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Abstract. The methods of wastewater treatment from heavy
metal ions and dyes are analyzed, and the key advantages of
powdered magnetically sensitive carbon nanocomposites as
adsorbents are shown. Methods for selecting and preparing
raw materials and activators for the synthesis of such
nanocomposites are considered, and methods for syn-
thesizing nanocomposites are analyzed. The properties, mo-
deling of adsorption kinetics and isotherms, and efficiency of
magnetic carbon nanocomposites for wastewater treatment
from dyes and heavy metals are described.
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1. Introduction

Water is the basic resource for life on Earth, and
access to clean water is crucial for humans and
ecosystems. However, in recent decades, water quality has
been adversely affected by continuous population growth,
rapid industrialization, increasing urbanization, and
careless use of natural resources.'” Excessive discharges
of untreated wastewater from non-ferrous metal-based
industries, and wastewater containing dyes from the
textile, pulp and paper, fertilizer, paint, and pigment
industries are among the main sources of water pollution.

It should be added that about 10,000 different
commercial dyes and pigments are used in industrial
production.® This requires the search for and development
of certain universal approaches to wastewater treatment in
such industries. Heavy metal ions are very dangerous
because of their toxic and carcinogenic effects. Some of
them, such as lead (Pb), arsenic (As), mercury (Hg),
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chromium (Cr), especially hexavalent chromium, nickel
(Ni), barium (Ba), cadmium (Cd), cobalt (Co), vanadium
(V), etc., are particularly dangerous and show toxicity
even at extremely low concentrations (in the ppb range).’
Also, some metal ions are not biodegradable or
biotransformable and thus persist and accumulate in the
environment for a long time.

This study aimed to systematize the data obtained
by various researchers in recent years on the synthesis and
effectiveness of magnetically sensitive carbon composites
for wastewater treatment from pollutants such as dyes and
heavy metal ions.

2. Characterization of Methods for
Removing Heavy Metals and Dyes
from Wastewater

Wastewater treatment typically requires a combi-
nation of physical, chemical and biochemical treatment.
These methods include adsorption, chemical precipitation,
membrane filtration, ion exchange, electrolysis, coagu-
lation, solvent extraction, reverse osmosis, electrocoa-
gulation, etc. A brief list of methods for removing
pollutants from wastewater, as well as their advantages
and disadvantages are given in Table 1.

As shown in Table 1, most of these methods have
their advantages and limitations. The main disadvantages
are incomplete removal of contaminants, low selectivity,
high reagent and chemical requirements, high energy
consumption, and the generation of other toxic wastes.
Another factor that negatively affects even effective
purification methods is the high cost of their application.
Since the magnetically sensitive carbon composites we
consider in this article are most often used as adsorbents
for various types of pollution, the following analysis will
focus on adsorption processes.

Adsorption processes are attractive approaches to
wastewater treatment, particularly because the adsorbent is
inexpensive, does not require pre-treatment before use, and is
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easy to regenerate. Adsorption, despite the problems asso-
ciated with adsorbent disposal and additional pollution from
adsorbents, is an efficient and simple process that has low
operating costs, and high removal capacity. It is easy to imp-
lement and relatively free of undesirable by-products.”'""?
Adsorption processes are attractive approaches to
wastewater treatment, particularly because the adsorbent

is inexpensive, does not require pre-treatment before use,
and is easy to regenerate. Adsorption, despite the
problems associated with adsorbent disposal and addi-
tional pollution from adsorbents, is an efficient and simple
process that has low operating costs, and high removal
capacity. It is easy to impllzement and relatively free of

undesirable by-products.”""

Table 1. Methods of dye and heavy metal removal, their advantages and disadvantages.®"

Methods Advantages Disadvantages
Physical . High sorption capacity, wide pH range, High cgst of adsorbent, difficult
Adsorption i . . separation, small surface area, low
ease of use, flexibility and simple design ..
selectivity
Effective for all types of dyes, high Sludge production, only suitable for
Membrane filtration separation selectivity, low space small cleaning volumes, high
requirement, low pressure maintenance and operating costs
Nanofiltration High s.eparatlf)n gfﬁmency, ease of Complexity of operation
operation, reliability
No sorbent loss, material regeneration, High COSt.’ IOW. efﬁmepcy for dispersed
Ion exchange . dyes, availability for limited number
selectivity .
of metal ions
Coagulation and . Sludge producpon, post coagulation
. Cost-effective treatment requirements, €.g.
flocculation . . .
flocculation, chemical requirements
Electroflotation and Selectivity to metal ions, no use of High current density requirements,
electrocoagulation chemicals, efficiency high operating and capital costs
High operating costs due to energy
Electrodialysis Increased selectivity consumption and membrane
contamination
Chemical , Effective decolouration, low cost of .
Fenton's reagents Sludge production
reagents
Ozonation Effective discolouration High operating costs
. Simultaneous removal of metals and Production of toxic by-products,
Photocatalysis . . . . .
organic pollutants, low operating costs duration of purification
Adsorption Strong chemical bonds Agglomeration, low permeability and
poor mass transfer
Chemical deposition Low CF)St’ environmentally friendly Production of large amounts of sludge
operation
Biological Aerobic degradation Low operating costs, effective for azo dye SloW process, neeq for a favourable
removal environment for microbial growth
. . Simple operation, low operating costs, High dependence on environmental
Biosorption . . . . ..
high efficiency, biosorbent regeneration conditions

Adsorbents traditionally used for water treatment
include activated carbon (AC), clay minerals, silica gel,
and zeolites. However, due to their high production costs,
the focus of researchers has shifted to environmentally
friendly materials, including biomaterials. The most
promising adsorbent is AC. It has high adsorption
efficiency, large specific surface area and volume, and
high surface reactivity."*"*

Modern industrial adsorbents are typically used in
two forms: granular and powder. Granular adsorbents
have the advantage that they are easy to load into
adsorption columns and do not need to be separated from
the solution. However, the large particle size results in

reduced kinetic properties of such adsorbents, and the
granulation process not only negatively affects the
adsorption properties, but also increases the cost of the
adsorbent itself. In this regard, powder adsorbents look
more promising. In this case, a new problem arises:
separation of adsorbent from solution. Due to its small
particle size and density, which is comparable to the
density of water, it is difficult to separate the powder
adsorbent by settling. In such cases, a filtering process is
used, but this is a quite slow process. Moreover, the filters
become clogged and some of the adsorbent is lost. One
way out of this situation is the synthesis of magnetically
sensitive adsorbents that can be easily separated from the
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aqueous medium by magnetic separation, while the
adsorption capacity of such adsorbents remains at a high
level. First of all, such adsorbents are suitable for
wastewater treatment of heavy metal ions and dyes.”'>"¢

3. Magnetically Sensitive Adsorbents
and Methods of Their Synthesis

Magnetic separation is based on the fact that
magnetic nanoparticles can be manipulated by an external
magnetic field gradient. To achieve effective magnetic
separation of micrometric or nanoscale materials from a
viscous medium, the magnetic force generated by the
external magnetic field must overcome the resistive force
associated with the supporting fluid. Larger magnetic
particles have a higher magnetic susceptibility, which
results in higher extraction rates from the aqueous
medium. In other words, larger particles are more effec-
tive for magnetic separation. However, for adsorption
applications, smaller magnetic particles (nanoparticles) or
nanocomposites with a certain content of magnetically
sensitive nanoparticles in a porous matrix are preferred
due to their high surface area-to-volume ratio.'”'*

Magnetic nanocomposites have attracted increasing
attention in recent decades for use as sorbents in water
treatment processes.'”> Magnetic nanocomposites are
multi-phase materials in which at least one of the
constituent phases is a magnetic nanoparticle. In general, a
magnetic nanocomposite is prepared by embedding
magnetic nanoparticles into various materials such as
polymers, silica, and carbon,24 which are called matrices.
Nanocomposites can combine the advantages of two or
more materials with different physical and chemical
properties, making them promising for use in many
processes, including water and wastewater treatment.”>°

The most common metallic nanoparticles used to
prepare magnetic materials are nickel, cobalt, and iron.””
¥ Nevertheless, iron compounds are commonly utilized
due to their low cost and magnetic characteristics.
Siddiqui e al.*” have reviewed the main sources of iron
and they comprise ferrous sulfate FeSO,, ferric nitrate
Fe(NOs)s, ferric oxide Fe,Os, ferrous ferric oxide Fe;Oy,
ferric chloride FeCls and iron ores like magnetite and
maghemite. As mentioned by Meng et al.,” the iron
compounds display numerous advantages: they can be
used to modify supports at low temperatures (around
180 °C), they have low toxicity for ecosystems and human
health thus being safe and environmentally friendly, and
they also offer physical stability to supports and good
magnetic performance. These characteristics can be
exploited in water purification and treatment.

Magnetic nanoparticles can be incorporated into
inorganic or organic matrices,’ > depending on the
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characteristics of the material used.” For example,
magnetic nanoparticles can be coated by a coating agent,
e.g. silica, or dispersed in the pores of a carbonaceous
material, e.g. activated carbon.”* Fig. 1 illustrates the
structure of some typical magnetic nanocomposites. In
some cases, to obtain higher stability, magnetic nano-
particles or magnetic nanoparticles matrix can be
functionalized. In many works, functionalization is
performed by the insertion of amino groups.*™!

Magnetic core

&

Activated carbon

Carbon shell

Fig. 1. Typical iron-based magnetic nanocomposites
that can be synthesized by embedding magnetic nanoparticles
in various carbon materials®

Different approaches to the preparation of magnetic
nanocomposites are described in the literature. The core-
shell ~structure nanocomposites are prepared by
encapsulating the magnetic nanoparticles in a matrix, that
acts as a coating for the magnetic core.”* Alternatively,
core-shell type nanocomposites can be prepared via layer-
by-layer coating, in which the magnetic nanoparticles are
functionalized and subsequently coated.** For non-core-
shell structure nanocomposites, the most used technique is
the mixing of magnetic nanoparticles with the matrix
under the influence of sonication to prevent aggregation.
The magnetic nanoparticles can be synthesized separately
and then mixed with the matrix or synthesized together
with the matrix.*>*

3.1. Synthesis of Carbon-Based Magnetic
Adsorbents

Several methods have been used to synthesize
magnetic carbon nanocomposites, and practically each
synthesis route applies more than two stages for obtaining
the final material. Synthesis technologies may differ
depending on the carbon source nature, but all approaches
generally include impregnation with iron salts and
chemical co-precipitation of iron oxide nanoparticles.

Generally, various stages are necessary to produce
magnetic activated carbon and biochar (BC). First, the
carbonization of a precursor is required, and it can be
performed by traditional pyrolysis or hydrothermal
method. In the second stage, the impregnation with iron
phases in a liquid phase is performed to modify AC or
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BC. Alternatively, the iron salts can be mixed with a
carbon precursor and then the carbonization step is carried
out.*

In the direct synthesis, an impregnation stage is
required, where the support precursor (e.g., lignocellulosic
biomass) is mixed with iron salts or iron phases. Then, the
pyrolysis or hydrothermal stage is performed to obtain
magnetic BC or hydrochar (HC). Otherwise, the first stage
of an indirect synthesis is the precursor carbonization,
and, once BC or HC has been obtained, the second stage
consists of carbon-based material impregnation with a

DIRECT Conditioning

SYNTHESIS of ?recu.rsor w1tl‘1 iron salts
(biomass) or iron ores
INDIRECT i
SYNTHESIS P
(biomass)

Hydrothermal
procedure

Impregnation
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magnetic phase of iron oxides to obtain magnetic BC or
HC. These procedures are illustrated in Fig. 2.

The direct synthesis of magnetic AC involves the
addition of chemicals at the impregnation stage and
activation at the subsequent carbonization stage by
hydrothermal treatment or pyrolysis, as shown in Fig. 3.
Note that the production of magnetic AC by indirect
synthesis depends on the activation step, which can be
performed after carbonization by chemical and/or physical
means, followed by impregnation to incorporate magnetic
species.

Production of
magnetic BC

Pyrolysis
procedure

Production of
magnetic HC

Hydrothermal
procedure

Production of
magnetic BC

Impregnation with
magnetic iron
oxides previously
synthesized

Production of
magnetic HC

Fig. 2. General steps for the preparation of magnetic hydrochar (HC)
and magnetic biochar (BC) by direct or indirect synthesis*’

‘Addition of
reagents

for chemical
activation

(acids, bases
and so on)

Impregnation
with iron salts
or iron ores

Conditioning
of precursor

DIRECT
SYNTHESIS

INDIRECT Conditioning
SYNTHESIS of precursor

Production of
magnetic AC

Production of
magnetic AC

Hydrothermal
procedure

Impregnation with
magnetic iron oxides
previously synthesized

Production of
magnetic AC

Chemical
activation

Physical Impregnation with Production of
activation mag'neuc iron oxu:‘les magnetic AC
previously synthesized

Fig. 3. General steps for the preparation of magnetic activated carbon (AC) by direct or indirect synthesis."’
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A relevant advantage of the synthesis of AC, HC,
and BC, as carbon-based supports, is the use of low-cost
raw materials as precursors. In this sense, researchers have
prepared AC and BC using biomass sources with non-
commercial value like rice husks,™ pineapple crown leaf
waste,” pistachio shells,” pomelo peels,” beet pulp and
corn sl:alks,5 2 and many others. Also, alternative carbon
sources like industrial and urban residues (e.g., Tetra
pack, PET bottles, and tires) can be utilized to obtain these
carbon supports.”> Once the precursor for the carbon
matrix preparation has been selected and acondicionated
(this stage generally includes washing, particle size
reduction, and pretreatment), the carbonization stage is the
next step. Note that several methods can be chosen for
biomass carbonization, the most common of which are
pyrolysis and hydrothermal carbonization.

Pyrolysis involves the formation of a low-
developed porous solid matrix (usually called a char),
where the precursor is submitted to a thermal treatment
without oxygen at temperatures from 500 to 1000 °C.>**’
This char can be also obtained via thermal treatment under
the presence of oxygen, and this process is commonly
referred as carbonization.”™” For BC and char production,
pyrolysis or carbonization is the only stage employed in
the preparation route, but an additional activation stage is
needed to obtain AC, which can involve the use of
different (physical or chemical) reagents. For example,
carbon dioxide or water vapor at a temperature of 600-
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1200 °C are typical physical activators that cause the
formation of the AC well-developed porous structure.”™

On the other hand, hydrothermal carbonization
(HTC) is the thermochemical conversion process that
transforms biomass under the presence of pressurized
water (at subcritical conditions) into a carbon-based
material usually referred as HC (i.e., hydrochar).” This
process is regarded as a green route to prepare new
materials from biomasses and other feedstocks in a closed
reactor or autoclave under the presence of water at low
temperatures (150-250 °C). Compared to traditional heat
treatment, HTC has a number of advantages, as it not only
helps to generate a surface rich in functional groups but
also involves reduced energy consumption and low cost.
Raw HC obtained at common operating conditions has a
low specific surface area (<100 m%g), but contains a
significant amount of oxygenated functionalities if water
is the reaction medium to prepare this adsorbent.’**'** For
example, Cai er al® reported the preparation of a
magnetic BC for chromium adsorption using peanut
shells, deionized water, hexamethylenediamine, and
FeCl;-6H,O. The adsorbent was obtained via HTC at
220 °C for 12 h. The maximum adsorption capacity of this
magnetic material was 142.86 mg/g and could be reused
in 3 removal cycles. Fig. 4 illustrates the methodology
used to produce magnetic BC from peanut shells.”” Note
that HC with high surface area and porosity can be
prepared if a postactivation step is performed.

OH  y-Fey
O H
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Crushing l T '
1 —— Hydrothermal _a& LI
L _ e reaction Washing e
' i & Dirvi
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Fig. 4. HTC used to prepare magnetic adsorbents for Cr (VI) removal from aqueous solution.”®
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Herein, it is convenient to highlight that alternative
technologies can be utilized to prepare the carbon-based
support, and they include the application of microwave
and plasma.””® For instance, the main objective of
microwave-assisted pyrolysis is to reduce the preparation
time and to enhance the adsorption properties of the solid
matrix.” In microwave instruments, the precursor
pyrolysis/carbonization and adsorbent activation can be
carried out. This technology ensures a uniform heating
process, which allows the homogenization of the bulk
properties of the final product.”® Microwave power and
radiation time can impact the char textural parameters like
surface area and pore volume.®’

As noted, another important step is impregnation
with magnetic salts to impart magnetic properties to the
BC, AC, or HC. This task can be accomplished with the
help of:

— non-magnetic iron oxides (e.g., hematite and
goethite) or iron salts, which can be mixed with the
carbonaceous precursor before its carbonization in
aqueous solution at a predetermined temperature and time
to ensure its impregnation. The impregnated precursor can
be carbonized to directly obtain the magnetic adsorbents.

— char or AC, which can be mixed with magnetic
salts in an aqueous solution (or chemical synthesis of
magnetic iron oxide using, for example, sol-gel or co-
precipitation methods, or physical mixing of magnetic
iron oxides previously synthesized by thermal decom-
position, chemical reduction, sol-gel or co-precipitation
can be used for impregnation).’

The final magnetic material could acquire different
structural, chemical, and physical characteristics depen-
ding on the preparation conditions. For instance, the
precursor (biomass or other carbon source), temperature,
and impregnation ratio could have a significant impact on
the final adsorbent properties.

During the carbonization process of raw materials
in the presence of iron salts, various processes take place
that lead to the formation of iron oxides and the
development of porosity.®® For example, when FeCl; is
used as an activator, the following transformations take
place depending on the process temperature. The Fe’* jon
is hydrolyzed to Fe(OH); at 350 °C (1). Further heating in
an inert atmosphere leads to dehydration and conversion
of the hydroxide to Fe,O; haematite at 400 °C (2). At
higher temperatures (from 500 °C to 700 °C) Fe,O;
haematite is reduced to Fe;O, magnetite by amorphous
carbon and CO gas (3). By selecting the intensity of the
inert gas jet (e.g., argon) it is possible to ensure
continuous removal of CO and CO, reaction products as
they are formed. Fe;O, magnetite can be further reduced
with amorphous carbon to metallic Fe (4).

Fe'" + 3H, O — Fe(OH);+ 3H"  T<350°C (D

Fe(OH); — FeO(OH) — Fe,0O3  T<400 °C 2)
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3Fe,03+ C(CO) — 2Fe;04 + CO(COy) T
500 °C<T<700 °C 3)
Fe;04+4C — 3Fet4CO1 500 °C<T<700°C  (4)

Several studies’”' have reported that FeCly
additionally promotes pore development in carbonaceous
materials. Unfortunately, the mechanism of FeCls
activation is not well understood. On the other hand, the
two reduction reactions given in equations (3) and (4) may
contribute to the development of pores in magnetic
sorbent samples by converting C to CO and removing
carbon in the form of CO, resulting in certain cavities
within the material structure.

It should be noted that the adsorption capacity of
carbon nanocomposites with Fe;O4 is significantly lower
than that of their non-magnetic forms when recalculated
on the total weight of the adsorbent.*"*”* However, most
of the magnetic adsorbent mass is magnetite, which has
weak sorption properties. Therefore, to assess the "real"
efficiency of carbon adsorbents, the adsorption capacity
was expressed relative to the weight of BC or AC in the
composite.”* In this study, the specific surface area was
75.4 (the relative surface area was 301.6, surface area
before magnetization was 319.1) and 90.6 (the relative
surface area was 362.4, surface area before magnetization
was 544.9) for AC and BC, respectively, i.e. the relative
surface area does not decrease significantly.

4. Adsorption Properties
of Magnetically Sensitive Sorbents
for Heavy Metals and Dyes

As mentioned above, the adsorption separation
process is one of the most widely used technologies in
wastewater treatment due to its ease of operation,
flexibility and high efficiency.”’ Several kinetic and
isothermal models are used to evaluate the adsorbent
efficiency.”” The most commonly used are the equilibrium
isotherms developed by Langmuir and Freundlich and the
Lagerhren equation for kinetic studies, known as pseudo-
first-order and pseudo-second-order.”

Various pollutants, including dyes, heavy metals,
and polycyclic aromatic compounds (PAHs), can be
removed by magnetic sorbents through adsorption,
oxidation, and reduction processes.” Zhang et al.’®
suggested that the heavy metal ions of Cr(VI) were firstly
adsorbed on the surface of magnetic biosorbents derived
from Melia azedarach wood, and eventually reduced to
Cr(Ill) ions. Furthermore, pyrene was oxidized and
degraded by persulfate that was activated by the
composite of Fe;04 supported on bamboo biomass.”’
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Magnetic biosorbents overcome the limitations of
ordinary adsorbents such as high energy consumption of
the separation process (e.g., sedimentation and
filtration).”® Moreover, magnetic biosorbents possess great
potential to apply in large-scale wastewater treatment and
avoid secondary pollution owing to their magnetic
properties. The magnetic biosorbents loaded with pollu-
tants can be easily removed from an aqueous solution and
reused after the desorption of pollutants. Cazetta et al.”
fabricated magnetic coconut shell biosorbents with a
magnetic saturation value of 28.69 emu/g which can be
conveniently removed by an external magnetic field.
However, the removal of contaminants from aqueous
solution by the adsorption process is affected by several
conditions.” The removal efficiency of the pollutants
highly depends on the characteristics of magnetic
biosorbents such as specific surface area, pore structures,
and surface functional groups.

Table 2 represents the results of studies on the
adsorption of dyes and heavy metals by magnetic adsor-
bents of pollutants in the aqueous medium by magnetic
iron nanocomposites derived from biomass published in
scientific articles since 2018. A brief description of the
sorbent, its manufacturing method, magnetization level,
specific surface area, target pollutant, optimal sorption
conditions, maximum adsorption capacity, as well as
isotherms and kinetic models are listed in Table 2. Thus,
the structure-property relationship, adsorption mechanism,
and the influence of synthesis conditions are further
discussed in the following sections for specific types of
pollutants. It can be concluded from Table 2 that in most
studies the Langmuir isotherm model and pseudo-second-
order kinetic model were applied to evaluate the
adsorption process.

4.1. Adsorption of Dyes

The textile industry consumes a total of 700,000
tons of dyes annually.”” As a result, a huge amount of
dyes are discharged into wastewater, causing serious
water pollution.”® Dyes are highly resistant to biological
and photo-degradation which makes them difficult to be
removed from wastewater.”” Most of the dyes block the
penetration of light into the water which affects the
photosynthetic activity of aquatic plants. Besides, the
consumption of toxic and mutagenic molecules of dyes
leads to the damage of organs of humans such as liver and
kidney, as well as central nervous and reproductive
systems.'” Therefore, the removal of cationic and anionic
dyes from wastewater is necessary before discharge into
the environment.

Iron oxide nanoparticles play an important role in
the preparation of magnetic biosorbents. For example, the
FeCl; solution served as a metal precursor and activating
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agent during the synthesis of magnetic activated coconut
shell biosorbents.” The iron oxide nanoparticles
impregnated on the surface of peach gum biosorbents not
only provided magnetic properties but also served as a
cross-linker to bind the peach gum molecules.” The
optimum ratio of iron oxide nanoparticles to biosorbents is
required to achieve excellent adsorption performance. The
ratio of FeCl3-6H,0 to coconut shells of 1:1 achieved the
highest specific surface area of 372 m”/g compared to
ratios of 2:1 and 3:1.” This was attributed to the excess
iron oxide nanoparticles occupying the pores of the
magnetic biosorbents and decreased the pore volume.
Nguyen et al. proposed that the Fe;O, nanoparticles
pomelo peel biosorbents (Fe;04/PPB) with Fe;O4 to PPB
ratio of 5:1 achieved a higher adsorption capacity of
Reactive Red 21 (RR21) compared to Fe;O4/PPB with a
ratio of 6:1.""'

Besides, magnetic biosorbents exhibit a better
adsorption performance than pristine biosorbents due to
their higher specific area, pore volume, and porosity.
Akpomie ef al.'” showed that novel magnetic banana
(Musa acuminate) peels (Fe;O04/BP) possessed a higher
pore volume and mesoporous structure than pristine
biosorbents, which allowed efficient penetration of
bromophenol blue molecules through the pores. CoFe,O4
spinel ferrite nanoparticles rice husk bio-silica
(CoFe,04/RHBS) possessed 5 times higher adsorption
capacity than that of the pristine RHBS due to a higher
specific surface area and more available adsorption
sites.'” The Fe;04/PPB prepared by Nguyen er al.
demonstrated a higher adsorption capacity of RR21 (e.g.,
26.82 mg/g) compared to the original PPB (e.g., 17.23
mg/g)'®". This was due to the presence of Fe;0, inter-
calated between the layers of PPB and led to increasing
heterogeneity, higher surface area, and porosity.

Some common adsorption mechanisms such as
electrostatic interactions and hydrogen bonding occurred
between magnetic biosorbents and dye molecules. The
—OH and —C=0O functional groups on the surface of
Fe;04/BP were the major adsorption sites by forming
hydrogen bonding and electrostatic interactions with
bromophenol blue anionic dyes.'” The adsorption
capacity was enhanced from 6.06 to 8.12 mg/g after the
Fe;0, impregnation ascribed to the positive surface
potential of Fe;O4/BP, which is indicated by the higher
value of pH point of zero charges (pHc). For the removal
of anionic sunset yellow molecules, the adsorption
mechanism was mainly through hydrogen bonding and =-
7 stacking between the magnetic biosorbents and the
aromatic ring of sunset yellow dye molecules.” The
oxygen atoms on the surface of magnetic biosorbents
formed hydrogen bonding with the hydrogen atoms in the
structure of sunset yellow.
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Li et al” indicated magnetic peach gum bead
biosorbents (MPGB) possessed a high selectivity for the
removal of cationic dyes due to the electrostatic attraction
between the negatively charged surface of MPGB and the
positively charged atoms (e.g., N') of methylene blue.
Anionic dyes such as Congo red and methyl orange were
less adsorbed by the MPGB due to electrostatic repulsion.
Similar outcomes were observed by Vahdati-Khajeh et
al.,*" where the cationic methylene blue molecules were
mainly removed through electrostatic interaction from the
carboxylate functional groups on the magnetic biosor-
bents.

The improvement of the physicochemical proper-
ties of carbon materials through the synthesis of
nanocomposites makes it possible to use them to solve the
problem of treating wastewater from dyes. Many studies
have shown that bio-carbon nanocomposites are effective
in removing a wide range of dyes, but methylene blue is
the most commonly used model dye.'**"'%

4.2. Adsorption of Heavy Metals

The toxic metal ions are released into the
environment by the disposal of effluents generated in
industrial activities such as smelting, paint production, and
electroplating.'” The negative impact of toxic element
ions on the environment and humans, as well as their
tendency to bioaccumulate, is of great concern.'™ There-
fore, effective methods of toxic elements removal are
extremely urgent and have attracted interest from
researchers. Table 2 illustrates the adsorption conditions
of some toxic elements in iron-based magnetic nanocom-
posites. Heavy metals are most often selected from the
following list: Pb(Il), Cd(Il), Cu(Il), Cr(Ill), Cr(VI),
Hg(Il), Hg’. In unpolluted natural waters, the
concentrations of Cd(II), Pb(Il) and Zn(II) ions are 0.02-
0.3 ug/l, 1.5-6.5 pg/L and 3-120 pg/L, respectively.
However, in places where industrial effluents are
discharged into rivers, the concentration of these metals
exceeds the maximum allowable concentrations by up to
10 times, resulting in their toxic effect on aquatic biota.

Carbonaceous materials, including activated
carbon, carbon nanotubes and graphene oxide, have been
widely studied for the adsorption of various types of
heavy metals from the environment.'” Kang er al.'"
evaluated the performance of magnetic activated carbon
for Cd(Il) and Pb(Il) removal and the influence of acid
treatment in the adsorption capacity. The results showed
that the maximum adsorption capacities of activated
carbon and activated carbon treated with nitric acid for
Cd(IT) removal were 6.50 and 60.4 mg/g, respectively,
and 11.8 and 99.6 mg/g for Pb(Il), respectively. The
adsorbent capacities increased significantly with nitric
acid treatment; however, there was a reduction in the
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adsorption capacity when activated carbon treated with
nitric acid was combined with magnetic nanoparticles,
49.8 and 86.2 mg/g for Cd(I) and Pb(II), respectively,
attributed to the decrease in the active sites of activated
carbon treated with nitric acid that was occupied by
magnetic nanoparticles, suggesting that for activated
carbon material, the magnetic nanoparticles did not
contribute to the increase in the adsorption capacity of the
nanocomposite, unlike other matrices.

Magnetic carbon nanocomposites with a core-shell
structure were also studied. Huong et al.'"" evaluated the
adsorption capacity Fe;O04@C for As(V). The maximum
adsorption capacity obtained by the Langmuir model was
20.1 mg/g at pH 1-2. The adsorption mechanism occurred
through electrostatic interactions between the functional
groups of the nanocomposite, e.g., -COOH and —OH, and
As(V) ions, which was influenced by the structure
morphology of Fe;04@C. However, the quantity of adsor-
bed As(V) decreases with the increase in carbon content.
This increase caused the encapsulation of magnetic nano-
particles, which impaired the interaction of —OH groups
with arsenic ions. At low pH conditions, the number of H"
ions in the solution increased, and -OH and —COOH
became positively charged -OH," and -COOH,", increa-
sing the adsorption capacity of HAsO, . The same
mechanism has been reported for the adsorption of Cr(VI)
in Fe;04@C, whose maximum capacity of 61.7 mg/g was
obtained at pH 4.0.'"?

Langmuir model was the one that showed the
highest correlation with the experimental data and,
therefore, the most used model to explain the process of
adsorption of toxic elements in magnetic iron-based
nanomaterials. The Langmuir isotherm model assumes
monolayer coverage of adsorbates over a homogenous
adsorbent surface, and after the equilibrium time, the
saturation point is reached, which corresponds to the ma-
ximum of adsorption.”® The experimental data of adsorp-
tion in the magnetic nanocomposites system usually
follow a pseudo-second-order kinetic model, indicating
that the adsorption of the toxic elements is dependent on
the concentration of the adsorbed element in the
nanomaterial, and element concentration in equilibrium.”

The mechanisms by which inorganic species are
adsorbed onto magnetic nanocomposites may involve
multiple interactions. Generally, electrostatic interaction,
surface complexation, ion exchange, precipitation, and
hydrogen bonding might be the primary mechanisms.”
The mechanisms will depend on the chemical form of the
species in solution; a speciation study is important to
propose improvements in the performance of the
adsorbent. Besides, the specific role of each mechanism in
the toxic elements adsorptions varies depending on the
adsorbent properties, such as specific surface area,
functional groups, charges, and the ionic environment of
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the aqueous solution.'” The pH of the solution is one of
the most important factors that affect not only the
speciation of toxic elements but also the surface charge of
the adsorbent material and the complexation behavior of
functional groups.

Thermodynamic studies indicate the nature of the
toxic elements adsorption. The nature of the process
varied according to the matrix used in the nanocomposite.
For example, the adsorption in materials based on
silica,113 chitosan,11 13 graphene oxide, M8 9 nd biocar-
bon from palm oil residue 0 is endothermic, that is, the
amount adsorbed increased with increasing temperature.
On the other hand, cellulose-based materials, the process
is exothermic. The enthalpy values for most materials are
less than 40 kJ/mol, so the toxic elements adsorption in
magnetic nanocomposites could be considered as physical
adsorption.

The type of magnetic nanoparticle used also
appears to be a factor that interferes with the nature of the
process. Similar to dye adsorption, the incorporation of 10
wt% iron oxides nanoparticles in orange peels improved
their adsorption properties. This is explained by an
increase in porosity and specific surface area.*® Altaf et
al” utilized 046 mol/L of Fe(NOs); solution to
synthesize iron oxide nanoparticles as a catalyst to prepare
magnetic waste tea leaves biosorbents (MTLB). The
resultant MTLB had a great improvement in specific
surface area and porous structure attributed to the release
of volatile matters such as nitrogen during pyrolysis.

Moreover, the increment of oxygen content and
surface functional groups in magnetic biosorbents
facilitated the adsorption of heavy metal ions. Nejadshafiee
et al”® modified Fe;0; nanoparticles impregnated on
pistachio shells biosorbents with 1,4-butane sultone
(Fe;04/PS/ C4HgSO;H) to increase the amount of acidic

Methylene blue
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functional groups on the magnetic biosorbents. For
instance, the functional groups of sulfo (-SOs;H) and -OH
on the surface of Fe;04/PS/ C4HgSO;H formed complex
compounds with the heavy metal ions such as Pb(Il),
Cd(Il), and As(Ill). Pipiska er al.'" indicated that the
improved adsorption performance of Co(Il) was because of
the oxygen-containing functional groups and iron oxide
nanoparticles presented on the surface of magnetically
functionalized  Rhytidiadelphus ~ squarrosus ~ moss
biosorbents (MMB). The accumulation of Co(I) was
observed in the regions that are rich in iron and oxygen due
to the electrostatic attractions between oxygen functional
groups on magnetic biosorbents and Co(II).

The Hg” was removed by MTLB due to the
existence of oxygen-rich functional groups (e.g., C=0).”
It served as an active site for Hg’ removal through the
high affinity of Hg" toward oxygen. In another study,
Geng et al. suggested the magnetic Forsythia suspense
leaf powder biosorbent (MFSLBg was effectively to
remove Cr(VI) in wastewater.”” The electrostatic
interactions between the MFSLB and pollutants were
important since the Cr(VI) ions possessed negative
charges. In addition, the force of attraction was highly
controlled by the pH which determined the surface
charges of MFSLB.

Fig. 5. depicts the electrostatic interactions between
heavy metal ions and magnetic biosorbents. To further
improve the adsorption process, Nejadshafiee er al™
conducted the adsorption of Pd(II), Cd(Il), and As(III)
ions assisted by ultrasonic. It demonstrated a higher
adsorption capacity of heavy metal ions compared to
shaker-assisted adsorption. This was attributed to the
enhanced mass transfer during adsorption and thus
increased the affinity between heavy metal ions and
Fe;04/PS/ C4HsSO;H.
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5. Conclusions

The review is devoted to the analysis of the
adsorption treatment of wastewater from heavy metal ions
and dyes using magnetically sensitive carbon-based
nanocomposites. It has been shown that such magnetically
sensitive nanocomposites have great potential for water
treatment technologies due to their fast adsorption kinetics
and high adsorption capacity. From the analysis of the
published literature in recent years, several key points
have been identified regarding the methods of synthesis
and modification of carbon nanocomposites. Firstly, to
synthesize economically attractive nanocomposites, it is
necessary to use waste from the food industry or
agricultural processing as carbon feedstock. Iron salts are
the best choice as activators to promote the formation of a
magnetically sensitive phase in the composite. This choice
is not only economically feasible, but iron salts are also
less toxic to the environment than salts of other ferroma-
gnets. They also provide physical stability of the resulting
magnetic phase in the composite and high values of
specific saturation magnetization. Secondly, the synthesis
of carbon nanocomposites in two or more stages contri-
butes to a significant increase in specific surface area and
specific volume. This significantly increases the
adsorption capacity for various pollutants. The additional
treatment also promotes surface oxidation, and the
formation of additional functional groups such as —OH or
—COOH, which help to increase the efficiency of the
interaction between the nanocomposite surface and the
pollutants.

The influence of pH of the aqueous solution,
adsorbent dose, adsorption time, and temperature on the
adsorption capacity of carbon nanocomposites for diffe-
rent dyes and heavy metal ions is summarized. It has been
shown that a typical model dye is methylene blue, the
adsorption of which has been studied in most of the
articles analyzing dye wastewater treatment. It has been
found that as the dose of adsorbent increases, the adsorp-
tion capacity decreases due to an excess of active adsorp-
tion centers. On the other hand, an increase in the initial
concentration of the adsorbate in the solution and an
increase in the contact time between the adsorbate and the
adsorbent until equilibrium is reached contribute to an inc-
rease in the adsorption capacity. The effect of temperature
on adsorption capacity depends on the nature of the
adsorption process (exothermic or endothermic adsorp-
tion). It has been shown that the nature of the adsorption
process is determined by the type of precursor used to
synthesize the carbon matrix of the nanocomposite.

In general, such properties show the prospects for
further development and improvement of magnetically
sensitive nanocomposites to obtain commercial products
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and their implementation in real schemes of wastewater
treatment from heavy metal ions and dyes.

Abbreviations

AC Activated carbon

BC Biochar

HC Hydrochar

PET  Polyethylene terephthalate

HTC  Hydrothermal carbonization
PAH  Polycyclic aromatic hydrocarbon
nZVI  Nano zero-valent iron

PPB  Pomelo peel biosorbent

BP Banana peels

RHBS Rice husk bio-silica

RR21 Reactive Red 21

MPGB Magnetic peach gum bead biosorbent

MTLB Magnetic waste tea leaves biosorbents

PS Pistachio shells

MMB Magnetically functionalized moss biosorbents
MFSLB Forsythia suspense leaf powder biosorbent
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MATHITOYYTJIMBI HAHOKOMIIO3UTH
HA BYIJIELIEBI OCHOBI JIJ151 OUMIIIEHHSA
CTIYHUX BO/ BIJIl BAPBHUKIB I BA)KKHUX
METAJIIB: OI'JISAL

Anomauyin. Ilpoananizogano memoou OYUWEHHSI CMEYHUX
600 IO IOHI6 BAJICKUX Memanié i OAPEHUKIE, NOKA3AHO KIOYOBI
nepesazu NOPOWKOBUX MASHIMOWYMIUBUX BY2NeYeguUx HAHOKOMNO-
3umig K aocopbenmie. Pozensimymo memoou eubopy ma nioeo-
MOBKU CUPOBUHU Ul AKMUBAMOPIE OISl CUHME3Y MAKUX HAHOKOM-
NO3UMi6, NPOAHANIZ308AHO MEMOOUKU CUHME3Y HAHOKOMNOSUMIS.
Onucano eracmueocmi, MOOENO8aHHs KiHemuKu i i3omepm ao-
copbyii, eghekmusHicmb  3ACMOCYBAHHS.  MASHIMHUX Y 2lleYeBUX
HAHOKOMRO3UMIG OJisl OYUWEHHs CMIYHUX 600 6i0 OAPEHUKIE |
BACKUX MEMAIIB.

Knrouoei cnosa: aocopbyis, eyaneyesuil HAHOKOMRO3UM,
MASHIMOYYMAUGULL A0COPOEHm, OYUWEHHS. CMIEYHUX 800, BAICKI
Memanu, 6apeHUK.



