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Abstract: Water resources are of extreme importance for both human society and the environment.
However, human activity has increasingly resulted in the contamination of these resources with
a wide range of materials that can prevent their use. Nanomaterials provide a possible means to
reduce this contamination, but their removal from water after use may be difficult. The addition of
a magnetic character to nanomaterials makes their retrieval after use much easier. The following
review comprises a short survey of the most recent reports in this field. It comprises five sections,
an introduction into the theme, reports on single magnetic nanoparticles, magnetic nanocomposites
containing two of more nanomaterials, magnetic nanocomposites containing material of a biologic
origin and finally, observations about the reported research with a view to future developments.
This review should provide a snapshot of developments in what is a vibrant and fast-moving area
of research.

Keywords: nanomaterials; nanocomposites; nanotechnology; magnetic nanomaterials; water
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1. Introduction

Water is an important part of the global resources necessary for agriculture, industry and the
maintenance of human health [1]. However, many of the sources from which it is extracted for different
uses have been found to be contaminated with substances which either make it harmful for human
life (Table 1) or in other ways unsuitable for use. Some of this contamination can be from natural
sources or as a product of human activity [2], be it from agriculture, industry or domestic activity [3].
For all these reasons there is a strong demand for the development of new methods for the removal of
contaminants from water sources with two goals, for its potential reuse and for preventing damage to
the environment when this water is discharged [4].

Table 1. Examples of classes of contaminants found in water sources. Sourced from Moothi et al. [5]

and adapted.
Category of Permitted Examples of Examples of Known
Contaminant Subcategory Selected Examples Level (mg'L-1) Sources Health Effects
cadmium (Cd) 0.005 Mining and Cancer,
Heavy metals lead (Pb) 0.015 petroleum Cardiovascular
copper (Cu) 0.05 industries disease, diabetes
Inorganic i
& Arsenate (AsO43") 0.05 Agricultural ﬁensitfeari‘l‘gfl
Polyatomic Chromate (CrO427) 0.05 and steel ygkele tal ’
Nitrate NO3~ 50 industries .
malformation
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Table 1. Cont.

Category of Permitted Examples of Examples of Known
Contaminant Subcategory Selected Examples Level (mg'L™1) Sources Health Effects
Dves methylene blue 0.01* T%);tiﬂ:iind
Y crystal violet 20.8 ** 'S Mutagenicity,
Organic Industries Genotoxicity, Cancer
Herbicides 2,3-dichlorophenol 0.01 *** Agriculture ’
Pharmaceuticals ibuprofen NA Pha.rmaceutlcal
industry
. L . N . .
Microorganisms Ba}cterla Esch?rlchla coli 1OO+O+ Fecal anFi soil Waterb(?rne diseases,
Viruses Poliovirus-1 0 pollution diarrhea

Maximum values sourced from the EPA Ireland [6] except where otherwise stated. Guide for additional symbols:
* Methylene Blue maximum concentration in mg.kg™! for aquatic products [7]. ** Maximum predicted no Effect
Concentration for Crystal Violet [8]. *** Florida state drinking guidelines for 2,3-dichlorophenol [9]. * number of
organisms per 100 mL, ** number of plaque forming units per 10 L.

Nanomaterials are a highly interesting class of materials with many potential applications
ranging from sensors [10], display technologies [11], polymer reinforcement [12], catalysis [13],
to nanomedicine [14]. Nanomaterials have been reported as materials for the removal of contaminating
chemicals from water [5,15,16]. Due to their small size, nanoparticles are readily dispersed in liquid
where, due to their large surface area, they have a formidable potential to interact with contaminants in
liquid media. Consequently, nanomaterials show exceptional promise for the reduction of contaminants
in water. Two of the main forms of processes by which this can occur are:

1.  The adsorption of the contaminant on the surface or internal structure of the adsorbent [17,18].
This process does not chemically alter the nature of the contaminant and provides the potential
for the subsequent desorption and concentration of the contaminant, a process which can be used
to isolate in an economical way select contaminants [19].

2. Catalytic degradation. This is a term for a whole series of different chemical processes initiated or
mediated by the presence of the catalyst. There are many different classes of catalytic activity
which have been reported for nanomaterials in relation to removal of contaminants from water
such as photocatalysis [20], reduction [21] and catalysis of the activation of oxidant species [22].

While nanomaterials can be an important tool for the removal of contaminants from water,
nanomaterials themselves can be act as contaminants. This is due to nanoparticles being potentially
damaging to the environment and human health both as particles themselves and as an effect
of potentially toxic products coming from their degradation in the environment [23]. In addition,
nanomaterials may still be active and would be effective for reuse or may be made so through some form
of processing [24]. As a result of these facts, complete removal of nanoparticles from water resources
after their use in the removal of contaminants is an important research goal. Traditional methods
involve the incorporation of nanomaterial into membranes [25] or aggregation of the nanoparticles
followed by sedimentation as well as more advanced methods such as filtration through extremely
fine media [26]. However, there are issues with either method. Incorporation into membranes reduces
the effective surface area of the nanomaterials eliminating one of the primary benefits of this class of
material and the use of membranes, filters or similar methods all require specific infrastructure which
would increase the cost of processing and make these methods unsuitable for large-scale processing
of water.

One potentially interesting property of nanomaterials which could be used in the retention of
nanoparticles would be the expression of superparamagnetism in particles of magnetic materials below
a certain size [27]. This property means that magnetic nanoparticles have no residual hysteresis in
the absence of a magnetic field. Because of this, there is no residual magnetism induced aggregation,
which will aid in the dispersion of these nanomaterials in liquid medium. However, when a magnetic
field is present the nanoparticles all magnetize and aggregate [27]. This provides essentially an on
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and off switch for dispersibility, a property which has been promoted for application in catalysis [28],
biologic sensing and drug delivery [29].

For similar reasons, magnetic nanomaterials also demonstrate potential for the remediation of
water resources due to their magnetic properties, which would enable dispersion in potentially large
bodies of water followed by the application of a magnetic field for retrieval and potential reuse. This is
an area that shows great activity, with multiple reviews on the subject being published right up to the
present day [30-35]. Nevertheless, with the field advancing at the rate that it is with novel research
being published on a daily basis, up-to-date reviews would be an important contribution.

When examining magnetic nanoparticles and nanocomposites for potential application in water
remediation the following characteristics would be considered important:

1. Strong magnetic response. This will enable the rapid recovery of the nanomaterial from suspension
and prevent loss of the nanomaterial to the environment.

2. High rate of removal of contaminant. This may be due to effective adsorption of the contaminant
or strong catalytic activity against the contaminant species.

3. Rapid reuse. After recovery it would be important that the nanomaterial could be readily reused
with the minimum of processing. In the case of catalytic nanomaterials, they may be re-utilizable
immediately while adsorbent nanomaterials may require adsorbed contaminants be removed or
desorbed through elution or other processes.

4.  Stability. It would be required that the nanomaterials do not degrade and maintain good
performance through multiple cycles of use. This is necessary to ensure that both the target
contaminant is removed and the degradation products from the nanomaterial do not contaminate
the water resource.

A nanomaterial which demonstrates good examples of these characteristics would show excellent
potential as agents for the remediation water. It is likely however that further development would be
needed in any case.

The present study aims to provide a review of recently published works in the generation of novel
magnetic nanomaterials for use in the remediation of water resources. The review is divided into three
main sections separated by the class of nanomaterial that was investigated in the reported research.
These classes of nanomaterial will include

1.  Single nanoparticle materials: These consist of a single type of nanomaterial. In this section,
nanomaterials which have been modified through ligand exchange or through chemical
modification of their ligand sphere are included;

2. Magnetic nanocomposite materials: these consist of more than one class of nanomaterial in which
one of these materials would be magnetic. This class of material can combine the properties of its
various components acting synergistically to perform their function;

3. Magnetic biologic composites: these are specific composite materials where a magnetic
nanoparticle is mixed with either cells or with other material of biologic origin. These composites
can mix the magnetic activity of these nanomaterials with the processes initiated by the biologic
material in order to perform their function.

The review is finalized with observations on the possible future direction in the field of magnetic
nanomaterials for water remediation.

Ongoing research into this class of nanomaterial is important for the future development of novel
nanomaterials for the remediation of water resources.
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2. Single Magnetic Nanoparticle Materials

Single magnetic nanoparticle materials are among the simplest nanomaterials to be included
in this review as there is no need for the addition of more than one form of nanomaterial which
may complicate the overall synthesis. Numerous shapes and compositions of singular magnetic

nanoparticles have been reported recently (Table 2).

Table 2. Examples of distinctive single magnetic nanoparticles detailing their composition, structure,

surface area, method for synthesis, contaminant examined and proposed method of removal

of contaminant.

. Surface Synthesis . Method of
Material Morphology Aream? g1 Method Contaminant Removal Ref
Fe304 U}:}r;ine 94.43 Co-precipitation ~ Cd?*, Cu®* Ni?* Adsorption [36]
Methylene blue,
Fe304 Nanorings 109.3 Hydrother'mal rhodamine B and Fenton s’fyle [37]
synthesis b catalysis
romophenol blue
Solvothermal PMS
Mn/Fe oxycarbide Rod-Like 179.6 synthesis + Butyl parabens . [38]
P activation
calcination
Hollow Solvothermal Pb%* derived from .
Fe30,@C-COOH spheres N/A synthesis contaminated soils Adsorption (3]
Ethanol
. . mediated Methylene blue .
NixMgyZn (1 x.y)Fe204 Spherical 91.6 combustion + dye Adsorption [40]
calcination
. Photocatalytic
MnyZn ;. FeOy Particles N/A Co-precipitation Reactlvzyeellow 15 Fenton [41]
4 reaction
o . Catalytic
Cu—nFe304 Octagonal 83.7 Co-precipitation ~ Chlorotetracycline degradation [42]
Sol-gel Bisphenol A and PMS )
ZnFeC004024 Hexagonal 106 combustion diphenhydramine activation 431
Sol-gel Bacillus subtilis Mn mediated
FeMnOs Porous plate 12 combustion bacteria cell disruption [44]
Rhodamine B .
. Sol-gel + . - Photocatalytic
Mng5Zng5.<MgxFe;O4  Spherical 8.3 sintering various bficterlal oxidation [45]
species
. . . Ion release
Nogoeund e 23 Sleh sl Gl
0.6410.2-€02'€204 . P disruption
Zero valent iron . Borohydride Catalytic
(nZVI) Spherical 3 reduction Congo red dye reduction (471
i Acetaminophen
Sulfur-modified . - PMS
nZVIs (S-nZVIs) Particles N/A Ball-milling and Ten activation [48]
sulfadiazine
Carbon-modified . . PMS
nZVIs Flakes 6.6 Ball-milling Trichloroethylene activation [49]
Nano Chemical oy .
Fe;0y4 needles 23.4 reduction Pb Adsorption [50]

2.1. Control of Magnetic Nanoparticle Formation and Behavior in Suspension

The following are examples of reports of methods to control the morphology of magnetic
nanoparticles in the synthesis phase. It also includes an investigation into the use of the external
environment such as magnetic fields for the recovery of magnetic nanoparticles.
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The control of the surface properties is highly important for the utilization of superparamagnetic
iron oxide nanoparticles (SPIONs) (average size, 15 nm) in water remediation among other applications.
In a report by Oluwatobi et al. [51] various forms of SPION were made using glucose as a stabilizing
agent. Through variations in the synthesis control of nanoparticle crystallinity, porosity, and magnetic
properties can be achieved. This would be important in the development of particles with the best
properties for the remediation of water.

Ultrafine magnetite nanoparticles (size range 4-17 nm) were generated through a co-precipitation
reaction by Long et al. [36] who then demonstrated the use of these nanoparticles for the removal
of metal ions from river water. As part of the synthesis, surfactants were deliberately omitted. As a
result, individual nanoparticles were noted to aggregate into a porous structure. These structures were
capable to removing lead (Pb?*), cadmium (Cd?*), copper (Cu?*) and nickel (Ni?*) ions from river
water both when added singly or when added simultaneously though there is a drop in performance
in the latter case. Maximum adsorbance efficiencies of 85, 79, 83 and 66 mg-g~!, were reported for
Pb%*, Cd?*, Cu®* and Ni?*, respectively. The reuse of the nanoparticles over five cycles was reported
after elution of metal ions with dilute nitric acid.

The maximization of the recovery of magnetic nanoparticles through the use of an assembly of
permanent magnets was reported by Wong et al. [52] who designed a device for the purpose of the
recovery of magnetite (Fe3O4). The use of high gradient magnetic separation allows a large rate of
recovery of nanoparticles after adsorbance of arsenic with >94% of the particles being captured in the
device and >80% of this material being then extracted from the device with desorption permitting
further reuse. It is envisaged that such a system may be suitable for use in large-scale water treatment
facilities for the removal of arsenic from natural water sources.

Another controlled synthesis of magnetite nanoparticles was reported by Angelico et al. [53]
who used an O, free synthesis to create nanoparticles with differences in morphologies ranging from
spheres to octahedrons (sizes ranging from ~30-120 nm). They tested these different nanoparticles for
their adsorption capabilities of As(V) species from water and observed that the presence of increased
surface roughness provided increased space for surface binding.

A ring-shaped Fe;O; magnetic nanoparticle was generated by Yang et al. [37] through a
hydrothermal synthesis. These nanorings (full diameter, ~155 nm, ring thickness, ~40 nm) were
demonstrated as a catalyst for the degradation of organic dyes such as methylene blue, Rhodamine
B and bromophenol blue showing excellent activity against all dyes and were showed to retain 85%
activity through ten cycles of recovery and reuse. Through EPR and scavenger reactions it was
determined that the degradation was through a Fenton style reaction.

Rod-shaped manganese iron oxycarbide were synthesized by Fu et al. [38] through a mixture of
solvothermal process and calcination. These rods had an average width of 600 nm and a length of
up to 20 um and were composed of a porous network and irregular crystals (average size 8-17 nm).
These particles were investigated for the production of reactive oxygen species (ROS) through activation
of peroxymonosulfate (PMS) (Figure 1) that was then used for the degradation of the antimicrobial
preservative butyl parabens. A 125 mg-L~! solution of the toxin was degraded over 2 h at pH greater
than 5. When the butyl parabens were diluted in environmental water samples with the additional
dissolved solutes the rate of degradation was increased with up to 83% loss over 45 min compared to
71% reported at the same time for deionized water.
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Figure 1. Proposed mechanism for peroxymonosulfate (PMS) activation by rod-shaped manganese
iron oxycarbide and ROS formation. Reprinted from Fu et al. [38] with permission from Elsevier.

2.2. Surface Modification of Magnetic Nanoparticles

In the following, magnetic nanoparticles have been modified postsynthetically through reactions
with other chemical species to change the surface properties of the nanomaterial. This has been
demonstrated to have potential for aiding the removal of contaminants from water.

Surface modification of nanoparticles in order to better target contaminants or other solute species
has been reported by Mohammadi et al. [54] who modified Fe3O4 nanoparticles (size range 25-42 nm)
with epoxy-triazinetrione. This surface functionalization was then demonstrated to interact strongly
with malachite green and lead ions (Pb?*) in water. Adsorption efficiencies of 20.7 and 21.05 mg-g~!
were reported for malachite green and Pb?*, respectively. These adsorbed contaminants were desorbed
repeatedly using ethanol and EDTA to elute the contaminant and the modified nanoparticles reused.
After six cycles the remaining removal efficiency for malachite green and Pb?" was 56% and 61.5%,
respectively. The modification of magnetic Fe3O4 nanoparticles with the amino acid L-cysteine through
postsynthetic modification was reported by Bao et el. [55] who observed that these particles aggregated
in the presence of sodium alginate into beads (millimeter-sized) that can adsorb Pb?* ions from water
with a maximum adsorption of 310.03 mg-g~!

Polythiophene was bound to the surface of copper ferrite (CuFe,O,) nanoparticles (size range
11-30 nm) by Al Omar et al. [56] who then tested these nanoparticles for the removal of mercury ions
(Hg?*) from water. The modification of these nanoparticles greatly increased the level of adsorption
compared to unmodified nanoparticles with the values going from 7.53 to 208.77 mg-g~!. The particles
were reused up to five times with moderate reduction in removal efficiency. It was observed the Hg?*
ions were bound both to the polymer sheath and directly to the surface of the nanoparticles through
oxygen and sulfur containing groups.

Polyethylenimine was used to stabilize spherical magnetic iron (Fe3Oy) particles (average size,
10 nm) by Kim et al. [57] who then demonstrated the ability of these nanomaterials to connect to and
remove clay particles from a soil suspension. The clay particles examined in this case demonstrated a
strong efficiency for radioactive cesium (*¥Cs) ions. As such, this may be an important method for the
removal of radionucleotides from contaminated soils.
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Silane based thiols were bound to the surface of magnetite (average size, 20 nm) by Canepa et al. [58]
who then tested this material for the quick removal of Pb>* from water. When examined for the
removal of Pb%* from a defined water source the functionalized nanoparticles were reported to extract
91% within 10 min. Repeated cycles of extraction and desorption of Pb?* ions were carried out and
showed a drop in extraction efficiency over each cycle with just over 34% on the fifth cycle. When these
nanoparticles were placed into a dynamic circuit it was reported that only around 21% of available Pb?*
was extracted. This is suggested to be due to the relatively weak interaction between the metal ion and
the thiol group which will permit the ion to be decoupled by the flow of the liquid. Novel designs for
the liquid flow are suggested as a possible solution to this problem.

Another form of surface modification was reported by Zhang et al. [39] who generated hollow
spheres of magnetic carbon through a hydrothermal synthesis. These spheres (average size ~400 nm)
were then functionalized with carboxylic acid groups and tested for the removal of Pb>* ions from
solution. They achieved a maximum adsorbance capacity of 179.21 mg-g~! at pH 7. This form of
particle was investigated as a potential method to immobilize free Pb?* ions in soil water.

2.3. Metal Ferrite Magnetic Nanoparticles

The following are a selection of reports of ferrite nanoparticles. By changing the synthesis
conditions used in their formation, investigators were able to generate a many different nanomaterials
with properties with potential applications in the remediation of water.

Cobalt and manganese ferrite (CoFe,O4 and MnFe,O,4) nanoparticles were generated and their
adsorbance properties compared to that of regular iron ferrite (Fe304) by Trindade et al. [59].
The resulting nanoparticles had averages sizes of 30, 75 and 60 nm for CoFe;O4, MnFe;O4 and
Fe;0y, respectively. While it was reported that in all cases these nanoparticles can remove sufficient
As(V) from water to reduce its level to that deemed safe by the World Health Organization, they found
that the ferrites functioned to remove more arsenic ions from water than iron ferrite. However, they also
released cobalt and manganese cations into water when in suspension. Gaps in the structure made
by the release of the cations gave space for As(V) ions from the solution. This issue with leaching of
cations makes the point that the design of an appropriate nanosorbent for arsenic will not be selected
by solely seeking the sorbent with the highest maximum adsorption capacity.

Cobalt ferrite (average size, 10-20 nm) was examined by Dionysiou et al. [60] for the activation of
PMS for the degradation of bisphenol A in water as well as other recalcitrant organic contaminants.
This catalytic system demonstrated successful operation in both controlled water conditions and in
water taken from the environment. The addition of anions like hydrocarbonate (HCO3™) and chloride
(CI7) enhanced the degradation as did the addition of humic acid up to 10 mg-L~!, but fulvic acid had
a negative effect at a concentration higher than 1 mg-L~!. An interesting mixed ferrite was reported by
Liu et al. [40] where a nickel, magnesium and zing, ferrite (NixMgyZn(;.x.y)Fe2O4) was synthesized
by an ethanol mediated combustion process. After calcination at 400 °C these particles (average
size, 27.5 nm) were reported to be able to adsorb methylene blue to a maximum capacity (qmax) of
1654.55 mg-g~!. This high value was determined to be the result of the presence of multimolecular
stacking of dye molecules on the surface of the particles. The nature of adsorption binding was also
confirmed through the use of electrochemical analysis which determined a higher degree of resistance
with the adsorption of methylene blue which would be indicative of the formation of an organic layer
over the particle surface. This high degree of adsorption was reported for pH > 5 and was reported to
be reduced to less than 3% after the first three cycles of extraction.

Magnesium ferrite (MgFe,Oy) (average size, 120 nm) formed through an alcohol-based combustion
process was also reported by Wang et al. [61] for the removal of reactive red. A maximum adsorption
capacity of 119.1 mg-g~! was reported and electrochemical analysis by cyclic voltammetry demonstrates
that the dye molecules form a monolayer, occupying all active sites.
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Another similar magnetic multi metal oxide material was reported by Ahmad et al. [41] who made
zinc, manganese, iron mixed metal nano oxide (MnyZn;.x)Fe;O4) nanoparticles. Size and morphologic
data were not provided for these materials. These were tested for catalyzing the Fenton reaction for the
degradation of reactive yellow 15 dye from water. When the pH was set at 4 and the nanocomposite
raised up to 1 g-L™! up to 76% of the dye was degraded.

A copper modified magnetic iron oxide (Cu—nFe;0,) (size range, 15-20 nm) was reported by
Zou et al. [42] who then tested this nanomaterial for the degradation of the antibiotic chlorotetracycline.
It was observed that this nanocatalysts can degrade up to 99% of a 100 mg-L~! solution of
chlorotetracycline in the presence of a 2 g'L~! suspension of the nanocatalyst over 90 min.
The nanocatalyst performed well over multiple cycles of the degradation of the contaminant. It was also
reported that the presence of phosphate greatly inhibited the reaction while other ions did not and that
humic acid can either promote or inhibit the reaction depending on its concentration. An examination
of the reaction mechanism indicates that contaminant is physiosorbed on the surface and pores of the
particles and then reacts with Fe(Il) and Fe(IlI) ions forming radical species of the contaminant and
oxygen which then degrades the organic contaminant.

Surface oxygen vacancies were induced in hexagonal cobalt zinc ferrite (ZnFegCop40O5.4)
(size range 20-60 nm) by Hu et al. [43] through a sol-gel combustion method and where then
used to induce activation of PMS to generate reactive oxygen species for the degradation of organic
pollutants such as bisphenol A and diphenhydramine. This nanocatalyst showed strong activity with
complete degradation of 10 mg-L~! solutions of the organic pollutants in as little as 4 min. Cui et al. [62]
reported a similar structure of copper substituted zinc ferrite (irregular shape, size range, 10-100 nm).
This material too demonstrated improved catalytic activation of PMS and when tested against the
antibiotic ciprofloxacin, demonstrated over 96% degradation in 15 min.

The catalytic activity of cobalt ferrite (CoFe,O,) nanoparticles (average size 36 nm) for the activation
of PMS with the aim of degrading organic contaminants in water was investigated by Chang et al. [63]
who introduced the reductant hydroxylamine to reduce Co and Fe ions to keep the redox cycles
active and stabilize some of the radical species. For this reason, the presence of hydroxylamine
leads to excellent catalytic behavior for the degradation of the antibiotic sulfamethoxazole, showing
complete degradation in approximately two hours. When tested for activity in groundwater samples,
the nanoparticle/hydroxylamine mixture still shows good activity after 6 cycles.

Iron manganite (FeMnO3) nanoparticles were synthesized by Nikolic et al. [44] using a sol-gel
combustion process with glycine as a fuel. The resulting particles had a porous plate-like stricture
with a mean size of around 180 nm. These nanoparticles were then tested for inhibitory effects on the
soil bacterium Bacillus subtilis. The nanoparticles showed around 50% inhibition of bacterial growth
when in Luria-Bertani (LB) medium but had no effect when in brain heart infusion (BHI) medium. It is
believed that the rich concentration of proteins and oligosaccharides in BHI passivated the surface
of the nanoparticles while this does not occur in LB as a larger concentration of free Mn ions was
observed in it.

Bakshi et al. [64] reports an interesting method for the removal of Au and Ag nanoparticles from
water solution through the addition of magnetic iron oxide nanoparticles (average size ~20 nm) which
have been synthesized in the presence of a gemini surfactant, namely a long-chained amino ion through
a solvothermal synthesis. It was observed that these surfactants can form an amphiphilic structure
which can serve to draw metallic nanoparticles of different surface polarities away from free media to
an organic/water interface, enabling removal with a magnet.

An interesting photocatalytic nanoparticle was reported by Ashour et al. [45] who synthesized
magnesium-doped manganese zinc ferrite (spherical morphology, average size, 30 nm) through a step
wise process whereby a selected ratio of nitrate salts of the four metals were mixed with citric acid and
ethylene glycol to from a gel. After drying at 120 °C, grinding and sintering at 900 °C the resulting
Mng 5Zng 5xMgxFe,O4 powder was tested for photocatalytic activity under UV light (254 nm). It was
observed that where x is equal to 0.375 the photocatalytic activity was the highest with 95% degradation
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of thodamine B and 90% of chloramine at pH 11 after 80 min of UV irradiation. This activity was
reported to still be retained after several cycles. The nanoparticles were also reported to demonstrate
antibiofilm activity with the highest degree of inhibition reported for Pseudomonas aeruginosa with more
than 98% inhibition for where x is equal to 0.25. This material was tested for antimicrobial activity.
After 60 min under UV irradiation there was a marked reduction in microbial activity. The bacteria,
Pseudomonas aeruginosa demonstrated over 90% inhibition, the other bacteria Staphylococcus aureus
showed more than 65% and the fungi Candida tropicalis presented more than 88% inhibition.

Antibacterial activity was also reported by El Nahwary et al. [46] who demonstrated antibacterial
activity of cubic nanoparticles of Nig ¢Zng 4Fe;O4 and Nig ¢Zng ,Ceg ,Fe,O4 which were generated by
sol-gel treatment with citric acid followed by calcination at 700 °C. These nanoparticles, (size range
30-35 nm) greatly inhibited microbe growth under laboratory conditions with reductions reported in
the growth of the bacteria P. aeruginosa and S. aureus and the fungi C. albicans and Aspergillus niger.
All showed substantial reduction in microbial survival with increasing exposure time with full inhibition
of all types of microbe after 30 min exposure to 200 mg-L~! of the nanoparticles. It was also reported
that there was a marked increase in inhibition rates for all microbe classes with the cubes containing
cerium. This was postulated to be due to the presence of Ce®* associated with ferrite which had
already been exhibited as an affective antimicrobial agent. Finally, the nanoparticles were tested against
raw sewage samples taken from a municipal drain. Untreated samples were confirmed to contain
a number of potentially pathogenic species such as Escherichia coli, Salmonella enterica, S. aureus and
Listeria monocytogenes. In all cases the presence of a dose of these cubic nanoparticles of 150 mg-L~!
reduced the number of colony-forming units by a factor of approximately 6-logig. The authors of the
study reported that these nanoparticles may be a useful tool for the removal of pathogenic microbes
from wastewater before release into the environment.

2.4. Zerovalent Iron Nanoparticles

While chemically simple, consisting of pure iron, these particles show interesting chemical and
physical properties which make them very suitable for use as agents for the removal of many different
contaminant species. In several of the following cases zerovalent iron was presented with an average
particle diameter greatly more than 100 nm. This may be traced to the synthesis method used for
the generation of these particles (ball-milling of fine powders). In such cases it may be noted that
they still retain a magnetic response (though would not be superparamagnetic) and catalytic behavior
sufficiently similar to that of nanoscale nZVI particles that they may be justified in their inclusion in
this review.

A very interesting potential application for nZVIs was described by Zhang et al. [47] who examined
the efficacy of such nanoparticles for the pretreatment of wastewater before their processing in
bioreactors. It was reported that zero-valent iron nanoparticles (average size, ~40 nm), generated
through a sodium borohydride reduction, could reduce the water-soluble dye molecule Congo red into
waste products which could then be readily consumed by bacteria in membrane bioreactors. Even after
52 days of use, up to 99% reduction in dye concentration and over 50% reduction in the chemical
oxygen demand of simulated wastewater was achieved.

Sun et al. [65] also reports the application of polyvinylpyrrolidone (PVP) stabilized spherical nZVIs
(size range, 50-80 nm) for the removal of trichloroethylene from soil. When cetyltrimethylammonium
bromide (CTAB) or sodium dodecyl sulfate (SDS) was applied with the nanoparticles there was an
increase in the transfer for the organic contaminant to the liquid phase and a consequent increase in
reductive dichlorination. Close to 100% of the trichloroethylene in a soil sample was removed by the
nanoparticle_SDS pairing. As such surfactants may be a valuable tool for assisting other nanocatalysts
in the future.
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The use of sulfur modified nZVIs (5-nZVIs) was reported by Sun et al. [48] and by Ren et al. [66]
for the catalytic activation of peroxydisulfate which can then be used for the breakdown of organic
pollutants. Sun used the drug molecule acetaminophen and Ren the antibiotic sulfadiazine as examples
for degradation targets with acetaminophen showing a maximum of just over 5 times increase in
the rate of removal and sulfadiazine showing more than twice the rate of degradation compared to
unmodified nZVIs. It was reported by Sun that while the S-nZVIs demonstrated higher degradation
rates in the presence of oxygen, there was a further increase in the rate for both in the absence of
oxygen, an effect which indicates that while oxygen can increase the available catalytic iron ions, it also
can compete with the peroxydisulfate for those same species. Ren studied the effect of other ions in the
reaction medium. They reported that the presence of SO42~ and Cl~ can lead to a decrease in the level
of enhancement by sulfurization and that NO;~ can increase it.

The modification of nZVIs with carbon through a ball milling process was also investigated by
Sun et al. [49] who tested these new materials for removal of trichloroethylene. It was observed that
the rate of degradation of the organic contaminant had increased greatly, but also that the fastest
reaction was achieved with a small weight percentage of carbon though this then affected the stability
of the resulting particles. The thicker carbon coatings did not exhibit as much of an enhancement,
but this could be ameliorated by using carbon with improved electron transport ability (carbon fiber as
opposed to activated carbon).

The synergistic interactions between more than one contaminant was reported by Chen et al. [67]
who investigated the adsorption of uranium U(VI) and phosphate (PO437) on nZVIs (size range,
10-100 nm). When used together, the adsorption capacity of U(VI) and PO4>~ increased by over 20%
and 30%, respectively. As multiple ions are usually present in real water sources, this effect may have
real application in the use of this technology. Similar synergistic effects were observed for S—nZVlIs
(mean size, 240 nm) in the presence of both Pb?* and polybrominated diphenyl ether by Dang et al. [68]
where it was reported that the rate constants of removal of both Pb>* and the ether increased by 5.15
and 7.29 times, respectively. It was observed that the lead ions were adsorbed onto the surface of
the nanoparticles and converted into immobilized lead species. These surface lead ions then aided
the reductive degradation of polybrominated diphenyl ether. However, the overall stability of the
resulting particles is reduced as the Pb?* ions accelerates their corrosion.

A mixture of theoretical and experimental studies of the mechanism for the binding of metal ions
to the surface of nanoparticles was conducted by Bhateria et al. [50] who looked at the adsorbance
of lead ions onto magnetite needle-shaped nanoparticles (average length, 100 nm). They found
that the adsorption process was highly pH dependent and that it obeyed the Langmuir isotherm
which would indicate the formation of a monolayer of Pb>* ions on the nanoparticle surface. It was
observed that the adsorption process can be reversed readily with a small loss of function and that
the nanomaterials which have been generated specifically for the study demonstrated good levels of
adsorbance (41.1 mg-g~!). They also note that the maximum level of adsorbance is favored in scenarios
where the nanoadsorbent is in lower concentration and that at higher concentrations the magnetic
nanoparticles tend to aggregate reducing the available surface area. This effect may be reduced through
the addition of stabilizers or other coatings, but such a modification may influence the adsorption
properties of the nanomaterial.

The effect of the presence of other environmental polyelectrolytes on the adsorption of phosphate
(PO437) on to ZVIs (size range, 30-300 nm) was investigated by Shanableh et al. [69] who investigated
changes in the adsorption in the presence of humic acid and chitosan. It was found that at low
pH the maximum adsorbance for free particles (523 mg-g~!) decreased in the presence of chitosan
to 342 mg-g~! but increased with humic Acid to 697 mg-g~!. However, when pH increased to 6.5
the value for free nanoparticles (412 mg-g~!) was enhanced up to a maximum of 790 mg-g~!. It is
suggested that the charged organic polymers can influence the interactions necessary for the adsorption
of phosphate such as electrostatic adsorption, ion exchange and precipitation and that pH can also
strongly influence these effects. As many environmental samples would contain dissolved organic
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matter of a composition similar to these polyelectrolytes it is likely that these effects will need to be
considered for the application of such technology in the field. A similar effect on the adsorption of heavy
metals was observed by Lou et al. [70] who tested the effect of the presence of other ions in the solution
such as nitrate (NO3 ™) chloride (CI™) and humic acid on copper (Cu?*) and nickel (Ni%*) adsorption
on S-ZVIs particles (size range, 100-200 nm). While it was observed that the adsorption capacity of the
S-ZVIs was good for the heavy metals, the presence of ions affected the adsorption of Cu?* but had
very limited effect on Ni?*. This could be due to the Cu?* being retained by reduction and adsorption
while Ni?* retention occurred primarily through the latter process. A possible method to reduce the
effect of humic acid was reported by Guan et al. [71] who observed that while large concentrations of
humic acid can inhibit ZVI particle (Dsy 108 pum) reduction of nitrophenol, the addition of an excess of
Fe?* can mitigate this inhibition. They surmise that the Fe?* can both aid the formation of an oxide
structure on the particle surface that can mediate the reduction of the nitrophenol and can aggregate
the humic acid preventing it from occupying sites for nitrophenol reduction.

Non-chemical environmental effects were also shown to be important. It was observed by
Guan et al. [72] that a weak magnetic field can increase the adsorption selectivity for the metalloid
oxyanions As(IIl), As(V), Sb(Ill), Sb(V), Se(IV) and Se(VI) for ZVIs. It was reported that the selectivity
for the metalloid ion Se(IV)/Se(VI) increased by as much as 14 times compared to particles with no
field. It was reported that while the electron utilization (the number of electrons expended in reaction)
was the same regardless of the presence of a magnetic field, the field did alter the electron efficiency
(the percentage of electrons that reduced a specific target) and that this effect may be due to the
movement of free Fe?* ions around the nanoparticle with the target metalloid oxyanion in tow.

Guan et al. [73] also observed that the addition of Fe?* to the solution, the addition of H,O,,
the sulfurization, or the application of a weak magnetic field to ZVI particles can increase the rate of
removal of selenium (VI) with the addition of Fe>* showing the most pronounced effect.

2.5. Conclusions

In conclusion, the latest developments on single magnetic nanoparticle materials show they
have excellent potential as agents for the remediation of water. First, the development of magnetic
nanoparticles with different morphologies was reported, from rings to tubes. These reports included
many different processes for contaminant removal ranging from adsorption to photocatalysis.
Surface modification followed with examples of simple organic species like silane thiols up to
carbon coating. The reports solely included adsorption behavior in this case. The ferrite nanoparticles
listed in the third section were observed engaged in many different contaminant removal processes
from adsorption to photocatalyst. Through modification of the chemical make-up of the ferrite different
reactivities could be achieved. Finally, zerovalent iron particles (nZVIs) demonstrated good efficiency as
adsorbents and catalysts. Though uncoated nZVIs were observed to easily corrode, coating them with
sulfur or carbon promoted greater stability. The observed need for passivation of nZVIs would make
them an interesting component of composite materials as would be discussed in the next two sections.

3. Magnetic Nanocomposites

There are a number of materials which use more than one nanomaterial in the same composite
so that the different properties of these nanomaterials work together to achieve the desired
material performance. These materials are termed nanocomposites; composites containing magnetic
nanomaterials were examined as potential agents for the remediation of water. In the following section
different magnetic nanocomposites are listed.
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3.1. Clay/Magnetic Nanoparticle Composite Materials

Various magnetic nanocomposites generated using either naturally occurring or synthetic clays
and similar minerals have been reported for the adsorption (Table 3) and catalytic conversion (Table 4)
of contaminants in water.

Table 3. Selected examples of adsorbent composites of clay-like materials and magnetic nanoparticles
as adsorbents.

Core Magnetic Surface Area

Mineral Coating Contaminant Omax (mg-g™1)  Ref

Nanoparticle (MNP) (m? g-1)
89
CoFe; Oy Cu/Al LDO/LDO (17.6 calcined) Methyl orange 1355.1 [74]
Fe;0y4 Ni/Fe LDH 93.9 Histidine 3287.67 [75]
. Methylene blue 35.36

Fe;O3 Sericite Clay 161.5 crystal violet 35.45 [76]
Various iron oxides Spentelzlri;chmg 122.1 Tetracycline 106 [77]
ZnFe,Oy Hydroxyapatite 60.2 Cd?* 120.33 [78]

Layered double hydroxides (LDH) and their calcined counterparts layered double oxides (LDO)
have been demonstrated as an interesting nanomaterial for the removal of contaminants from
water [79]. While it has already been reported that high adsorption values can be achieved for
composite nanomaterials consisting of layered double oxides with magnetic nanoparticles [80] a quite
interesting observation was made by Palza et al. [74] that when the concentration of nanoparticles to
LDH nanosheets were altered there was also a strong effect on the adsorption capacity of composite.
It was observed that out of three different ratios of cobalt ferrite (CoFe,O,) nanoparticles (average
size, 11 nm) to Cu/Al layered double hydroxide the ratio with the lower concentration of magnetic
nanoparticles resulted in higher adsorbance of methyl orange from water (262 mg-g~!) than for the
composite with the higher concentration of magnetic nanoparticles (136.2 mg-g~!). With calcination at
500 °C for four hours these adsorbance values were increased to the incredibly high 1355.1 mg-g~!
for the composite with the lowest concentration of magnetic nanoparticles and an observed doubling
in the composite with highest concentration up to (304.9 mg-g™!). It is theorized in the report that
there is a sweet spot were higher than unity levels of adsorbance can be achieved due to disruption
of the laminar structure of the LDH, but before the nanoparticles block available sites for binding by
dye molecules. While the nanocomposite showed a reduced magnetic response with lower CoFe,O4
concentration, it was still sufficient to withdraw the composite from suspension with application of a
permanent magnet.

This above unity adsorbance has not only been reported for dye molecules. When bound
to magnetite nanoparticles by Wang et al. [75] through a process involving a Fe3O4 core (average
diameter, 400 nm) onto which was bound MOF mediated in situ cascade derivation strategy (Figure 2).
The resulting nickel/iron LDH shows strong affinity for histidine rich protein molecules due to the
large quantity of nickel atoms on its surface. It was that when presented with bovine hemoglobin,
a Histidine rich protein, very high levels can be adsorbed (3287.67 mg-g~! at pH 7). This indicates
good potential for use in situations with the need for selective adsorbance of biologic molecules.
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Figure 2. Proposed scheme for the synthesis of nickel/iron layered double hydroxides (LDH) through
the use of an in situ cascade derivation strategy. Reprinted with permission from Wang et al. [75]
Copyright 2020 American Chemical Society.

A magnetic layered double hydroxide waste sludge activated carbon derived (average size, 30 nm)
from water treatment was used as the base for the synthesis of Mg-Fe layered double hydroxide by
Quereshi et al. [81] using a basic reflux. The resulting composites demonstrated a good magnetic
response and were observed to adsorb NO32~ and PO,3~ with maximum adsorption coefficients of
around 54.5 and 110 mg-g~*, respectively.

Similar to LDHs, inorganic clays also provide an interesting opportunity for the removal of
contaminants from water. With the binding of Fe,O3 nanoparticles (size range, 4-8 nm) to sericite clays
Abdullah et al. [76] was able to develop a composite system which was able to adsorb both methylene
blue and crystal violet from water. Adsorption capacity values of 35.36 and 35.45 mg-g~! was reported
for methylene blue and crystal violet, respectively. When crystal violet dye was removed from the
composite through elution with an acetic acid/ethanol mixture with sonication the composite was
reused. There was found to be a slight reduction in the removal efficiency after each cycle with only
70% removal reported after the 5th cycle.

Another inorganic clay material which can be utilized for the removal of contaminants would be
spent bleaching earth. As reported by Wan et al. [77] used bleaching earth, which is a clay material used
for the removal of contaminants from edible oils, was taken and functionalized with magnetic iron
oxides. They took used bleaching earth, pyrolyzed it at 700 °C and then grew iron oxides nanoparticles
on the surface of earth particles using a co-precipitation method. This composite material showed
a strong adsorbance of the antibiotic tetracycline demonstrating a maximum adsorbance capacity
(Qop) of 0.238 mmol-g~! even higher than that reported for spent bleaching earth that has not been
functionalized (Qp = 0.150 mmol-g~!). With the examination of the potential reuse of this composite it
was observed that the level of removal of tetracycline dropped down in the first two cycle followed
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by it leveling off for the remaining three cycles. The authors indicate that this level of removal may
continue unreduced for up to 8 more cycles.

Table 4. Magnetic nanocomposites functionalized with minerals which were reported to have catalytic
activity against contaminants.

Surface Area

Core NMP Clay Component (m? g1) Contaminant Method of Removal  Ref
Fe304 Attapulgite/CuO/CeO, 150.8 Methylene blue Fenton catalysis [82]
S5-nZVIs Montmorillonite N/A Trichloroethylene Reduction [83]
Fe30y4 Schwertmannite 59.7 Ciprofloxacin Fenton reaction [84]
CoFe, Oy Diatomite 137.8 Bisphenol A PMS activation [85]
Fibrous 4-nitrophenol . .

CoMn, Oy phosphosilicate 124 9-nitroaniline Catalytic reduction [86]
Fe; O3 Zeolite 264 Methylene blue Fenton reaction [87]
Fe30y4 Halloysite ZnO N/A Various bacteria ~ Inhibition of growth  [88]

The use of another clay was reported by Wang et al. [82] who synthesized iron oxides nanoparticles
(Fe30y) (size range, 10-50 nm) in conjunction with either copper oxide (CuO), Cerium oxide (CeO,)
or a mixture of the two on a base of attapulgite clay. These nanocomposites were tested as Fenton
Catalysts for the degradation of the organic dye, methylene blue. It was found that the catalytic activity
of the magnetic clay catalysts was enhanced by the presence of the additional dopants and that a high
degree of dye degradation (>99% of a 100 g-L~! solution in all cases) of methylene blue was achieved
at pH 5. The catalysts were reused with a high degree of degradation of methylene blue up to three
times. It was also reported that the intermediate degradation products for the methylene blue were
determined to be mainly benzoquinone, hydroquinone, catechol and resorcinol which indicates a
reaction mechanism operating through radical attack against the -5= and -N= bonds.

The mineral montmorillonite was used by Jiang et al. [83] as a scaffold for the synthesis of S-nZVIs
(average size, ~1 nm). The layered structure served two purposes, it protected the nanoparticles
from corrosion and it prevented interference in catalytic activity by polyelectrolytes such as humic
acid. The montmorillonite supported S.-nZVI composites also demonstrated favorable activity for the
catalytic reduction of trichloroethylene with reported degradation values for a 250 mg-L~! solution
of more than 78% after 12 h, far higher than that reported for free S-nZVI or non-sulphurated nZVI
in montmorillonite.

The mineral schwertmannite was modified with magnetic Fe;0, nanoparticles (average size,
10 nm) by Zhou et al. [84] and tested as a Fenton catalyst for the degradation of organic contaminants.
When tested against the antibiotic ciprofloxacin, this composite demonstrated close to 97% removal of
a 50 mg-L~! solution over 6 min in an excess of H,O,. This level of activity continued with negligible
change for 4 cycles of use. Similar results were reported for the other model organic contaminants of
phenol, tetracycline, acid orange 7 and methylene blue.

Diatomite is another mineral used by Zheng et al. [85] as a support for the synthesis of cobalt ferrite
nanoparticles (average size, 5 nm) through a citrate combustion method. These nanocomposites were
used in conjunction with PMS for the degradation of bisphenol A. Compared to the two components
as separate materials, the diatomite/cobalt ferrite composite exhibited very strong catalytic activity and
100% of a 25 ppm bisphenol A solution was degraded (Figure 3).
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Figure 3. Images of (left) TEM micrographs of diatomite particles on to which CoFe;O4 nanoparticles
were placed and (right) a proposed mechanism scheme for the conversion of PMS into reactive
oxygen species for the degradation of bisphenol A. Reprinted from Zhang et al. [85] with permission
from Elsevier.

A catalytic composite of fibrous phosphosilicate nanoparticles was used by Sadeghzadeh et al. [86]
who then coated such particles with octakis[3-(3-aminopropyltriethoxysilane)-propyl]
octasilsesquioxane and then magnetic cobalt manganate (CoMn;0O4) nanoparticles (average
size, 10 nm) were grown on this surface to create microspheres. These nanocomposites were tested for
the reduction of the organic contaminants 4-nitrophenol and 2-nitroanaline. The percentage conversion
of 4-nitrophenol was reported to be close to 99.8% of a 0.0126 M solution in 100 s. The rate of this
reaction was determined and was found to compare well to other nano-catalysts [§9-92]. The catalyst
was reused up to ten times without a large drop in activity.

The use of the mineral hydroxyapatite, formed around ZnFe,O4 magnetic nanoparticles (average
size, 28 nm) was reported by Dhar et al. [78] who investigated this composite for the removal of Cd?* from
water. The composite demonstrated good adsorption with a reported maximum adsorption capacity
of 120.33 mg-g~!. The authors have proposed that the adsorption occurs through an ion replacement
process where calcium ions in the mineral are replaced with cadmium ions. However, he desorption of
cadmium from the nanocomposite was not demonstrated by the authors. This possibly means more
nanocomposite would be required than would be necessary for a reversible process.

Zeolite formed from fly ash derived from lignite combustion was used by Vaclavikov4 et al. [87]
in a fusion hydrothermal process to add in various types of nanomaterials including magnetic hematite
(average size, 10 nm) which formed a magnetic composite. They demonstrated a high surface area
of 264 m? g~! though somewhat reduced compared to pure zeolite of 486 m? g~! and showed good
adsorption of Cd?* and Pb?* ions from water (163.7 mg-g~! for Cd?*). They were also demonstrated as
Fenton catalysts, aiding in the degradation of methylene blue dye with higher activity being reported
for the modified zeolite at lower temperature due to distortion of the structure due to the presence of
the magnetic particles.

Inorganic nanotubes made of halloysite were coated in Fe304 and ZnO nanostructures (size range,
5-6 nm) by Kadam et al. [88] which were then tested for antibacterial activity. These composites
demonstrated strong inhibitory effects against E. coli, S. aureus and MRSA. However, while the
nanocomposite can inhibit the formation of biofilms for E. coli and S. aureus, it does not inhibit the
formation of biofilms in MRSA.
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3.2. Carbon/Magnetic Nanomaterial-Based Nanocomposites

Carbon nanomaterials have been viewed as a very interesting potential material for the generation
of novel nanocomposites due to both the availability of the starting material and their interesting
properties (Table 5). An interested effect was reported by Yamaguchi et al. [93] who reported the
synthesis of a composite of manganese ferrite (MnFe;Oy) particles (average size, 200 nm) supported
by graphene oxide and sand through a solvothermal process. These composites with particles of
approximately 200 nm in size demonstrated effective degradation of methylene blue in the presence
of light and H,O, through the Fenton reaction. A similar, but simpler system was reported by
Gaspar et al. [94] who synthesized magnetite (average size, 21 nm) with reduced graphene oxide
(Fe304/RGO). With the magnetite in large excess (approximately 90% per weight) this nanocomposite
exhibited a strong catalytic activity for the Fenton reaction in water at pH 6. When tested against
indigo carmine this catalyst was able to achieve 100% discoloration within only 5 min. This material
was also strongly magnetic and as such was readily removed from suspension and was also readily
reused at least once according to reports.

Table 5. Magnetic nanocomposites with carbon species for removal of contaminants.

Form of Carbon or Surface Area . Method of
Core NMP Additional Material (m? g1) Contaminant Removal Ref
MnFe; Oy Graphene oxide + sand N/A Methylene blue Fenton reaction [93]
Fe304 Reduced graphene oxide 177 Indigo carmine Fenton reaction [94]
. 173-estradiol .
v-Fep O3 Graphene oxide 177 17ac-ethinylestradiol adsorption [95]
Fe30,4 Graphene oxide + SiO, N/A Cd?* + Pb* adsorption [96]
. Rhodamine B, methyl Photocatalytic
Fe304 Graphene oxide aerogel 157 orange methylene blue oxidation [97]
CoFe, Oy Graphene oxide aerogel 341.6 Benzotriazole PMS activation [98]
Fe30, Reduced graphene oxide 33 Pb2+ Adsorption [99]
polypyrrole
Reduced graphene oxide . Photocatalytic
ZnFe; Oy tiop nanosheets N/A p-nitrophenol oxidation [100]
S and n-doped graphene Methylene blue, Congo .
Fe304 oxide with I-cysteine 963 red and neutral red Adsorption [101]
Graphite poly L .
Fe304 polyethyleneimine 12.8 Humic acid Adsorption [102]
C%Oé‘r’ é\)/l 05 Carbon nanotubes 112 Pentachlorophenol Adsorption [103]
204
Fe;0,4 Carbon nanotubes N/A Microcystis aeruginosa Agglutination [104]
Carbon nanotubes Cu, . Oxygen reduction,
Fe CuO, Al 111.3 Sulfamerazine Fenton reaction [105]
FeyoCugg Nanodiamond N/A Phenol Fenton reaction [106]
NipFe Activated carbon N/A Perfluorooctanesulfonate Reduction [107]
nZVls Carbon black 619.8 Chloramphenicol Adsorpt}on * [108]
reduction

Graphene oxide was also bound to y-Fe,O3 magnetic nanoparticles (average size, 11 nm) through
a simple co-precipitation reaction by Santos De Gois et al. [95] These nanocomposites were used
to concentrate 173-estradiol and 17x-ethinylestradiol. for further analysis. These two chemicals
are both estrogen mimics which have been linked with environmental effects against aquatic life
and may be harmful to humans if found in drinking water. Graphene oxide in conjunction with
silica coated magnetite particles (Fe304/SiO,-GO) (average diameter, 220 nm) was reported by
Sun et al. [96] who demonstrated this material’s effectiveness for the removal of Cd%* and Pb2* from
water. They report maximum adsorption capacities of 128.2 and 385.1 mg-g~! for Cd?* and Pb?*,
respectively. After sonication aided acid desorption of the adsorbed contaminants, the composite still
demonstrated good performance even after 12 adsorption/desorption cycles.
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Graphene oxide was also utilized as a basis for the formation of an aerogel by Ge et al. [97]
who then investigated this material as catalysts for the degradation of rhodamine B, methyl orange and
methylene blue. The generation of the aerogel involved the synthesis of 10 nm magnetite nanoparticles.
When irradiated with visible light the quantity of methylene blue dye was reduced by close to 98%
within 180 min. Graphene oxide was also formed into an aerogel with CoFe,O4 nanoparticles (average
size, 10 nm) and-doped with nitrogen by Lyu et al. [98] who then tested this aerogel by for the oxidation
of benzotriazole through the activation of PMS. This composite demonstrated a nearly 20 times higher
rate constant than single CoFe,O, nanoparticles. It is proposed that part of the reason for this is
because both the cobalt ferrite and the-doped graphene oxides can contribute to the reaction as well as
the composite having a greater surface area and a higher adsorption affinity for benzotriazole.

Reduced graphene oxide (rGO) was used as a support for magnetic iron oxide (Fe3O,) nanoparticles
(average size, ~200 nm) enveloped in polypyrrole by Hu et al. [99] who used an in situ polymerization
of a mixture of polyvinylpyrrolidone and pyrrole monomer around presynthesized Fe3O4/rGO.
This composite material has a much lower magnetic response, but still can be mostly withdrawn from
suspension in water using a magnet. These composites were tested for the adsorption of Pb?* ions
from water. It was demonstrated that this nanocomposite can adsorb Pb?>* with a maximum adsorption
capacity of 93.2 mg-g~! that is higher than is reported for Fe304/rGO (71.0 mg-g~!). The performance
of this nanocomposite is more selective for Pb compared to other heavy metals such as Cd, Ni and
Hg. Reusability studies have been conducted with desorption of the adsorbed Pb?** with dilute nitric
acid followed by repeated cycles of adsorption and it was reported that after five cycles to still show
85.7% adsorbance.

A small quantity of rGO was also combined with titanium dioxide (TiO,) nanosheets (average
size, 20 nm) and zinc ferrite (ZnFe,O,) by Kang et al. [100] who then tested this material for the
photocatalytic degradation of p-nitrophenol. A composite with 3% w/w of rGO was demonstrated
to degrade 99.7% of a 10 mg-L~! p-nitrophenol solution under UV-vis light after 60 min. After 5
cycles of reuse the nanoparticles were reported to still degrading p-nitrophenol at 88.1% efficiency
which indicates strong potential for use as a catalyst for the removal of contaminants from water. It is
proposed that the rGO acts as a transfer medium allowing both the TiO; and ZnFe,O, nanoparticles to
contribute to ROS formation (Figure 4).

Potential(eV) vs. NHE

J Ece(@nFe,0.)=-0.408

o Ecp(TIO)= -0.168
1=
Eyp(ZnFe,0)= 1.505

I VB Degraded products
24

1 Evs(TIOy= 2.788 N —OH/H,0
3 ; p-NP

‘OH

4 Degraded products

Figure 4. Possible mechanism for the formation of reactive oxygen species by TiO,/ZnFe;O4/rGO
nanocomposites. Images from Kang et al. [100]. Published By the Royal Society of Chemistry (RSC).
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Sulfur and nitrogen co-doped graphene oxide was reported by Liang et al. [101] as a support
for magnetite nanoparticles (average size, 33 nm) stabilized with L-cysteine through a hydrothermal
synthesis. These three-dimensional composite structures demonstrated a magnetic response and were
also investigated for the adsorption of the dye molecules methylene blue, Congo red and neutral red
reporting maximum adsorption coefficients of 171.53, 909.09 and 877.19 mg-g~!, respectively.

Non-exfoliated graphite in conjunction with magnetite particles (average size, 100 nm) and
polyethyleneimine synthesized through a solvothermal synthesis was reported by Qiu et al. [102]
who demonstrated that this material showed promise as an adsorbent for humic acid with 49.87 mg-g~*
reported for the maximum adsorption coefficient.

Another carbon allotrope which can be modified with magnetic nanoparticles are carbon nanotubes
(CNTs) as reported by Wang et al. [103] who decorated carbon nanotubes with bimetal ferrites (general
formula Cog 5 My 5 Fe,O4 where M can be Cu, Ni, Mn and Zn) (size range, 30-70 nm). They observed
that all of these composites could adsorb pentachlorophenol (PCP) from water with values of 76.02,
75.80, 75.83 and 74.50 mg-g~! for M equals to Cu, Mn, Ni and Zn, respectively. It was also observed
that the PCP can be removed readily through the use of microwave irradiation (850 W, 100 s) which
enabled the magnetic adsorbent to be reused at least six times with only a minor loss of efficacy (98.1%
efficacy for M=Cu) and magnetic material (<7%).

Carbon nanotube-based composites were also examined for their effectiveness for the removal of
cyanobacteria from water by Wang et al. [104] who synthesized Fe3O4 coated CNTs using an ultrasound
synthesis and then tested the coagulation of Microcystis aeruginosa from water samples in the presence
of the composites and aluminum sulfate (Al(SOy4)3) under ultrasound. It was observed that the
nanocomposite pre-oxidized the bacterial cells allowing up to 90% reduction in the bacterial load.
It was also found that as the composites only served as a mild oxidant, they did not excessively damage
the bacterial cells preventing the release of toxic cell breakdown products into the water.

Carbon nanotubes were also used by Liu et al. [105] who bound iron (average size, 5 nm), copper
and copper oxide (average size of both, ~30 nm) nanoparticles to carbon nanotubes through a liquid
phase reduction process. These composites when combined with nanotubes coated in aluminum
nanoparticles (average size, 64 nm) can spontaneously oxidatively degrade the antibiotic sulfamerazine.
It was reported that dissolved oxygen in the presence of the supported aluminum particles can generate
H,0O, through a reduction process which is then converted to reactive oxygen species such as -OH
and O, ~ (Figure 5). They reported that 85% of sulfamerazine and 60% of total organic content can be
removed from water over the course of 60 min at pH 5.8 with constant O, flow.

Figure 5. Reaction mechanism of the A10-CNTs/CNTs-Fe-Cu system for the generation of ROS in the
presence of Oy. Reprinted from Liu et al. [105] with permission from Elsevier.
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Nanodiamond was also reported by Navalon et al. [106] who functionalized nanodiamond and
other carbon containing supports through the use of Fenton reagent followed by chemical deposition
of bimetallic nanoparticles through chemical reduction. It was observed that these composites can
catalyze the Fenton reaction for the removal of phenol from water. A FeygCugg cluster (average size,
5.4 nm) with a 0.2 wt% metal loading on nanodiamond was able to catalyze 90% reduction in a
100 mg-L~! solution of phenol with a 1:6 ratio of phenol to H,O, at pH 6. The catalyst proved reusable
with no loss of function reported over three runs.

Less organized activated carbon was also reported by Lee et al. [107] as a surface for depositing
nickel-doped iron (Ni,Fe) nanoparticles (size range, 20-70 nm) which were tested for the degradation
of perfluorooctanesulfonate a common fire-retardant found leaching into the aquatic environment.
Around 94% degradation of the contaminant was reported at 50 °C with fluorides and sulfites being
common reaction products. The potential risks of these reaction products were not considered in this
study. However, since perfluorooctanesulfonate has a legal safe limit of only 70 parts per trillion [109]
while fluoride can be in drinking water up to 1.4 mg-L~! [110] and the oxidized form of sulfite, sulfate
can be tolerated at well over 1 g'L_1 over short timescales [111] this should be minor.

A series of different forms of carbon from carbon powder to graphene oxide to carbon nanotubes
was used by Yang et al. [108] as supports for nZVIs (average size, <10 nm) that were then tested for the
adsorption and reductive degradation of chloramphenicol, an antibiotic. Carbon black was the most
effective support with close to 99% removal of a 0.30 mM chloramphenicol solution reported in 3 min.
It is surmised that this carbon structure served best because it allowed the most even distribution of
nanoparticles of any of the structures and a very high adsorption capacity (3000 mg-g~1).

3.3. Polymer/Magnetic Nanomaterial Composites

Polymeric materials are another interesting potential material for the generation of nanocomposites
(Table 6). They can act as bridges, linking many nanoparticles together into aggregate materials.
Some polymers themselves can have chemical functionalities or other properties which participate
in the function that the nanocomposite have been developed for. This type of nanocomposite was
reported by Sun et al. [112] who investigated the adsorption efficiency of 3-cyclodextrin polymer alone
and when synthesized in the presence of Fe3O4 nanoparticles (size range, 20-30 nm) for the rare earth
elements neodymium and gadolinium. While there was a small reduction of qmax for the polymer
with magnetic nanoparticles for Nd and Gd from water (8.88 and 7.78 mg-g~!) compared to the raw
polymer (9.59 and 8.99 mg-g~!) the presence of the magnetic nanoparticles not only improved the
anticlogging performance and pressure resistance of the cyclodextrin, but also added the ability of the
adsorbent to be collected with simple application of a magnet. Both forms of polymer were found to
be highly selective for rare earth elements when in a mixture with other ions and could both be reused
and recover useful elements with high efficiency through up to five cycles. Testing this composite with
diluted wastewater from a rare-earth processing facility demonstrated selective adsorption of rare
earth elements from a mixture of ions with significant rates of recovery ranging from a measured 107%
for samarium and 62% for cerium.

Table 6. Magnetic nanocomposites made with polymers with reported targeted contaminant and
method of removal.

Polymer of Surface Area Method of

Core MNP Additional Coating (m2 g-1) Contaminant Removal Ref
Fe30y4 -cyclodextrin 85 Nd, Gd, ions Adsorption  [112]
Fe30y4 Ps,ocl)}é;‘;irr;yilagli;(;}:sll N/A Nannochloropsis oculata ~ Flocculant [113]

CuOand Ion exchange resin 18.9 As(V) Adsorption [114]

FeOOH + reduction
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Table 6. Cont.

Polymer of Surface Area . Method of

Core MNP Additional Coating (m? g1 Contaminant Removal Ref

Thiourea o 3- .
Fe30y4 formaldehyde resin 132.6 CrO4~~ and AsOy4 Adsorption  [115]

. Methyl orange,
Fe30y4 Molecc;ﬂgzzleves 522.7 methylene blue Adsorption  [116]
rhodamine B dyes

Fe/Mn binary Polyvinylidene .
oxide Huoride N/A As(V) Adsorption  [117]
Fe;04 o 'dcli‘é‘g;‘;ig‘ylene 180 U(vI) Adsorption  [118]

The insertion of nanosized Fe3O4 nanoparticles (size range, 2.4-2.9 nm) into polyvinyl alcohol and
sodium alginate beads was reported by Kao et al. [113] who used them as a flocculant for the removal
of Nannochloropsis oculate algae from water. As the polymer sheath protects the magnetic core from
degradation under acid conditions this provides an effective tool for the removal of algae from water.

An interesting form of composite was reported by Kociolek-Balawejder et al. [114] who formed a
copper iron oxide (CuO and FeOOH) layer on the surface of ion exchange resin beads. These composites
were reported to adsorb As(Ill) ions from water through their oxidation to As(V). Through this process
the material adsorbs a maximum of 94.4 mg-g~!. When the resin beads were used and reused repeatedly
it was demonstrated that the ability to adsorb As(Ill) and (V) is retained with a minimum of 88%
removal over the course of nine cycles. The composite material was tested in a flow column system
using model ground water spiked with As ions and it was observed that this system can reduce
the As concentration from 500 ug-L_1 to less than 10 w-L~! which is within the safe limit for human
consumption. However, it was reported that this process took 23 days.

A magnetic thiourea—formaldehyde resin was utilized by Goonetilleke et al. [115] who formed
such a resin in the presence of magnetite (Fe3O4) nanoparticles. These could extract chromium (IV)
and arsenic (V) oxyanions (CrO4%~ and AsO,%") from water with maximum adsorption of 3.76 and
1.63 mmol-g~! for Cr(IV) and As(V), respectively. Notably this capacity can be increased further
through the use of ultrasound which can increase the adsorption of Cr(IV) and As(V) to 4.28 and
1.97 mmol-g~!, respectively. They also reported that the use of ultrasound can aid the desorption of the
contaminants needing only 6-10 min compared to 80 min for the passive process and also needing less
NaCl with 99.9% desorption with 0.3 M being sufficient using ultrasound while the passive process
requires 1.5 M. This demonstrates another interesting method for the use and reuse of adsorbent
materials for water remediation.

Molecular sieves were used as the template for the formation of grape-like clusters (average size,
360 nm) of carbon to which Fe3O4 nanoparticles had been coated through a solvothermal synthesis
by Tian et al. [116] They investigated the adsorption capacity for methyl orange, methylene blue and
rhodamine B dyes with reported values of 400, 600 and 150 mg-g~!, respectively.

Polymer/magnetic binary oxide nanofibers were reported by Akhgar et al. [117] who generated
the nanofibers by electrospinning a mixture of polyvinylidene fluoride and Fe-Mn binary oxide
nanoparticles (average size, <4 nm). The resulting fibers were tested for adsorbance of arsenic from
water and found to exhibit a maximum adsorbance capacity of 21.32 mg-g~! at pH 7. It was also found
that the adsorbent could be regenerated using a basic bleach solution and still retain up to 70% of its
adsorption capacity.

A magnetic tubular nanocomposite was reported by Zhang et al. [118] who generated carbon
fibers (average diameter, 100 nm) through the carbonization of self-polymerized &, «’-dichloro-p-xylene
which were then coated with either carboxylic acid (-COOH) or sulfonic acid (-SO3;H) groups followed
by the growth of Fe30O4 nanoparticles onto the tubes through a basic reflux (Figure 6). These tubular
structures were found to adsorb uranium (VI) at high effectiveness with over 99% of a 5 mg-L ™!
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solution removed at pH 8 for the sulfonic acid functionalized composites. When the maximum
adsorption coefficient (qm) was determined for these nanotube structures it was determined to be
980.4 and 955.7 mg-g~! for the -SO3H and -COOH functionalized tubes, respectively. When tested
against simulated seawater the composites demonstrated a high degree of removal (at least 80%) of the
U(IV) present though there was some competition for adsorption sites with VO3~ ions. When tested
for reusability these nanocomposites still demonstrated close to 90% adsorption on the sixth cycle
of use/reuse.

FTnF-COOH P FMTnF-COOH
i Fe;0,

FTnF-SO;H FMTnF-SO;H

Figure 6. Systematic reaction pathway for the generation of COOH or SO3H coated magnetic nanowires.
Reprinted with permission from Zhang et al. [118] Copyright 2020 American Chemical Society.

3.4. Metallic/Metal Oxide/Magnetic Nanoparticle-Based Nanocomposites

The inclusion of metals, metal oxides and other inorganic materials into nanocomposites has also
been reported many times in recent literature (Table 7). Metal and metal oxide nanomaterials have
chemical and physical properties that make them suitable for the removal of contaminants from water.
The addition of magnetic nanoparticles aids this application as recovery and reuse can be facilitated.

Table 7. Examples of magnetic nanocomposites formed with inorganic materials such as metals, metal
oxides and metal organic frameworks.

Core MNP Metal oxide Surfazce _Area Contaminant Method of Ref
Component (m? g1 Removal
CoFe; Oy AgrO N/A Methyl orange Photocatalysis [119]
. . Bacterial
Co,03 Cuy03:A1L,0, N/A Various bacteria inhibition [120]
MnFe; Oy V4(0)) N/A Methylene blue Decolorization [121]
Fe304 Si0, 275 Pb%* Adsorption [122]
Oreanic arsenic Fenton reaction +
nZVls S5i0, N/A & adsorption of [123]
compounds
waste product
nZVIs Pd 10.9 Carbon tetrachloride Reduction [124]
Fe304 SiO, N/A Aniline Adsorption [125]
FeNij Si0,+TiO, N/A Humic acid Photocatalysis [126]
FeNis $i0,+Zn0 N/A Tetracycline Photocatalysis  [127,128]
tamoxifen
. . Tetracycline .
FeNij SiO, 481.6 metronidazole Fenton catalysis [128,129]
Fe30y4 TiO, 29.4 Rhodamine B Photocatalysis [130]
Iron oxide . Organic dyes and .
(industrial waste) O, N/A bacteria Photocatalysis [131]
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Table 7. Cont.

Core MNP Metal oxide Surfazce _Area Contaminant Method of Ref
Component (m? g1 Removal
ZnFe, Oy V,05 (e-waste) N/A BTEX Fenton catalysis [132]
v-Fe, O3 Mn-Fe Oxide 109 As(v) + as(iii) Adsorption [133]
CoFe, 04 Zn0, N/A Acid blue 113 Radical [134]
generation
CuFe, Oy CuO N/A Methylene blue Photocatalysis [135]
FeOOH AL, Oy 267 Humic acid PMS activation [136]
. UiO-66 MOF 4-nitrophenol .

Cog 5Nig5FeCrOy SWCNT-GO 210.5 4-aminophenol Reduction [137]

ZIF-67 MOF Adsorption +
nZVlIs PVP 254.5 Cr(VI) reduction [138]

Rhodamine B
Fe;0,4 Ag N/A methylene blue Reduction [139]
nitrophenol
2+
Fes0, 510, 568 Pb™" + methyl Adsorption [140]
orange

The formation of hollow porous Fe3O4 microspheres (average size, 200 nm) to which silver
nanoparticles were grafted was reported by Zhang et al. [141] who used a hydrothermal method after
the reduction of silver nitrate by sodium borohydride or tri sodium citrate. These nanocomposites
were examined for the catalytic reduction of p-nitroaniline and were found to promote near complete
reduction in less than 10 min in an excess of borohydride with a first-order rate constant of 0.45 min~?,
a value that compares well to the literature.

Jiang et al. [119] reported the development of a through put system for the degradation of organic
dyes in water. The system that they developed, called a magnetic aggregation bed photocatalytic
reactor, contained a photocatalytic reactor cell with a line of attached permanent magnets. When a
magnetically active photocatalyst is added to the through-stream—in this case cobalt ferrite with silver
oxide (CoFe;O4—Ag,0) (average size 30-50 nm)—they aggregate at the points in the reactor with the
highest levels of magnetic field (Figure 7). By adjusting the position and strength of the magnets the
structure of the aggregates can be changed from flowers to branches. Passing a simulated wastewater
stream with methyl orange through the reactor using natural light they were able to achieve close to
95% degradation of a 16 mg-L™! after 60 min.

Figure 7. Photograph showing CoFe; O4@Ag,0 nanocomposites arranged in a photochemical reaction
with different strengths of magnetic field. Reprinted from Jiang et al. [119] with permission from Elsevier.
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An interesting level of control of the synthesis regime can lead to varying degrees of control of the
magnetic and antimicrobial nanocomposites. This was demonstrated by King Abia et al. [120] who grew
cobalt oxide (Co,03) nanoparticles (average size 22-33 nm) on a copper aluminum silica Cup;O3:Al, O,
matrix through the use of a sol-gel method. The magnetic response was reported to be dependent on
the concentration of cobalt added to the reaction mixture. These nanocomposites were tested for their
antibacterial activity under both laboratory settings and using samples of river water. They showed
almost complete inhibition of such bacterial species as E. coli, S. enterica, S. aureus and L. monocytogenes
in some cases as quickly as only after 20 min of exposure. They reported that the presence of cobalt
nanoparticles increases the antibacterial activity of the nanocomposites. The nanocomposites were
also determined to be nontoxic to human epithelial-line 2 cells indicating that they may be suitable to
use in preparing water for human consumption.

Zirconium oxide (ZrO;) nanoparticles have been attached to manganese ferrite (MnFe;Oy4)
nanoparticles (average size, <20 nm) by Nagabhushana et al. [121] who investigated this material as
a potential material for the decolorization of organic dyes in water. It was found that at pH 7 the
nanocomposite was able to degrade up to 95% of a 20 ppm methylene blue dye solution within 90 min
under natural light. This nanocomposite was also tested against wastewater from textile production
containing a series of dyes and it was found that only 59% of discoloration was reported. It is indicated
that this reduction in the rate of degradation is due to the number of other species which would
compete for active sites on the composite reducing the overall level of degradation.

Another form of oxide nanomaterial formed in the presence of magnetic nanomaterials was
reported by Putz et al. [122] who formed iron oxide nanomaterials (average size, 10 nm) and then coated
them in a layer of nanoscale silicon dioxide using the Stoéber method. These magnetic composites were
then tested for the removal of Pb* from water and achieved adsorption efficiencies of 14.9 mg-g~!
through what is suggested as a primarily surface-based process and which achieved over 95% Pb?*
recovery after washing with mild acid making possible its reuse.

In an interesting report, Liu et al. [123] coated nZVIs (average size, 2040 nm) with SiO, which
were then investigated for the removal of organoarsenic compounds from water. It was reported
that the nanoparticles served to act not only as a catalyst for the heterogenous Fenton treatment for
degradation of the organic component, but also that the FeO and FeOOH groups on the surface of the
nanoparticles served to adsorb the inorganic arsenic that was generated in the degradation reaction.
As such, these nanoparticles also reduced the toxicity of water that had contained the contaminants.
Interestingly, the presence of the SiO, layer greatly increased the rate of degradation of contaminant
compared to uncoated iron particles.

Zerovalent iron was also reported by Bhattacharyya et al. [124] who palladized or sulfurized
these particles (average size, 70 nm) and then investigated these particles for the degradation of carbon
tetrachloride in deoxygenated water. The palladized nanoparticles demonstrated high activity and
were demonstrated to degrade carbon tetrachloride with over 99.9% removal of a 25 mM solution.
The degradation process can continue multiple times while retaining activity. It was also reported that
the catalyst can then be regenerated using borohydride.

Silicon dioxide coated iron oxide was also reported by Labuto et al. [125] who formed both
the core Fe3O4 nanoparticles and SiO, shell through electrochemical processes which did not
require surfactants or other stabilization agents. The resulting nanocomposites were tested for
the adsorption of aniline from water and demonstrated a high maximum adsorption capacity of around
126.6 mg-g~! at pH 6 and 50 °C. Silicon dioxide was also reported by Mazario et al. [140] who generated
Fe304/SiO; core shell nanoparticles (average size, 50.3 nm) in the presence of the porogenic agents
hexadecyltrimethoxysilane or octadecyltrimethoxysilane which then generated mesoporous SiO; outer
layers for the nanocomposites. After calcination at 400 °C, these composites demonstrated good
adsorption of Pb?* ions and methyl orange.
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Magnetic iron nickel (FeNi3) particles with an inner shell of silicon dioxide (5iO,) and an outer
shell of titanium dioxide (TiO,) with a diameter of 10 nm for the core and 12 and 70 nm after the edition
of SiO; and TiO, respectively was reported by Panahi et al. [126] who tested this composite for the
photocatalytic degradation of humic acid from water under UV irradiation. Close to 100% degradation
was reported. Similar composites with zinc oxide (ZnO) in the outermost shell as opposed to titanium
dioxide (average size, 39 nm) was reported both by Khodadoost et al. [127] and Panabhi et al. [128]
who both demonstrated the ability to photocatalytically degrade organic contaminants, namely the
antibiotic tetracycline and the anticancer drug tamoxifen both with 100% efficiency under simulated
sunlight. FeNi3@5iO, composites, (size range, 45-50 nm), which do not possess a third outer shell were
reported by Mahvi et al. [128] and Allahresani et al. [129] who used the composites for the Fenton style
catalytic degradation of tetracycline (87% removal) and metronidazole (84% removal), respectively.

Magnetic photocatalytically active 1D composites structures have been reported by Wang et al. [130]
who synthesized titanium dioxide (TiO;) nanotubes through electrochemical etching followed by
insertion of oleic stabilized magnetite (Fe304) nanoparticles (average size, <10 nm) which were
converted to Fe;O3 and incorporated into the structure. These nanocomposites demonstrated a strong
magnetic response and were photocatalytically active under visible light. They were able to degrade
over 86% of a rhodamine B dye solution. The catalyst was easily recovered using a magnet and was
reused up to three times with minor loss of activity.

A very interesting method for the formation of titanium dioxide coated magnetic nanocomposite
was reported by Das et al. [131] who treated iron oxide containing industrial waste with ball milling
forming particles with a size range between 5 and 2 nm. These composites demonstrated very good
photocatalytic activity for degradation of rhodamine B, Congo red and methylene blue as well as E. coli
bacteria. This material showed a strong case of reusability with the reported level of methylene blue
degradation remaining high over 10 cycles.

A similar structure was reported by Oh et al. [132] who generated vanadium oxide (V,0Os)
nanoparticles (average size, 50 nm) and joined them to zinc ferrite nanoparticles (ZnFe;O4) nanoparticles
through a solvothermal process. These composite materials were found to be photocatalytic again
benzene, toluene, ethylbenzene and xylene (BTEX) contamination in water. At pH 3 the composite
was able to achieve close to 95% degradation of a BTEX solution in 90 min. This value could be
raised to 98% through the addition of H,O, to the reaction medium. Most notably about this work,
the vanadium nitrate used for the synthesis was sourced from electronic waste. This indicates a
potential for a circular economy whereby waste materials are used for the remediation of contamination
from industrial activity.

A manganese iron binary oxide was grafted onto the surface of iron oxide nanoparticles (average
size, 21 nm) by Agbaba et al. [133] who then tested this material for the removal of arsenic species from
water. These composite materials were found to have maximum adsorbance capacities of 55.9 mg-g~*
for As(Ill) and 54.1 mg-g~! for As(V) at pH 7. In the case of As(III) the reported values is more than
twice as large as that reported for unfunctionalized magnetic nanoparticles (25.5 mg-g~') while it
is only slightly higher than the value reported for As(V) (50.9 mg-g~!). It was determined that the
adsorption of As(III) species occurred through an oxidation pathway involving Mn species in the
binary oxide accounting for the large increase in As(III) adsorption. It was also observed that oxidation
of the surface of the composite using a mild bleach allowed the composite to be reused over at least
five cycles.

Cobalt ferrite (CoFepO4) nanoparticles were synthesized in the presence of zinc oxide (ZnO,)
nanoparticles (average size, 30-40 nm) by Anandan et al. [134] who used a novel low frequency
ultrasound-based synthesis. These novel composites were tested for the catalytic degradation of Acid
Blue 113 dye in water. The nanocomposite showed much higher rates of degradation compared to the
individual component nanoparticles and could reduce the total organic component of a water sample
in a shorter period of time. These nanocomposites were also examined for reuse and still demonstrated
90% activity after 6 cycles of drying and reuse.
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Copper ferrite (CuFe;O4) with copper oxide (CuO) was reported by Rabbani et al. [135]
who synthesized the ferrite (size range, 170-195 nm) using a mixture of ultrasonication and solvothermal
synthesis followed by decoration with CuO using ultrasonication followed by calcination. The resulting
composite demonstrated a strong magnetic response and was able to degrade up to 90% of a 10 mg-L ™!
solution of methylene blue.

Alumina (Al,O3), was bound to iron oxide (FeOOH) nanoparticles by Wang et al. [136] through a
hydrothermal hydrolysis process. This composite was then tested for use as an activation catalyst for
PMS. The composite was tested for the removal of humic acid from water and up to 93% of a 30 mg-L
solution of humic acid was degraded at pH 7 and the same performance can be repeated at least four
times. The presence of phosphate ions was reported to reduce considerably the activity of the catalyst
while chloride ions did not have a noticeable effect.

Metal organic frameworks (MOFs) in conjunction with single walled carbon nanotubes (SWCNT)
and graphene oxide (GO) sheets were joined with magnetic nanoparticles in order to form composite
materials by Freiss et al. [137] In this work, Cog 5Nig5FeCrOy particles (average size 41.5 nm) were
synthesized through a sol gel method and then surrounded by UiO-66 MOF to which was then bound
SWCNTS or GO. After full characterization, these materials were tested for potential application in
water remediation by catalyzing the reduction of 4-nitrophenol to 4-aminophenol.

A MOF was also reported by Hu et al. [138] who enveloped PVP stabilized nZVIs with ZIF-67 MOF
that was then carbonized to form nZVI@ZD composite (average diameter, 0.7 um). This nanocomposite
was tested for the removal of Cr(VI) ions from water and was reported to have a maximum adsorption
capacity of 226.5 mg-g~!, far higher than what was observed for the free zerovalent iron and the
composite before carbonization. It was determined through XPS analysis that the Cr(VI) ions enter the
composite through pores in the structure and are converted into Cr(IIl) ions through reduction which
were then adsorbed and retained by precipitation inside the porous structure.

Silver nanoparticles were also bound to Fe3;O4 nanoparticles (average size, 20 nm) as reported by
Patil et al. [139] who then tested these composites in the reduction of 50 ppm solutions of organic dyes.
It was observed that these nanocomposites achieved over 98% reduction of rhodamine B, over 80% of
methylene blue and over 97% of nitrophenol in the presence of sodium borohydride in less than 5 min.
After recovery by magnet the catalytic activity of this nanocomposite was not determined to have been
reduced significantly.

3.5. Conclusions

In conclusion, four different groupings of magnetic nanocomposite material have been presented.
With clay-based magnetic nanocomposites, various natural and artificial clays were prepared and
joined with magnetic nanomaterials. These composites demonstrated good adsorption behavior,
and some could catalyze the oxidative removal of contaminant species. With carbon-based nanomaterial
composites excellent adsorption activity was observed and interesting behavior where the carbon
material served as a support which aided other bound nanomaterials in performing reactions.
Polymer magnetic nanocomposites demonstrated contaminant removal primarily through adsorption.
It should be noted that the presence of iron-based nanoparticles could improve the adsorption behavior
of polymers as there can be reactions that reduce contaminant species and trap them in the composites.
Metal and oxide magnetic nanocomposites could be generated that demonstrated both catalytic and
adsorption behavior. Interestingly, in several cases, the metal oxide used can be sourced from waste
material which would be of interest to those seeking to reduce the environmental impact of the
remediation activity.

4. Magnetic Biological Nanocomposites

The development of nanocomposites containing biological materials has already been reported in
a series of reviews in recent years [30,142,143]. There does, however, continue to be rapid development
in the field.
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4.1. Biologic Polymer/Magnetic Nanocomposites

One of the more interesting forms of biological material which may be used for the generation
of nanomaterials would be the use of biopolymers (Table 8). These readily available and chemically
interesting materials may prove an interesting and effective component of composites for the removal
of contaminants from water resources.

Table 8. Magnetic nanocomposites with biological polymers and extracts.

Surface Area Method of

Core MNP Biopolymer (m? g-1) Contaminant Removal Ref.
Fe304 Humic acid 68 Malachite green Adsorption + [144]
degradation
Carbamazepine,

N ibuprofen, bisphenol Fenton

Fe304 Humic acid N/A A photocatalysis [145]
5-tolylbenzotriazole

. Congo red, titan .
Fe30y4 Lignosulfonate 53.8 vellow Adsorption [146]
Fe‘l\gi‘ig;nary Starch N/A As(IIT) and Cd(IT) Adsorption [147]
Fe304 Bean extract 78.6 Indigo carmine Adsorption [148]
Iron oxides Chitosan N/A Sr90 Adsorption [149]
Fe304 Chitosan N/A Microcystin LR Adsorption [150]
iron Chitosan N/A As(V) Adsorption [151]
Fe;04 Chitosan/polyaniline N/A CrO4> Adsorption [152]
Fe304 Chitosan N/A Sunset yellow dye Adsorption [153]
Fe30y4 chitosan + SnO, 3.6 Reactive brilliant red Adsorption [154]
o-Fe, O3 Cellulose acetate N/A Bacteria Inhibition [155]
nZVls Microcrystalline 234 Pb%* Adsorption [156]

cellulose
CoFe, Oy P.ec.t in (from orange N/A Oil emulsion Adsorption [157]
juice production)

Norfloxacin, .

CuO/Fey03 Loquat extract 13.4 ciprofloxacin Adsorption [158]
ZnFeyOy Black pepper extract N/A Methylene blue Photocatalysis [159]
Nig1CuO Gum acacia N/A Various bacteria Inhibition [160]

Iron oxides Myrrh gum N/A Crude oil Adsorption [161]

Onion peels, 243 . .
Fe304 corn-silk husks %61 As species Adsorption [162]
Magnetic iron Bovine serum 3- .
oxide albumin 70.6 POy Adsorption [163]
Extracellular
nZVI polymeric substances N/A SB(V) Reduction [164]
(EPS)
EPS from sewage . .
S—nZVI N/A Nitrobenzene Reduction [165]
sludge

A recent study by Tiwari et al. [144] demonstrates the synthesis of Fe304 nanoparticles stabilized
with humic acid. These magnetic particles (average size, 14 nm) can adsorb malachite green dye of
with a Langmuir isotherm adsorption close to 160 mg-g~! at 50 °C. These materials can then catalyze
the breakdown of the dye when subjected to ultrasonication as the thermal energy of the sonication is
converted into OH radicals which can then degrade the dye molecules. It was observed that through
these two mechanisms a concentration of dye of up to 200 mg-L~! can be 100% degraded in as little as
40 min. Prevot et al. [145] reports a similar co-precipitation, but then reports the use of this material as
a photocatalyst for the Fenton reaction in the presence of sunlight. Using this material and hydrogen
peroxide (H,O,) the particles were observed to degrade various contaminants of emerging concern
(CECs) such as carbamazepine, ibuprofen, bisphenol A and 5-tolylbenzotriazole both in deionized
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water and in simulated wastewater. Different syntheses for the particles were reported with variations
in the weight percentage of humic acid used. It was reported that 0.5 wt% showed the highest
performance with complete degradation in less than 5 min.

Another biological material which has been reported as a feedstock for materials for the remediation
of water was lignin. In a report by Wang et al. [146] a lignin-based surfactant lignosulfonate was used
as a stabilizer for the synthesis of Fe3O, nanoparticles (size range, 100 and 200 nm). These were shown
to have good adsorption for Congo red and titan yellow dyes demonstrating maximum adsorbance
capacities of 198.24 and 192.51 mg-g~!, respectively. A high degree of reusability was reported in both
cases with over 80% adsorbance remaining after five cycles. In areportby Liu etal. [166], it was observed
that lignin sourced activated carbon can be made magnetic through alkaline hydrolysis followed
by thermal treatment under nitrogen with the addition of Fe(NOj3), and Zn(NOj3),. The resulting
composite contained ZnFe,O4 nanoparticles (size range, 30-50 nm) and showed a high degree of
adsorption of p-arsanilic acid (201.64 mg-g~!) at lower pH (<pH 4.0). This value was higher than
the adsorbance value reported for activated carbon generated from lignin without the magnetic
component. It was observed that this high degree of adsorption may be identified with a mixture
of interactions between the nanocomposite and the p-arsanilic acid molecules such as electrostatic
attraction, surface complexation, -7t stacking and hydrogen bonding interactions. The authors report
that this lignin-based magnetic activated carbon can be synthesized through a very straight-forward,
cheap synthesis so would be an excellent choice for the removal of organic arsenic from water sources.

Starch is another material of biologic origin which has been incorporated into magnetic
nanocomposites. In work reported by Tang et al. [147] calcium modified, starch stabilized
ferromanganese binary oxides were generated. The synthesis of the binary oxides involved the
dissolution of salts of iron and manganese with a starch solution followed by the addition of potassium
permanganate (K,MnOy) with stirring for 24 h. After washing, filtration and drying the resulting
composite was dispersed in water with different weight percentages of calcium carbonate (CaCO3).
It was proposed that the carbonate salt reduces the number of acidic surface groups in the composite
and, as a result, enhances the adsorption properties of the nanocomposite surface. The composite
showed a wide size distribution from a few tens of nanometers to 500 nm and was tested for the
adsorption of As(Ill) and Cd(II) ions in water solution at pH 6 and achieved a maximum adsorbance of
156.25 mg-g~! for As and 107.53 mg-g~! for Cd, both very high values compared to similar materials in
the literature. The authors propose that the pH of around 6 shows the best performance as at higher
pH the Cd(II) ions begin to precipitate as hydroxide and negative charges repel As(IIl) ions while at
lower pH a proton layer is formed on the composite surface reducing the number of effective binding
sites. It was reported that spectroscopic analysis indicated that Fe species on the surface form a ternary
complex with As and Cd which aids in the retention of these species on the nanocomposite surface.

Starch was also used by Oladebeye [167] who used the starch extracted from Jack Beans in order
to create Fe3;O4 nanoparticles (average size 1 nm). As of yet, these composites have not been tested
for the removal of contaminants however their increased swelling compared to free starch particles
indicates a high potential as an adsorbent.

The extract of a bean as stabilization agent was also reported by Kolekar et al. [148] who reported
that Bengal gram bean can be used to form an extract that can then be used for the synthesis of Fe3O4
nanoparticles. These where then tested for the adsorption of indigo carmine dye and demonstrated
a adsorption capacity qm of around 394 mg-g~!. It was observed that close to 100% of dye can be
removed and that this dye can be removed by shaking in deionized water followed by filtration. It was
reported that over five cycles of this process the nanocomposite still maintained over 96% removal.

The biopolymer chitosan was tested as a stabilization agent for the generation of novel magnetic
nanocomposites in comparison with KU 2-8 resin by Zemskova et al. [149]. While both materials
demonstrated a high degree of adsorption of Strontium 90 (Sr”°) there was a higher degree of
adsorption by the chitosan under basic conditions (0.1 M NaOH solution) while the resin exhibited
better performance in the presence of salt solution (0.1 M NaCl solution).
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Chitosan as a stabilizing agent for Fe304 nanoparticles (average size, ~20 nm) was also reported by
Pan et al. [150] who tested these nanocomposites for the removal of microcystin LR, an environmental
toxin generated by excess cyanobacteria growth in water. The maximum adsorption capacity for this
composite was reported to be 589 ug-g~! at a pH of 5.53 and at 40 °C. Reusability studies indicate a
retention of adsorption activity through five cycles.

Chitosan was also reported in composites with magnetic nanoparticles and silver nanoparticles by
Hadimani et al. [168] which were then incorporated into PVP polymer wires. These wires still showed
limited magnetic behavior and their potential use as electromagnetic blockers has been suggested.
They have also been examined for potential antibacterial activity and some versions of the wires
showed activity against pathogen bacteria especially E. faecalis and E. coli.

Chitosan microspheres impregnated with iron were reported by Zaritzky et al. [151] to be generated
through an ionotropic gelation in the presence of iron nitrate. These microspheres were examined for
the adsorption of As(V) from water with close to 98% of a 0.3 mg-L~! solution adsorbed over 24 h.
The maximum adsorption capacity for this material was reported to be 120.77 mg-g~! with negligible
reduction in adsorption activity over 4 cycles of use and reuse and limited effect of the presence of
other anions such as phosphate and carbonate in the solution.

Chitosan in conjunction with polyaniline was used by Huang et al. [152] who synthesized
magnetite (Fe3Oy) (average size, 25 nm) in a chitosan matrix and then coated these composites with
polyaniline through the use of a polymerization reaction of aniline. This nanocomposite was tested for
the removal of chromium (VI) (CrO,2") from water and reported a maximum adsorbance capacity
of 186.6 mg-g~! in acid pH. Adsorption analysis indicated that the process could occur both through
direct adsorption of the chromium ions and reduction of the chromium by the polyaniline allowing
chelation of Cr(Ill) ions. After elution by 1 M NaOH solution the composite could be reused with
only 90% reduction in capacity after four cycles. chitosan in conjunction with polydopamine and
the carbon-coated magnetic component of fly ash was formed into beads up to 60 pm in diameter
by Li et al. [169] who then tested this material for use as an adsorbent for Ag* ions in solution.
They reported a maximum adsorption capacity of up to 23.76 mg-g~! and the presence of other metal
ions does not greatly affect the adsorption capacity of the beads due to the distinctive coordination
mechanism of Ag™ compared to the other metals tested. It was also reported that the material is easily
reused after treatment with an acidic sodium thiosulfate solution with more than 95% activity seen
after 5 cycles.

In a similar work. chitosan mixed with prefabricated 50 nm-diameter Fe;O, nanoparticles (average
size, 50 nm) was crosslinked and polymerized with poly(acryloyloxyethyltrimethyl ammonium
chloride) (PDAC) in order to form magnetic beads with a size range between 100 and 200 pm by
Sarfaraz et al. [153] (Figure 8) who then tested them for the removal of inorganic chromium (VI) ions
and organic sunset yellow dye. The composites showed maximum adsorption capacities for chromium
(VI) ions and sunset yellow dyes of 163.93 mg-g~! and 769.23 mg-g~*, respectively with moderately
better performance at lower pH and a high degree of reusability for the removal of both contaminants.

Crosslinking chitosan was also reported by Cui et al. [154] who mixed iron oxide (Fe30y) (average
size, 20 nm) and tin oxide (SnO,,) (average size, 50-70 nm) nanoparticles in crosslinked chitosan.
The presence of the two nanoparticles enabled the maximum adsorbance capacity of reactive brilliant
red of the composite to be raised close to unity (981.23 mg-g~!). The reusability of this composite was
examined and it was demonstrated to have over 80% functionality after 5 cycles.

Another reported biological polymer utilized in magnetic composites was reported by
Silva et al. [155] who blended «-hematite (Fe,O3) nanoparticles, (size range, 50-100 nm), with cellulose
acetate polymer and formed nanocomposite films. These films were tested for antimicrobial activity
against the Gram-positive bacteria S. aureus and the Gram-negative E. coli and P. aeruginosa and
demonstrated biocidal activity with up to 78% of P. aeruginosa inhibited in the test medium after 24 h of
exposure. It is suggested in the report that nanoparticle size aids their antimicrobial activity as the films
with smaller nanoparticles showed higher biocidal activity. Ye et al. [156] also used cellulose-based
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polymers synthesized through the acid hydrolysis of microcrystalline cellulose onto which nZVIs (size
range, 50-100 nm) were deposited through the reduction of iron sulfate. This composite was examined
for the adsorption of Pb?* from water and was found to exhibit an impressive maximum adsorption
capacity of 653.59 mg-g~! with over 70% of the adsorption capacity being retained after 5 cycles of
reactivation through dissolution with acid followed by reduction.

Figure 8. SEM images of (al-a3) Fe3Oy-chitosan spheres and (b1-b3) Fe3O4-chitosan PDAC spheres.
Reprinted from Sarafaz et al. [153] with permission of Elsevier.

Another interesting report by Passamani et al. [157] demonstrated the use of residues from orange
juice production as stabilizers in the production of magnetic cobalt ferrite (CoFe,O4) nanoparticles
(size range, 80-140 nm). The authors utilized pectin polymer extracted from two different sources,
the albedo of an orange and the residue from juice production and the dried residue from juice
production without any further processing. The three stabilizer sources all lead to the production of
high quality CoFe,O4 nanoparticles. These were all tested for the removal of oil from water and it was
reported that the nanoparticles synthesized from pectin extracted from the residues of juice production
demonstrated the very high level of extraction of 8 g of oil per gram of composite.

Another biological extract that was used for the generation of magnetic nanoparticles was reported
by Zou et al. [158] who utilized an extract from the leaves of loquat, a popular fruit tree, for the synthesis
of copper iron oxide nanoparticles (CuO/Fe,O3) (size range, 100-200 nm). These nanocomposites
were demonstrated to adsorb the antibiotics norfloxacin (NOR) and ciprofloxacin (CIP) from aqueous
solution. Interestingly, pH has a strong effect of the adsorption activity of CuO/Fe,O3 with a five-fold
increase in adsorption capacity of NOR as pH was raised from 2 to 7 and a four-fold increase for
CIP as the pH is raised from 2 to 8. This increase in adsorbance with a rise in pH did not continue,
however. The adsorption efficiency of NOR was reduced by over 30% as pH values were raised from
7 to 11 and CIP demonstrated a decrease of over 10% as pH was raised from 8 to 11. The authors
proposed that this is due to electrostatic effects as changes in pH causes protonation and deprotonation
of the carboxylic and piperazinyl groups of the antibiotics as well as the surface of the adsorbent.
Ali et al. [159] reports the use of an extract from black pepper Piper nigrum for the synthesis of zinc
ferrite (ZnFe;O4) nanoparticles (size range, 60-80 nm) which were then demonstrated as photocatalysts
for the degradation of the organic dye methylene blue. Close to 100% of a 15 ppm solution of methylene
blue was degraded in 90 min at pH 7 with irradiation with sunlight.
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Gum acacia, a complex polysaccharide extracted from certain trees of the genus Acacia was
reported as a stabilizing agent in the generation of nickel-doped copper oxide nanoparticles (Nig ; CuO)
(size average, 12 nm) by Singh et al. [160] who then examined the antibacterial activity of these
nanocomposites against various pathogenic bacteria, namely Enterobacter, Klebsiella pneumoniae,
P. aeruginosa and S. aureus. It was reported that this nanocomposite generated wider zones of
inhibition than the commonly used antibiotic ampicillin and the same nanoparticles without gum
acacia coating both with and without nickel doping.

Myrrh gum extract was also reported as a stabilization agent for the formation of magnetic
nanoparticles (size average, 8 nm) by Diab et al. [161] who used these nanoparticles for the extraction
of crude oil from water. Up to 95% of crude oil was removed using a 1 to 1 mass ratio of oil to MNPs.
The report also details the phytoremediation quality of water hyacinth plants which enables supposed
that a mixture of first treatment with magnetic nanoparticles followed by the use of appropriate plants
may serve as very effective treatment of water contaminated by crude oil.

In a report by Agbaba et al. [162] extracts from onion peels and corn-silk husks were used for the
synthesis of magnetite nanoparticles (size range, 26-28 nm) through a green synthesis. They were then
tested for the adsorption of arsenic species in water. It was found that the nanoparticles made with
onion peels and corn silk sourced nanoparticles both demonstrate higher levels of adsorption compared
to nanoparticles generated using conventional chemical synthesis with 1.86, 2.79 and 1.30 mg-g~! for
onion peel, corn silk and conventional synthesis, respectively.

Another biologically derived material which may help in the synthesis of nanomaterials would
be bovine serum albumin which Kim et al. [163] reported for the synthesis of magnetic iron oxide
(average size, ~40 nm). These nanocomposites were reported for the extraction of phosphate ions
from water solution. They reported a maximum adsorbance capacity of 20.7 mg-g~!. It was observed
that other anions such as a CI-, NO;~, CO32~ and SO4%~ did not have a large effect on the level of
phosphate adsorbed. It was also reported that the desorption of phosphate was accomplished through
the use of basic salt solution and that so-treated particles can continue adsorbing phosphate for up to
5 cycles with a removal rate of 68% on the fifth cycle.

4.2. Biochar/Magnetic Nanocomposites

It is also of interest to see the effect on the further treatment of biologic materials before their use
in the formation of composites. One such method would be the thermal treatment of plant material to
form biochar which is already an effective material for the removal of various contaminants due to
its large surface area and affinity for the adsorption of chemical species. For this reason, biochar has
already been demonstrated as a useful material for the formation of nanocomposites (Table 9).

Table 9. Magnetic nanocomposites made with biochars.

S];)il:::ﬁa:f © tll\l/leljips) Su(l;iazc;ﬁ)rea Contaminant Method of Removal Ref.
Palm fibers nZVIs 574 Cd%*, As®* Adsorption [170]
Oakwood nZVis 10.97 Cr(V]) Adsorption [171]
Rice straw nZVIs 392.8 . Cr(VI) Adsorption reduction [172,173]
Trichlorobenzene
Pine needles Fe30y4 175.3 Ethylbenzene Fenton catalysis [174]
Sewage sludge nZVI 44 Sb(I1T) Adsorption [175]
Sewage sludge CoFe, Oy N/A norfloxacin PMS activation [176]
Wheat straw nZVIs 60.3 Cr(VI) Adsorption [177]
Corn stalk CoFe, Oy 664.8 Bisphenol A PMS activation [178]
Rice straw CoFey Oy 150.7 Metolachlor PMS activation [179]
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It was reported by Fang et al. [170] that palm fibers, when converted to biochar can be used
as a support for the synthesis of zerovalent iron nanoparticles (size range, 40-60 nm). The biochar,
which forms a structure similar to graphene was bound to iron nanoparticles. These composites were
then tested for the removal of cadmium (Cd?*) and arsenic (As>*) ions from water. It was discovered
that while the biochar alone was a poor adsorbent of As®>* and Cd?* and zerovalent iron shows limited
ability when working together the adsorbance capacity of the nanocomposites increases to 30 mg-g ™!
and 324 mg-g~! for Cd?** and As®' respectively. They also observed that when the two ions were
present together at pH of either 4 or 7 there was an increase in the amount of both ions adsorbed
compared to the ions on their own and this indicates that this nanocomposite is an effective adsorbent
for these two ions together. The usefulness of this nanocomposite was tested on samples of irrigation
water. From an estimated 2 mg-L~! of both contaminants at pH 6.5, 0.2 g-L.! of the nanocomposite was
able to reduce the concentration of Cd** by more than 95% and of As** by 100% in 30 min. Biochar from
oakwood was also reported by Yang et al. [171] for the synthesis of nZVIs (size range, 90-200 nm)
in the presence of tea phenols. The resulting composite was observed to remove close to 99% of a
50 mg-L~! Cr(VI) solution. Other examples of biochar stabilizing nZVIs (size range, 30-50 nm) have
been reported by Qian et al. who tested this materials for the degradation of trichlorobenzene [173,180]
and Cr(VI) ions [172,181] from water resources. In all of these cases, modifications in the method
for production of the biochar increased the rate of removal of the contaminant. Biochar was also
used by Chen et al. [174] for the generation of a magnetite (average size, ~40 nm) composite which
was demonstrated to degrade over 96% of a 0.1 mmol-L~! solution of ethylbenzene in the presence
of 2 mmol-L~! HyO,. The magnetite nanoparticles communicate electronically through the biochar
(Figure 9). It was determined the biochar structure aided in the production of reactive oxygen radicals
which catalyzed the degradation of organic species in water.

Huang et al. [175] also reported the synthesis of nZVIs (average size, 30 nm) with biochar sourced
from sewage sludge. This composite, which was derived from waste, showed a strong affinity for
antimonite (Sb III) ions with a max adsorption capacity of 160.40 mg-g~! at pH 4.8. They indicated
that the process of adsorption occurred through complexation. Waste sludge was also utilized by
Ding et al. [176] who used it as a support for growing CoFe,O4 nanoparticles (average size, <50 nm)
through a solvothermal synthesis. These were then used for catalytic oxidation with PMS in order to
remove the antibiotic norfloxacin from water. They report that almost all of a 10 mg-L~! solution of the
antibiotic can be degraded in 60 min. The presence of ions like chloride had a complicated effect on the
degradation reaction with low concentrations inhibiting the reaction but higher concentrations showing
an increase while carbonates only inhibit with increased concentration and nitrate has no major effect.
Sludge can also be the source of the raw material for the formation of novel nanomaterials as reported
by Wang et al. [182] who generated iron cobalt silicon dioxide nanomaterials (size range, 150—200 nm)
through solvothermal treatment of waste sludge from drinking water treatment. This composite was
tested for the activation of PMS and the treatment of ciprofloxacin. Up to 98% removal was reported in
10 min. Wheat straw was the source of the biochar that was used by Liu et al. [170] for supporting
nZVls (average size, ~100 nm) with carboxymethyl cellulose as an additional complexing agent.
These nanocomposites were tested for the removal of Cr(VI) and demonstrated close to 100% removal
of a 100 mg-L~! solution of Cr through the addition of 1.25 g-L ™! of composite at pH 5.6 over 18 h with
aqm of 1125 mg-g~ L.



Magnetochemistry 2020, 6, 49 32 of 47

"\
Metal O nFe;0, -O Biochar
N

Figure 9. Proposed mechanism for ROSs generation in the nFe;O,/BC500 with activated H,O,.
Reprinted from Chen et al. [174] with permission from Elsevier.

Corn stalk sourced biochar was used by Liu et al. [178] for the synthesis of CoFe,O4 nanoparticles
(average size, ~100 nm) that were then used as activation catalysts with PMS for the oxidative
degradation of bisphenol A and other common organic contaminant species (Figure 10). It was
determined that the combination of biochar and cobalt ferrite was very effective for the removal of
contaminants. Of a 10 mg-L~! solution of bisphenol A, 100% was degraded in 8 min. Additional work
was done on tartrazine, p-hydroxybenzoic acid, sulfadiazine and phenol and they showed values for
degradation between 72% for p-Hydroxybenzoic acid and 98% for sulfadiazine. The degradation of
bisphenol A was also performed in water from natural sources like rivers which demonstrated an
increased time for full degradation of the contaminant. This reduction in performance is believed to
be due to the presence of C1~ and HCO;™ ions in solution that are known to interfere in the catalytic
process. It would be important to be aware of these environmental factors before considering the use
of such composites in the field.

CoFe,0,4 nano particles

Figure 10. General scheme for the interactions between CoFe,O,4 nanoparticles on graphene-like
biochar for the activation of PMS for the degradation of bisphenol A. Reprinted from Liu et al. [178]
with permission of Elsevier.
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Rice straw was reported as the source for biochar by Cai et al. [179] who impregnated a biochar
with cobalt ferrite nanoparticles using a robust impregnation and pyrolysis method. The resulting
composite was used to catalyze the activation of PMS and subsequent degradation of the herbicide
metolachlor. For composites pyrolyzed at 800 °C removal efficiencies of greater than 80% of a 10 mg-L ™!
herbicide solution was sustained even after 3 cycles of use.

4.3. Microbial/Magnetic Nanocomposites

While natural products and their derivatives may be useful for the formation of nanocomposites,
the use of full organisms especially microorganisms can be useful. Microbes are functional in their
form and contain many chemical species that can perform processes that may be usefully harnessed.
This can occur with both processed and live microbes as shown (Table 10).

Table 10. Microorganisms used in the formation of magnetic nanocomposites.

MNP Surface Area Removal

Organism Processing (m? g-1) Contaminant Mechanism Ref.
Aspergillus niger ~ Deactivated ~ Reduced iron N/A Cr(VI) Adsorption [183]
Brewer’s yeast Dried Fe304 67 Oil Adsorption  [184,185]
Bacillus cereus Dried and . .
SO-14 ground v-Fe; O3 N/A U and Th ions Adsorption [186]
Ulva prolifera Crushed S—nZVI 56.3 BrO3;~ Adsorption [187]
Shewanella .
. None nZVI N/A Pentachlorophenol Reduction [188]
putrefaciens
Aeromonas .
hydrophila None nZVI N/A Cr(VI) Reduction [189]
Pleurotus Dried and iron oxide N/A Ni%* + Pb2* Adsorption [190]
ostreatus powdered
Di-(2-ethylhexyl) .
Var. spp. None Fe304 N/A phthalate Reduction [191]

An interesting composite of deactivated A. niger fungal hyphae with magnetic reduced iron
nanoparticles with graphene oxide has been reported by Wang et al. [183]. These composites were
tested for the removal of Cr(VI) ions from water and demonstrated adsorbance values of up to 58 mg-g~!
which were higher than the values observed for the untreated fungus and GO. A possible mechanism
for this increase was elucidated through FTIR and TGA analysis which indicated a slight reduction in
the presence of iron in the composite after adsorption. The authors of the study propose Cr(VI) ions
bind to the surface of the zerovalent iron in the nanomaterials which then reduce the Cr(VI) to Cr(III)
trapping it as a layer of chromic ferrite on the particles. As this was noted to only occur in the surface,
there was no significant increase in mass.

Yeast cells acquired from the brewing industry were used by Labuto et al. [184] who used a
dried yeast biomass suspension to generate stabilized magnetite nanoparticles (size range, 12-14 nm).
These composite particles showed good activity for the removal of different types of oil from water
demonstrating maximum removal values of 3522 + 118 g-kg™!, 2841 + 280 g-kg~! and 2157 + 281 g-kg ™!
for new motor oil, mixed used motor oil and P28 API oil, respectively. In addition, Labuto et al. [185]
examined the effectiveness of yeast stabilized magnetite nanoparticles compared to magnetite made
with cork powder and bare magnetite nanoparticles for the removal of oil from deionized and sea water.
Both the yeast and cork stabilized nanoparticles displayed better removal performance compared to
the bare nanoparticles in terms of mass retained, but there may be issues with the retention of water
with the presence of the nanocomposites which skewed the results. It was also found that oil API
number was a greater determinant of removal performance compared to water salinity or the use of
passive floating or vortex to mix the oil and nanocomposite.
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In a similar report, dried and ground bacterial cells were immobilized on magnetic nanoparticles by
Sen et al. [186] In this work, the thermophilic Bacillus cereus SO-14 was bound to 'y-Fe,O3 nanoparticles
and then placed into an magnetic solid phase extraction column and used to concentrate uranium
and thorium ions from water in order to aid ICP-OES analysis. Using this flow system close to 100%
recovery of both metals ions were achieved from a solution of 10 ng-L~! with a concentration factor of
close to 100.

Crushed samples of the alga Ulva prolifera was used by Wu et al. [187] as a starting material for the
synthesis of S-nZVIs through a solvothermal synthesis which were then demonstrated to be effective in
the removal of Bromate (BrO3~), a disinfection byproduct. Up to 98% removal of a 100 pg-L~! bromate
solution was reported after 48 min with 85% removal still occurring after 5 cycles of use and reuse.

Extracellular polymeric substances (EPS), a series of materials that are extruded by bacteria and
which can conduct electricity while preventing the entry of oxygen, was investigated as a stabilization
agent for nZVIs by Yang et al. [164]. It was determined that this nanocomposite had a high degree of
adsorption capacity for antimony (Sb) (V) ions from water demonstrating a maximum efficiency of
202 mg-g~! at pH 5. With the use of EPS, the nanocomposite showed greater stability with respect to
the presence of oxygen than has previously determined for zerovalent iron. This helps the engaging of
the nZVI mediated Fenton reaction for the reduction of Sb(V) (Figure 11).

Fenton reaction

o

* nZVI Passivation layer "+ Sh(V)

© Eps (® EPS@nzvi ﬁe"l «
Qo ™. - e .. Sh(III)

Figure 11. Effect of extracellular polymeric substances (EPS) on the removal of Sb(V) ions from solution
by zerovalent iron particles (nZVIs). (left) Passivated nZVI shows much higher levels of removal.
Reprinted from Yang-Yang et al. [164] with permission from Elsevier.

The EPS extracted from anaerobic sludge was used by Shen et al. [165] to link to S-nZVI particles
that could then catalyze the reduction of nitrobenzene to aniline. It was demonstrated that not only
could the presence of S-nZVI enhance the rate of reduction of nitrobenzene, but it improved the
stability of the bio system with improved electron transfer between the different strains of bacteria in
the sludge and consequent increases in fermentation, electroactivity and methanogenesis, other useful
processes for waste treatment. Considering the cost of these nanomaterials, the addition of a S-nZVI
may be a cost-effective method for improving the efficiency of anaerobic bioprocessing of waste waters.
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Live anaerobic bacteria of the species Alcaligenes eutrophus was bound to nZVI particles (average
size, 50 nm) by An et al. [192] who reported that these nanocomposites demonstrate better stability for
transport and against sedimentation compared to unbound nanoparticles. When the observed catalytic
activity of zero-valent iron nanoparticles is considered this improved stability may be important for the
use of this class of materials in the remediation of water. Another species of bacteria that demonstrated
an interaction with nZVI was Shewanella putrefaciens CN32 which were reported by Yang et al. [188]
to greatly increase the reduction of pentachlorophenol by these nanoparticles when deposited on a
biochar base (size range, 40-50 nm). The bacterial reduced the nanoparticles through the biochar and
prevented loss of activity through aging. Up to 97.6% degradation of the organic contaminant can
be achieved in this way. Xie et al. [189] reported similar effects with Aeromonas hydrophila directly
reducing nZVIs and activating the surface of the nanoparticles for the reduction of Cr(VI).

Other live bacteria were used by Xu et al. [191] who isolated bacterial strains resistant to
Di-(2-ethylhexyl) phthalate (DEHP) from bacterial sludge and then used them in conjunction with
nanomagnetite (Fe3O4) coated on biochar to degrade this environmental toxin with over 92%
degradation reported over 24 days incubation.

More advanced organisms were also reported for the generation of nanocomposites.
Kiling et al. [190] reported the use of powdered samples of a common edible oyster mushroom,
Pleurotus ostreatus, in the synthesis of iron oxide nanoparticles which were then demonstrated as
bio-adsorbents for Ni?* and Pb?* ions from water. Maximum adsorbance capacities were reported of
28.6 and 32.1 mg-g~! for Ni** and Pb*, respectively.

4.4. Conclusions

In conclusion, three distinct classes of biological material magnetic nanocomposites have been
discussed in this review. First, there are biopolymer composites. These nanocomposites primarily
demonstrated adsorption activity though the presence of iron species in magnetic component permitted
the catalysis of the Fenton reaction under certain conditions. Biochar, which was sourced from
many different biologic products and waste materials was used to form magnetic composites
which demonstrated both adsorption behavior and catalytic activity. Finally, microorganisms
demonstrated effectiveness as the basis of magnetic nanocomposites. When generated using processed
microorganisms, good adsorption behavior was reported while, interestingly, in presence of nZVlIs
particles live bacteria could aid in the reduction of contaminant species at greater efficiency than free
particles. Due to their good performance and generally wide availability biological materials will likely
have an increasing presence in this field in the future.

5. Key Concepts for the Future

From this quick survey of the most recent literature, the following general conclusions can
be reached:

The field of magnetic nanomaterials for application in the remediation of water resources is a
highly active area of research. With an ever-increasing number of papers on this theme being published
each year and no sign of interest in the field waning, we should expect increasing developments in this
field long into the future.

(1) The use of nanomaterials enables a high degree of economy for the use of materials for the
removal of various contaminants from water. Within the course of the review, we have highlighted
examples of near-to- or above-unity-adsorption of contaminants such as have been reported for
layered double hydroxides [75] and layered double oxides [74] containing composites, nickel,
magnesium-and-zinc-ferrite nanoparticles [40], and chitosan with tin oxide [154] all of which
can adsorb a large quantity of contaminants in a short period of time. Linked with the ability to
be retained with a magnetic field and then reused over multiple cycles, it appears that only a
small quantity of this class of nanomaterial would be necessary for remediating a large volume of
water. This would be beneficial both environmentally and economically, as less material would be
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necessarily dispersed into water sources in order to remove contamination, and less raw material
would be needed to perform contaminant removal. A similar observation may be made for the
catalytic nanomaterials reported that could serve to degrade contaminants either singly or in the
presence of oxidizing agents such as hydrogen peroxide [37] and oxygen [105] or reducing agents
such as borohydride [139,141].

(2) We see an increasing usage of biological materials, both processed and unprocessed, in the
generation of novel nanocomposite materials. The use of biologic materials has certain
benefits, as they may be designed for the specific application to which the composite has
been produced, for example the transfer of electrons between nZVIs and substrate molecules [165].
Enlisting biological materials in the formation of nanocomposites enables us to use the
evolution-perfected properties of these materials in our desired materials.

(3) We also observe the formation of nanocomposites using various forms of waste material (Table 11).
Through the use of waste materials, it is possible to not only to reduce the effect of contamination
on water resources, but also to reduce the amount of waste being generated by the industrial
source of the feedstock. This can be an important contribution to the long-term goal of bringing
about a zero-waste economy.

Table 11. Examples of magnetic nanocomposites made using waste materials.

Material Generated

Waste Source Using Waste Resulting Composite Contaminant Ref.
E-waste V205 ZI’IF6204@V205 BTEX [132]
Water treatment waste Sludge-based Mg-Fe LDH/SBAC _ 3-
sludge activated carbon MgFe composite NO;™ and PO, [81]
. . chitosan/polydopamine +
Magnetic fly ash C@magnetic fly ash @C@magnetic fly ash Ag [169]
. . Pectin based Pectin stabilized .

Orange fruit residue stabilizer CoFe,O, Oil [157]

Wheat straw Biochar Biochar-CMC-nZVI Cr(VI) [177]

Coal fly ash Na-X Zeolite Magnetic nanoparticle/ Cd2* + Pb2* [87]

Zeolite composite

fron 9x1de powderg from Raw—wa.tste ron Fe;O3@TiO, composite =~ Water-soluble dyes ~ [131]

mineral processing oxide

However, there are issues which also need be addressed before these materials are in widespread
use. These include,

1.  Enabling synthesis methods for the reliable generation of magnetic nanomaterials. This review
demonstrates many different types of magnetic nanomaterial which have been prepared using
many different methods. Most these reports are preliminary and there will be a long time
required to fully optimize the synthesis protocols for the use of these new technologies on the
industrial scale;

2. While promising, figures for the reuse of the reported nanomaterials still indicates a loss of
material through repeated use. To better fulfill the promise of these new class of material it will
be necessary to ensure complete retention of the nanomaterial and its full regeneration in a rapid
and economical way;

3.  Finally, as stated in the introduction, nanomaterials can be contaminants either as full particles on
their own, or as a source of breakdown products such as metal ions or organic molecules that can
be hazardous to human health. This means that if there is a loss during use, then this potential
method for remediating water can instead be a source of contamination. As such, before the
widespread use of these novel materials for the remediation of water protocols must be developed
to limit the potential risk to human health and the environment and to prevent accidental release.



Magnetochemistry 2020, 6, 49 37 of 47

In closing, the development of novel nanoparticles and composite materials is a highly active

area of research which has incredible potential for the remediation and continued utilization of water
resources going into the future.
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