Under
optimal conditions, the authors found 96.1% of 4-chlorophenol and 47.4% of total organic

carbon (TOC) removal after 270 min of treatment (at 30°C, initial pH of 3 and 6.6 mmol/L
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H,0,). Shao et al.*® obtained a complete phenol degradation (>99%) with remarkable low iron
leaching by using nZVI embedded within ordered mesoporous carbon (Fe-OMC) as
heterogeneous Fenton catalysts in a fixed-bed reactor operated under continuous-flow condition.
On the other hand, Zheng et al.** demonstrate that surface hydrophilic modification of OMC
with uniform dispersed y-Fe>O3 nanoparticles (H-FeoO3/OMC) showed enhanced adsorption and
degradation performance of methylene blue (MB) in heterogeneous Fenton treatment. Wang et
al.! found that Fe-Fe,Os nanoparticles supported on ordered mesoporous carbon (Fe-
Fe>03/OMC) degrade 98.1% of 100 mg L™! of Acid Orange II in the presence of HO, (0.5 g L)
at neutral pH and nearly room temperature. They also found an improved catalytic activity for
Fe-Fe203/OMC over Fe/OMC and y-Fe>03/OMC; this effect is explained by an efficient electron
transfer between the iron and the iron oxide, which leads to an acceleration of the Fe*'/Fe?*

cycle.

4. Conclusions and future prospect

In this review, we have outlined various methodologies for the synthesis of magnetic
mesoporous nanomaterials, especially silica- and carbon-based materials, with applications in
water treatment. We have provided updated examples of their applications in adsorption,
reduction and oxidation processes for organic pollutant removal. It was shown that the resulting
nanomaterials from magnetic iron and iron oxides encapsulated within or supported on the
mesoporous matrices have excellent properties to be used in different water treatments. In
particular, magnetic mesoporous nanomaterials are versatile frameworks that can be
functionalized with various active compounds to create multifunctional materials. Also,
magnetic separation is an environmentally friendly alternative for the separation and recovery of
nanomaterials, since it minimizes the use of solvents and auxiliaries, reduces the operation time,
and is a cost-effective method compared to conventional separation processes as filtration or

centrifugation. However, there are still several issues and challenges to achieve highly efficient

Anales AQA — Div. Jévenes Profesionales An. Asoc. Quim. Argent. 2019, 106(2), 56-78
FB @djpq.aqga — TW @jovenes AQA



Recent Studies on Magnetic... 73

magnetic separation designs that avoid the loss of nanomaterials in the separation step with

possible release to the environment.

Finally, it is necessary the development of simple and low-cost synthesis methods. Further
research should be devoted to designing cost-effective and highly efficient nanomaterials. The
use of green synthesis routes for nanomaterials, such as the use of waste materials as precursors,
and the application of these eco-friendly nanomaterials will reduce the overall production cost

and help reducing the environmental impact.
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