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Abstract: The indiscriminate disposal of non-biodegradable, heavy metal ionic pollutants from
various sources, such as refineries, pulp industries, lead batteries, dyes, and other industrial effluents,
into the aquatic environment is highly dangerous to the human health as well as to the environment.
Among other heavy metals, lead (Pb(II)) ions are some of the most toxic pollutants generated from
both anthropogenic and natural sources in very large amounts. Adsorption is the simplest, efficient
and economic water decontamination technology. Hence, nanoadsorbents are a major focus of
current research for the effective and selective removal of Pb(II) metal ions from aqueous solution.
Nanoadsorbents based on graphene and its derivatives play a major role in the effective removal
of toxic Pb(II) metal ions. This paper summarizes the applicability of graphene and functionalized
graphene-based composite materials as Pb(II) ions adsorbent from aqueous solutions. In addition,
the synthetic routes, adsorption process, conditions, as well as kinetic studies have been reviewed.

Keywords: graphene oxide; nanoadsorbents; lead adsorption; graphene functionalization; composite;
magnetite; removal efficiency

Highlights

• Contaminated waste water is one of the most serious risks for living organisms as well as to
the environment.

• Nanotechnology offers best expectations over traditional technologies for wastewater treatment.
• Adsorption technology is the phenomenon of adhesion of solid substances onto the surface

of adsorbent.
• Graphene-based nanoadsorbents exhibited a great potential towards effective removal of lead

ions from aqueous solution.
• Graphene preparation, characterization, and applications of graphic-based composites for the

removal of lead ions from aqueous solution have been discussed.

1. Background

Water decontamination is one of the most serious challenges among scientists globally due to the
increasing population, pollution, and global warming [1–5]. Wastewater from developing industries,
such as chemical manufacturing, metallurgical, battery manufacturing, papermaking, and mining
industries produce a very large amount of various toxic pollutants in the form of heavy metal ions [6–9].
Excess heavy metal ions concentration in wastewater is a serious risk to public health as well as to other
living organisms on Earth [10–12]. These toxic heavy metal pollutants are widely found in the Earth’s
crust which tends to bioaccumulate in living organisms; they are non-biodegradable, which can cause
various diseases, genetic disorders, and lethal ecological effects [12–15]. Heavy metal ions in aqueous
media pose several toxic threats to the human health as well as to the other living organisms even at low
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concentrations. As per the regulatory system of the WHO (World Health Organization), the permissible
concentration of Pb(II) (Lead (II)) in wastewater is approximately 0.01mg/L [16–18]. Moreover, the
excess exposure of Pb(II) can lead to irreversible brain damage, cardiovascular disease, cognitive
impairment, encephalopathy disease symptoms and even death [19–22]. Pb(II) is also extremely toxic
to the nervous system, kidneys, and may lead to a wide range of human health issues such as nausea,
anemia, infertility, coma, convulsions, hemochromatosis, renal failure, cancer, adverse effects on the
metabolism and intelligence, and dermatitis brass chills, and cramps in the calves [12,14,23–27].

The current tight regulatory systems do not allow the release of heavy metal ions-contaminated
wastewaters into the environment and require the removal of all toxic pollutants before discharging.
Therefore, the development of efficient and economical novel materials and technologies for the
effective removal of metal ion pollutants are required. Several traditional techniques have been used
for the removal of heavy metal ions from aqueous medium, including reverse osmosis, precipitation,
biosorption, ion-exchange, electrochemical processes, membrane filtration, irradiation, coagulation,
and adsorption [28–40]. Table 1 lists the techniques used for Pb(II) ions removal from the wastewaters.
The main disadvantages of conventional techniques include high cost, metallic sludge generation,
incomplete removal, and disposal of secondary waste. Therefore, a cost effective, potential and
convenient decontamination technology for wastewater treatment is highly desirable. The high
efficiency, cost-effective, and simple operation makes adsorption technology one of the most promising
technology for the effective removal of the heavy metal ions from the aqueous solution which adsorb
metallic ions at solid-liquid interfaces [41–49]. On the other hand, adsorption technology has several
challenges, such as selective recovery and reuse of valuable adsorbents and pollutants in the presence
of humic substances [50,51]. Adsorbents developed with favorable structures, morphologies, superior
adsorption capacities, and ease of separation are a major focus of the current research [26,52–60].
Recently, the development of nanotechnology has attracted considerable attention due to the remarkable
potential of the nanoadsorbents for the selective and effective removal of ionic pollutants from aqueous
solution when compared with the traditional adsorbents [13,33,61–66]. The nanoadsorbents play
a major role in the separation of heavy metal ions because they are effective sorbents due to their
unique structural properties and specific adsorption tendency. Nanoadsorbents have several unique
advantages over conventional adsorbents due to their large specific surface area to volume ratio,
tunable pore size, regeneration, reusability etc. [33,56,67–71].

Table 1. Techniques characteristics used for Pb(II) removal.

Techniques Materials used Advantages Disadvantages Ref.

Adsorption

Natural adsorbents, Carbon
based hybrid adsorbents such as

carbon nanotubes, graphene,
activated carbon etc.

Simple, cost effective, efficient,
reversible, environment

friendly.

Expensive, low selectivity,
time consuming, difficult

sludge separation etc.
[47,72,73]

Solvent Extraction
Extractants, such as sodium
succinate, lauryl ammonium

compounds etc.

Efficient at higher
concentration, better recovery

of metals etc.

Complex, require continuous
energy consumption, need
chemicals, inappropriate

efficiency etc.

[74,75]

Ion Exchange

Organic-inorganic or hybrid ion
exchanger as –SO3H and

–COOH based resin,
salicylic-melamine-formaldehyde

resin etc.

Simple operation, high
treatment capacity, high

efficiency, fast kinetics, able to
clean up to ppb level etc.

Expensive, need diluted
medium, highly sensitive to
pH changes, difficult resin

regeneration etc.

[18,76–78]

Membrane
Filtration

Polymer, carbon-based materials
embedded into polymers/
ceramics lead-imprinted

materials, etc. are used for
membrane preparation

No use of chemicals, ease of
operation, hybrid membranes

combines separation and
adsorption etc.

Expensive, susceptible to
fouling, continuous energy

consumption, high pressure,
need diluted medium, Low
level of water permeation.

[79–87]

Chemical
Precipitation

Precipitating agents as lime,
pyrite, sulfides, chelating agents.

Efficiently able to clean up to
ppm level, selective metal
precipitation is possible.

Complex, require toxic and
corrosive chemicals, cost

effective, difficult disposal of
sludge, largely effected by pH

change, nonselective,

[9,88–90]
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Table 1. Cont.

Techniques Materials used Advantages Disadvantages Ref.

Reverse Osmosis Semi-permeable membranes Able to remove most of the
pollutants

Complex, nonselective,
continuous energy input, plug
fouling, Low efficiency, Slow

removal rate.

[91]

Electro-chemical
Specific electrode materials,

hybrid electrodes, coated
electrode etc.

Highly specific, able to
remove suspended solids,

dissolved metals.

High cost electrode required,
need continuous energy input,
higher cost, highly sensitive to

pH changes.

[92–95]

Carbon (carbon nanotubes (CNTs), fullerenes, graphene, and graphene derivatives) based
adsorbent materials are being used for the effective removal of the heavy metal ions because of their
extraordinary high surface area to volume ratio and light weight as compared to other materials [66,96,
97]. Currently, adsorbents based on the carbon nanotubes [98,99], activated carbon [100–105], graphene/

graphene oxide (GO) [60,67,106–117], graphene magnetite’s [118–123] polymeric adsorbents [124–132]
and other type of adsorbents [133–137] have attracted substantial attention for the removal of heavy
metal ions from the wastewaters. Carbon nanotubes have significant adsorption capacities for the
effective removal of heavy metal ions from aqueous solutions as compared to non-functionalized and
activated carbon-based adsorbents [99,138–142]. Although, carbon nanotubes-based materials are the
promising adsorbents but their high cost and lower availability, limit the large-scale applications as
adsorbents. In addition to this, water permeation through CNTs membranes is a major concern which
is still unclear even after both the experimentally and molecular dynamic studies. Therefore, economic,
readily available, and effective adsorbents are the prime concern of the 21st century for the effective
removal of heavy metal ions from wastewaters. Although, the presence of humic substances has strong
complexation binding ability with metal ions because of their abundant oxygen-containing functional
groups, yet graphene-based adsorbents have been proven the best substituents for the removal of
heavy metal ions from aqueous medium [66,67,143]. Therefore, the adsorption behavior of heavy metal
ions onto the surface of graphene-based nanoadsorbents is the chief concern of this study.

Graphene, a flat, single-atom thick sheet of sp2-hybridized carbon atoms with a two-dimensional
honeycomb densely packed lattice arrangement, is an essential non-classical carbon adsorbent [144].
Graphene has a variety of real-time applications because of its extraordinary excellent thermal,
mechanical and electrical properties [145]. Graphene is considered a promising material for the
comprehensive adsorption of wide variety of pollutants from aqueous systems owing to its theoretically
large specific surface area to volume ratio (≈2675m2/g), high Young’s Modulus (1.06 × 103 Gegapascals)
and high thermal conductivity (3 × 103 Watt per meter kelvin) [113,146]. The wet chemical redox
process is one of the most effective method for the production of graphene from graphite, where GO is
an intermediate with a high density of negatively-charged reactive functional groups, viz. hydroxyl,
carboxylic, and epoxy groups [147–149]. The presence of several functional groups makes GO soluble
in polar and non-polar solvents as the oxygen functionality makes GO hydrophilic and the graphene
domain makes GO hydrophobic. All the functional groups present on the edges and on the basal plane
of GO play an important role in the heavy metal ions removal process [150]. Therefore, GO could
be the best potential scavenger for the effective removal of cationic pollutants through electrostatic
interactions between the positively-charged pollutants and negatively-charged functional groups of
GO [27,151]. The relative high surface area, surface functionality, and better conductivity of graphene
sheets play a key role in the better adsorption of several heavy metal ions through the preconcentration
of aqueous medium [67,144]. Nair et al. reported that a few layered thick GO sheet membrane
can completely block the passage of pollutants in the form of liquids and gases in a dry state while
facilitating the permeation of water vapors [152]. On the other hand, aggregation, which is a major
disadvantage of graphene layers, could be prevented partially through its composite formation [41,153].
In addition, composite formation may impart enhanced efficiency for the removal of heavy metal ions
from wastewater due to the synergistic effects of the materials used. Electrosorption, a simple, novel,
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ecofriendly and recently attractive heavy metal ions adsorption technique which does not requires
toxic or non-toxic chemicals and involves ideal nanostructured materials with a high surface area
(such as activated carbon, carbon nanotubes, and carbon aerogels) onto which an external electric field
is applied to remove metal ions from aqueous solutions [93,154–157]. Hence, this review includes
various surface modification approaches and post synthesis, assembly steps, which will enable the
exploitation of GO as a novel adsorbent material for cost effective water purification and the removal
of heavy metals through graphene and its composites, which may be helpful in the purification of
potable and safe drinking water as well as the removal of heavy metal ions from wastewaters and to
clean up the environmental problems.

2. Removal of Lead

Pb(II) is one of the most useful heavy metal with wide spectrum applications worldwide. On the
other hand, the presence of Pb(II) in aqueous system is a major threat to mankind as well as to the
ecosystem owing to its high toxicity. Therefore, removal of Pb(II) ions from the wastewater aqueous
system is quite essential to diminish the toxic threats. An adsorption process is largely dependent on the
surface area and pore size of the adsorbents, whereas, the adsorption of metal ions is based on chemical
adsorption onto specific adsorption sites, i.e., adsorption capacity of an adsorbent increases with the
increase of its functional groups [158,159]. Graphene is thanked to have several active functional groups
such as carboxylic, hydroxyl, and epoxy functional groups acting as better adsorption sites [160–163].
Hence, graphene and graphene derivatives due to their easy preparation, surface modifications, bulk
availability and high adsorption capacities have been extensively studied for the removal of Pb(II)
ions from aqueous system. Graphene based nanoadsorbents preparation, characterization and their
applications for the removal of Pb(II) ions from aqueous medium as well as adsorption process and
kinetic studies have been reviewed.

2.1. Removal of lead using functionalized GO/ RGO/ GO-aerogel

An adduct of GO and EDTA, was prepared using silylation by reacting N-(trimethoxysilylpropyl)
ethyledinediamine triacetic acid (EDTA-silane) with the -OH functionality of the GO layers [164].
Hummer’s and Offeman’s modified double stage oxidation process was used to produce GO. In the first
preoxidized step, natural graphite was treated with potassium persulfate and phosphorous pentaoxide
in sulfuric acid followed by the oxidation with potassium permanganate, conc. sulfuric acid and
hydrogen peroxide. GO was filtered and washed with 0.1 M HCl and deionized water. Resulting GO
was then reacted through silylation process with EDTA-silane and was filtered followed by repeatedly
washing with methanol and water. For comparison, a reduced GO adduct, EDTA-RGO black was
prepared by direct thermal reduction treatment at 300 ◦C for 30 min. Adsorption isotherms analysis
was performed in a plastic vial using 10 mg or 25 mg adsorbent to a 100 or 200 mL solution of Pb(II)
ions at room temperature. It is evident that the adsorption of positively-charged metal ions depend
on the charge present on the surface of the adsorbents as functionalities [165,166]. Zeta potential
of the adsorbents at different pH was determined using Nano-ZS, Zeta Sizer and correlated with
the adsorption of Pb(II) ions. At a particular pH, more negative zeta potential indicated the highest
carboxylic and hydroxyl functionalities on the surface of EDTA-GO and GO adsorbents than activated
carbon and EDTA-RGO was found to be consistent with Boehm’s titration results [167–170].

The enhanced adsorption for Pb(II) ions from the aqueous solution was observed with an
EDTA-GO adduct (Figure 1) when compared with GO and EDTA-RGO adduct. The maximum
adsorption capacities of the EDTA-GO adduct and GO for Pb(II) were found to be 479±46 and
328±39mg/g, respectively, which were greater than those of oxidized carbon nanotubes and activated
carbon-based adsorbents [164]. The superior performance of EDTA-GO was correlated with the
chelating characteristics of EDTA with functionalized graphene sheets. Mainly two adsorption process
were considered to be responsible for the improved efficiency of removal of Pb(II) ions with the
EDTA-GO adduct, i.e., the ion-exchange reaction process (Scheme 1) between Pb(II) and carboxylic
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and hydroxyl functional groups responsible for chelate complex formation between Pb(II) and EDTA
onto the GO surface, as shown below.
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The second adsorption mechanism involves the stable complex formation of EDTA with Pb(II)
ions for the complete removal of Pb(II) ions from aqueous solution (Scheme 2). After adsorption,
Pb(II) equilibrium concentration reached lower than food and drug administration drinking water
concentration i.e < 10ppm. Higher adsorption capacity was attributed with the higher stability constant
(Log K≈18.0) of Pb(II)-EDTA complex. Langmuir and Freundlich adsorption isotherms exhibited
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good agreement with the experimental data having a correlation coefficient (R2) 0.975 and 0.933 at pH
6.8 respectively. The adsorption phenomenon rate for Pb(II) ions onto the surface of EDTA-GO was
found to be pH dependent. It was noted that as pH of the aqueous medium increased from 5.0 to 8.0,
adsorption capacity of EDTA-GO also increased due to chelate formation of Pb(II) with the hydroxyl,
carboxylic functional groups of GO and EDTA. Low adsorption at high acidic medium was attributed
due to neutralization of COO− and O− surface charges and relative competition between proton and
Pb(II) ions. Lower zeta potential until pH 8.0 indicated that there were enough negative charge density
to provide the strong electrostatic attraction between adsorbent’s functional group and Pb(II) ions.
However, as the pH of the medium increased from 8.0, zeta potential rise indicated that negative charge
density decreased and Pb(II) ions hydrolzse to give Pb(OH)+, Pb(OH)2, [Pb(OH)3]−, [Pb3(OH)4]2+

[Pb2(OH)2]2+ [Pb6(OH)8]4+ and [Pb4(OH)4]4+ [171–173]. As it is desirable to have appropriate both the
adsorption and desorption capacities to be an economical and ideal adsorbent, desorption experiments
at different pH were carried out using Pb(II) pretreated EDTA-GO to determine desorption capacity.
Desorption rate of Pb(II) was found to be maximum in acidic medium as consistent with zeta potential
indicated that at lower pH, neutralization of functional groups leads to the competition between proton
and Pb(II) ions adsorption [174]. Atomic absorption spectroscopy results were found to be in good
agreement indicated that Pb(II) ions could be repeatedly desorbed from EDTA-GO adsorbent even
after 10 cycles.

Varadwaj et al. prepared Mg-Al-layered double hydroxide and partially reduced GO (LDH/pRGO)
nanocomposites by a two-step process, resulting a three-dimensional highly porous nanocomposite
adsorbent [174]. GO nanosheets were obtained using the modified Hummer’s method and in
situ homogeneously LDH nanosheets were grown onto the surface of GO by a crystallization and
facile supersaturation coprecipitation technique at pH 10 [175]. Typically, a mixed metal solution
of Mg(NO)3.6H2O and Al(NO3)3.9H2O and alkaline solution of Na2CO3 and NaOH were added
dropwise simultaneously to GO ultrasonicated solution at 10 pH. After the stipulated period of time,
precipitate was filtered and washed with deionized water and dried at 100 ◦C for 24 h. It was supposed
that Mg2+ and Al3+ ions form coordination complexes with the carboxylic, hydroxyl and carbonyl
functional groups of GO upon simultaneous alkaline precipitating agents and weakened the C=O str.
absorption peak in FT-IR (Fourier transform infrared spectroscopy) spectrum at 1729 cm−1 indicating
the partial reduction of GO in Mg-Al-LDH/pRGO composite and was in consistent with 0.65 nm
shifting of (001) basal spacing X-ray diffraction peak. Disappearance of pRGO diffraction peaks from
Mg-Al-LDH-pRGo composite exhibited the complete exfoliation of pRGO sheets. Further, GO and
Mg-Al-LDH/pRGO were exploited under nitrogen adsorption-desorption studies which revealed that
meso-porous structural morphology related to narrow slit-like pores for GO and interconnected pore
network for Mg-Al-LDH/pRGO composite. BET (Brunauer-Emmett-Teller) surface area, pore volume
and pore size indicated increasing trend as the metal ion concentration of LDH increases. An increase
surface area with crosslinked network is supposed to offer more active sites for better metal ions
adsorption from the aqueous solution.

Figure 2 presents pH based adsorption efficiency for Pb(II) for 24 h contact time at 100 mg
dm−3 as an initial Pb(II) ion concentration. The highest adsorption efficiency was observed for the
Mg-Al-LDH/pRGO composite adsorbent as compared to LDH, GO, and pRGO, which might be
correlated with the synergistic effects of LDH and GO. The adsorption efficiency of the adsorbent was
found to be lowest in acidic medium and increased with increasing pH of the medium. The lower
adsorption in the acidic medium was attributed due to the competitive presence of H+ ions. As the
basicity of the medium increased, the concentration of H+ ions decreased, resulting in higher Pb(II) ion
adsorption. Owing to the subsequent precipitation of Pb(II) ions as [Pb(OH)], [Pb(OH)2], [Pb(OH)3]−,
[Pb3(OH)4]2+ [Pb2(OH)2]2+ [Pb6(OH)8]4+, and [Pb4(OH)4]4+ in basic medium, the pH of the medium
was set to 4.5 for all other experimental studies to avoid precipitation and to confirmed the removal
of Pb(II) ions through adsorption [173]. Higher adsorption efficiency was obtained with higher “x”
values of LDH due to the increasing high surface area and pore volume with increasing “x” factor.
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The pore sizes of 10.97–21.23 nm of the resulting interconnected 3D network allows the easy flow of
hydrated Pb(II) ions, which have ~0.4 nm radius. In addition, the availability of more active sites
due to the high surface area accounted for the higher adsorption efficiency of the 3D interconnected
nano-porous adsorbent. As the adsorption efficiency depends not only on the surface area but also
on the interactive strength of the surface functional groups, hence zeta potential was used to explain
electrostatic interactions between the adsorbent and adsorbate. Zeta potential decreased as the pH
of the medium increased suggesting that there were higher availability of negative charges which
were responsible for the strong electrostatic interactions between positively-charged metal ions and
negatively-charged adsorbent’s surface.
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Effect of temperature is an important factor of study on which the adsorption phenomenon depends
because the adsorption rate depends on the solution viscosity, electrostatic interactions between the
metal ions and the adsorbent surface, diffusion of the adsorbents and structural morphology of the
adsorbent at a particular temperature. These factors are responsible for maximizing Pb(II) ions uptake
due to the increased mobility of Pb(II) ions towards active sites of the adsorbents [166,176,177]. It was
noted that as the temperature increased, the adsorption capacities of GO and pRGO increased which
were ascribed with the decreased viscosity of the medium, increased mobility of Pb(II) ions, and
increased pore volume and structural porosity at a higher temperature indicating endothermic nature
of adsorption whereas temperature rise sometime may lead to decreased in adsorptive forces affecting
adsorption rate [166]. Langmuir adsorption isotherms assumed uniform monolayer surface adsorption.
Pb(II) ions adsorption was found to be increased with temperature. Increasing adsorptive strength of
adsorbents indicated increasing strong interactions between adsorbents reactive sites and Pb(II) ions
with increasing adsorbate temperature [163,166,178].

Thermodynamic parameters viz. Gibbs free energy (∆G◦), enthalpy (∆H◦) and entropy (∆Σ◦)
obtained indicated spontaneous adsorption process [179]. Negative values for ∆G◦ demonstrated
the spontaneity of adsorption process and adsorption was found to be increased as the temperature
increased. Positive values for ∆H◦ and ∆Σ◦ for 0.5 Mg-Al-LDH/pRGO denoted endothermic adsorption
and increased in the disorderliness at solid-solution interface. It was interested to note that the
physiosorption was predominated for low “x” factor i.e., 1.0 and 3.0 Mg-Al-LDH/pRGO nanocomposites
whereas adsorption for GO, pRGO and 0.5 Mg-Al-LDH/pRGO was facilitated by both chemisorption
and physiosorption process. Desorption experiments were carried out using 0.1 M HCl and 0.01M
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EDTA solutions to get insight into the recovery of metal ions on the spent adsorbents and the possible
regeneration of the adsorbent for reuse [174]. Both insights may help to minimize the disposal of spent
adsorbent, and reduce the production of secondary pollutants. Compared to EDTA solution used,
better adsorbent regeneration was achieved with 0.1 mol dm−3 HCl solution, which demonstrated
the effective ability of HCl to regenerate the spent adsorbent which could be further reused for other
industrial applications, such as electroplating.

Nitrogen-doped graphene aerogels (NGAs) were prepared via a facile one-pot hydrothermal route
and used as the electrode material for the electrosorption of Pb(II) ions as depicted in Scheme 3 [180].
The insertion of heteroatoms (strong coordination ability with metal cations) onto carbon and
graphene-based nanomaterials enhance the adsorption capacity because heteroatoms can coordinate
strongly with heavy metal ions [181]. NGAs was prepared by hydrothermal treatments of GO and
urea homogenous suspension for 12 h at 180 ◦C in Teflone lined autoclave. Resulted samples were
immersed in pure water for 72 h to remove impurities by changing water at every 4 h and freeze-dried
at −52 ◦C to obtain NGAs which was used for the electrosorption of Pb(II) ions as paper electrode.
Appearance of new XPS (X-ray photoelectron spectroscopy) peaks at 400.0 eV and 285.8 eV indicated
the incorporation of nitrogen and C-N bond formation after hydrothermal treatment respectively.
Deconvolution spectrum fitted for N 1s into three XPS peaks at 398.1, 399.5, and 401.4 eV were found
to be corresponded with pyridinic N, pyrrolic N and graphitic N, respectively.
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Scheme 3. Preparation of NGAs and electrosorption of Pb(II) ions [180].

The electrosorption experiment for Pb(II) was performed using a conventional three-electrode
system consisting of NGAs paper, saturated calomel electrode (SCE), and platinum foil as working,
reference, auxiliary electrodes, respectively. NGAs paper electrode showed highest electrosorption of
Pb(II) ions in the shortest adsorption equilibrium time (within 5 s) at −0.3V (1 mM, pH 4.2) potential
applied when compared with GAs, and RGO. The superior electrosorption behavior for Pb(II) could
be attributed due to the synergistic effects of both NGAs (with a larger surface area ~434.4 m2 g−1) and
incorporated heteroatoms which result electrosorption through the electrostatic attractions derived
from an external electric field, electrostatic attraction caused by intrinsic charges on the NGAs and
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Pb(II), and strong coordination between the doped nitrogen atoms and Pb(II) ions. The highest metal
ion removal ratio (%R) was found to decline continuously with an increased initial concentration of
Pb(II) ions indicating NGAs as a promising electrode material for Pb(II) ions electrosorption at low
concentration [182,183].

The electrosorption data were fitted with Langmuir and Freundlich models. The correlation
coefficient (R2) for the Freundlich model was closer to 1 as compared with Langmuir model (0.9778 vs.
0.8651), which suggests that the electrosorption of Pb(II) by the NGAs electrode could be modelled more
accurately by the Freundlich model. The R2 value obtained for pseudo first-(0.8465) and second-order
kinetics (0.9984) showed that the electrosorption kinetics for Pb(II) onto the NGAs electrode was a
better fit to the pseudo-second-order model. Recyclability of used electrode is another important
characteristics of electrosorption, i.e., reversible electrosorption and electrodesorption for the same
electrode material could be easily achieved using variable potential. NGAs exhibited a highest metal
ions removal ratio even after 100 electrosorption/electrodesorption than the previous reports [184–187].

Graphene oxide/ nickel foam (GO/NF) synthesized via vacuum impregnation method was used
for Pb(II) ions electrosorption by Song et al. [188]. To prepare electrode, the appropriate size of
NF sheet was washed with acetone followed by hydrochloric acid and deionized water which then
immersed in GO solution for 2 h at 40 ◦C under vacuum. The composite was washed with deionized
water and dried under vacuum. GO/NF electrode was installed in Pb(NO3) tank for Pb(II) ions
electrosorption studies. pH is an important factor which greatly affects the adsorption of Pb(II) ions
hence, studied first. pH study range was set from 3.0 to 6.0, since, Pb(II) ions get precipitated as
[Pb(OH)], [Pb(OH)2], [Pb(OH)3]−, [Pb3(OH)4]2+ [Pb2(OH)]2+ [Pb6(OH)8]4+, and [Pb4(OH)4]4+ above
pH 6.0 [189] Electrosorption capacity of GO/NF was found to be increased with decreasing medium
acidity. pH 5.0 was found the appropriate condition for electrosorption as the steady adsorption
capacity was observed above 5.0 pH. Lower adsorption capacity of GO/NF at low pH was correlated
with the competitive adsorption between H+ and Pb(II) ions as reported in literature [189,190]. Whereas,
on increasing pH, H+ ions competition weaken and Pb(II) ions adsorption increased. It was interesting
to note that GO coating largely enhanced the adsorption capacity of GO/NF (193 mg/g at 100mg/L as
initial concentration) for Pb(II) ions without applying any voltages when compared with virgin NF
owing that GO had large negatively-charged oxygenated surface which favored Pb(II) ions adsorption.
Electrosorption capacity of GO/NF (663mg/g, approx. three times) increased when electric current of
1.2 V was applied at the same initial Pb(II) ions concentration indicated that external electric field driven
effectively the adsorption of Pb(II) ions adsorption. Langmuir adsorption isotherms of Pb(II) on GO/NF
electrode were found to be better fitted with higher correlation coefficient (R2 = 0.9795) and maximum
adsorption capacity (3690.37mg/g) than Freundlich. GO/NF showed extremely higher electrosorption
capacity, indicating the great potential for Pb(II) ions adsorption from aqueous system in comparison
to other adsorbents. Electrosorption mechanism for Pb(II) ions onto the surface of GO/NF surface was
analyzed using XPS indicating new Pb 4f peak at 183.3 eV after successful adsorption. Noticeable
decreased in relative C-OH bond area from 26.98% to 7.98% and increased bond area ratio of –C=O
from 11.92% to 13.05%, clearly indicated, surface adsorption of Pb(II) ions, facilitated by hydroxyl and
carboxylic functional groups. Mono or multilayers coating of GO not only increased surface area of
GO/NF but also provided more space for double layer electrosorption/chemisorption of Pb(II) ions.

Electron beam irradiation is another cost-effective and environment friendly method that can be
applied to all material phases (i.e., solid, liquid, and gas,) at a low temperatures and can be scaled
up easily [172]. Therefore, Bai et al. synthesized GO with a controlled oxygen content using electron
beam irradiation and used Pb(II) metal ions adsorption [191]. Before the preparation of GO, graphite
was placed on stainless steel plate uniformly and irradiated with different intensity dosages of 6.4
and 19.2 kGy by changing irradiation period of time. GO was prepared using modified Hummer’s
method and dried under vacuum for 48 h at 40 ◦C. Irradiated GO was then examined under the
effects of the contact time, pH of the medium, initial concentration of Pb(II) ions (75 mg/L), and
ionic strength for Pb(II) ions sorption. After the sorption process, solution was filtered and Pb(II) ion
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concentrations remaining were examined by inductively coupled plasma with an optical emission
spectrometer. The removal capacities of the adsorbent qe (mg/g) were calculated using the equation,
qe = (Ci − Ce)V/m, where Ci and Ce are the initial and equilibrium Pb(II) ion concentrations (mg/L),
respectively; V is solution volume in mL; and m is amount of the adsorbent in mg. The amount
of Pb(II) adsorbed onto the GO surface increased remarkably with increasing adsorption time and
the equilibrium was reached within 20 min. Hence, a maximum of 2 h of contact time was found
to be adequate to achieve sorption equilibrium. The increased sorption with the irradiation dose
and time indicated that higher functionality formed through higher irradiated dosages which were
responsible for higher Pb(II) ions sorption onto GO surface. The experimentally obtained Pb(II) ions
sorbed amount was very close with the calculated value as per nonlinear pseudo-second-order rate
model. The correlation coefficients obtained from the pseudo-second order kinetic model simulations
were near to 1.0, indicating that sorption of Pb(II) onto the GO surface might be controlled mainly by
the chemical adsorption processes (chemisorption) and the equilibrium sorption capacity was almost
proportional to the number of occupied active positions on the GO surface, which increased with
increasing irradiation dose. Another important parameter, effects of pH on the adsorption of Pb(II)
ions was studied with an initial Pb(II) ions concentration of 75 mg/L and 1.5mg of GOs for 2 h of
contact time. The adsorption capacity of the GOs increased with increasing pH from 1-5, as reported
previously [164,174]. The hydrogen ion concentration rendered the adsorption of Pb(II) at a lower
pH because it neutralized the carboxylic and hydroxyl functionalities. The concentration of negative
functional groups, such as COO− and O−, increased with increasing pH, which were responsible for
the better adsorption of Pb(II) at higher pH. Effect of ionic strength on Pb(II) ions adsorption was found
fairly negligible and independent in the range of 0.001-0.1 mol/L for different dosages of GO however
it was largely dependent on pH which indicated inner-sphere surface complexation (chemisorption)
rather than outer-sphere surface complexation of Pb(II) ions onto the GO surface [26,171,192].

2.2. Removal of lead using GO-polymer composites

To prevent the aggregation of GO nanosheets, poly(3-aminopropyltriethoxysilane) (PAS) oligomers
were cross-linked three dimensionally with GO nanosheets to obtain a high performance adsorbent,
PAS-GO [193]. Three-dimensional crosslinking network was meant to prevent the aggregation of GO
nanosheets, to provide easy accessibility for foreign molecules and to introduce a large amount of
amino functional groups for better adsorption of Pb(II) ions. Two new absorption peaks in FT-IR
spectrum of PAS-GO at 3430 cm−1 for –NH2 stretching and at 2927 cm−1 for –CH2 stretching vibrations
indicated oligomers crosslinking. Additionally, a distinct Raman peak at 1120 cm−1 supported the
presence of Si-O-Si antisymmetric stretching present in composite material. Pb(II) ions adsorption
studies were carried out at different temperature, pH and concentration of adsorbate and the filtrate
was used for adsorption kinetics. Figure 3 represents the adsorption performance of PAS-GO, AS-GO,
and GO for Pb(II) ions adsorption in aqueous solution.
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The Langmuir adsorption isotherms represent the maximum adsorption capacities for PAS-GO as
compared to AS-GO and pure GO samples. The highest adsorption capacity of PAS-GO was 312.5 mg/g,
which was attributed due to the following factors:

(1) Multi-armed, three dimensional cross-linked functionality prevented GO nanosheets from
aggregation, which may provide easier accessibility for trapping of foreign molecules.

(2) PAS oligomers chains, providing higher functionality/ binding sites in PAS-GO adsorbent, were
supposed to be responsible for the higher adsorption of metal ions.

pH of the medium not only influences the adsorption capacities of the adsorbent but also facilitate
selective metal ions adsorption [194–196]. Hence, Pb(II) ions adsorption at different pH from 2 to 6
were studied. As it is already discussed that in acidic media there is competition between H+ and
Pb(II) ions adsorption, hence, lower adsorption capacity for Pb(II) ions was observed at pH from 2 to 3,
while, as the pH of the medium increases to 4, adsorption capacity of PAS-GO reached to 100% because
at higher pH, the effect of protonation becomes weak and negatively-charged hydroxyl and carboxylic
acid functional groups leads higher Pb(II) ions adsorption. PAS-GO may be the best adsorbent for
the removal of Pb(II) ions from acidic media (pH 4.0–7.0) because these ions get precipitated in basic
media [189,190].

Langmuir, Freundlich, and Dubinin-Redushkevich adsorption isotherms were used to explain
the adsorption mechanism of Pb(II) ions onto the surface of PAS-GO adsorbent. Langmuir and
Freundlich isotherms are applicable for homogenous and heterogeneous surface adsorption respectively.
Calculated results from adsorption isotherms revealed that the adsorption fitted well to Langmuir
isotherm with a correlation coefficient (R2) values of 0.9996, 0.9989 and 0.9874 at 293 K, 303 K and
313 K, respectively. Highest correlation coefficient and better fitted Langmuir isotherms confirmed
the homogenous adsorption with all the adsorption sites of equal adsorption affinity. Maximum
adsorption capacity increased from 200.00 mg/g to 344.80 mg/g as the temperature increased from
293 K to 313 K indicating endothermic adsorption process.
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Xu et al. reported the one step synthesis of polyacrylamide-grafted graphene (PAM-GO)
composites via in situ radical polymerization by 300 kGy doses γ-ray irradiation of the acrylamide
monomer in an aqueous solution at room temperature, leading to GO single layer exfoliation into
the PAM polymer [197]. The resulted PAM-GO adsorbent showed a 24.2% degree of grafting of
PAM onto the graphene surface with a thickness of 2.59 nm that was a more powerful adsorbent
for Pb(II) ions adsorption. Disappearance of XRD (X-ray diffraction spectroscopy) sharp peak from
2θ = 10.7◦ corresponding to 001 plane reflection from the XRD spectrum of PAM-GO indicated the
complete exfoliation of GO sheets and intercalation of PAM chains into the GO layers. In the PAM-GO
XPS spectrum, C1s peak at 284.4eV binding energy was attributed to the C-C, C=C and C-H bonds
and the peak appeared at 288.4eV was correlated with the O=C-N bond of PAM [163,198]. Effect of
contact time on the adsorption efficiency for PAM-GO adsorbent was studied for 45 mg/L as Pb(II)
ions concentration at pH 6. The adsorption capacity of PAM-GO increased sharply within the first
20 min. and reached at equilibrium within 30 min. The short period of time for higher adsorption
capacity highlights potential industrial applications of the PAM-GO adsorbent. Experimental value
(440.4 mg/g) calculated from pseudo-second-order kinetic model parameters for Pb(II) ions adsorption
was similar to the calculated value (458.7 mg/g). The correlation coefficient (R2= 0.999) obtained from
the pseudo-second-order kinetic model suggested that the adsorption process might be controlled by
chemical adsorption involving valence forces through the sharing or exchange of electrons between
the sorbent and sorbate. Langmuir and Freundlich isotherms comparison were studied for GO and
PAM-GO to examine the Pb(II) ions surface adsorption mechanism. The adsorption of Pb(II) for GO
and PAM-GO was well fitted with the Langmuir isotherm model and higher R2 value, indicated
specific homogeneous adsorption (i.e., with all the adsorption sites of equal adsorbate affinity) on GO
and monolayer adsorption on the PAM-GO adsorbent [199,200]. The theoretical adsorption capacity of
PAM-GO, determined from the Langmuir isotherm for Pb(II) was 819.67 mg/g, which was 20 times
higher than that of the GO nanosheets. Higher adsorption capacity of PAM-GO was attributed due to
good water dispersibility and increased oxygen functionalities.

Yang et al. converted the peripheral carboxylic acid functional groups of reduced GO to amino
groups using N-hydroxysuccinimide and 1,3-diaminopropane [201]. The free radical polymerization
initiator was anchored at the surface of GO sheets and RGO-PAM polymer brushes were synthesized
via in situ free radical polymerization of acrylamide. Staudenmaier method was used to prepare GO
which includes the treatment of graphite with potassium chlorate in the presence of concentrated nitric
and sulfuric acid. After the stipulated period of time, the reaction mixture was added to an excess of
water followed by repeatedly washing till the filtrate neutrality. Free radical initiator was attached
onto the surface of thermally reduced GO and used to graft PAM resulting RGO-PAM composites.
Two FT-IR absorption peaks at 1384 cm−1 and 1446 cm−1 were attributed with the symmetric and
asymmetric bending vibrations of methylene groups of an initiator attached onto the surface of reduced
GO, respectively. XPS N1s binding energy absorption peak at 399.1 eV indicated that surface grafting
of a free radical initiator. Additionally, the absorption peak at 2242 cm−1 also confirmed the grafting
of an initiator. Asymmetric C-H stretching vibration at 2925 cm−1 and C=O stretching vibration
at 1647 cm−1 were attributed with the grafting of PAM chains. Pb(II) ions were adsorbed onto the
surface of RGO-PAM using dialysis and kinetics was studied since it gives deep knowledge insight the
adsorption mechanism. Adsorption kinetics for Pb(II) ions adsorption was evaluated using Lagergren
pseudo-first order (Equation (1)) and second-order (Equation (2)) modes:

ln
(
qe − qt

)
= lnqe − k1t (1)

t
qt

=
1

(k2qe2)
+

t
qe

(2)

where qe and qt are the amounts adsorbed in mg/g at equilibrium and after time t in min., respectively;
k1 and k2 are the adsorption rate constants for pseudo first- and second-order reactions respectively.
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The experimental results did not showed a linear fit with the calculated values; however, the t/qt

plots showed good agreement with the pseudo second-order kinetics for Pb(II) ions adsorption.
The correlation coefficients (R2) for Pb(II) ion adsorption suggested that the pseudo second-order
adsorption mechanism was dominant using RGO/PAM adsorbent. To better understand the adsorption
mechanism, the Langmuir and Freundlich adsorption isotherms were studied and results are listed
in Table 2. The R2 values for Pb(II) ions adsorption indicated that adsorption mechanism is well
fitted with Langmuir isotherms and the maximum adsorption capacity of Pb(II) ions with RGO and
RGO/PAM were found to be 500 and 1000 mg/g, respectively.

Table 2. Langmuir and Freundlich adsorption results for Pb(II) onto the surface of RGO and RGO/PAM
composite [201].

Langmuir Model Freundlich Model

Adsorbents qm(mg/g) KL (L/mg) R2 RSD KF ((mg1-nLn)/g) n R2 RSD
RGO 500 0.00149 0.989 0.0196 13.14 1.84 0.960 0.013

PAM/GO 1000 0.00137 0.987 0.0173 7.42 1.88 0.950 0.011

Separation factor calculated from Langmuir isotherms for Pb(II) ions adsorption onto the surface
of RGO-PAM was in the range of 0.313-0.901 indicating that the adsorption of Pb(II) ions was favorable
and the adsorption capacity was highest as per literature reports [164]. The superior adsorption
capacity of the RGO-PAM composite was attributed with the good dispersion of GO in an aqueous
medium due to the introduction of highly functionalized PAM polymer. The adsorption capacity
of the RGO-PAM composite was 2-3 times higher than the adsorption capacities of RGO and GO.
Thermodynamic studies indicated the negative enthalpy changes, which were responsible for the
spontaneous and exothermic adsorption of Pb(II) ions at different temperatures.

Yang et al. prepared ternary lignosulfonate-GO-polyaniline (LS-GO-PANI) nanocomposites via an
in situ oxidative polymerization of aniline in the presence of lignosulfonate and GO and examined the
effect of time, pH of the medium, adsorbent, and adsorbate concentration in an aqueous medium [72].
Scheme 4 represents the possible surface adsorption mechanism for Pb(II) ions from aqueous solution.
LS is water soluble and has a large number of functional groups that are supposed to provide good
adsorption interactions in the combination of GO and PANI. An air-tight oxidation method was used
for GO preparation using sealed stainless steel autoclave [202]. In brief, expandable graphite, KMnO4

and sulfuric acid containing Teflon reactor was placed in stainless steel autoclave and heated at 110
◦C for 2 h. Resulted slurry was diluted and treated with H2O2 followed by repeatedly washing with
dilute HCl and deionized water. LS-GO-PANI nanocomposite was prepared using suspension of GO,
LS and aniline followed by the oxidative polymerization at 0 ◦C for 24 h using ammonium persulfate
as an initiator. Due to enormous active edges and different surface functionalities, GO is compatible
with polymer matrix and provide various nucleation sites for PANI chains anchoring. Moreover, π−π
interactions also favor surface polymerization of PANI onto the surface of GO [203–205]. Due to higher
surface area, resulted LS-GO-PANI ternary composite showed higher adsorption capacity (98.1 mg/g)
than GO-PANI (85.70 mg/g) and virgin PANI (95.70) for Pb(II) ion adsorption.
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Scheme 4. Possible Pb(II) ion adsorption with LS-GO-PANI ternary composite adsorbent [72].

Figure 4A represents the adsorption capacity (Q) and adsorptivity (q) effects with adsorption time
for 1.6 g/L ternary LS-GO-PANI adsorbent at 200 mg/L Pb(II) ions initial concentration an initial pH
of 5.0 at 30 ◦C. Adsorption capacity and adsorptivity increased rapidly with time and reached 90.70
and 72.50% after 2 h. After 4 h, the adsorption capacity reached 98.30%, which indicates the excellent
adsorption capacity of LS-GO-PANI composite as compared with other adsorbents [172,206]. After
reaching to saturation, there was a gradual decrease in the adsorption rate, which was correlated with
the adsorption and desorption process at equilibrium onto the surface of the adsorbent. Figure 4B
represents the effects of pH variation on the adsorption capacity using 1.6 g/L ternary LS-GO-PANI
adsorbent and 200 mg/L initial Pb(II) ions concentration. Figure 4B represents the increasing adsorption
efficiency of LS-GO-PANI adsorbent with the increasing pH from 2 to 5. When the pH of the medium
increased from 2 to 5, the adsorption efficiency of LS-GO-PANI composite ternary adsorbent increased
because as the pH increases, the H+ concentration decreases and other functional groups (carboxyl,
epoxy, hydroxyl, and amino groups) get ionized, resulting in the higher adsorption for Pb(II) ions
and reached to maximum 98.1 mg/g [207]. Hence, pH 5.0 was set for the further studies for Pb(II)
ions adsorptions. As shown in Figure 4C adsorption capacity decreased with LS-GO-PANI adsorbent
contents while adsorptivity increased. Decreased adsorption capacity was attributed with the decreased
surface area exposed to Pb(II) ions when the content of LS-GO-PANI adsorbent increased. Since,
increasing adsorbent dosages for Pb(II) ions adsorption found to be invalid, hence, the effect of initial
Pb(II) ions concentration was studied at fixed adsorbent dosage. Figure 4D represents the effect of
sorbate concentration on the adsorption efficiency of LS-GO-PANI adsorbent. Adsorption efficiency
of LS-GO-PANI adsorbent increased with the increased sorbate Pb(II) ions concentration. While
adsorptivity initially increased then decreased after 100 mg/g sorbate concentration because on the
increasing amount of sorbate there would not be enough adsorbent content to adsorb Pb(II) ions from
the solution as LS-GO-PANI adsorbent gets saturation before 100% adsorption capacity. For Pb(II) ions
adsorption, Langmuir adsorption isotherm was fitted well with higher coefficients of 0.9916. Langmuir
isotherms were correlated with the homogenous intermolecular forces between the sorbate and equally
charged active sites of the adsorbent [172]. Higher adsorption capacity were attributed with the high
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surface area and large number of active functionalities which provided numerous nucleation sites for
PANI growth and enhanced the surface for Pb(II) ions adsorption.
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Figure 4. (A) Effect of contact time vs. adsorption capacity and adsorptivity of LS-GO-PANI adsorbent,
(B) effect of pH on Pb(II) ions adsorption, (C) effect of adsorbent concentration at 200 mg/L initial Pb(II)
ions concentration, and (D) effect of Pb(II) ions concentration [72].

2.3. Removal of Lead using GO-Magnetite’s

Magnetitie’s are the new class of materials which have drawn much attention in the current era
specially in the wastewater treatment as the preparation of magnetite’s is very simple and they can be
easily separated using magnetic forces. Magnetite’s are being widely used due to their low toxicity,
environment friendly, and high adsorption ability [122,208]. Nickel ferrite based reduced graphene
oxide (NFRGO) nanocomposite was reported by Lingamdinne et al. to optimized the independent
variables viz. adsorbent dosage, solute concentration, and residence time for the removal of heavy
metal Pb(II) ions from aqueous solution [209]. Ferrite’s can be easily separated using external magnetic
field and can be reused without any structural changes several times. Graphene based magnetite’s
not only separated/ recovered easily but also shows higher absorption capacity [208,210,211]. For the
preparation of NFRGO, hydrazine hydrate was added to the GO dispersion as prepared by Hummer’s
method [212,213]. At pH ≥ 12 nickel nitrate and ferric nitrate solutions in 1:2 molar ratio were added
to the above solution in an inert atmosphere and the solution was stirred for 5 h at 120 ◦C (Scheme 5).
Resulted black precipitate was cooled to room temperature and repeatedly washed with deionized
water and ethanol to remove the impurities. NFRGO was separated by external magnate and dried
under vacuum for 24 at 60 ◦C. As prepared NFRGO was characterized using XRD, XPS, and Raman
spectroscopy. XRD peaks at 2θ = 18.28◦ and 40◦ were observed with correspond to RGO [214,215].
Presence of 2θ at 30.43◦, 35.60◦, 43.26◦, 57.32◦ and 62.70◦ confirmed the formation of spinel nickel



Appl. Sci. 2019, 9, 2925 16 of 30

ferrite onto GO surface [216,217]. Shifting of XPS peaks from 532.4 eV to lower range at 530.3 eV
confirmed the reduction of GO to RGO. Additionally, the presence of O (1s) at 530.3, Fe (2P) at 711.00 eV
and Ni (2P) at 855.00 eV peaks confirmed the formation of NFRGO. In Raman spectrum, G band
stands for first-order scattering of E2g mode for sp2 carbon atoms whereas D band is correspond with
the vibrations of sp3 carbon atoms. Shifting of D band from 1358 cm−1 to 1303 cm−1 and G band
from 1606 cm−1 to lower shift at 1591 cm−1 indicated the reduction of GO. Enhanced intensity ratio
(ID/IG) from 0.96 (GO) to 1.094 (NFRGO) confirmed the reduction of GO. 167.26 m2/g surface area was
measured using Brunauer-Emmett and Teller (BET) method. Pore volume, 0.24 cm3/g and 5.59 nm
pore diameter indicated the formation of meso-porous nano-crystalline NFRGO composite adsorbent.
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Adsorption experiments were optimized using different independent variables such as adsorbent
dosage, solute concentration and residence time and average values were considered for further
studies. All these factors had an interactive consequence when used in combinations. For example,
on increasing adsorbent dosage from 250 mg/L to 550 mg/L, a significant enhancement in adsorption
efficiency from 80 to 90% was observed whereas adsorption efficiency decreased on increasing the
initial solution concentration. Trend was correlated with the accessibility of more vacant active sites
due to increased surface area. Reduction in ions removal efficiency was observed on increasing solution
concentration with the saturation of active sites of adsorbent whereas there was no significant effect of
adsorbent’s residual time. On increasing the adsorbent dosage from 250 mg/L to 550 mg/L, there was
a significant enhancement in Pb(II) ions removal efficiency from 87 to 98%. No significant increase
on further adsorbent dosage increasing was correlated with the dominance of the repulsive forces in
the functional groups. Comparative results of three variables viz. adsorbent dosage, residual time
and solution concentration have been depicted in Figure 5. Based on the results of experimental
runs, independent variables 18.38 mg/L initial solution concentration, 550 mg/L adsorbent dosage
and 83 min adsorbent residual time were optimized which not only may be helpful to reduce the
cost of operating treatment process of an industry but also may also reduce the time in achieving the
desired performance.
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Zhang et al. reported the preparation of magnetic cobalt ferrite-reduced graphene oxide
(CoFe2O4-rGO) nanocomposite to absorb the Pb(II) ions from aqueous solution [218]. CoFe2O4-rGO
nanocomposite was prepared as reported in literature and used for metal ions adsorption [219,220].
In brief, iron(III) nitrate and cobalt (III) nitrate solutions were drop wise added to the ultrasonicated
GO suspension under vigorous stirring. pH 12 was adjusted using 5% NaOH aqueous solution and
hydrazine hydrate solution was added slowly to GO suspension. Reaction mixture was stirred for
5 h at 80 ◦C and cooled to room temperature. Purification was carried out using magnet followed
by repeatedly washing with deionized water and absolute ethanol and dried at 50 ◦C for 24 h under
vacuum. CoFe2O4-rGO was characterized with the help of XRD where the CoFe2O4 nanoparticles
were found in correspondent with the previous report and the presence of XRD peak 2θ at 26.5◦

confirmed that CoFe2O4-rGO was well crystallized. Low zeta potential indicated the availability of
entire negatively-charged functional groups environment from pH 4 to 10 for the better adsorption
of heavy metal ions and CoFe2O4-rGO was found to be well dispersed in water pertaining a black
suspension in aqueous solution.

Adsorption analysis involved the use of different dosage of CoFe2O4-rGO adsorbent and 8 mg/L
was optimized to study the Pb(II) ions adsorption at various pH from lead (II) nitrate solution
(20 g/L). From the results, it is clear that the adsorption of Pb(II) ions was very sensitive to pH
variations. At low pH, low adsorption efficiency was attributed due to the increased repulsive forces
between the positively-charged functional groups of adsorbent and positively-charged Pb(II) ions
and the precipitation of Pb(II) ions as [Pb(OH)], [Pb(OH)2], [Pb(OH)3]−, [Pb3(OH)4]2+ [Pb2(OH)]2+

[Pb6(OH)8]4+, and [Pb4(OH)4]4+ [164,221,222]. Increase adsorption efficiency over pH 4 was attributed
with the increased attractive forces between the positively-charged functional groups of adsorbent and
positively-charged Pb(II) ions and was found to be highest as 87% at 5.3 pH. The adsorption kinetics
was analyzed using pseudo-first and second-order kinetic models. The adsorption of Pb(II) ions by
CoFe2O4-rGO reached equilibrium in 80 min. Pseudo-second order model was found to be well fitted
with the R2 value of 0.9934 suggesting chemisorption adsorption process and the calculated value
was found to be 122.2 mg/g. Adsorption isotherms were analyzed using Langmuir and Freundlich
equations. Langmuir isotherms were found to be well fitted with the experimental data which indicated
the monolayers adsorption of Pb(II) ions onto the surface of CoFe2O4-rGO adsorbent.

Fan et al. prepared magnetic ternary composites of chitosan, Fe3O4, and GO for the effective and
selective removal of Pb(II) ions from aqueous solution [223]. To ultrasonicated GO solution, reagents
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1-ethyl-3(3-hydroxyethylaminoprophy) carbondiimide hydrochloride and N-hydroxylsuccinimimde
were added at pH to activate carboxylic functionalities of GO. Magnetic chitosan and activated GO
was suspended using ultrasonication for 10 min and stirred for 2 h at 60 ◦C. The precipitate was
washed with NaOH and then with water repeatedly until the pH 7 was obtained. MCGO product was
collected using magnet and dried under vacuum at 50 ◦C. The magnetic fluid was coated onto chitosan
to accelerate the separation through an improved surface area and reduce the dose requirement for
the adsorption of Pb(II) ions. The adsorption amounts and adsorption rates were calculated from the
concentration difference of the solution used before and after the adsorption process using following
equations:

Q =
(C0 −Ce)V

W
(3)

E =
C0 −C0

C0
x 100% (4)

where C0 and Ce are the initial and the equilibrium concentrations of metal ions in mL/L, respectively;
W is the amount of an adsorbent used, in grams; and V is the volume of metal ion solution in liter.
Since, the adsorption is very sensitive to pH variations, adsorption capacity of MCGO was determined
at varying pH from 1.0 to 7.0. At low pH, excessive competitive H+ ions concentration inhibits the
adsorption of Pb(II) ions and usually adsorption of heavy metal ions do not occur at low pH. Pb(II)
ions adsorption capacity increased with the increasing pH from 1-5 and was measured 50.23 mg/g at
pH 5. In acidic media, the slight decrease in uptake was attributed to amino group protonation, which
may hinder complex formation.

Pb(II) ions adsorption onto MCGO was obtained maximum within first 30 min. and no significant
alteration was observed after 1 h which indicated that optimum adsorption time for Pb(II) ions.
The initial higher sorption within 60 min. was attributed to high surface reactivity of MCGO due to
sufficient number of exposed active sites followed by the large surface area, which decreased later
on due to a decrease in the number of bonding sites on the surface of the adsorbent and aggregation
between particulates. Langmuir and Freundlich isotherms are the fundamental and most frequently
used adsorption isotherms to describe the adsorption phenomenon and behavior of metal ions onto
the surfaces. The maximum adsorption capacity of MCGO determined from the Langmuir isotherm
was found to be 82.10 mg/g, which was almost similar with the calculated value of 76.94 mg/g for
monolayer chelation adsorption. Higher adsorption capacity for Pb(II) ions when compared with other
adsorbents were attributed with the additional interactions of axial hydroxyl and amino functional
groups with metal ions. For the possibility of regeneration and reusability of MCGO, experimentally
desorption efficiency was found to be 90.3% and 90.1% at pH 1 and 2, respectively, indicating that
adsorbed metal ions could be removed efficiently by desorption from the adsorbent surface. Adsorption
percentage almost remained steady in the first four regeneration cycles and then decreased to 75%
after fifth regeneration cycles. Hence, regeneration and reusability indicated that biodegradable and
biocompatible MCGO has long term stability for the adsorption of Pb(II) ions.

A composite of hydrated manganese oxide and GO (HMO-GO) with excellent settling ability
(<2 min) was fabricated by in-situ growth of nanosized hydrated manganese oxide (HMO) onto the
GO nanosheet surface [224]. Typically, GO was suspended into MnCl2 solution at pH 7 for 24 h at
room temperature followed by centrifugation to obtained Mn(II)-GO which was further added to
NaClO-NaOH solution at the alkalinity of 5% and active chlorine of 6%. The mixed solution was stirred
for 24 h to oxidize Mn(II) to Mn(IV). Finally, the solution was centrifuged and solid was repeatedly
washed with HCl and deionized water untill neutral pH and freeze dried under vacuum. HMO grafted
GO i.e., HMO-GO adsorbent substructure revealed that electron dense single grain HMO nanoparticles
were uniformly distributed onto the GO surface. To increase the oxygenated abundance onto the
GO surface, polymer or surfactants as stabilizers were dispersed using similar approaches [175,225].
Adsorption behavior of HMO-GO composite and GO as an adsorbent were compared at pH from 2.5
to 6.7. The adsorption capacity of HMO-GO and GO increased with increasing pH of the medium
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because at higher pH, deprotonation increases, which results more negative active sites to adsorb
positively-charged Pd(II) ions. A sharp decrease in adsorption capacity in strong acidic media indicated
the regeneration possibilities of HMO-GO adsorbent for reuse. The leaching of Mn from HMO-GO
was negligible during the adsorption experiment over the entire pH range.

Selective adsorption of Pb(II) ions in presence of Ca(II) and Mg(II) co-existing ubiquitous versatile
alkaline earth metal cations onto the surface of HMO-GO was compared with that of GO. Presence
of Ca(II) and Mg(II) cations (concentration of Ca(II), Mg(II)/ Pb(II) = 50) do not affected the selective
adsorption of Pb(II) ions by HMO-GO adsorbent whereas a significant reduction in the adsorption
capacity of GO was observed. Selective Pb(II) ions adsorption by HMO-GO was attributed with the
specific, complex adsorption process by nanostructured homogenous distribution HMO onto the
surface of GO [226]. Reduced desorption of Pb(II) ions onto GO was attributed with the nonspecific,
electrostatic attraction of oxygenated functional groups and greatly affected due to the presence of
Ca(II) and Mg(II) cations.

Due to lower ∆G0
hydration (Ca(II) = −1656 kJ/mol, than Mg(II) = −2049 kJ/mol) and greater ion

exchange ability, Ca(II) had greater influenced on the adsorption of Pb(II) ions onto GO surface [227].
Higher distribution coefficient of HMO-GO further indicated the selective adsorption of Pb(II) ions
which slightly influenced due to humic acid presence which forms strong complexes with Pb(II) ions or
other heavy metal ions by π−π interactions [67]. A 3-4 time higher Pb(II) ion adsorption by HMO-GO
than GO and bulky HMO in presence of 500 mg/L Ca(II) was attributed with the homogenously
distributed nanosized HMO. The HMO-GO and GO adsorption isotherms for Pb(II) at pH 5 in the
absence and presence of Ca(II) were investigated using the Freundlich and the Langmuir models.
The higher correlation coefficients of the Freundlich model than the Langmuir model for HMO-GO
suggested a heterogeneous chemisorption process through inner-sphere complexation, whereas,
opposite results were obtained for GO, suggesting monolayer adsorption on the surface through simple
ion exchange method. The experimentally obtained sorption capacity of Pb(II) for HMO-GO was
553.6 mg/g, which was higher than that observed for any other Mn-based adsorbent [224].

3. Conclusions and future perspective

Graphene based nanoadsorbents have been proven to play the vital role in the selective
adsorption of heavy metal ions, such as Pb(II), from wastewater. The selective recovery and reuse
of valuable adsorbents and pollutants are the important challenges for the adsorption technology
using nanoadsorbents with favorable structures, morphology, superior adsorption capacities, and
ease of separation. Graphene is always thanked for its unique property of functionalization, used
to alter its properties and, consequently, its applications. This review exploited recently-developed
graphene-based novel nanoadsorbents for the effective and selective removal of Pb(II) ions from
wastewaters. In addition to the various own functionalities, GO was further surface modified with
the negatively-charged functional groups to enhance the selective and effective Pb(II) ion adsorption
from wastewaters. Due to wide varieties of surface functional groups, high surface area, and a
preponderance of exposed edges planes, GO exhibited remarkable superior adsorption of Pb(II)
ions. In addition, GO composites with ion scavengers (for example, EDTA), metal nanoparticles,
magnetites, polymers, and aerogels have been reviewed for the adsorption of Pb(II) ions under the
influence of temperature, pH of the medium, adsorbate, and sorbent loadings, etc., and exhibited
superior adsorption than pristine GO for Pb(II) ion adsorption from an aqueous solution. One of
the major advantages revealed by the graphene-based nanoadsorbents is the recovery of adsorbents
and adsorbates even after a series of life cycles. Although simple and effective routes for GO-based
nanoadsorbents with high surface area and pore size for superior adsorption of heavy metal ions are
still in demand, graphene-based nanoadsorbents have proven their potential adsorbability for the
expediency of mankind and the environment.
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