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ABSTRACT

Water environment has been deteriorating in the recent decades due to the rapid industrialization,
population expansion and urbanization. Large volumes of wastewater contaminated with heavy
metals and organic pollutants are discharged into the environment not only causing a serious dan-
ger to the human life but also threatening the eco-environment. It is thus of pivotal importance to
remove these pollutants from wastewater. Graphene has been adopted for various applications due to
a variety of excellent properties, such as large specific surface area, good solution-dispersibility and
high mechanical strength. The large quantities of oxygen-containing functional groups of graphene
can strengthen its adsorption capacity for contaminants. Iron-based materials exhibit special physical
and chemical properties, which have been successfully adopted to a broad range of applications,
including catalysis, biosensors, and removal of environmental pollutants. Graphene-supported iron-
based composites have good magnetic properties so that they can be readily separated from water
after the adsorption process. It is particularly important to study the pollutants removal processes;
thus different kinetics and isotherm models were used to investigate these processes. This review is
focused on the methodology for the synthesis and characterization of graphene-supported iron-based
composites, and their applications in wastewater treatment.

Keywords: Graphene-supported iron-based composites; Pollutants; Equilibrium isotherms, Removal
kinetics; Thermodynamics; Artificial intelligence

1. Introduction

The scarcity of water resources has become a serious
concern with the rapid population growth, industrializa-
tion, agricultural activities and environmental changes [1].
Large volumes of sewage and wastewater are generated
from households and various industries [2], such as mining,

* Corresponding author.

dyes, plastics [3], textile [4], paper, food [5], coating [6], rub-
ber, fertilizer, lighting, pesticides, cosmetics, pharmaceuti-
cals [7], electronics, electroplating, wood, and leather [8]. The
wastewater contaminated with heavy metals and organic
pollutants is discharged into the natural water not only
causing a serious danger to the human life but also threat-
ening the eco-environment [9,10]. There are various methods
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that have been developed to remove these pollutants from
aqueous solutions, such as oxidation, precipitation, reverse
osmosis, ion exchange [11,12], membrane filtration [13,14],
solvent extraction [15], flocculation [16], coagulation [17],
electrocoagulation/electroflocculation [18-20], electrochemi-
cal reduction/precipitation [21-24], evaporation, adsorption,
and biosorption [25-27].

To effectively remove pollution from wastewater, var-
ious iron-based materials (i.e., Fe’, Fe,O, Fe O, FeOOH,
MnFe,0,, CuFeO,, and ZnFe,O,) were proven as effective
adsorbents in the removal processes. Nanoscale zero-va-
lent iron (NZVI) particles have been considered as one of
the most promising permeable barrier materials applied
in wastewater treatment because of their extremely small
particle size, large specific surface area, and high inject-
ability [28,29]. Especially as an active metal, it has an excel-
lent in-situ reactivity (reducibility) with a standard redox
potential of E° (Fe*/Fe®) = —0.44 V. Thus, NZVI can reduce
the oxidizing ions or some compounds in wastewater. Fe,O,
is an abundant, cost-effective and environmentally benign
n-type semiconductor with the band-gap of 2.2 eV. It has
been extensively studied due to its fascinating and peculiar
physicochemical properties and wide potential applications
in different fields, for example, water splitting and cataly-
sis [30,31]. Ferroferric oxide (Fe,O,) nanoparticles (NPs) are
relatively inexpensive and earth-abundant elements that
are used for a variety of technologies for catalysts, mag-
netic materials, electrode materials, and environmental
and biomedical fields [32]. Fe,O, magnetic nanoparticles
that were reported to have a peroxidase-like activity could
activate H O, leading to the oxidative degradation of phe-
nol and other organic pollutants [33,34]. Fe,O, quantum
dots are the most prominent class of magnetic NPs. These
quantum dots have been widely utilized in biological and
environmental applications [35], because they have unique
magnetic properties, biocompatibility and allow the rapid
separation of target molecules from the samples simply by
applying an appropriate magnetic field [35,36]. Ferric oxy-
hydroxide (FeOOH) exhibits a tunnel-type structure where
iron atoms are strongly bonded to the framework that con-
stitutes the tunnels, eliminating the possibility of structural
collapse [37]. It has been extensively applied for electrode
materials, organic pollutants degradation, water purifica-
tion, and human sensing applications because of its merits
such as corrosion resistance, environmental friendliness and
low cost [38]. FeOOH, as a good precursor for the fabrica-
tion of a-Fe,O,, y-Fe,0,, and Fe,O,, has primarily three crys-
talline patterns: a-, 3-, and y-FeOOH [39]. MFe,O, (where
M = Mn, Cu, Ni, and Co) has shown a great potential for
applications owing to their unique optical, magnetic, and
electrical properties [40]. Zinc ferrite (ZnFe,0,) is a soft mag-
netic semiconductor with excellent photoelectric conversion
properties [41], which have the advantages of good stability,
high magnetic properties, and suitability [42,43]. However,
these iron-based particles are actually prone to aggregate
by spontaneous magnetization that decreases specific sur-
face area [44]. Incorporation of nanoparticles into carbon
or polymer matrix can prevent the aggregation and their
susceptible oxidation [45].

The ability to prepare graphene and its derivatives has
triggered intense research in two-dimensional nanomaterials

since the high quality, few-atom-thick nanosheets (includ-
ing single-layer) were isolated from graphite [46]. Graphene
is an atomic sheet of sp?-bonded carbon atoms that are
arranged into a honeycomb structure [47,48]. In the recent
years, a rapid progress has been made in fabricating transis-
tor-like devices from graphene and measuring its transport
properties [49]. The local charge disorder, substrate-induced
structural distortion, edge structure, and even atomic scale
defects could be highly important for the transport proper-
ties of graphene [50-53]. The mono-layered graphene has a
large specific surface area [54], good solution-dispersibility,
excellent electronic conductivity [55], exceptional mechan-
ical properties [56], unique thermal and optical properties
[67-59]; therefore it has been adopted in various applica-
tions such as nanoelectronics, batteries, flexible displays,
touch screens, solar cells, composite materials [60], super-
capacitors, actuators, sensors, reinforcing materials, cat-
alysts, adsorbents, and hydrogels [31,61,62]. In addition,
the chemical structure of graphene oxide (GO) is decorated
with various oxygenated functionalities [63,64], for example,
hydroxyl, epoxy on the basal plane and carbonyl, carboxylic
acid at the edges [65,66]. These hydrophilic oxygen function-
alities make GO extensively dispersible in water as well as
some organic solvents, and easier to intercalate solvents [67].
The large quantities of oxygen-containing functional groups
can also strengthen their adsorption capacity toward con-
taminants [68-70], hence GO is a good candidate for sup-
porting metal oxide nanoparticles and the immobilization of
a large number of enzymes [47,71,72]. Graphene is difficult
to separate from solution phase after an adsorption pro-
cess via traditional filtration and centrifugation. Graphene-
supported iron-based composites have good magnetic prop-
erties, which provide a solution to this problem because the
magnetic cores ensure the convenient magnetic separation
after the adsorption process [59,73]. Recently, a considerable
attention has been focused on the application of magnetic
separation technology to solve environmental problems.
A series of techniques based on the use of magnetic or mag-
netizable adsorbents, carriers and cells, have been employed
in microbiology, biochemistry, mining ores, cell biology, and
environmental technologies (e.g., use of polymer-coated
magnetic particles for oil spill remediation, magnetite par-
ticles to accelerate the coagulation of sewage and magnetic
iron-based composites for the adsorption of pollutants) [59].

In this review, we focus on the synthesis and character-
ization methodologies of graphene-supported iron-based
composites, and adsorption isotherms, kinetics, thermody-
namic studies as well as artificial intelligence (AI) based pro-
cess optimization approaches for pollutants removal using
these composites. We also summarize the regeneration and
reusability of these composites in wastewater treatment.
The applications mainly include the following two aspects:
(a) heavy metals removal and (b) organic pollutants removal.

2. Preparation and characterization of graphene-supported
iron-based composites

2.1. Preparation of graphene-supported iron-based composites

The synthesis of graphene has attracted much attention,
and the main methods of preparing graphene are as follows:
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exfoliation and cleavage, electrochemical preparation, ther-
mal chemical vapor deposition techniques, plasma enhanced
chemical vapor deposition techniques, wet ball milling,
micromechanical exfoliation, epitaxial growth, the reduc-
tion of graphene oxide (GO) solution, organic synthesis, and
Hummers’ method [74].

Exfoliation and cleavage methodology uses mechanical
or chemical energy to break these weak bonds and separate
out individual graphene sheets. The first attempt in this
direction was made by Viculis et al. [75], who used potas-
sium metal to intercalate a pure graphite sheet and then
exfoliate it with ethanol to form dispersion of carbon sheets
[76,77]. Graphene was synthesized by thermal chemical
vapor deposition [76,78]. In this work, camphor was used to
synthesize graphene on Ni foils [78]. Obraztsov et al. [79]
proposed a direct current discharge plasma enhanced chem-
ical vapor deposition method to produce the nanostruc-
tured graphite-like carbon. This process used Si wafer and
Ni, W, Mo, and some other metal sheets as substrates and
a gas mixture of CH, and H,, with a total gas pressure of 10
to 150 Torr. Wet ball milling was used to exfoliate graphite
platelets into graphene in a liquid medium. Multi-layered
graphite nanosheets with a thickness of 30 to 80 nm were
dispersed into N,N-dimethylformamide and exfoliated by
shear-force-dominated ball milling carried out in a plane-
tary mill. After high-speed centrifugation, irregular shaped
single- and few-layer graphene sheets (<3 layers) having a
thickness around 0.8-1.8 nm were obtained from the super-
natant [80].

Hummers’ method is commonly used for the synthesis
of graphene. Briefly, the mixture of graphite and NaNO, was
added into a beaker with a certain amount of 98 wt.% H,SO,
at 15°C and a suspension was obtained. Then KMnO, pow-
der acting as an oxidation agent was gradually added into

Modified
Hummers

the suspension with continuous stirring. After reaction at
different temperatures, a certain amount of deionized water
was added into the mixture slowly, then a large amount
of heat was released when conc. H,SO, was diluted. After
15 min of reaction, a certain amount of hot water and 30%
H,O, solution were added into the mixture, respectively,
with continuously stirring. The bright yellow suspension
resulted was filtered by the qualitative filter paper when it
was still hot, and the solid mixture was washed with dilute
HCl solution and distilled water and dried in vacuum oven
at 70°C for 24 h.

The synthesis of graphene-supported iron-based com-
posites generally has involved the following methods:
co-precipitation [81], chemical co-precipitation [59], ultra-
sonic-assisted reverse co-precipitation [34], phytochemistry
[82], polyol process and impregnation [83], layer-by-layer
assembly [44], three-step method [21], urea-assisted auto
combustion synthesis followed by an annealing step [84],
chemical precipitation [85], impregnation [86], solvothermal
process [87], ultrasound-assisted in situ precipitation [71],
aqueous-phase [88], facile one-step reaction route [89], facile
one-step hydrothermal process [90], facile two-step [91,92],
citrate precursor [42], sol-gel [42] and self-assembly [8,93].
Figs. 1 and 2 show the synthesis process.

Sonication is an important factor affecting the prepa-
ration of graphene oxide (Table 1). Especially, the different
ultrasonic powers can significantly influence the efficiency of
peeling graphite oxide to graphene oxide and the transverse
dimension of graphite oxide. The higher the ultrasonic power
and the longer the ultrasonic time, the higher the peeling effi-
ciency is. With the prolongation of ultrasonic treatment time,
the particle size of graphite oxide decreases gradually due to
the continual exfoliation of the lamellar structure of graph-
ite oxide sheets and the thinning of the lamellar structure;

= 4o &0

Ultrasonic

Graphite

Fig. 1. Preparation of graphene oxide.
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Fig. 2. Preparation of graphene-supported iron-based materials.
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thus the particle size decreases significantly with the prolon-
gation of ultrasonic treatment time. At the same time, some
graphite oxide fragments were produced in the ultrasonic
process, which may be caused by the interrupted ultrasonic
dispersion. The high temperature and high pressure envi-
ronment produced by ultrasonic cavitation provides the
energy needed for the formation of micro-particles, which
makes the formation rate of precipitated nuclei increase by
several orders of magnitude. The increase of the formation
rate of precipitated nuclei reduces the particle size of pre-
cipitated particles, and the high temperature generated by
ultrasonic cavitation and the large number of bubbles on the
surface of solid particles greatly reduce the specific surface
Gibbs free energy of the nuclei. It can inhibit the aggregation
and growth of nuclei. In addition, the shock wave produced
by ultrasonic cavitation and the smashing of micro-jet make
the precipitation exist as uniform micro-particles. Thus, the
powder prepared by this method has a smaller particle size
with more uniform distribution.

2.2. Preparation of ordered mesoporous materials

A mesoporous material is a material containing pores
with diameters between 2 and 50 nm in accordance with
the IUPAC nomenclature. For comparison, IUPAC defines
microporous material as a material having pores smaller
than 2 nm in diameter and macroporous material as a mate-
rial having pores larger than 50 nm in diameter. This classi-
fication is rooted in a gas adsorption behavior of the pores:
micropores are sufficiently small to adsorb gases at low
pressures through the micropore filling, mesopores exhibit
monolayer-multilayer adsorption of molecules followed by
the complete filling of pores via capillary condensation, and
macropores demonstrate virtually unrestricted monolayer—
multilayer adsorption. According to IUPAC, a mesoporous
material can be disordered or ordered in a mesostructure.
In crystalline inorganic materials, mesoporous structure
noticeably limits the number of lattice units, and this signifi-
cantly changes the solid-state chemistry. For example, the
battery performance of mesoporous electroactive materials
is significantly different from that of bulk structure. The
classification of N, adsorption-desorption isotherms is as
follows (Fig. 3):

In 1992, a groundbreaking method for the synthesis of
high-surface-area mesoporous materials was reported, in
which surfactant micelles serve as templates for periodi-
cally arranged mesopores of uniform size and well-defined
shape. Under the basic conditions, alkyltrimethylammo-
nium surfactants were shown to assemble with silicates to
form ordered arrays of surfactant micelles embedded in
the silicate framework. These products were named as the
M41S family of materials. The ultrasonic time and power
can significantly affect the particle size and pore ordering
of prepared materials. Ultrasound can help obtain materials
with higher order than hydrothermal method in the same
reaction time. Generally, ultrasonic stirring is more advan-
tageous than ordinary stirring to maintain the stability in
the prepared process of mesoporous materials [98]. Highly
ordered mesoporous materials have attracted an increasing
attention for catalyst support materials because of their high
surface area, narrow pore size distribution, uniform porous

Typel Tvpc IL
] Type 111 Type I'V
<
[~
B
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Relative pressure

Fig. 3. N, adsorption—-desorption isotherms.

connections and adjustable pore symmetry. The wide and
ordered pore channels are especially useful for the separa-
tion of large biomolecules or natural products and, mean-
while, provide a broad space for fast mass transfer, which is
highly beneficial in high-rate supercapacitors and heteroge-
neous catalysis.

2.3. Characterization techniques of graphene-supported iron-based
composites

In order to develop highly efficient and low-cost materi-
als for removing environmental pollutants, the structure and
composition of different graphene-supported iron-based
composites must be clarified; therefore they were charac-
terized by a variety of techniques: powder X-ray diffraction
(XRD), vibrational sample magnetometer [82], attenuated
total reflectance-infrared, thermogravimetric analysis [62],
scanning electron microscopy (SEM), field emission scanning
electron microscopic (FE-SEM) [92], transmission electron
microscopy (TEM), Fourier transform infrared spectroscopy
(FTIR), N, adsorption, zeta potential, Raman spectroscopy,
X-ray photoelectron spectroscopy (XPS) [99], X-ray absorp-
tion near edge spectroscopy (XANES) [45], total organic car-
bon, photoluminescence (PL) [41], energy-dispersive X-ray
spectroscopy (EDS) [100], Brunauer-Emmett-Teller and
energy dispersive X-ray spectrometry [101] and synchrotron
radiation techniques [102]. Among them, Raman spectros-
copy is used to characterize materials, measure tempera-
ture, and find the crystallographic orientation of a sample.
As with single molecules, a solid material can be identified
by characteristic phonon modes. Information on the popula-
tion of a phonon mode is given by the ratio of the Stokes and
anti-Stokes intensity of the spontaneous Raman signal. XPS
spectra are obtained by irradiating a material with a beam of
X-rays while simultaneously measuring the kinetic energy
and number of electrons that escape from the top 0 to 10 nm
of the material being analyzed. It is used to analyze inor-
ganic compounds, metal alloys, semiconductors, polymers,
elements, catalysts, glasses, ceramics, paints, papers, inks,
woods, plant parts, make-up, teeth, bones, medical implants,
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bio-materials, viscous oils, glues, ion-modified materials and
many others. It is especially useful for ceramics, polymers,
powders, metals, metal inclusions, epoxy resins, and semi-
conductor because of higher magnification, large field of
vision, stereoscopic image and simple sample preparation.
The parameters obtained from the characterization include
crystal structure, magnetism, shape, granularity, size distri-
bution, chemistry, valence state, agglomeration/dispersion,
and specific surface area. These properties can affect the
environmental remediation ability of graphene-supported
iron-based composites [93].

New characterization techniques are continuously
emerging in the nano field. Some mainstream and cut-
ting-edge characterization techniques are summarized below
in more details.

2.3.1. Atomic probe tomography

Researchers have tried to reconstruct the three-dimen-
sional view of matter at nanoscale, and then explain the
macroscopic properties of materials and consciously adjust
or improve the microstructures matching the properties
[103]. Atomic probe tomography (APT) can determine the
types of atoms and reconstruct their spatial positions intui-
tively, which can show the three-dimensional spatial distri-
bution of atoms of different elements in materials relatively
authentically. APT has become the most high spatial resolu-
tion analysis and testing method at present. Essentially, as
atoms on the surface of the specimen field evaporate one at
a time and fly toward a two-dimensional position-sensitive
detector, their hit position in x and y is recorded. Gradually,
each atom on the surface evaporates and exposes the under-
lying layer(s). The sequence of atom hits on the detector can
be used to track both the serial evaporation of atoms in a
given layer and the serial evaporation of the layers. Taylor
et al. [104] reported that the distribution of Fe resulted
from the autocatalytic interaction of aqueous Fe(II) with
the hematite (a-Fe,O,) (001) surface was directly mapped
in three dimensions (3D) for the first time, using the Fe iso-
topic labeling and APT. Tamion et al. [171] described that a
careful investigation of the structure and chemistry of the
multilayers was carried out using a 3D atom probe.

2.3.2. Secondary-ion mass spectrometry

Secondary-ion mass spectrometry (SIMS) is a technique
used to analyze the composition of solid surfaces and thin
films by sputtering the surface of the specimen with a
focused primary ion beam and collecting and analyzing
ejected secondary ions [105]. The mass/charge ratios of these
secondary ions are measured with a mass spectrometer to
determine the elemental, isotopic, or molecular composition
of the surface to a depth of 1-2 nm. Due to the large variation
in ionization probabilities among different materials, SIMS is
generally considered to be a qualitative technique, although
quantification is possible with the use of standards. SIMS is
the most sensitive surface analysis technique, with elemental
detection limits ranging from parts per million to parts per
billion. Detection limits for most trace elements are between
1,012 and 1,016 atoms per cubic centimetre, depending on
the type of instrumentation used, the primary ion beam used

and the analytical area, and other factors. Samples as small
as individual pollen grains and microfossils can yield results
by this technique.

2.3.3. X-ray absorption near edge structure

X-ray absorption near edge structure (XANES), also
known as near edge X-ray absorption fine structure
(NEXAFS), is an absorption spectroscopy that indicates the
features in the X-ray absorption spectra of condensed mat-
ter due to the photoabsorption cross section for electronic
transitions from an atomic core level to final states in the
energy region of 50-100 eV above the selected atomic core
level ionization energy, where the wavelength of the pho-
toelectron is larger than the interatomic distance between
the absorbing atom and its first neighbor atoms. It can
provide information about the electronic configuration,
stereochemistry, and oxidation states of the metallic atoms
[106]. In addition, extended X-ray absorption fine structure
(EXAFS) spectroscopy can be used to investigate the atomic
arrangement of heavy metals in farming soils in terms of
their bond distance, number, and kind of near neighbors,
besides thermal and static disorders [107].

2.3.4. Scanning electron microscopy and transmission
electron microscopy

SEM is an electron microscope that produces images of
a sample by scanning the surface with a focused beam of
electrons. The electrons interact with atoms in the sample,
producing various signals that contain information about the
surface topography and composition of the sample [108,109].
It has widely been employed in nanomaterials, metallurgy,
biology, medicine, semiconductor materials and devices,
geological exploration, pest control, disaster (fire and fail-
ure analysis) identification, criminal reconnaissance, and
gemstone identification. Especially, it is an important char-
acterization technique for graphene-supported iron-based
composites to obtain useful information for the surface mor-
phology of the sample. Fan et al. [107] reported that the nZVI
nanoparticles synthesized were aggregated in the bare form,
while these nanoparticles were dispersed well on reduced
graphene oxide. Ruan et al. [110] described that the average
diameter of Fe/Ni particles was approximately 66 nm in the
bare form and 42 nm on the rGO, respectively. The Fe/Ni
nanoparticles are uniformly dispersed on the rGO surface,
demonstrating the inhibition effect of rGO supporting on the
Fe/Ni nanoparticles aggregation.

Spherical aberration corrected scanning transmission
electron microscopy-energy dispersive X-ray spectroscopy
(Cs-corrected STEM-EDS) does not only have sub-Egyptian
spatial resolution, but a variety of experimental functions
as well. Meanwhile, it is an effective method to study the
structure-activity relationship of materials by studying
the crystal structure and corresponding electronic struc-
ture characteristics of materials at the atomic scale, so as to
understand the relationship between the micro-crystal struc-
ture and properties of samples. When electrons interact with
matter, the initial X-ray can be excited by focusing incident
electrons. The characteristic X-ray wavelength and energy
emitted by different elements are different; therefore, it has
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a very wide range of applications in the fields of physics,
materials science, and chemistry. Similarly to Cs-corrected
STEM, high-angle hollow-cone dark-field transmission
electron microscopy (HADF-TEM) can also investigate the
“core/shell” structure of nanocomposite particles, which is
an imaging mode of specialized transmission electron micro-
scopes that allows for direct imaging of the atomic struc-
ture of the sample. HADF-TEM is a powerful tool to study
properties of materials on the atomic scale, such as semi-
conductors, metals, nanoparticles, and sp*bonded carbon
(e.g., graphene, nanotubes). The contrast of light-dark field
image (i.e., light-dark difference in different regions) of crys-
tal thin film sample is formed by the difference of diffraction
intensity caused by the structure or orientation of different
parts of the sample. Therefore, it is called diffraction con-
trast, and the image formed mainly by the mechanism of
diffraction contrast is called derivative contrast image. In
HADF-TEM equipment, if the transmitted beam is allowed
to image through the objective beam, it is called the bright
field image, whereas it is called the dark field image if only
a diffraction beam is allowed to image through the objective
beam.

2.3.5. X-ray fluorescence and X-ray fluorescence imaging

X-ray fluorescence (XRF) is the characteristic emission
of “secondary” (or fluorescent) X-rays from a material that
has been excited by bombarding with high-energy X-rays.
The phenomenon is widely used for elemental analysis and
chemical analysis, particularly to investigate metals, glass,
ceramics, and building materials in geochemistry, foren-
sic science, archaeology, and arts (such as paintings and
murals). XRF imaging uses a device to inundate the sam-
ple with X-ray waves. Based on the feedback received from
atoms in the sample, it is able to calculate the material type.
Because every element exhibits unique characteristics when
irradiated, individual atoms can be detected allowing for a
complete breakdown of chemical composition. For coating
thickness measurements by x-ray fluorescence, a secondary
equipment (such as diode) is normally used to ensure the
accuracy.

2.3.6. X-ray diffraction

XRD analysis is based on constructive interference of
monochromatic X-rays and a crystalline sample. The X-rays
are generated by a cathode ray tube, filtered to produce
monochromatic radiation, collimated to concentrate, and
directed toward the sample. The interaction of the incident
rays with the sample produces constructive interference
(and a diffracted ray) when the conditions satisfy Bragg’s
Law (nA = 2d sin 0). This law relates the wavelength of
electromagnetic radiation to the diffraction angle and the
lattice spacing in a crystalline sample. The characteristic
XRD pattern generated in a typical XRD analysis provides
a unique “fingerprint” of the crystals present in the sample.
When properly interpreted, by comparison with standard
reference patterns and measurements, this fingerprint allows
identification of the crystalline form. If single crystals of suf-
ficient size cannot be obtained, various other X-ray methods
can be applied to obtain less detailed information, which

include fiber diffraction, powder diffraction (if the sample
is not crystallized), small-angle X-ray scattering (SAXS) and
small-angle X-ray diffraction (SA-XRD).

2.3.7. Nitrogen adsorption

Nitrogen adsorption is an effective method to charac-
terize porous materials. Orderliness of materials can also
be partially reflected in the adsorption—desorption curve,
but porous materials can be further characterized by the
SAXS, SA-XRD and high-resolution transmission electron
microscopy (HR-TEM). In the SA-XRD test, some false
peaks are easy to appear due to the occlusion of the sample
to X-ray, and the experimental operation requirements are
high. SAXS uses a translucent light path to test the sample,
avoiding the phenomenon of false peaks because the sam-
ple is not flattened or zero-point surface is not placed. If
ordered mesoporous materials possess large ordered size,
the ordered arrangement of channels can be easily seen by
HR-TEM images, and the pore size of materials can be mea-
sured afterwards. Generally, SAXS and SA-XRD combined
with HR-TEM is an effective method to characterize ordered
porous materials, and full pore size analysis can be carried
out by combining nitrogen adsorption and desorption.

3. Studies of pollutants removal processes

3.1. Pollutants removal with the aid of Al-based high precision
process optimization techniques

The most important step in a removal process for pol-
lutants is to increase the efficiency of the process via mod-
eling and optimization without increasing the costs [111].
Because the removal processes involve interactions of vari-
ables and non-linear behavior, it is highly important that
optimum experimental conditions are determined to obtain
a maximum efficiency. High precision process optimiza-
tion techniques based on Al approaches can be an effective
solution in these processes [112,113]. Al tools have been
broadly applied in various fields, for example, pattern rec-
ognition, autonomous driving, image understanding, big
data, intelligent search, robotics, automatic programming,
and human-computer game, consequently they will signifi-
cantly impact the human society. Al tools mainly encompass
artificial neural networks (ANNSs) (Fig. 5), genetic algorithm
(GA), immune algorithm, particle swarm optimization, sup-
port vector machine, boosted regression tree, random forest
(RF), recurrent neural network (Fig. 6), Monte Carlo simula-
tion, ant colony algorithm, simulated annealing and impe-
rialist competitive algorithm [2]. AI tools have also been
combined with experimental design (e.g., response surface
methodology and uniform design) in order to improve the
precision of optimal solutions prediction. For ANNs as a
main tool of Al, however, their models are merely a black
box, which cannot well reveal the system information and
has certain limitations, thus it is important to make this
structure model transparent. Elmolla et al. [114] reported
the implementation of ANN for the prediction and simula-
tion of antibiotic degradation in aqueous solutions by the
Fenton process. A three-layer back-propagation neural net-
work was selected to model and predict the degradation of
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amoxicillin, ampicillin, and cloxacillin in aqueous solutions
in terms of COD removal. Heydari et al. [115] described that
RF was used for modeling and optimization of the removal
of methylene blue (MB) and Pb* ion from aqueous solu-
tions. In the training data set for MB and Pb* ion, the mean
squared error of 0.0003 and 0.0002, and the determination
coefficient (R?) of 0.9952 and 0.9963 was obtained using the
RF model, respectively. Additionally, the number of train-
ing sets is highly important for modeling (Fig. 4). Eslamian
and Lavaei [116] presented a hybrid approach to analyze the
nitrate pollution based on an ANN and GA. This makes it
possible to readily compute the amount of nitrate in differ-
ent time-scales. The results showed that the methods could
be useful for management purposes and also beneficial for
the treatment of groundwater.

3.2. Adsorption isotherms

Adsorption isotherm models explain the distribution
of molecules between the liquid and solid phases when
the adsorption processes reach equilibrium states (Table 2).
Fitting of the adsorption data to different isotherm models
is an important step in finding a suitable model that can be
used for design purposes [60]. The Langmuir model indi-
cates a monolayer coverage on the surface of the adsorbent,
and the Freundlich model is indicative of surface heteroge-
neity of the adsorbent [127]. The Temkin isotherm describes
the behavior of adsorption on a heterogeneous surface, and
the derivation of the Temkin isotherm assumes that the fall
in the heat of adsorption is linear rather than logarithmic
[60]. The D-R model can determine the type of sorption
(physical or chemical) [128]. Redlich-Peterson model is the
widely used isotherm to represent the solute uptake pro-
cess at equilibrium conditions [129,130]. The Flory-Huggins
model was chosen to account for the degree of surface cover-
age characteristics of the sorbate on the sorbent [131]. Halsey
proposed an expression for condensation of a multilayer
process at a relatively large distance from the surface. And

Table 2
Adsorption isotherms

the Harkins-Jura adsorption isotherm also accounts for mul-
tilayer adsorption and explains the existence of a heteroge-
neous pore distribution [131].

3.3. Analysis of removal kinetics

In order to develop a working model for a reactor, it was
considered necessary to perform a removal process in kinet-
ics viewpoint (Table 3). The pollutants removal kinetics data
were processed to calculate rate constants of the removal

Training set

a. BP-ANN [117]

b. BP-ANN [118]

c. BP-ANN [119]

d. BP-ANN-GA [120]
e, BP-ANN [121]

f. MLP-ANN [122]

£. BP-ANN FNN [123]

h. 50M [124]
i. MLP-ANN [125]
j- RBF-ANN [126]

Fig. 4. Data rows of training sets used in different Al technologies.

Materials Pollutants Types of adsorption Isotherm models References
Me}gnetic grapk}ene/iron U(VI? ions from aqueous Langmuir adsorption _q,KC, [129]
oxides composite solutions 9. = 14K,C,
Graphene-supported Phosphorus from synthetic Freundlich adsorption 1 [127]
nanoscale zero-valent iron rainwater runoff q.=K (Ce )"
Reduced graphene oxide-iron Pb(II) from aqueous Temkin isotherm q.=B 1n( ACG) [60]
oxide hybrid materials solutions
NiO/graphene nanosheets Congo Red azo-dye from Redlich—Peterson model AC [132]
adsorbent aqueous solution 9. = 1+BC,
Hyperbranched polyamine Pb(II) from aqueous Redlich—Peterson isotherm AC, [3]
functionalized graphene solutions 9. = 1+ BC,

Methylene blue from Dubinin-Radushkevich 2 [3]

aqueous solutions

Ing =lng_—Be
(D-R) isotherm A I
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Table 3
Kinetics models
Kinetics model ~ Physical/chemical/kinetic circumstances Equation References
Pseudo-first Adsorption equilibrium time was 60 min In ( q. - q[) =Ing, —kt [134]
order for Cr(VI) and 100 min for Cu(Il) on three
kinds of MRGO where g, is the amount of ions adsorbed per unit
mass of adsorbents at equilibrium (mg/g), and
q,1is the amount of ions adsorbed at time ¢ (mg/g).
The parameter k, represent the pseudo-first order
constants of the kinetics models
Pseudo-second  The work discusses the removal of crystal ¢ 1 ¢ [135]
order violet dye from aqueous solution by 17, = k,q? E
ultrasound-assisted adsorption using zinc
oxide nanorods loaded on activated carbon ~ Where g, is the amount of ions adsorbed per unit
as an adsorbent mass of adsorbents at equilibrium (mg/g), and
g, is the amount of ions adsorbed at time ¢ (mg/g).
k, represents the pseudo-second order rate
constants of the kinetics models
Elovich Congo Red azo-dye from aqueous solution g, = A+2.303Blog t [132]
equation of NiO/graphene nanosheets adsorbent.
In addition, absorption spectra of a solution where g, is the amount of sorbate per unit mass
of Congo Red (20 mg/L, 100 mL) in the (mg/g) of sorbent at time ¢ (min), and A and B are
presence of NGNS-5 (50 mg) at different Elovich constant
Morris-Weber  times [132]

equation

Bangham model Fabrication of hyperbranched polyamine
functionalized graphene for high-efficiency
removal of Pb(II) and methylene blue.
m=10mg, C,;=60 mg L™, V=50 mL,

pH at 6.1, temperature at 298 K) and MB
(m=10mg, C,=60 mg L™, V=50 mL,
Intraparticle pH at 5.9, temperature at 298 K

diffusion model

q, = Rid x \/; +¢
where g, is the sorption capacity at equilibrium
(mg/g) at time ¢ (min) and R, is the rate constant of
intra-particle transport

. [3]
Ing, —Ink, +(—Jlnt

m

where g, (mg/g) is the amounts of pollutants
adsorbed onto the adsorbent at time ¢ (min), m and
k, are the related constants of the Bangham model

g, =kgt"+C 131

where k,, (mg/g/min'?) is the intraparticle diffusion
rate constant

processes [133]. To examine the adsorption mechanism
involved during the pollutants elimination processes, vari-
ous kinetic models were tested, such as pseudo-first order,
pseudo-second-order, the Elovich and the Morris—Weber
models [132].

The pseudo-first order kinetics equation describes lig-
uid-solid phase adsorption systems, which is the earliest
known kinetics model describing the adsorption rate based
on the adsorption capacity. The pseudo-second-order kinet-
ics model is used to describe chemisorption, as well as
cation exchange reactions. The Elovich equation was also
employed to describe the chemisorption kinetics, which
were useful in covering a wide range of slow adsorption.
The Morris-Weber equation is generally applied to eval-
uate the intraparticle rate constant [132]. The Bangham
kinetics model can be adopted to explain pore diffusion
processes.

3.4. Error analysis

To determine the validity of isotherm and kinetics mod-
els, statistical analysis was carried out. In all regression cases,
four different error functions (i.e., the sum of the square of
the error (SSE), sum of absolute error (SAE), chi-square (x?),
and standard deviation (SD)) between the experimental data
and calculated values were evaluated using the equations in
Table 4.

3.5. Thermodynamic studies

Thermodynamic models are powerful tools to describe
metal sorption processes and explore the governing mecha-
nisms. Thermodynamic parameters, for example, free energy
changes (AG° kJ/mol), enthalpy changes (AH° k]J/mol),
and entropy changes (AS°, J/mol/K) are determined by the
following equations [137,138]:
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Table 4
Error analysis

Error analysis Equation Description Reference
x ( )2 [136]
| g “ecal
2 cexp  deca
PO N
; Ge,cal ‘
SSE 1 whereq, andgq, , stand 136
SSE = Z":( q..-q )2 for the experimental and [136]
=Rl calculated adsorption
SAE ] capacity (mg g™) and n [96]
SAE = z Doop ~ Tercal represents the number
= i of measurements
SD > [96]
(9o = o) e
SD= x100
n-1
4. Applications of graphene-supported iron-based compos-
Input layer Hidden layer Hidden layer = Output layer bp P PP P

W2, b

W3, b?

v ¥/ 7 Z

Fig. 5. Structure of a back-propagation artificial neural network.

AS°  AH°®

InkK, = - 1

M TR T RT )

AG®=-RTInK, 2)
C

K.=—2 3

TG 3)

e

where C, (mg/L) stands for the equilibrium concentration of
a pollutants in the solution, R (J/mol/K) is the gas constant
(8.314), T (K) represents the absolute temperature, and K,
(L/g) is the removal equilibrium constant. Positive AH® values
indicate that the removal process is endothermic, supported
by a rise in g, (mg/g) with increasing temperature. Negative
AG® values suggest a spontaneous sorption process with
increasing metal sorption at higher temperatures. Positive
values of AS° may reflect an affinity of the graphene-sup-
ported iron-based composites for the pollutants. AG® (kJ/
mol) could also provide information to distinguish between
physicosorption and chemisorption processes [138,139].

ites in the removal of pollutants

A variety of graphene-supported iron-based composites
were applied in the removal of pollutants, such as Fe,O,/GO,
CuFe,O,@graphene, Fe,0,/Mn,O,-RGO, and Fe,0,@SiO,-
chitosan/GO. The application of different graphene-sup-
ported iron-based composites in the removal of pollutants
is shown in Table 5. These graphene-supported iron-based
composites gave high removal efficiencies for organic pollut-
ants (such as CuFe,O,@graphene, GO-Fe,O,~Hb, ZnFe O,-G,
GFC hybrids, a-FeOOH/RGO, rGO/SnS,/ZnFe,O,, and Fe,O,/
Mn, O,-RGO) and for heavy metals (such as RGO-MFT, nZVI/
rGO, AMGO, Fe,O-CS-GO, Fe,0,@5i0,@CS-TETA-GO,
EDTA-mGO, RGO-ZNF-PAN], and Fe-PANI-GA).

4.1. Organic pollutants removal

The removal of various organic pollutants was carried
out by different materials. Fe,O,/Mn,O,-RGO composites
were employed for the degradation of sulfamethazine [83],
which indicated that the removal efficiency of sulfametha-
zine was approximately 98% at following optimal conditions:
pH =3, T = 35°C, Fe,0,/Mn,0,-RGO composites = 0.5 g/L,
H,O,= 6 mM. Huang [67] reported the adsorption of TC
on Fe,0,@SiO,-chitosan/GO, and indicated that the highest
adsorption capacity was 183.47 mmol/kg, and the experi-
mental data well fitted to the pseudo-second-order kinetics
model and Freundlich isotherm. Zhu et al. [147] studied
the electro-enzymatic degradation of carbofuran with the
GO-Fe,0,~Hb composites [85]. It was found that under the
optimal conditions, the highest removal efficiency was 94.6%
obtained after 40 min degradation through the electro-en-
zymatic treatment. The ternary graphene-TiO,-Fe,O, (GTF)
nanocomposites were utilized for the removal of RhB by Lin
[88]. They indicated that the GTF nanocomposite could work
well in different pH environments and is capable of elimi-
nating mixtures of various dyes. The graphene oxide-Fe,O,
nanocomposites (GO-Fe,O,) were explored for its surface
adsorptive properties by employing a model organic com-
pound, 2,4-dichlorophenoxy acetic acid (2,4-D) from aqueous
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solutions [148]. This shows that the maximum monolayer
capacity from Langmuir isotherm is 67.26 mg/g. Kinetic stud-
ies were also performed and the studied adsorption process
followed pseudo-second-order rate equation. Tran et al. [149]
investigated the potential of chitosan/Fe,O, /graphene oxide
(CS/Fe,0,/GO) nanocomposites for the efficient removal of
methylene blue (MB) from aqueous solutions. Their results
showed that the adsorption equilibrium data were fitted well
to the Langmuir isotherm rather than Freundlich isotherm,
and the maximum monolayer capacity (g, ) was calculated
from the Langmuir model as 30.10 mg/g.

Magnetic graphene-Fe,O,@carbon (GFC) hybrids were
successfully prepared via a facile method [143]. In this work,
the adsorption performance for removing organic dyes was
also investigated, and approximately 40% improvement
was shown in comparison with the corresponding binary
graphene-Fe,O, and Fe,O,@carbon hybrids. The hybridiza-
tion of the graphene sheets and the amorphous carbona-
ceous shells greatly enhances the specific surface area, which
provides more active sites for MB adsorption. The graphene-
based composites with y-Fe,O, nanoparticles were employed
for the removal of endocrine-disrupting compounds (EDCs)
from water [150]. The adsorption equilibrium data were well
fitted to the Langmuir model, and the maximum adsorption
capacities for 1-naphthol and bisphenol A were determined
as 680 and 360 mg/g, respectively. Deng et al. [41] investi-
gated the photocatalytic removal of 2-nitrophenol by rGO/
SnS /ZnFe O,. Their results disclosed that the photocatalytic
activity of rGO/SnS,/ZnFe,O, was influenced by rGO con-
tent, the optimal rGO content is 7%, and the enhanced pho-
tocatalytic activity of rGO/SnS,/ZnFe,O, composites could
be attributed to the high adsorption rate. The ZnFe,O,-G
nanocomposites were adopted as photoelectrochemical
degrader for methylene blue removal [90]. It was demon-
strated that the ZnFe ,O,-G catalyst had an important dual

function as the photoelectrochemical degrader. The strong
oxidant hydroxyl radical was generated via photoelectro-
chemical decomposition of H,O, under visible light irradi-
ation. Hashemian et al. [59] studied the removal of AY by
CuFe,0,@graphene nanocomposites. Their results indicated
that the adsorption process was very fast and reached the
adsorption equilibrium within 40 min of contact time. The
ZnFe,0,@CS/GO composites were utilized for the adsorp-
tion of BF [151], which showed that there were strong elec-
trostatic interactions between BF and ZnFe,O,@CS/GO. This
adsorption followed pseudo-second-order kinetics, and the
equilibrium data were modeled well by the Langmuir iso-
therm. Reduced graphene oxide decorated with MnFe,O,
(MnFe,0,-G) composites were applied in the removal of gly-
phosate [152]. It was illustrated that the maximum adsorp-
tion capacity was 39 mg/g at 5°C and low temperature was
determined to be favorable for the adsorption.

Chemical oxidation technology has a remarkable effect
on the treatment of toxic and organic pollutants in wastewa-
ter. The advanced oxidation processes (AOP) is one of the
most effective chemical oxidation technologies and plays an
important role in the treatment of wastewater. In AOPs, the
reaction follows a unique oxidation pathway, usually includ-
ing the formation of highly active free radicals, such as *OH
or *SO;. These free radicals have a high chemical activity (E°
*‘OH =28V, E°*SO,” = 2.6 V). They can easily interact with
organic molecules to destroy their structures and achieve
the effect of pollutants removal. Graphene-supported iron-
based composites have been employed for activating potas-
sium persulfate. Yao [153] reported magnetic recoverable
MnFe,O, and MnFe O, -graphene hybrid as heterogeneous
catalysts of peroxymonosulfate activation for efficient
degradation of organic pollutants in aqueous solutions.

=Mn(II) — “OH + HSO; — =Mn(III) — “OH + SO;* 4)
=Mn(IIl) — “OH + HSO; — =Mn(Il) — "OH + SO;*+ H*  (5)
=Fe(Ill) — "OH + HSO; — =Fe(Ill) — “OH +S50;* + OH~  (6)
=Fe(Ill) — "OH + HSO; — =Fe(Il) — "OH + SO;* + H* (7)

4.2. Heavy metals removal

The various graphene-supported iron-based composites
have been extensively applied in the removal of different
heavy metals. The graphene/Fe, O, composites wereemployed
for removal of Zn(Il) and Ni(Il) ions by Muthukrishnaraj
et al. [154] and Manokaran [60]. It was indicated that the
maximum removal percentage of Zn(II) and Ni(II) ions were
96% and 87%, respectively, which were achieved under the
conditions of pH of 7, adsorbent dosage of 0.3 g/L, metal ion
concentration of 30 mg /L, time of 60 (min) and temperature
of 303 K. Dat et al. [155] studied the removal of U (VI) by
reduced graphene oxide-Zn, Ni .Fe O, ferrite-polyaniline
(RGO-ZNF-PANI) composites. This adsorption process was
completed within 240 min and could be well described by
the pseudo-second-order model, and the equilibrium data
were well fitted to the Langmuir adsorption isotherm [21].
The same element was removed by a regenerable magnetic
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ligand material (EDTA-mGO) [99], and it was demonstrated
that the highest sorption capacity was 277.43 mg/g, 2-3 times
higher than that of mGO. MnFe,0O,-G composites were used
for removing Pb(Il) and Cd(Il) ions [87]. The Langmuir
model for this removal process correlates to the experimental
data showing an adsorption capacity of 100 mg/g for Pb(II)
and 76.90 mg/g for Cd(Il). The novel nanocomposites of
xanthated Fe,O,-chitosan grafted onto graphene oxide (xan-
thated Fe,O,-CS-GO) were utilized for the removal of Cu(II)
from aqueous solutions [156]. These nanocomposites were
found to adsorb Cu(II) effectively and to be relatively envi-
ronmentally benign, easy to recover, and convenient to use in
practice. The magnetic Fe,O,/GO composites were adopted
as a sorbent for the removal of Cr(VI) ions from water [8],
and a high sorption capacity was obtained (32.33 mg/g). Li et
al. [45] described the mechanism of magnetic Fe,O,/SiO,-GO
nanocomposites for Cr(III) removal as shown below.

e Cr(IIl) reacts with -COOH and -OH groups on GO sur-
face to form a complex

GO-COOH + Cr*—»>GO-COO—Cr* + H*
(GO-COOH), + Cr* — (GO-COO") ~Cr* + 2H*
(GO-COOH), + Cr* — (GO-COO") ~Cr + 3H*
GO-OH + Cr¥* - GO-O -Cr* + H"

(GO-OH), + Cr** — (GO-0") ~Cr** + 2H"
(GO-OH), + Cr** — (GO-0")~Cr**+ 3H*

e Cr(IIl) may also react with -OH groups of Fe,O,/SiO, to
form a complex
Fe,0,/Si0,-OH + Cr** — Fe,0,/SiO,-O—Cr* + H"
(Fe,0,/Si0,~OH), + Cr* — (Fe,0,/Si0,-0"),~Cr** + 2H"
(Fe,0,/Si0,-OH), + Cr* — (Fe,0,/Si0,-0"),~Cr** + 3H"

Babu et al. [62] investigated the removal of As(II) and
As(V) by the reduced graphene oxide supported meso-
porous Fe,O,/TiO, (RGO-MFT). It was demonstrated that the
adsorption at pH = 6 was found to be better than at higher
pH [62]. The same pollutants were removed by PS@+rGO@
GO@Fe,O, (PG-Fe,O,) hybrid composites, indicating that
these composites had a high adsorption capacity of 104 mg/g
for As(IIl) and 68 mg/g for As(V) at 25°C and pH = 7 [44].
Huang et al. [7] demonstrated the removal of CH ,Hg* by
SGO/Fe-Mn-am, SGO/Fe-Mn-ac, and SGO/Fe-Mn-ne. Their
results showed that SGO/Fe-Mn-am prepared via ammo-
nium hydroxide method possessed a high maximum sorption
capacity. The applications of different graphene-supported
iron-based composites in the removal of heavy metals shown
in Table 6. The results showed that the removal capacity of
heavy metals for iron-based materials was significantly
higher than that of non-iron-based materials.

5. Regeneration and reusability of graphene-supported
iron-based composites

It is well known that the stability and regeneration abil-
ity of the composites during the removal processes is crucial
to its practical applications. Good composites should pos-
sess a high removal capability as well as a good desorption
property [159-161]. Many researchers carried out the studies
on regeneration experiments of graphene-supported iron-
based composites (Table 7). The number of cycles is more

than three for pollutants removal by GO-Fe,O,, CS/Fe,O,/GO,
ZnFe 0O,-G, Fe/Fe , C@Fe/N-graphene, Fe,O,/Mn,0,-RGO,
EDTA-mGO, GO-MnFe,O, and Fe,0,@SiO, -chitosan/GO.
The removal efficiency of pollutants by all graphene-sup-
ported iron-based composites can still reach more than 80%

after several cycles.

6. Ecotoxicological studies

The production and use of engineered nanomaterials
have grown rapidly, and therefore the presence of these
materials seems inevitable in the environment [162]. Their
potential toxicity for humans and animals is yet to be under-
stood, thus the studies on environmental behavior, fate, bio-
availability, and ecotoxicological effects of engineered nano-
materials have been conducted extensively in the recent years
[163]. Nanoparticles show some complex colloid and aggre-
gation chemistry, which is likely to be affected by their parti-
cle shape, size, surface area and surface charge, and adsorp-
tion properties. Abiotic factors such as pH, ionic strength,
water hardness, and the presence of organic matter can alter
aggregation chemistry; and are expected to influence toxicity
[164]. The physico-chemistry is essential to understanding of
the fate and behavior of nanoparticles in the environment,
uptake and distribution within organisms, and the interac-
tions of nanoparticles with other pollutants. Data concerning
biological effects show that nanoparticles can be toxic to bac-
teria, algae, invertebrates, fish species, as well as mammals.
And the environmental risk assessment of nanomaterials
could be performed using the existing tiered approach and
regulatory framework [164].

The fate and toxicity of nanoparticles including graphene-
based nanomaterials can be influenced by many factors, for
example, chemical composition, physical, and chemical trans-
formation (abiotic/biotic) in the environment [165]. Temsah
and Joner [167] studied the ecotoxicological effects of NZVI
coated with carboxymethyl cellulose on Eisenia fetida and
Lumbricus rubellus. This work proved the negative impact of
NZVI on both of these earthworm species by affecting the
reproduction. The NZVI concentration reached 100 mg/kg
leading to a decreased weight while the concentrations above
500 mg/kg caused an increased mortality rate [166,167]. For
the soil evaluation, the studies are often focused on the sen-
sibility of earthworms and the germination test of Lactuca
sativa. For the water evaluation, daphnia is used as the test
organism [168]. NZVI can affect the germination of plants
and can lead to the death of earthworms with high dose, and
the uptake of NZVI by the roots and leaves of plants have
been confirmed. The experimental results showed that NZVI
could also endanger organisms with only a few nanograms
per liter, for example, prokaryotes, invertebrates, and fish
[163,166].

7. Conclusions

In this paper, we have reviewed the present progress in
the synthesis and characterization of graphene-supported
iron-based composites, and their applications in wastewa-
ter treatment. Iron-based materials (e.g., Fe’, Fe,O, Fe,O,
MnFe,O,, CuFe,0O, CoFe,O, NiFe,0O, and ZnFeO,) have

been widely used in wastewater treatment due to strong
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adsorption capability, high magnetism, strong reducibility,
and good photocatalytic properties. However, some techni-
cal issues, for example, aggregation, poor stability, shortage
of durability and mechanical strength, hinder the practical
applications of iron-based materials. Especially, aggregation
is hard to be avoided due to the magnetic interaction among
the iron-based materials, hence the aggregation of iron-based
materials could be reduced when they were supported on
the graphene. In this way, their dispersion ability and spe-
cific surface area were improved and their reactivity was
enhanced [169,170]. We have also summarized the adsorption
isotherms, removal kinetics, thermodynamic studies, and
Al-based optimization approaches for pollutants removal
processes using these composites. It is of great significance
to reduce costs by the reuse of graphene-supported iron-
based composites. Future research should involve emerging
two-dimensional materials for the removal of pollutants, for
example, carbon nitride, boron nitride, molybdenum disul-
fide, borophene, and silylene. Mechanistic models and more
advanced Al techniques can be applied based on the model-
ing and optimization of complex removal processes with the
aid of experimental design (e.g., RSM and uniform design).
In order to avoid secondary environmental pollution, the
study on the ecotoxicology of nanomaterials should be fur-
ther performed. In addition, a larger scale in-situ permeable
reactive barrier system should be used to investigate the pol-
lutants removal from wastewater, which can hopefully lead
to practical applications.
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