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Abstract: Carbon-based materials, including graphene (GR), carbon nanotubes (CNTSs), activated
carbon, and biochar, are the most common materials often applied to separate heavy metals from the
water stream. A key feature of carbon adsorbent is the functional group of its adjustable surfaces. Both
GR and CNTs exhibit the most favorable materials and may be the right choice in the future because of
their excellent nature and unique structure. In order to commercialize the use of carbon absorbent in the
removal of heavy metals, the mechanism of adsorption of carbon on heavy metals must be fully
understood. In view of the good properties of carbon-based materials, a detailed study of their
characteristics and synthesis, and modifications should be highlighted. Therefore, this article will
discuss the properties, modifications, and use of carbon-based materials as adsorbents for various
hazardous metal ions.

Keywords: carbon materials, graphene oxide; carbon nanotubes; heavy metal removal; adsorption
mechanism.
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1. Introduction

Anthropogenic impacts derived from machinery manufacturing, fossil fuel combusting,
oil refining, electroplating, and electronic production has triggered ever more toxic heavy
metals being discharged into the mainland. Directly, the quality of the water is also being
affected. As mentioned by United Nations, about 80% of all industrial and municipal
wastewater in the developing world is discharged to the mainstream without any pre-treatment
process [1-3]. Unlike other pollutants of the environment, poisonous heavy metals are
invincible because they cannot be chemically or biologically destroyed. Due to the high level
of toxicity, many heavy metal ions can give toxic effects even at low concentrations,
interrupting normal human body activities and initiating the odd diseases to even death [4-6].
Particularly, in developing countries, the effects of increased pollution will be a major problem

as they do not have the resources to treat contaminated water effectively. According to the
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World Health Organization (WHO), around 844 million people cannot access basic drinking
water, and 230 million spend more than 30 minutes daily collecting water supplies from
enhanced water sources such as protected wells, rainwater, and boreholes [7]. These adverse
conditions have led to water-related diseases, especially in the affected countries. According
to WHO data, each year, about 1.60 million people die from diarrhea, and 90% of deaths occur
in children under 5. Thus, strict standards were applied in most countries to control the heavy
metal discharges into the water mainstream, which gives a stressful challenge for water
treatment technologies.

Many technologies and processes have been introduced in heavy metal removal
applications, such as membrane technology, ion exchange, coagulation-flocculation,
adsorption, and precipitation [8-12]. Based on all the mentioned processes, the adsorption via
based-carbon materials is mentioned as the utmost practical and low-cost technique. Carbon
materials can be sourced from different types of materials, including activated carbon (AC),
biochar, carbon nanotubes (CNTSs), and graphene oxide (GO). All these mentioned materials
have been majorly researched for the removal of heavy metals. Each type of material possesses
a unique structure that can be further modified to be incorporated in the adsorption process to
optimize the adsorption capacity of metal ions. Consequently, one main key of research is to
deal with the modification of carbon materials to improve the function of the natural structure
to adsorb the targeted metal ions. The main objective of this work is to afford a detailed review
of current research regarding carbon-based materials as the adsorbent in terms of the adsorption
mechanism, modification of carbon adsorbents, main adsorption parameters, and the
performance of heavy metals removal.

2. Removal of Heavy Metals by Adsorption

Generally, heavy metals have an atomic weight of 63.5 to 200.6 with a greater density
of more than 5 g/cm? [13]. Due to the toxicity of heavy metals, they can be contaminated even
in small concentrations in any context of various types of industrial activities [3,5,8,14]. Table
1 shows the most common types of heavy metals, including sources of heavy metals, human
health effects, and Maximum Contaminant Level (MCL) from the United States Environment
Protection Agency (USEPA) and WHO. The hazardousness of heavy metals has been
repeatedly mentioned by many researchers. As mentioned by Fiyadh et al., arsenic (As) is
considered the most toxic heavy metal because it can cause many adverse effects on organisms
[15]. The presence of As can be detected in various forms and levels of toxicity. Exposure to
humans can cause a variety of diseases, including cancer, bladder, and skin problems [5,16]. A
range of techniques has been introduced to remove heavy metals from water, such as oxidation
[17-19], membrane technologies [20-23], ion exchange [24-26], precipitation [27,28], and
photocatalysis [29,30]. Nevertheless, each of the methods mentioned has some limitations. For
example, the precipitation technique will produce some hazardous by-products as they require
further treatment. Meanwhile, the ion exchange process also produces some disadvantages due
to the lack of recyclability. The major limitation in membrane processes relates to the cost and
disposal of post-treatment waste materials. As Abbas and his team have studied, the
electrodialysis process is quite favorable but requires considerable energy use and high
operating costs [31]. In addition, some heavy metals are found in the soil, so it requires proper
treatment. As there are many drawbacks to the aforementioned method, effective alternative
methods and technologies to remove heavy metals need to be proposed.
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Table 1. The common types of heavy metals are found in the water stream.

Heavy metal Sources Health effects MCL (mg/L) Ref.
USEPA WHO

Arsenic (As) Electronic Skin damage 0.010 0.010 [5,16,32]
production Circulatory system issues

Cadmium (Cd) Various chemical | Kidney damage, 0.005 0.003 [33-35]
industries Carcinogenic

Chromium (Cr) Steel Allergic dermatitis, diarrhea, 0.1 0.05 [36-39]
manufacturing nausea, vomiting

Copper (Cu) Household Gastrointestinal issues, liver 13 2.0 [40-42]
plumbing systems | and kidney damage

Lead (Pb) Lead-based Reduced neural development 0.0 0.01 [43-46]
product,
household
plumbing systems

Mercury (Hg) Fossil fuel Kidney damage, nervous 0.002 0.006 [47-49]
combustion, system damage
electronic
industries

The adsorption process has been measured as the most suitable technique for removing
heavy metals from the water stream. It can remove pollutants even at the lowest metal ion
concentrations. In addition, this process also requires low energy consumption and has many
types of raw materials to act as the adsorbent [6,42,50,51]. Theoretically, as presented in Figure
1, the adsorption process involves the attachment of the adsorbate (metal ion) to the active
adsorbent site. The process of adsorption can occur in two types which are physisorption and
chemisorption. In physisorption, the adsorption process takes place between the adsorbent and
adsorbate via van der Waals forces. Meanwhile, the chemisorption process occurs when
adsorbates are chemically attached to the active site of the adsorbent. The capability of the
adsorption process is measured by the ability of the adsorbent to adsorb the heavy metals that
can be identified through the adsorption capacity. In addition, the aspects influencing the
adsorption capacity include the type of the pollutant, solution pH, duration time between the
adsorbate and adsorbent, initial concentration of the metal ions, surface charge, surface area,
type of active sites groups of adsorbents as well as the molecular size of the heavy metals.

Ad39rbate
SOEGE

Adsorbent

Figure 1. The attachment process of the adsorbate and the adsorbent.
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2.1. Adsorption parameters.

The adsorption capacity of heavy metals onto adsorbents depends on several
parameters, including the initial concentration of heavy metals, solution pH, average contact
time, adsorbent dosage, etc. Several parameters that influence the performance of adsorption
of heavy metal ions to carbon adsorbent are discussed. The pH of the solution is very significant
as it will affect the adsorption process and the absorbent surface charge. As studied by Zhan
and the group, the adsorption performance of the Cu(ll) and Pb(ll) onto CNTs-GO aerogels
was obviously increased starting from the pH 2 to 7 from 67mg/g and 95 mg/g to 224mg/g and
271 mglg, respectively [52]. Zeta potential at different pH values was measured. From the
results, it was found that the zeta potential for both CNTs and GO started to decrease as the
solution pH increased from pH 2 to pH 7. At lower pH, the high concentration of H+ ions began
to compete with the Cu (11) and Pb (1) ions to be mounted on a negatively charged GO surface.
Therefore, it will produce a virtual repulsion of metal ions. Meanwhile, when the pH starts to
rise to pH 7, there is minimal competition between Cu (I1) and Pb (1) with GO, resulting in
better adsorption capacity. In addition to the pH of the solution, the initial concentration of
heavy metal ions also played a significant role in the adsorption performance. Theoretically, as
the initial concentration of heavy metal ions increases, the collision between the metal ions and
the active surface of the adsorbent increases. In line with this, the adsorption capacity will
increase.

In addition, the duration of the contact time is one of the crucial parameters because it
IS necessary to attain the equilibrium for the adsorption of the heavy metal to the surface of the
adsorbent. Normally, as the contact time increases, the interaction between the adsorbent and
adsorbate will increase until it reaches the equilibrium point, which means that the surface of
the adsorbent itself is already saturated with the metal ion. The contact time will influence the
life span of the adsorbent and also the adsorption time efficiency. A longer contact time will
increase the adsorption capacity since the duration for the adsorbate to be adsorbed onto the
active site of the adsorbent is longer. The presence of the available active sites will accelerate
the attachment of the metal ions to be penetrated onto the adsorbent. The equilibrium point of
the adsorption process is achieved when all available active sites are fully absorbed by the
metal ions. At this point, no adsorption occurs because the rate of adsorption and absorption
are the same. As elaborated by Sadeghi and the group, the adsorption time of Hg(I1) and As(V)
onto the synthesized GO reached 12 minutes [53]. From these observations, it is found that the
adsorption process shows rapid initial adsorption for the first 2 minutes. This situation indicates
that there is rapid diffusion of metal ions to the GO surface. After 12 minutes, the adsorption
capacity for Hg(ll) and As(V) reached 7.95 mg/g and 51.43 mg/g, respectively.

2.2. Adsorption and kinetic isotherms.

The adsorption capacity of heavy metals onto adsorbents depends on several
parameters, including the initial concentration of heavy metals, solution pH, average contact
time, adsorbent dosage, etc. Several parameters that influence the performance of adsorption
of heavy metal ions to carbon adsorbent are discussed. The pH of the solution is very significant
as it will affect the adsorption process and the absorbent surface charge. As studied by Zhan
and the group, the adsorption performance of the Cu(ll) and Pb(Il) onto CNTs-GO aerogels
was obviously increased starting from the pH 2 to 7 from 67mg/g and 95 mg/g to 224mg/g and
271 mglg, respectively [52]. Zeta potential at different pH values was measured. From the
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results, it was found that the zeta potential for both CNTs and GO started to decrease as the
solution pH increased from pH 2 to pH 7. At lower pH, the high concentration of H+ ions began
to compete with the Cu (11) and Pb (I1) ions to be mounted on a negatively charged GO surface.
Therefore, it will produce a virtual repulsion of metal ions. Meanwhile, when the pH starts to
rise to pH 7, there is minimal competition between Cu (I1) and Pb (1) with GO, resulting in
better adsorption capacity. In addition to the pH of the solution, the initial concentration of
heavy metal ions also played a significant role in the adsorption performance. Theoretically, as
the initial concentration of heavy metal ions increases, the collision between the metal ions and
the active surface of the adsorbent increases. In line with this, the adsorption capacity will
increase.

The purpose of the adsorption isotherm study is to analyze the adsorption behavior of
the adsorbate to the adsorbent surface in terms of heavy metal concentration. This study will
show the effect of the initial concentration of metal ions and the number of ions to be absorbed
at equilibrium. The equilibrium between the amount of the metal ions adsorbed and the amount
of the total ions remains in the solution reached as the mass of the adsorbent has a sufficient
contact time with the metal ions. The adsorption isotherms model is applicable for batch
adsorption studies by varying the initial concentration of the heavy metals. Commonly, there
are two types of isotherms models that are presented to determine the behavior and the
mechanism of the adsorption process. Langmuir and Freundlich's models are employed to fit
the experimental adsorption value. These models are useful to measure the maximum
adsorption capacity of the adsorbate by the adsorbent [26,54]. Table 2 compares the models in
terms of equations, parameters, and the elaboration of the Langmuir and Freundlich models.

The contact time between the adsorbent and the metal ions is vital to reaching the
optimum removal of the heavy metals from the aqueous solutions. The kinetic studies refer to
the reaction route for the time of the adsorption process to reach equilibrium. This study will
show the amount of time it takes to achieve the optimum adsorption process. To clarify the
adsorption mechanism process, the data were tested using two general models: pseudo-first and
pseudo-second models. High correlation coefficients, R? value indicates that the model
successfully expresses the kinetics of the adsorption process. Table 3 explains the types of
isotherm models, including the related equations and the brief descriptions of the pseudo-first
and pseudo-second models, respectively.

Table 2. Linear formula equations, parameters, and descriptions of the adsorption isotherm models.

Isotherms Linear form Parameters Description Ref.
Langmuir @_ 1 N 1 Ce (Mmg/L): e Refer to the monolayer | [26,55,56]
qe gqmKL ¢ KLqm | Concentration of metal ions adsorption process.
at equilibrium. e The affinity and the
favorableness between the
de (Mg/g): adsorbent and the adsorbate
The amount of adsorbate also can be predicted by
adsorbed at equilibrium. using Langmuir constant
KL from the dimensionless
KL (L/mg): constant separation factor,
Langmuir constant. RL.
am (MQ/g): RL = (1/1+KCo)
Maximum adsorption
capacity. Where,
Co:
Initial concentration of
adsorbate (mg/L)
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Isotherms Linear form Parameters Description Ref.
Dlrreversible (RL=0)
2)Favorable (0<R. <1)
3)Linear (RL=1)
4)Unfavorable (RL >1)
Freundlich B 1 e (Mg/g); e Adsorption based on the | [26,54,57]
In ge=In Kf+—In Ce Adsorption  capacity of |  heterogeneous surface.
metal ions adsorbed at | e Applied to  multilayer
equilibrium. adsorption.
e 1/n refers to the
Ce (Mg/L); heterogeneity ~ of  the

metal ions at equilibrium

1/n;

adsorbent surface.
e The value of 1/n signified
the indication of the

heterogeneity factor | favorability of adsorption.
(dimensionless)
i) Irreversible (1/n = 0)
Kt (L/g)_; ) ii) Favorable
Freundlich adsorption | (o< 1/n < 1)
constant iif)Unfavorable
(1/n>1)

Table 3. Linear formula equations, parameters and descriptions of the adsorption kinetic models.

Isotherms Expression of formula Parameters Description Ref.
Pseudo- 44L _ k1 (Ge-qy) ge (mg/g);  Equilibrium | e Physisorption. [57-60]
first order at adsorption capacity e The target molecules
model attached via Van der

gt (Mg/g); Waals forces.

Adsorption capacity attime, t | o Low heat of adsorption.

t (min);

contact time

ki (mint);

rate constant of pseudo-first

order
Pseudo- dat _ ., (e - G1)? ge (Mg/g); o Indicate chemical | [25,61,62]
second at equilibrium adsorption adsorption or known as
model capacity chemisorptions.

o Covalent bonding

qt (mg/g); between metal ions and

Adsorption capacity at time, t adsorbent.

t (min);

contact time

ka2 (min-Y);

rate constant of pseudo-second

order

3. Carbon-based Materials (Mauro)

Carbon-based materials have excellent properties because they can be chemically
bonded to many other types of carbon materials through strong covalent bonds. Because of
these characteristics, they have excellent and superior materials in terms of hardness, density,
and strength. In order to increase the capability of the adsorptive behavior, the surface
functional groups can be altered. This process may involve the post-treatment process of carbon
materials with chemical agents to obtain the appropriate carbon materials to act as the
adsorbent. There are three types of modifications that have been proposed, namely oxidation,
nitrogenation, and sulfurization. All of these techniques will introduce oxygen, nitrogen, and
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sulfur to the carbon surface to create an active functional group [63]. As a comparison of the
three techniques mentioned, surface oxidation is the most conventional and simplest
modification.

In particular, AC, CNTs, and graphene oxide (GO) are the most widely used materials
in adsorption for heavy metal removal. Their adsorption performance has been extensively
studied [64-66]. Among all the listed materials, AC is highlighted as the most used material as
the adsorbent [67,68]. The porous structure of the AC can be altered by changing the activation
parameters, including the types of the activation, either physical or chemical, activating agents,
pyrolysis temperature, and impregnation ratio. In addition, the type of the activating agent is
important in order to ensure the type of the active groups at the adsorbent's surface. The
preparation of the AC can be grouped into physical and chemical activation [69-71]. Physical
activation has two major steps, which are the pyrolysis and activation step. In the first step, the
carbon precursor undergoes a pyrolysis process at low temperatures without any air. The char
obtained then undergoes an activation step under an oxidizing condition to increase its surface
area. Increasing the surface area will improve the porosity, thus improving the removal of the
metal ions during the adsorption process.

Chemical activation is a one-step process by which carbon precursors are immersed in
dehydration agents such as potassium hydroxide. The process is performed under high
temperatures in an inert atmosphere. In comparison, chemical activation is preferred because
it offers several advantages, such as low activation temperature, minimal heat treatment, and
high carbon content [69,72]. However, it is worth mentioning that operating under an oxidizing
environment is better than an inert atmosphere condition since the porosity of the AC will be
improved. In addition, the use of airflow during the process will increase the AC surface's
oxygen content and increase the surface area of the carbon pore structure [69]. In another
approach, AC is made from rare materials such as chicken feathers and eggshells[70]. Both of
the materials undergo acid digestion to turn into AC before being modified by the addition of
magnetic iron to adsorb Pb(l1), Cu(ll), Zn(1l), Cd(Il), and Ni(ll).

The advancement of nanotechnology has created graphene-based materials, including
graphene (GR) and CNTSs as the adsorbent [22,51,73,74]. GR is one of the most popular carbon-
based materials recently used as an absorbent to remove metal ions [22,53,75-79]. GO is the
oxidized form of GR that is produced from the chemical or thermal reaction process. GO has a
high surface area which is preferable in heavy metal removal applications. As mentioned by
Yao et al., the GO nanosheets possess higher sorption capacity than CNTs as they consist of
large numbers of oxygen molecules [79]. In addition, the chemical synthesis of GO via
Hummers methods is simple, thus making it easier to be produced. The multiples sheet of the
rolled GO will produce cylindrical carbon tubes. As stated by Zhan et al., GO has been
identified as one of the most popular materials in heavy metal removal due to many available
negatively charged sites [52]. The nature of the GO is likely to restack or agglomerate due to
the van der Waals interaction and n-7 stacking, which can use up a large number of active sites.
However, the GO sheet is still dispersing in water due to the presence of oxygen molecules in
its structure. The CNTs are made up of countless carbon chains. A single carbon atom is
attached to three carbon atoms, which will form a carbon hybrid of sp?. The hybridization of
sp? is greater compared to sp® found in the diamond. Thus, it shows atypical strength with
excellent thermal and electrical conductivity. As presented in Figure 2, CNTs can be
categorized into two types of groups: Multiwall CNTs (MWCNTS) consisting of multilayer
GR sheets and single-wall CNTs (SWCNTSs) with single-sheet GR sheets. Referring to Figure
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3, to form a nanotube, the vector length of the GR sheet needs to be measured equally[80].
Based on Figure 3 (b-d), SWCNTSs can be divided into three classes, namely zig-zag, chiral,
and armchair. The differences between classes are distinguished by the direction of the vector
GR sheet.

Figure 2. The structures of (a) MWCNTSs and (b) SWCNTSs. Reprinted with permission from [81]. Copyright
2009 American Chemical Society.

Figure 3. (a) The vectors of the GR sheets; (b)zig-zag; (c) armchair; (d) chiral of SWCNTSs [80].

In removing various metal ions in water, CNTs are commonly used due to their large
surface area, high porous structure, and strong chemical interaction with metal ions. [63,74].
The adsorption behavior of metal ions onto the CNTs surface is majorly dependent on the
purity, porosity, active groups, surface area, and the types of the CNTSs, either open close-
ended. As presented in Figure 4, there are four possible CNTs main sites that are believed to
function as adsorption sites which are (1) internal sites, (2) interstitial channels (ICs), (3)
grooves, and (4) outer surface [82]. As Ihsanullah and the group mentioned, most of the
adsorption will occur at the ICs, outer surface, and grooves sites [31]. Most of the adsorption
at the ICs and grooves involved the adsorption of methane (CH4) and krypton (Kr). Meanwhile,
the grooves are able to adsorb larger molecules such as xenon (Xe), simplest fluorocarbon
(CF4), and sulfur hexafluoride (SFs). In addition, the adsorption processes on the CNTs are also
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influenced by the amount of open and unobstructed nanotubes. Opening the end of the CNTs
will increase the number of adsorption sites, thereby increasing the adsorption process's
saturation capability and kinetic rate. The adsorption performance of metal ions measured via
adsorption capacity of the acid-modified CNTSs is higher in almost all the studies [83-85]. This
situation may be associated with the electrostatic interaction between the negative charge on
the CNTs and the positive charge of the metal ions.

Figure 4. Possible CNTs main sites that are believed to function as adsorption sites. Reprinted (adapted) with
permission from [82]. Copyright 2006 American Chemical Society.

3.1. Mechanism of heavy metal removal by carbon-based materials.

Generally, the intermolecular interactions between the active site of the adsorbent and
metal ions are complex. Specifically, the interaction highly depends on active groups on the
carbon surface, the environment of the heavy metal ions solution, and the type of the adsorbate,
either positive or negative charge. The adsorption mechanism of metal ions on the carbon
surface can be divided into five main types: electrostatic interaction, surface complexation, ion
exchange, precipitation, and physical adsorption [33,63,71]. Each type of mechanism acts for
different adsorption processes based on the type of metal ions, the pH of the solution, and the
nature of the carbon adsorbent. In particular, ion exchange, surface complexation, and
precipitation are categorized as chemisorption. Meanwhile, electrostatic interaction and
physical adsorption are related to the physisorption interaction. Hadi and the group stated that
the chemisorption mechanism is majorly linked to the surface functional groups via
electrostatic force, the creation of the binding site, and the covalent bonding form between
adsorbate and the active groups of the carbon surfaces [69].

Surface complexation will form complex structures with unique metal functional
groups interactions. The metal ions can form complexation with carboxyl and phenolic
functional groups [47,86]. As studied by Zbair et al. the removal of the Cr(l11), Pb(Il), Cd(ll),
and Cu(ll) is improved because of the electrostatic interaction between the metal ions and
carbon microspheres [87]. Hou and his team also emphasize that the removal of Cd(1l), Pb(ll),
and Cu(ll) is enhanced by electrostatic interactions created through negatively charged surfaces
of magnetic layered double oxide/carbon (Mag/LDO/C) with positively charged of the metal
ions [56]. The influence of similar mechanisms was also observed for the removal of Cd(ll),
Cu(ll), and Zn(11) [67,88]. In another approach, the removal of the Zn(11), Cd(I1), Cu(ll), Ni(ll),
and Pb(ll) by carbon material (CNM) synthesized from charcoal cross-linked with
hyperbranched polyethyleneimine (HPEI) is improved due to the steric hindrance and Donnan
electrostatic exclusion [89].
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Table 4. Adsorption capacities of metal ions by carbon-based adsorbents.

Adsorbents Modification Adsorbates Optimal conditions Adsorption capacity (mg/g)/ Kinetic/ adsorption model Ref.
Adsorption removal (%)
CNTs-GO Amino functionalized CNTs- Pb(I1) pH=7, 350.87 mg/g Pseudo-second order/Langmuir [52]
GO aerogels Cu(ll) [conc.]=400 mg/L 318.47 mg/g
T=60 min
AC Iron magnetized eggshell Pb(Il) pH=5.5 96.1 mg/g Pseudo-second order/Langmuir [70]
activated chicken feather Cd(ln [conc.]=25 mg/g 93.8 mg/g
carbon (IOM-ESCFC) Cu(ln) T =60 min 83.3 mg/g
Zn(11) 69.6 mg/g
Ni(I1) 50%
AC Honeydew peel AC treated Cr(Il)-HDP-ACS | pH=45 834.94 mg/g NA [94]
with H2SO4 (HDP-ACS) and [conc.]=1000 mg/L
H3PO4(HDP-ACP) Zn(Il)- HDP-ACS | T =40 min
pH=5.5 326.19 mg/g
Cr(I1)-HDP-ACP | [conc.]=400 mg/L
T =40 min
Zn(Il)- HDP-ACP | pH=4.5 888.85 mg/g
[conc.]=1000 mg/L
T =40 min
pH=5.5 336.51 mg/g
[conc.]=400 mg/L
T =40 min
GO Synthesized GO via unzipping | As(V) pH=5.5 155.61 mg/g Pseudo-second order /Freundlich [53]
of MWCNTSs [conc.]==300mg/L
Hg(ll) T =12min 33.02 mg/g Pseudo-first order/ Freundlich
AC AC synthesized from EIm tree | Pb(Il) pH=5 232.56 mg/g Pseudo-second order/Langmuir [95]
waste via thermal tension [conc.]=50 mg/L
treated T=60 min
Cr(VI) pH=2 113.63 mg/g Pseudo-second order/Langmuir
[conc.]==50 mg/L
contact time=60 min
AC Synthesized AC from rayon Cu(ll) [conc.]=20mg/L 50% NA [71]
fiber via physical activation T=48h
Pb(11) [conc.]=40 mg/L 75%
T=48 h
5312
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Adsorbents Modification Adsorbates Optimal conditions Adsorption capacity (mg/g)/ Kinetic/ adsorption model Ref.
Adsorption removal (%)
CNTs Functionalized silica-coated Pb(I1) [conc.]=10 mg/L 89 mg/g NA [96]
magnetic MWCNTS T=5min
Cd(ln 94.5 mglg
AC Sewage sludge derived Pb(Il) pH=5 2391.76 mg/g Pseudo-second model/Redlich-Peterson [90]
carbon-supported MgO [conc.]=200 mg/L
composite T=180 min 861.11 mg/g
Cd(ln pH=6
[conc.]=200 mg/L
T=180 min
AC multi-pore acivated carbons Pb(I1) pH=6 277.6 mg/g Pseudo-second model /Langmuir [97]
(MPAC) from long-root Cd(ln [conc.]=1 mmol/L 67.9 mgl/g
Eichhornia crassipes Cu(ll) T=240 min 137.1 mg/g
Zn(ll) 56.9 mg/g
Ni(ll) 61.9 mg/g
CNTs Iron oxide filled MWCNTSs Cr(VI) pH=6 39.31% NA [93]
Fe(ll) [conc.]=100 mg/L 35.53%
Pb(Il) T=30 min 34.48%
Cu(ln) 29.63%
AC Egg white derived AC Co(lln) pH=6 320.3 mg/g Pseudo-second order/Langmuir [98]
[conc.]=100 mg/L
T=240 min
AC Carbon microsphere from Cr(l11) pH=5 792 mg/g Langmuir [87]
walnut shell Pb(11) [conc.]=50 mg/L 638 mg/g
Cd(ln T=300 min 574 mglg
Cu(ll) 345 mgl/g
AC Functionalized AC with HNO3s | Ni(ll) pH=6 149.25 mg/g Langmuir [99]
Co(lln) [conc.]=200 mg/L 140.85 mg/g
T=24h
AC Magnetic layered double Cd(ln pH=6 386.1 mg/g Pseudo-second order/Langmuir [56]
oxide/carbon (Mag-LDO/C) [conc.]=200 mg/L
T=90 min
Pb(I1) pH=6 359.7 mg/g
[conc.]=400 mg/L
T=120 min
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Adsorbents Modification Adsorbates Optimal conditions Adsorption capacity (mg/g)/ Kinetic/ adsorption model Ref.
Adsorption removal (%)
Cu(ln) pH=6 192.7 mg/g
[conc.]=200 mg/L
T=400 min
GO Chemically modified GO with | Pb(ll) pH=4 75.41 mg/g Pseudo-second order/Langmuir [100]
waste newspaper [conc.]=40 mg/L
T=12h
Ni(ll) 29.04 mg/g Pseudo-second order /Freundlich
Cd(ln 31.35 mg/g Pseudo-second order /Freundlich
GO Magnetized GO from natural Co(ll) pH=9 379.2 mg/g Pseudo-second order/Freundlich [101]
flake graphite [conc.]=500 mg/L
T=5 min
GO chemically modified GO by Cu(ll) pH=7 3.464 mg/g Pseudo-second order [58]
bis(2-pyridylmethyl)amino Ni(ll) [conc.]=250 mg/L 3.254 mg/g
groups Co(ll) T=24h 3.054 mg/g
(BPED)
GO Magnetized GO from Cr(VI) pH=2 3.197 mg/g Pseudo-second order/Langmuir [102]
cellulose based graphite [conc.]=10 mg/L
T=80 min
GO Magnetized GO with with iron | Ph(ll) pH=5 200 mg/g Pseudo-second order /Langmuir [103]
particle [conc.]=250 mg/L
T=25 min
Cr(I11) pH=6 24.33 mg/g Pseudo-second order /Langmuir
[conc.]=250 mg/L
T=65 min
Cu(ln) pH=6 62.893 mg/g Pseudo-second order /Langmuir
[conc.]==250 mg/L
T=25 min
Zn(1) pH=7 63.694 mg/g Pseudo-second order /Langmuir
[conc.]=250 mg/L
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Adsorbents Modification Adsorbates Optimal conditions Adsorption capacity (mg/g)/ Kinetic/ adsorption model Ref.
Adsorption removal (%)
T=35 min
Ni(ll) pH=8 51.020 mg/g Pseudo-second order /Freundlich
[conc.]=250 mg/L
T=25 min
GO Cross-linked GO with alganite | Cr(ll1) pH=6 327.9 mg/g Pseudo-second order /Langmuir [104]
[conc.]=80 mg/L
T=56 h
Pb(11) pH=5 118.6 mg/g
[conc.]=80 mg/L
T=70h

*[conc.]; initial concentration of metal ions, * T =contact time
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In another study done by Ngambia and the group, the fabricated AC-supported MgO
composite shows the adsorption by ion exchange between the Mg(Il) and the metal ions (Pb(11)
and Cd(I1)), electrostatic attraction, chemical adsorption as well as precipitation effects [90].

For the ion exchange mechanism between the functional groups of the CNTs with metal
ions, the divalent metal ions are attached to the acid-modified CNTs. The metal ions are
adsorbed onto the active site of the CNTs and simultaneously discharge the H* ions from the
surface. Therefore, the solution pH decreases. This process is highly dependent on the
concentration of the initial heavy metal ions. The amount of the ions adsorbed onto the CNTs
is increased with the initial concentration of metal ions increasing, and at the same time, the
solution pH decreases [31]. In another approach, the interaction mechanism for the Cd(ll)
adsorption onto CNTs/Al>O3 occurs via physical interactions, electrostatic interactions, and
van der Waals interactions. It is believed that adsorption occurs by a combination of the
mechanisms mentioned [91]. In another study conducted by Zhan and the group, many oxygen-
containing groups (-OH and -COOH) located at the GO edge would give a negative charge to
attach the positive charge of metal ions through electrostatic interactions [52].

4. Application of Carbon-based Materials in Heavy Metal Removal

Many recent articles have been conducted on the absorption capacity of metal ions
through carbon absorbents. For example, the fabrication of iron-oxide-filled MWCNTS is
successfully fabricated to remove various metal ions [93]. Based on the analysis, it was
depicted that the percentage removal of the Cr(V1), Pb(Il), Cu(ll), and Fe(ll) can be reached
up to 94%. Zbair and the member fabricated carbon microspheres as an adsorbent for the
removal of Pb (II) and Cr (I1I) metal ions. From these findings, it was found that higher
adsorption reached 638 mg/g and 792 mg/g, respectively [87]. A summary of selected recent
studies evaluating the ability of carbon-based materials in terms of their maximum adsorption
capacities, optimum conditions for adsorption process, types of modifications, the best-fit
kinetic and isotherm models in heavy metals removal can be found in Table 4.

5. Conclusions

Carbon adsorbents' adsorption mechanisms, including electrostatic interaction, ion
exchange, surface complexation, precipitation, and physical adsorption towards heavy metals
removal, are highly correlated. Based on the previous studies outlined in the previous section,
carbon materials such as GO, CNTs (SWCNTs, MWCNTSs), AC, and biochar with modified
active sites surfaces are highlighted as favorable adsorbents for various types of metal ions. In
addition, different adsorption mechanisms are suitable for various types of adsorbates that are
strongly influenced by the functional groups attached to the active surface of the carbon-
absorbing site. In the future, due to its promising properties and good performance of carbon-
based materials, its applications can be explored in various sectors such as wastewater
treatment plants and environmental fields.
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