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Abstract

Since graphene was isolated from graphite, different researches have been developed
around it. The versatility of graphene properties and their derivates, such as graphene
oxide or doped and functionalized graphene materials have expanded the possible
applications of thesenanostructures. The areasstudied of grapheneinclude the following;:
nanocomposites, drugdelivery, transistors, quantumdots, optoelectronic, storageenergy,
sensors, catalystsupport, supercapacitors, among others. However, otherimportant field
of these materialsis their applicationsinenvironment, mainly in the removal of pollutants
in water. In this context, there are two possible alternatives to use graphene materials in
water purification: photocatalysis and adsorption. In the first case, the key is related to
the bandgap and semiconductors properties of these materials, also the versatility of
different graphene structures after the oxidation or functionalization, play an impor-
tant role to get different arrangements useful in photocatalysis and avoid recombina-
tion, one of the problems of typical semiconductors photocatalysts. In the second case,
surface area and useful chemical groups in carbon material give different options to
produceefficientadsorbents depending on differentsynthesis conditions. Thus, thisbook
chapter coversareview of the photocatalyticactivity of graphene materials withemphasis
in the removal of organic pollutants and heavy metals from water, in the next topics:
graphene-based semiconductor photocatalyst and graphene oxide as photocatalyst. On
the other hand, the chapter also discusses the research related to the removal of organic
compounds and heavy metals using graphene materials as adsorbents, the topics in this
second part are as follows: graphene and graphene oxide as adsorbent of heavy metals
from water, graphene, and graphene oxide as adsorbent of organic pollutants from water,
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functionalized graphene materials as adsorbent of water pollutants, carbon nanomate-
rials vs. graphene as adsorbents. Therefore, the book chapter presents a review and the
discussion of the keys that play an important role in the advances in the research of
graphene materials as photocatalysts. In addition, the isotherms and kinetic that produce
thesematerialsasadsorbentsarealsoreviewed and discussed, becauseadsorptionprocess
in these materials is important to remove pollutants from water, but also for adsorption
is a first step to achieve photocatalyst. The future of this topic in graphene materials is
also analyzed.

Keywords: Graphene, Graphene oxide, Photocatalysis, Adsorption, Water pollution

1. Introduction

Water demand has increased as a consequence of different human activities and industrial
growth. Water resources are contaminated due to the discharge of wastewater. The discharge
of industrial effluents uncontrolled, containing large amounts of contaminants, represents a
danger for human beings and aquatic life. By the aforementioned, the water pollution is a
worldwide problem, which represents a serious risk to the environment and water quality.
Therefore, it is necessary to develop new methods and materials for removing contaminants
from wastewater.

Several conventional methods have been reported in the literature to remove contaminants
from water and wastewater; however, these methods have large disadvantages. Photocata-
lytic degradation has shown great potential in the treatment of water. It has many advantag-
es over conventional methods. Semiconductor-based photocatalysis has received great
attention due to its use in water purification. Some researchers have reported water splitting
using semiconductor photocatalyst, and it has attracted a lot of attention in different fields of
science.

Adsorption is also widely used to remove contaminants from industrial wastewaters. When
compared to conventional methods, adsorption offers significant economic and environmen-
tal advantages such as low cost, ease of operation, and high removal efficiency.

At present, the application of nanomaterials in water treatment has attracted significant
attentions for the advantages of large surface areas and activated functionalized sites.
Nanomaterials are very attractive in different fields of the science and have gained great
interest due to their adsorption, catalytic, optical, and thermal properties among others.
Researchers in science and engineering show an increased interest in the use of nanoparti-
cles due to their unique physical and chemical properties.

Research on graphene (GE) has experienced strong growth in recent years. Graphene materials
have already made great impacts in many fields ever since its discovery in 2004. Graphene
oxide (GO) is one of the most important graphene materials.

This kind of nanomaterials represents a new type of photocatalyst/adsorbent offering an
alternative to remove specific contaminants from water. Due to this, in this chapter, we present
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a review of investigation studies where graphene and graphene based materials have been
used as photocatalysts and adsorbents for the removal of heavy metals and organic com-
pounds from water. The effect of some parameters affecting the process of photocatalysis and
adsorption is analyzed.

2. Photocatalysis of graphene materials to remove pollutants from water

Heterogeneous photocatalysis is an advanced oxidation process (AOP) that offers an impor-
tant potential for the decomposition of recalcitrant organic pollutants of water. In this process,
the photon energy is converted into chemical energy which is able for the decomposition of
these contaminants. One of the challenges in the heterogeneous photocatalysis is to improve
the charge separation for make more efficient the process. In this regard, graphene materials
are very promising for solve the recombination process. The structures of graphene materi-
als with sp? hybridization of carbon atoms can allow a fast electron transfer improving the
charge separation. Therefore, in this section, we present a review of investigations about of the
use of graphene materials and graphene-based materials for the organic pollutants removal of
water through of photocatalysis process.

2.1. Graphene-based semiconductor photocatalysts

With the aim to improve the performance of photocatalytic semiconductors materials, some
strategies have been employed. One of the combinations of these semiconductors materials
are with graphene. This nanomaterial can serve as an electron acceptor and therefore to
improve the charge separation.

Although titanium supported over graphene materials is the most studied semiconductor on
the removal of organic pollutants from water [1-4], exist other semiconductors that have been
incorporated to graphene layers, in order to observe the modification of its effect on the
removal of organic pollutants of water. This chapter section will be focused on making a review
of semiconductors of oxides and sulfides which have had important impact when these are
incorporated to the graphene materials.

Cuprous oxide (Cu,O) is one of the more important semiconductors that have been com-
bined with graphene materials. Han [5] investigated the performance of nanocomposite of
Cu,0O-reduced GO (Cu,0-RGO) on the photodegradation of methylene blue under visible
light. The results showed an important increase of the photocatalytic activity of the Cu,0-RGO
nanocomposites respect to Cu,O nanoparticles. This enhancement of the nanocomposites was
attributed to the enhanced light absorbance, the extended light absorption range and a more
easy transfer of photogenerated electrons of Cu,O to RGO getting better charge separation
which was corroborated by photoluminescence. Similar results have been found by Zhigang
[6] and Sun [7] on the thodamine B degradation where the enhanced photocatalytic activity
was attributed to the strong interaction between Cu,0O and RGO nanosheets. Zou [8] synthe-
sized Cu,0O-RGO composites for the methylene blue degradation under visible light finding
that the photocatalytic activity of the composites was influenced by the Cu,O crystal facet,
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being the {111} facet that exhibited the enhanced visible light absorption and faster charge-
transfer rate. Besides, the catalytic activity of the Cu,0O-RGO composites was related to the
interfacial interactions and electronic structures.

Other semiconductor that has been combined with graphene materials is zinc oxide (ZnO).
Tayyebi [9] decorated GO with zinc oxide quantum dots (QDs) by a chemical method for
degradation of methyl orange in water. Strong interaction between ZnO and GO were found
through C-O-Zn and C-Zn bridges. Besides, the adsorption range of visible light was
increasing. The bandgap decreased of 3.1 eV in ZnO QDs to 2.8 and 2.9 eV in ZnO-10%
graphene and ZnO-5% graphene, respectively. These hybrids of ZnO-graphene showed a
better performance on the degradation of methyl orange that ZnO QDs. The increasing of the
photocatalytic activity of the hybrids was attributed to the reduction of electron-hole recom-
bination rate, the extended absorption of visible light, and the high surface area of graphene.
Similar behavior was found by Rabieh [10]. The ZnO-RGO composites achieved a 99% of
efficiency on the azure B dye degradation after of 20 min of reaction. The photocatalytic activity
of ZnO-RGO composites was increased with the increasing of graphene. Other composites of
graphene-ZnO with different morphologies have been synthesized by different methods
showing good results on the organic pollutants degradation in water [11,12]. Figure 1 shows
a schema of the transfer of photogenerated electrons from a metallic oxide to graphene.

Graphene Sheet

Metal Oxide
Nanoparticles

ikkias i M’

H,0

Organic pollutants €O, + H,0

Figure 1. Schema of the mechanism of electron transfer from conduction band of metal oxide to graphene sheets.
Reproduced with permission from Upadhyay et al. [13]. Copyright ©2014, The Royal Society of Chemistry.

In addition to metallic oxides, metal sulfides have also been combined with graphene searching
photocatalysts with a higher photocatalytic activity for the organic contaminants degrada-
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tion in water. Chakraborty [14] reported the synthesis of RGO-ZnS composites for optoelec-
tronic device. The photocatalytic activity of the composite was proved on the rhodamine B
under UV light irradiation for 4 h, getting a degradation efficiency of 84, 34% more than ZnS
nanorods. The same composite was used for four cycles showing a constant degradation
efficiency of rhodamine B. Composites of CdS and RGO were synthesized by Zou [15]. The
photocatalytic activity of the RGO-CdS composites on the Congo red dye degradation
improved the efficiency obtained with CdS, reaching a efficiency of 90% which was attribut-
ed to the RGO performance as an effective acceptor electron.

Ternary systems such as RGO-TiO,~ZnO [16] and RGO-TiO,—Cu,O [17] have been synthe-
sized and employed successfully as photocatalysts for the degradation of organic pollutants
of water. Other compounds with graphene that have been used are GO-Ag,CO, [18], GO-
Ag,PO, [19,20], and RGO-BiPO, [21].

2.2. Graphene oxide as photocatalyst

GO is a functional form of graphene containing oxygenated groups. The basal plane of GO is
covalently surrounded by the hydroxyl and epoxy groups, while carboxyl groups are found
in the edges of the sheets [22]. These oxygenated groups make of the GO a hydrophilic material,
improving the dispersion in water. Its bandgap can be adjusted modifying the level oxida-
tion [23]. The easy dispersion in water and its tunable bandgap motivate to explore this
material for applications in the photocatalysis area [24].

The photocatalytic activity of GO has been reported in some investigations. Krishnamoorthy
[24] reported the photocatalytic properties of GO nanostructures. The photocatalytic activity
was evaluated through of the resazurin (RZ) reduction as a function of irradiation time under
UV light of 350 nm. The bandgap of GO was calculated to be 3.26 eV. In the photocatalytic
experiments were used 10 mL of resazurin solution at a concentration of 1.5 mg/L and different
concentrations of GO (0.5, 0.75, and 1 mg). Results showed the reduction of RZ into resoru-
fin (RF) which was corroborated by the color change from blue into pink and the change in
the bands adsorption of the adsorption spectra (Figure 2). The reduction of resazurin into
resorufin was well fitted to pseudo-order reaction. The reduction of resazurin was attributed
to the photoexcited electrons from the surface state of GO caused by the UV irradiation.

Aromatic compounds as phenol and 4-chlorophenol have been removed of water using GO
as photocatalyst [25]. In the experiments for the removal of phenol were employed 100 mL of
phenol solution at a concentration of 100 mg/L. The concentrations of GO were 100 and 200
mg/L and was used an UV lamp of 254 nm. The maximum removal achieved was 38%. The
photocatalytic activity was influenced by the deggasing units used in the preparation of GO
samples [26]. A major photocatalytic activity of GO was found on the degradation of 4-
chlorophenol in water. 30 mL of 4-chlorophenol solution at a concentration of 30 mg/L were
used in the experiments. The concentration of GO was 0.8 g/L. 97% of the 4-clorophenol was
eliminated after of 120 min of reaction. The chemical oxygen demand (COD) results showed
that up to 97% of organic matter was removed.
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Figure 2. (a) Reduction of RZ into RF catalyzed by 1 mg of GO with respect to time. (b) Influence of the catalyst con-
centration (GO) on the reduction process of RZ into RF. Inset: Image of the GO-RZ solution before (left) and after
(right) UV exposure. Reprinted with permission from Krishnamoorthy et al. [24]. Copyright ©2011, AIP Publishing
LLC.

In addition to decontamination of water, GO promises good results as photocatalyst for
hydrogen production from water and for CO, to methanol conversion. Yeh [23] confirmed the
photocatalytic activity of GO through the generation of H, from water. For the experiments
was used a glas-closed circulation system with inner irradiation. The mercury lamp used
consists of both UV and visible light. The reactions were conducted in pure water and 20%
volume aqueous methanol. The methanol in the solution reduced the recombination increas-
ing the amount of H, produced. The high dispersion in water of GO induced that the carbon
atoms on the sheets were accessible to protons that could be transformed to H,.

The CO, to methanol conversion was studied by Hsu [22]. The experiments of photocatalytic
reduction of CO, in gas phase were carried out under ambient conditions using a halogen lamp
as irradiation source. Modified Hummers method was employed for the synthesis of three GO
samples. The samples GO-1, GO-2, and GO-3 corresponding to the traditional form, excess of
KMnO, and excess of H;PO,, respectively. The results obtained with this three samples of GO
were compared with the results obtained with the commercial TiO, The order of methanol
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formation was found to be as follows GO-3 > GO-1 > GO-2 > TiO, (P-25). The good perform-
ance of GO-3 was attributed to the excess of H;PO, which improved the protection of the GO
basal plane. The modulation of oxygenated functional groups is an important control
parameter. In addition to the CO, reduction, GO can be simultaneously used for the solar
energy harvesting.

3. Graphene materials as adsorbents

In this section, graphene, graphene oxide and reduced graphene oxide were analyzed as
adsorbent to study the adsorption characteristics of heavy metal compounds and organic from
aqueous solutions. Some concepts about the kinetics and isotherms adsorption are provided.
Otherwise, some researchers have suggested carbon nanotubes (CNT) and oxidized carbon
nanotubes (OCNT) as adsorbents with good adsorption capacity. Thereby, subsequently, we
include a discussion about the comparison between CNT and graphene materials.

The main emphasis is on the description relevant experiments and important results as well
as some of the novel applications of graphene materials as adsorbents. We include a summa-
ry of current experimental work that has been done in the area of graphene materials on
adsorption process. In the end of the chapter is presented a comparison of adsorbents derived
from graphene materials versus others carbon nanomaterials (CNM).

At present, carbon-based porous materials assembled by two dimensional (2D) such as GE,
GO, and RGO have attracted a great attention as effective pollutant adsorbents owing to their
high adsorption capacities and rapid adsorption rates [27]. However, search for novel and
efficient adsorbents for the removal of contaminants from wastewater is imperative.

Researchers have tested many different types of developed adsorbents such as activated
carbon (AC), zeolite and polymer, nanoparticles and nanocomposites, and other adsorbents
are used for the removal of impurities from the aqueous solution. However, these adsorb-
ents have been suffering from either low adsorption capacities or low efficiencies. Therefore,
great effort has been made in recent years to seek new adsorbents and develop new techni-
ques [28]. Many papers have been published in the past few decades, confirming that the
carbonaceous materials are effective adsorbents for decontamination from wastewater. Their
high sorption capacities are associated with the large specific surface area and the existence of
a wide spectrum of surface functional groups [29]. Nanomaterials have been studied for the
absorption of metal ions and organic compounds. Although it was discovered just a few years
ago, GE and its derivates have attracted tremendous research interests not only in electron-
ics and energy fields, but also in environmental applications [30]. The inherent advantages of
the nano-structured adsorbent, such as adsorption capacity, easy and rapid extraction, handy
operation, and regeneration, may pave a new, efficient, and sustainable way toward highly-
efficient pollutant removal in water and wastewater treatment [31].

CNT, as member of the carbon family, have attracted special attentions to many researchers
after their discovery in 1991, because they possess unique morphologies and have showed
excellent properties and great potential for engineering applications. CNT are also good anion
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and cation adsorption materials for wastewater treatment, as they exhibit exceptionally large
specific surface areas [32]. Their layered nanosized structures make them a good candidate as
absorbers [33].

Similarly, GE consisting of 2D hexagonal lattices of sp? carbon atoms covalently bonded has
been theorized to have a huge specific surface area (over 2600 m* g™'), leading to its potential
in the environmental field as an effective choice for pollutant elimination or environmental
remediation [34]. Graphene is hydrophobic and, consequently, stable dispersions in polar
solvents can only be obtained with addition of proper surfactants. GO is similar to GE, but
presents oxygen-containing functional groups such as hydroxyl and epoxide (mostly located
on the top and bottom surfaces), and carboxyl and carbonyl (mostly at the sheet edges),
randomly distributed in the graphene structure [28,34]. These functional groups markedly
increase the hydrophilicity of GO, making it easily dispersible in aqueous solution and stable
under common environmental conditions [35]. These functional groups can interact with
positively charged species such as metal ions, polymers, and biomolecules [36].

CNT, GE, and GO are newly emerged carbonaceous nanomaterials, their characteristic
structures and electronic properties make them interact strongly with organic molecules, via
non-covalent forces, such as hydrogen bonding, m—mt stacking, electrostatic forces, van der
Waals forces, and hydrophobic interactions. Their nanosized structures also endow them some
advantages such as rapid equilibrium rates, high adsorption capacity, and effectiveness over
a broad pH range [37]. All these advantages suggest that CNM are promising adsorbents for
environmental protection applications [38].

Parameters such as pH, adsorbate concentration, type of chemical specie, and agitation among
others influence in the adsorbent-adsorbate interaction. Some properties of the adsorbents that
affect the adsorption process are specific surface area, pore size, and surface functional groups.

The pH is the most important factor affecting the adsorption process. The solution pH can
affect the surface charge of the sorbent and the dissociation of functional groups on the active
sites of the adsorbent as well as the adsorbate speciation [31]. The pH at which the positive
and negative charges are balanced, and no net charge is available on nanomaterials surfaces,
is called point of zero charge (PZC) [39]. The adsorbent surface is positively charged at pH
values below the pH;,- and negatively charged at pH values above the pHy, [29].

3.1. Kinetics of adsorption

Adsorption process generally involves four different steps. They are (a) external mass transfer
in bulk liquid phase, (b) boundary layer diffusion, (c) intraparticle mass transfer within
particle, and (d) sorption on active sites. However, out of the four steps, the effect of boun-
dary layer diffusion and sorption on active sites on the adsorption kinetics is negligible
whereas external mass transfer and intraparticle mass transfer affect the kinetics considera-
bly [36].

Many models have been extensively applied in batch reactors to describe the transport of
adsorbates inside the adsorbent particles, such as the pseudo-first order and the pseudo-
second order equation, the Elovich and Intraparticle diffusion equation [40] (Table 1).
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Kinetic model Equation

Nomenclature References

Pseudo-first order

1
log(qe ‘qt) =logq, ~ 53531

k Where g, and g, (mg/g) are the amounts of [41]
adsorbate adsorbed at equilibrium and at
time f, respectively, and k; (min™) is rate

constant of pseudo-first order

Pseudo-second order ¢ 1 1 Where, g, and g, have the same meaning as [27]
— = +—t
U kgl e before, and k, is the pseudo-second order
rate constant [g/(mg min)]
Elovich Where g, is the adsorbed phenol (mg/g) at [42]

Intraparticle diffusion

time ¢ (min), « is the initial adsorption rate
[mg/(g min)] and { is related to the activation

energy for chemisorption (g/mg)

1 Where k, is the intraparticle diffusion rate [43]
JA P
constant (mg/g min'?), and 6 represents the

value of the thickness of the boundary layer

(mg/g)
Table 1. Kinetic models reported in the literature.
Isotherm model  Equation Nomenclature References
Langmuir Ok €,  Where g, is the adsorption capacity of the [44]
fe T THELC, adsorbate per unit weight of adsorbent (Mg/g), Fumax

is the maximum adsorption capacity (mg/g) and K| is

the constant related to the free energy of

adsorption (L/mg), C, the equilibrium concentration

of the adsorbate (mg/L)
Freundlich o Where g, is the equilibrium amount of [45]

de = BpCe

the adsorbate per unit mass of adsorbent (mg/g), C, the
equilibrium concentration of the adsorbate (mg/L),

K the constant indicative of the relative adsorption
capacity of the adsorbent (mg/g (L/mg)'™), 1/n the
constant indicative of the intensity of the

adsorption

Table 2. Langmuir and Freundlich isotherm models.

3.2. Adsorption isotherm

Adsorption isotherm is the relationship between adsorption capacity and concentration of the

remaining adsorbate at constant temperature [37]. That is, it indicates the relationship between

the absorbent and the adsorbate when the adsorption process reaches an equilibrium state [39].

The adsorption process may be generally modeled by Langmuir and Freundlich isotherms.
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However, other models, such as BET, Tempkin, and Toth, are also used. The Langmuir model
assumes that the adsorption occurs on a homogenous surface and no interaction between
adsorbates in the plane of the surface. The Freundlich equation is an empirical equation based
on adsorption on a heterogeneous surface [40]. The parameters obtained from the models
provide important information on the sorption mechanism and the surface property and
affinity of the adsorbent [37] (Table 2).

3.3. Graphene and graphene oxide as adsorbent of heavy metals from water

The discharge of effluents has increased due to industrialization. Heavy metals in the water
pose risks to health and cause harmful effects to living organisms in aquatic life. In contrast to
organic compounds, heavy metals are not biodegradable. Effluents from industrial wastewa-
ter include chromium, arsenic, zinc, cobalt, mercury, cadmium, lead, and so on. Even at low
concentrations, these metals can be toxic and carcinogenic to organisms. Several physical and
chemical methods have been used to remove metals and organic compounds, such as filtration,
chemical precipitation, coagulation, solvent extraction, biological systems, electrolytic
processes, reverse osmosis, oxidation, and ion exchange [38]. However, these methods present
low removal efficiency. Adsorption process is the most widely used method for water
treatment due to its low cost, ease of operation, efficiency in treatment [46], environmentally
friendly [47], and adsorbents can be regenerated through a desorption process. Besides,
adsorption does not generate the formation of harmful substances [48].

Ren [29] presented a comparative study of Cu(II) decontamination by three different carbo-
naceous materials, such as GO, multiwalled CNT (MWCNT), and AC. Cu(Il) adsorption on
the carbonaceous materials as a function of pH and Cu(II) ion concentration was investigat-
ed. The PZC values of carbonaceous materials decrease in the order of PZC(GO) < PZC(AC) <
PZC(MWCNT). The carbonaceous surface is positively charged at pH values below the PZC
and negatively charged at pH values above the PZC. GO has the lowest PZC value and the
maximum adsorption efficiency, followed by AC, and then MWCNT, suggesting that GO is a
promising material for the removal of Cu(Il) ions from aqueous solutions in acidic wastewa-
ter treatment.

GO was prepared via modified Hummers” method by Wang [49] to remove Zn(II) ions from
aqueous solutions. Results indicated that the optimum pH for Zn(II) removal was about 7.0.
The Fourier Transform Infrared analysis indicated the presence of oxygen-containing
functional groups on the surface of GO. The g, values, calculated by pseudo-second order
model, represent a fine agreement with the detected values in experiment. Adsorption
isotherm can provide the mostimportant parameter for designing a desired adsorption system.
The values of ‘n’, obtained from Freundlich isotherm, are larger than 1 and decrease as the
temperature increases. These values indicate the favorable nature of adsorption at lower
temperature. Langmuir isotherms fit better with experimental data than Freundlich iso-
therms. This result suggests that Zn(Il) adsorption on GO may be monolayer. The adsorp-
tion—desorption experiments were performed to investigate the possibility of recycling of GO
and recovery of Zn(Il) ions. The desorption percentages of Zn(Il) from GO are 91.6, 73.4, and
53.2% employing 0.1 M HCI, 0.1 M HNO,, and H,O, respectively.
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Recently, Tan [50] synthesized GO membranes and were used as adsorbents for the removal
of Cu(II), Cd(II), and Ni(II). The maximum adsorption capacities for Cu(Il), Cd(II), and Ni(II)
were 72.6, 83.8, and 62.3 mg/g, respectively. The adsorption reached an equilibrium state in a
short time (10-15 min) owing to a larger interlayer spacing of the GO membranes, which is
favorable for facilitating the interstitial diffusion of heavy metal ions to active sites. The GO
membranes were regenerated more than six times, with a slight loss in the adsorption capacity.

The adsorption kinetics and isotherms of Cr(IlI) on GO has been studied by Yang [51].
According to thermodynamic parameters calculated, the adsorption of Cr(Ill) on GO was
spontaneous and endothermic. The maximum adsorption capacity of Cr(IlI) on GO at pH 5.0
and T =296 K was 92.65 mg/g, which was higher than other reported adsorbents. The number
of negatively charged sites increased on the surface of GO with increasing pH, whereby the
adsorption of Cr(III) was favorable. In this study, oxygen-containing functional groups on GO
played an important role in the adsorption of Cr(III). Results suggest that GO was a suitable
material for the removal of Cr(IIl) from water.

GO was used by Madadrang [52] to investigate the adsorption and desorption behavior on
Pb(II) removal. Boehm’s titration method was used to determine the amount of functional
groups on the GO surface. Pb(Il) reacts with these functional groups on GO surface to form a
complex. The BET surface area of GO was determined to be 430 m?/g. The time required to
reach the equilibrium state with a sonication treatment was 5-15 min. This time is much shorter
than AC and other carbon-based adsorbents, these results show the GO as an available product
for the waste treatment.

GO was utilized as adsorbent by Yari [53] for the removal of Pb(II). In this work, the equili-
brium time adsorption on GO surface was 60 min. This time is greater than the work report-
ed by Madadrang [52], which was carried out at different conditions. In this study, adsorption
capacity of Pb(II) on GO surface increased with increase in the temperature of surrounding,
the adsorption capacity increases from 15.9 to 19.7 mg/g when the temperature increased
from 288 to 308 K. This result shows the endothermic nature of Pb(Il) adsorption on GO.
Therefore, higher temperatures favor adsorption. The value of AH® was 22.70 (kJ/mol) from
GO. Thus, this result indicate that adsorption Pb(II) on GO surface was a physisorption. A
thermodynamic study was carried out, the results indicate that the adsorption of Pb(II) ion on
GO surface was spontaneous and endothermic. A review about of heavy metals removal by
graphene materials is shown in Table 3.

Adsorbent Adsorbate T (°C) pH  Model used References

GO Zn 20, 30, 45 2-10 Langmuir [49]
Pseudo-second order

GO Cu, Cd, Ni 30 2-7 Langmuir [50]
Pseudo-second order

RGO Cd 25, 45, 65 2-9 Langmuir [54]

Pseudo-second order
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Adsorbent Adsorbate T (°C) pH  Model used References
GO Cr 23,33,43 3-8 Langmuir [51]
Pseudo-second order
GO Cu 30 3-10 Langmuir [29]
GO Pb 25 2-8 Langmuir [52]
GO Pb 15, 25, 35, 45 2-9 Langmuir [53]
Typel

Cd, Cadmium; Cr, Chromium; Cu, Copper; Ni, Nickel; Pb, Lead; Zn, Zinc.

Table 3. Graphene materials as adsorbents for removal of heavy metals.

3.4. Graphene and graphene oxide as adsorbent of organic pollutants from water

The organic compounds have been widely employed in a large number of industries, such as
paper making, coating, chemical, pharmaceutical, petroleum refining, leather, and textiles,
among others. Discharges of these compounds on effluents have caused serious problems in
water bodies. Dyes and phenolic compounds are two of the most important contaminants of
water. These are harmful to aquatic organisms and human beings [31,55]. The complex
aromatic structures of dyes make them more difficult to remove [40]. Phenols and their
derivatives are well known for their biorecalcitrant and acute toxicity [56]. The removal of
organic contaminants in water resources not only protects the environment itself, but can also
stop the toxic contaminant transfer in food chains. Due to these harmful effects, they must be
removed from wastewater discharge before releasing into the environment [28]. The necessi-
ty of remove the organic contaminants of water has generated the search of effective alterna-
tives for solve this problem. The use of graphene materials as adsorbent for decontamination
of water promises to generate good results. Different investigations of adsorption of organic
contaminants onto graphene materials have been reported.

GO, RGO, and GE have been developed and investigated for their use on the removal of
organic pollutants in aqueous solution. Kim [27] reported adsorption behavior of acid red 1
(AC1) and methylene blue (MB) dyes on RGO. The equilibrium adsorption time of MB onto
RGO was around 10 min, while the equilibrium adsorption of AC1 was reached to a time of
800 min. The surface charge of RGO and the structure of dye molecules had an important
influence in the adsorption capacities and the equilibrium adsorption times. The adsorption
of MB onto RGO was due to electrostatic interactions and -7t interactions. On the other
hand, m—m interactions and hydrogen bonding were responsible for the adsorption of AC1
onto RGO. Figure 3 shows the interactions presents in RGO-MB (a) and RGO-AC1 (b) systems.
The negative charge of the surface oxygenated groups of GO favored the fast adsorption of
MB cationic dye through of electrostatic interactions. A similar behavior of MB adsorption
onto GO was found in other works [30,37,39]. In other investigation on the MB removal by
RGO, Liu [40] found that with increasing RGO dose the removal of MB increased but the MB
adsorption capacity decreased. This decrease in the MB adsorption capacity is because only a
part of the active sites of RGO are available for the adsorption of MB when the RGO dose
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increased. The pH solution had no significant impact on the removal of MB. At pH = 3, the
removal of MB was 85.95%; while at pH = 10, the removal reached 99.68%. When the temper-
ature was increased from 293 to 333 K, the adsorption capacity of MB increased from 153.85
to 204.08 mg/g. The equilibrium data were better fitted to the Langmuir isotherm model than
the Freundlich model which is agreed with the reported by other authors [27,37,39]. The
oxidation degree of GO can increases greatly the adsorption capacity of MB and adsorption
behavior would change from Freundlich-type to Langmuir-type [57].
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Figure 3. Scheme of interactions between RGO and AC1 dye molecules (up) and RGO and MB dyes molecules (down).
Adapted with permission from Kim et al. [27].

The feasibility of using GE and GO as adsorbents for the removal of two toxic cationic dye
basic red 12 (BR 12) and basic red 46 (BR 46) from aqueous solution was explored by Moradi
[28]. The adsorption capacity of BR 12 and BR 46 increased with increasing of pH from 2 to 9.
The major changes were observed in the adsorption of dyes onto GO. The changes on removal
of dyes were very light when GE was used as adsorbent. This same behavior was found when
was studied the effect of contact time. The order of removal of MB was as follows: GO-BR12
> GO-BR46 > GE-BR12 = GE-BR46. The removal percentage of dye increased with increasing
in the initial dye concentration. The adsorption of BR 12 onto RGO and GO indicate that the
adsorption process was endothermic while the adsorption of BR 46 onto RGO and GO was an
exothermic process. The results of adsorption of both cationic dyes indicated that the remov-
al was more effective using GO as adsorbent, which was attributed to the surface oxygenat-
ed groups. Similar behavior of results had the experiment reported by Elsagh [46] on the
removal of BR 46 onto GE and GO. In the adsorption process, the physisorption was found to
be the main adsorption mechanism. The equilibrium adsorption data were best fitted to the
Langmuir model and the adsorption kinetic data were well fitted to pseudo-second-order
model.

The ability of RGO and GO to adsorb dyes such as methylene blue, methyl violet (MV),
rhodamine B (RB), and orange G (OG) from aqueous solutions was studied by Ramesha [36].
GO showed an important affinity for the cationic dyes (MV and MB) reached the removal
efficiencies up to 95%, while the adsorption of anionic dyes (RB and OG) was very low. On
the other hand, RGO had better removal efficiency on anionic dyes than anionic dyes. The
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removal efficiencies of RGO for anionic dyes were about of 95% while it were of 50% for cationic
dyes. In the GO-MV and GO-MB systems, the adsorption was attributed to the electrostatic
interactions, while the GO-OG system was mainly favored by the van der Waals interac-
tions. In the GO-RB system, the interactions present are probably both electrostatic and van
der Waals type. The adsorption process was found to follow pseudo-second-order kinetics in
all the cases.

The removal of phenol from aqueous solution by RGO was studied by Li [55]. The adsorp-
tion of phenol onto RGO was studied in the pH range from 2.3 to 11.5. The best results of
adsorption capacity were found in the pH range from 4 to 6.6. This was attributed to the surface
functional groups which increased their surface complexation capability and m—mt interac-
tions between the aromatic ring of phenol and the aromatic structure of RGO. The percent
removal of phenol was increased with increasing of the RGO dosage from 0.5 to 1.7 g/L but
the adsorption capacity decreased. The pseudo-second-order equation was well fitted to the
adsorption data. The adsorption isotherm data were well fitted by both Freundlich and
Langmuir models. Thermodynamic study showed that adsorption of phenol onto RGO was
endothermic and spontaneous process. In other work, the removal of 4-Chloro-2-nitrophe-
nol (4C2NP) from aqueous solutions was performed using graphene as adsorbent [58]. Effect
of the pH solution, contact time, initial concentration and temperature on the adsorption of
4C2NP onto GE was studied. The adsorption capacity of GE decreased with increasing dosage,
but in all cases, the adsorption of 4C2NP by GE increased in the first 10 min and then achieved
equilibrium at about 60 min. The higher adsorption of 4C2NP by GE was achieved in the pH
range from 3 to 7. When the pH > 7 the adsorption of 4C2NP decreased. The adsorption of
4C2NP onto GE was increased with increasing the initial 4C2NP concentration from 2 to 10
mg/L. The opposite effect on the adsorption of 4C2NP was found when the temperature was
increasing from 298 to 328 K. The adsorption kinetic data were best fitted to pseudo-second-
order model, and the isotherm data were well described by the Freundlich isotherm model.
Thermodynamic study indicated that the adsorption of 4C2NP onto GE was feasible, sponta-
neous, and exothermic in the temperature range from 298 to 328 K.

In addition to the dyes and phenols, others organic contaminants have been removed of water
using GO as adsorbent. Pavagadhi [59] investigated the removal of two algal toxins, micro-
cystin-LR (MC-LR) and microcystin-RR (MC-RR) from water. The adsorption kinetic of MC-
LR and MC-RR onto GO was reached within 5 min with a removal major than 90% at the doses
of 500, 700, and 900 pg/L. The adsorption capacity of GO was higher than AC. Due to their fast
adsorption which is a very important parameter for design of water and wastewater treat-
ment system, GO is a promising adsorbent for effective removal of MC-LR and MC-RR.

The adsorption of diclofenac (DCF) and sulfamethoxazole (SMX) onto GO in aqueous solution
was reported by Nam [60]. Hydrophobic interactions and m—mt electron donor acceptor were
found to be the main adsorption mechanism of DCF and SMX onto GO. Both compounds
reached the equilibrium within 24 h. The removal of DCF and SMX at equilibrium states
were 50 and 12%, respectively, at a GO concentration of 100 mg/L. The sonication process had
an important role on the removal of DCF and SMX. The removal percentage increased from
34 to 75% for DCF and from 12 to 30% for SMX. This was attributed to the reduction of
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oxygenated groups on the surface of GO due to the increase in the sonication time which reduce
the negative surface charge of GO and reduce the repulsion with the anionic compounds. The
adsorption equilibrium data of DCF and SMX onto GO were fitted by the Freundlich iso-
therm. Table 4 shows a summary of the results of adsorption of contaminant organics in water
onto graphene materials.

Adsorbent Adsorbate T (°C) pH Model used References
RGO AC1 - 7 (MB) Langmuir [27]

MB (AC1)Freundlich

Pseudo-second order

MB 20, 40, 60 3-10 Langmuir [40]

BR 12 20-40 2-9 Pseudo-second order [28]
GO BR 46
GO MB 20 2-9 Langmuir [37]

Pseudo-second order

G BR 46 2040 2-9 Langmuir [46]
GO Pseudo-second order
RGO MB ambient 2-10  (RB) Freundlich [36]
GO MV Langmuir

oG Pseudo-second order

RB

AC1, acid red 1; BR 12, basic red 12; BR 46, basic red 46; MB, methylene blue; MV, methyl violet; OG, orange G; RB,
rhodamine B.

Table 4. Comparison of graphene materials as adsorbents for removal of organic compounds.

3.5. Functionalized graphene materials as adsorbent of water pollutants

In an effort to improve the graphene and GO efficiency and overcome the limitations of these
on the removal of the different pollutants in water, these materials have been functionalized
with different organic groups. Some limitations for the use of GO are the high water absorp-
tion and the poor performance of the solid-liquid separation [61]. It will cause a risk of
exposure to humans, animals, and aquatic organisms if GO remains in the filtered water
[62,63]. Also, the functionalization of graphene materials can facilitate its dispersion and
stabilization to prevent agglomeration [64]. Different functional groups such as carboxyl
groups [65], hydroxyl groups [66], sulfhydryl groups, and amine groups [67] tend to have
affinity by organic and inorganic pollutants as dyes and metals ions which are very impor-
tant to achieve good removal efficiency. Different studies of heavy metal ion and dyes
adsorption have been reported using as adsorbent functionalized graphene materials.

Wu [61] reported the removal of methylene blue employing a rhamnolipid-functionalized
GO (RL-GO) hybrid which was prepared by one-step ultrasonication. The results showed that
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the removal efficiency of RL-GO is superior to GO when used dosages of adsorbent of 5-15
mg under the experiment conditions. When the pH of the MB solution was increasing from 3
to 11, the amount of dye adsorbed increased from 287.98 to 499.64 mg/g, indicating a strong
influence of this parameter on the MB removal with this adsorbent. The adsorption capacity
was increased with the increasing temperature, indicating that the adsorption was due to an
endothermic process. The main mechanism of adsorption was considered to be the electro-
static interaction between the MB cations, and the negatively charged sites on surface of RL—
GO which was corroborated by FTIR spectroscopy. The kinetic data showed an excellent fit to
pseudo-second-order model, while the equilibrium data were best fitted to the Freundlich
isotherm. The adsorption of MB onto RL-GO was favorable at all temperatures studied.

In their investigation, Madadrang [52] functionalized GO and RGO with N-(trimethoxysilyl-
propyl) ethylenediamine triacetic acid (EDTA) for use both EDTA-GO and EDTA-RGO as
adsorbent on the removal of Pb(Il). It was found a good affinity between the Pb(II) ions and
EDTA-GO. The adsorption capacity of Pb(Il) was increasing of 328 + 39 mg/g in GO to 479 +
46 mg/g in EDTA-GO at an equilibrium concentration of 208 +17 mg/L. EDTA-RGO had a
higher surface area (730 m?/g) respect to GO (430 m*/g) and EDTA-GO (623 m?/g); however,
their adsorption capacity of Pb(Il) was the lowest which was attributed to their low amount
of acid groups. The adsorption capacity was dependent of the pH of the solution and the total
of acidity groups present in the adsorbent. The adsorption process involved on the removal
of Pb(II) with EDTA-GO were the ion-exchange reaction between Pb(II) and -COOH or -OH
groups and surface complexation and a complex of Pb(II) with EDTA. The equilibrium data
of the adsorption of Pb(II) on EDTA-GO were best fitted to the Langmuir equation. Figure 4
shows EDTA-GO structure before and after of the interaction with Pb(II) and other heavy metal
cations.
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Figure 4. Chemical structure of EDTA-GO before (left) and after of its interaction with heavy metal cations (right).
Reprinted with permission from Madadrang et al. [52]. Copyright ©2014, American Chemical Society.

The removal efficiency of Pb(Il) using a thiol-functionalized GO (GO-SH) as adsorbent was
investigated by Yari [53]. Three different amounts of cysteamine were used as follows 60, 80,
and 100 mg which corresponding to GO-SH;, GO-SH,, and GO-SH; nanocomposites, respec-
tively. The adsorption capacities at equilibrium were 18, 19.8, 20.8, and 21.7 (mg/g) for GO,
GO-5H,, GO-SH,, and GO-SH;, respectively. This indicate that the adsorption capacity of Pb(II)
onto GO-SHs was increased with the increase in the cysteamine concentration which is due to
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a increases in the number of functional groups (5-H) and (N-H) on the adsorbent surfaces.
The Pb(II) adsorption increased for all adsorbents with the increase in the pH of the solution
from 2 to 7 and when the temperature increased from 288 to 308 K. The results of kinetic
experiments suggested that the adsorption of Pb(II) onto the different adsorbents was first due
to a surface adsorption and after by possible slow intracellular diffusion in the interior of the
adsorbents. On the other hand, the experimental data of equilibrium were well fitted to the
Langmuir isotherm model (Type I) for all adsorbents. The negative values of the Gibbs free-
energy change of adsorption (AG®) and the positive values of enthalpy (AH®) indicated that
the adsorption process of Pb(II) ion on the GO and GO-SHs were spontaneous and endother-
mic in nature, respectively.

In another study, Wu [54] prepared a novel adsorbent 3D sulfonated reduced GO (3D-SRGO)
aerogel with porous structure, large surface area, excellent hydrophilicity, and high adsorp-
tion capacity was prepared, characterized and applied in the Cd(Il) ions removal from
contaminated water. Filtration experiments revealed that the membranes fabricated by 3D-
SRGO could quickly remove Cd(II) ions from the aqueous solutions. Regeneration tests
showed that HNO; solution can desorb 97.23% cadmium, suggesting that the prepared 3D-
SRGO can be repeatedly reused. The SRGO structure shows that there are a number of
suspended hydroxyl, carboxylic, and sulfonic groups on the surface; therefore, the adsorp-
tion of Cd(II) ions on SRGO is governed by the cation exchange reaction of Cd(II) ions on the
SRGO surface. Equilibrium adsorption isotherms are usually used to determine the capaci-
ties of adsorbents. The calculated adsorption capacity of the adsorbent for cadmium at pH 6.0
was 234.8 mg/g from Langmuir model, which is higher than many reported adsorbent for
cadmium removal.

Li [68] synthesized and used a Chitosan/Sulfydryl-functionalized GO composite (CS/GO-SH)
as adsorbent for the adsorption of Pb(Il), Cd(Il), and Cu(ll) in single- and multi-metal ions
systems. The adsorption capacities of CS/GO-SH on the individual removal of Pb(II), Cu(II),
and Cd(IT) were of 447, 425, and 177 mg/g, respectively, at a metal ion concentration of 500 mg/
L, pH 5, and 293 K. However, the adsorption capacity of CS/GO-SH for individual metal ion
decreased and changed when was used a ternary metal ion system. At each metal ion
concentration of 250 mg/L, the adsorption ability of metal ion in mono-component solution
followed the order Cu(Il) > Pb(II) > Cd(II), while the competitive ability of metal ion in tri-
component solution followed the order Cd(II) > Cu(II) > Pb(Il). The kinetic experimental data
were best fitted to the pseudo-second-order model and the equilibrium experimental data were
best fitted to the Freundlich equation for CS/GO-SH. According to the thermodynamic study,
the adsorption process of Pb(Il), Cu(Il), and Cd(II) onto the CS/GO-SH was spontaneous and
endothermic.

The elimination of Ni(II) from the aqueous solutions by GO and glycine funcionalized GO
(GO-G) was reported by Nafaji [69]. The adsorption capacity of Ni(Il) on the two materials
increased with the increasing the initial concentration of Ni(II) from 10 to 25 mg/L. The
equilibrium data of Ni(II) on GO showed that the adsorption was best fitted of the Lang-
muir isotherm model (Type II), while the experimental data of the adsorption of Ni(II) on GO-
G were best fitted to the Freundlich isotherm model. Both GO and GO-G showed to have a
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better adsorption capacity of Ni(I) than some other adsorbents reported in the literature. In
this study, the adsorption capacity of Ni(Il) by GO-G was only slightly better than the
adsorption capacity of GO and this was attributed to the functional groups of the glycine. The
removal of Ni(Il) by GO decreased when the temperature was increased from 283 to 308 K,
while the adsorption of Ni(II) by GO-G decreased until 298 K and after that it was increased.
Better results on the removal of Ni(II) were obtained by Wu [61]. In their experimental work,
was prepared and used an effective and low-cost porous GO/sawdust composite (GOCC) as
adsorbent for the removal of Ni(Il) in aqueous solutions. The composite exhibited a strong
ability to adsorb nickel ions. The equilibrium data were best fitted to Freundlich isotherm
model while the kinetic data showed a better fit to the pseudo-second order kinetic model. The
adsorption capacity of Ni(I) was increased considerably from 67.95 mg/g in GO to 98.06 mg/
g in GO-G, indicating in this case, that the functionalization of GO improved the removal of
Ni(II). This increase in the adsorption capacity of GOCC is attributed to the hydroxyl and
carboxyl groups on the GO sheets that increase the ability of the porous GO-G composite to
adsorb nickel ions.

As can be seen, GO has a better functionality in the removal of pollutants of water than reduced
GO or also called graphene. This difference between GO and reduced GO is attributed to the
major amount of oxygenated groups presents on the surface of GO which confer it a hydro-
philic character and also interact whit the pollutants as cationic dyes and cationic metal ions.
These surface oxygenated groups improve the interaction of GO with other organic mole-
cules with the purpose of to improve the efficiency on the removal of pollutants of water. In
general, the functionalization of graphene or GO with other organic molecules improved the
adsorption capacity with respect to the individual materials. This increase on the removal of
pollutants of water was largely dependent of the acid groups on the surface of GO or re-
duced GO and present in the organic molecule. Factors as pH of the solution and tempera-
ture play an important role on the removal of pollutants with these adsorbents. The removal
times of pollutants are very short which indicate that these materials have an important
adsorption capacity. The kinetic experimental data of the adsorption of MB and some cationic
ions by some functionalized graphene materials showed a well fitted to the pseudo-second-
order kinetic model. The equilibrium data of the adsorption of dyes and metal ions on the
different functionalized graphene materials were well fitted to the Langmuir and Freundlich
isotherm models, but do not showed a tendency by one in special, indicating that the surface
homogeneity and heterogeneity of the adsorbents is dependent of the organic molecule nature,
the surface of the graphene material and the interaction among them.

3.6. Carbon nanomaterials vs. graphene as adsorbents

As already mentioned above, graphene and GO have demonstrated an important adsorp-
tion capacity in the removal of some pollutans of water so they have a promising future in this
area. However, these carbonaceous nanomaterials are not the unique that have been used in
the decontamination of water. The effectiveness of CNT in the removal of various contami-
nants of water has been demonstrated in different studies [70-72]. The structural characater-
istics and electronic properties of graphene, GO, and CNT make them interact with organic
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molecules, via non-covalent forces [37]. Furthermore, their nanosized structure also endows
them some advantages such as rapid equilibrium rates, high adsorption capacity, and
effectiveness over a broad pH range [73]. The exceptional high specific surface area available
for adsorption of these nanomaterials makes them will be promising replacement for other
adsorbents like AC [74]. Since the emergence of graphene in 2004, comparisons between
graphene and CNT for different applications have been investigated.

Despite of be carbonaceous materials, graphene and CNT have different topology. Gra-
phene is the hypothetical infinite aromatic sheet with sp? hybridization of the carbon atoms
[75]. On the other hand, the structure of MWCNT can be rationalized as resulting from the
folding of several graphene sheets (sp?*-hybridized carbon) aligned in a concentric manner [76].
This topological variation can result in different interactions between the carbon adsorbent
and the contaminant molecule which has direct influence in the adsorption capacity [29].
Besides topology, the content of surface oxygenated groups play an important role on the
adsorption capacity of CNM. Some investigations have compared the performance of
graphene and CNT as adsorbents of pollutants molecules present in aqueous solutions at the
same conditions in order to determinate which nanomaterial is more efficient in the decon-
tamination of water by adsorption.

The removal of methylene blue by GO and CNT was reported by Li [37]. Both nanomaterials
were modified by nitric acid. The surface oxygenated groups were identified by infrared
spectroscopy. The removal efficiencies reached were 94.8-98.8% for GO and 72.4-82.7% for
CNT in the pH range from 2 to 9, where both nanomaterials showed be negatively charged
which enhanced the adsorption of the positively charged MB. The adsorption capacities for
GO and CNT were 240.65 and 176.02 mg/g, respectively, at initial concentration of 120 mg/L.
The experimental adsorption data for both nanomaterials were well fitted to the Langmuir
equation model. The kinetic study of the adsorption of MB onto GO and CNT showed that the
experimental data were best fitted to the pseudo-second-order kinetic model. The initial
adsorption stage of GO is faster than CNT. This was attributed to the single-atom-layered
structure of GO which benefited the attraction of dye molecules speedy. The highest normal-
ized adsorption capacity of GO was due to the largest surface area accessibility which was
attributed to its unique single-atom-layered structure. Electron donor acceptor interactions,
n—mt electron coupling and electrostatic interactions are the mechanisms that favored the
adsorption of MB onto GO and CNT.

Elsagh [46] investigated the elimination of cationic dye Basic Red 46 (BR46) from aqueous
solutions using as adsorbents GO, graphene, single-walled CNT (SWCNT), carboxylate group
functionalized SWCNT (SWCNT-COOH). The adsorption kinetic data of GE and GO were
well fitted to the pseudo-second-order model, while the experimental data of SWCNT and
SWCTN-COOH were best fitted to the pseudo-first-order model. The adsorption capacity
order of the different CNM used was SWCNT-COOH > SWCNT > GO > GE. The adsorption
capacity was increased with increasing of the initial dye concentration and with increasing the
pH of the dye solution and reached a maximum level at the pH of 9. The equilibrium experi-
mental data of adsorption of BR46 on the four adsorbents were well fitted to the Langmuir
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equation model. The physisorption was found to be the main adsorption mechanism and the
rate-limiting step was mainly surface adsorption.

The adsorption of reactive red 2 (RR2) using RGO, GO, MWCNT, and oxidized multiwalled
CNT (O-MWCNT) was investigated by Pérez-Ramirez [77]. The influence of the dosage of
adsorbent and the dimension of the CNM on the removal of RR2 was studied. The adsorp-
tion of RR2 increased with increasing the loading of adsorbent. The better performance on the
removal of RR2 was reached by MWCNT and O-MWCNT, which removed almost the total
color of the solution. The order of the adsorption of RR2 was MWCNT = O-MWCNT > GO >
RGO at adsorbent loading of 0.75 g/L. The effect of the contact time can be seen in Figure 5.
Factors such as surface area, surface-oxygenated groups, the shape of the carbon structures,
and the nature of the dye played an important role in this adsorption process. The main
adsorption mechanism for the removal of RR2 was via -t interactions between the aromat-
ic rings. The kinetic adsorption data were better fitted to the pseudo-second-order model. The
results suggested that the RR2 adsorption onto RGO, GO, MWCNT, and O-MWCNT was
through a physisorption process but with strong interactions. The removal of RR2 was strongly
influenced by the dimension of the CNM. One dimension of MWCNT and O-MWCNT allow
them to have an arrangement (entangled) which produce different available sites for adsorp-
tion [78] unlike of 2D nanomaterials as RGO and GO where the available sites for adsorp-
tion are found on the external surface and maybe in the interplanar space.

The Cu(Il) removal from aqueous solutions by GO and CNT was studied and reported by
Ren [29]. Infrared spectroscopy showed the presence of oxygen-containing functional groups
on the surface of all carbon materials, which provide chemical adsorption sites for heavy metal
ions. The effect of pH and Cu(lI) initial concentration were investigated. At the low acidic pH
medium, the oxygenated groups on the surface of the GO and MWCNT were positively
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Figure 5. Effect of contact time on removal of RR2 by MWCNT, O-MWCNT, GO, RGO, graphite (GRA), and graphite
oxide (OGRA). Adapted with permission from Pérez-Ramirez et al. [77]. Copyright ©2015, Mary Ann Liebert, Inc.
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charged generating electrostatic repulsion with the free metal ions which leaded to a low
adsorption percentage. At alkaline pH medium, these oxygenated groups were negatively
charged generating attraction for the free metal ions and metal ions can form precipitates as
their hydroxides. Therefore, the increase in the adsorption at alkaline pH was attributed to the
electrostatic attraction, inner-sphere surface complexation, and surface precipitation. At pH
range from 7 to 10, the adsorption percentage of Cu by GO and MWCNT was very similar;
however, at pH 5, the adsorption percentage obtained by GO was around of 75%, while for
MWCNT was minor to 20%. The adsorption experimental data were better fitted to Lang-
muir model. The maximum adsorption capacities of Cu(II) according to Langmuir were 1.18
x 107 and 3.19 x 10° mol g™ for GO and MWCNT, respectively. The more important factors
controlling the adsorption of Cu(Il) on GO and MWCNT were the speciation in solution and
adsorbate—adsorbent interaction across all the pH values.

Smith [79] investigated the removal of Lisozyme protein in water by graphene, GO, and
SWCNT. Protein adsorption capacity of the CNM was evaluated to different initial concen-
trations of Lisozyme in aqueous solutions. The capacities adsorption order were GO >
SWCNT > GE. GO exhibited an adsorption capacity of 500 mg/g with an initial Lysozyme
concentration of 0.4 mg/mL, while SWCNT and GE obtained an adsorption capacity minor
to 100 mg/g at the same conditions. The abundance of carboxylic acid groups on the surface
of GO can cause an attractive electrostatic force with the positively charged Lisozyme being
the cause of the high adsorption performance of this nanomaterial. Furthermore, the hydro-
philic character of GO could facilitate the interaction with the protein. The adsorption of the
Lisozyme onto SWNT and GE could be attributed to the van der Waals forces and some
electrostatic interactions. In the equilibrium study, the nanomaterial with the highest adsorp-
tion capacity at all initial concentration was GO. The Langmuir, Freundlich, and Temkin
models were used to model the adsorption experimental data of the protein onto GO, GE, and
SWCNT. The adsorption data of Lysozyme onto SWCNT and GE were better fitted to the
Langmuir equation model (R*=0.94 and 0.98, respectively), while the values of R?in Langmuir,
Freundlich, and Temkin models for GO were 0.656, 0.616, and 0.741, respectively. However,
the high value of adsorption capacity of GO in Langmuir model (1428.57 mg/g) indicated a
high adsorption. Further, the high value of K; (198.97) suggested the electrostatic interac-
tions as possible mechanism of the Lysosyme protein adsorption onto GO. According to
results, GO, GE, and SWCNT were more efficient on the removal of organic fouling agents
than AC.

Adsorption of phenanthrene (PNT) and biphenyl (BP) by graphene nanosheets A and B (GNS-
A and GNS-B), GO, SWCNT and MWCNT was investigated by Apul [80]. Phenanthrene and
biphenyl solutions were prepared with distilled and deionized water and in the presence of
natural organic matter (NOM). The surface area of the different CNM was GNS-A >GO > GNS-
B >SWCNT > MWCNT. Adsorption capacities for PNT in distillate and deionized water at C,
=1 mg/L were higher than BP for all adsorbent nanomaterials. The order of the adsorption
capacities of PNT was SWCNT > GNS-A > GNS-B ~ GO > MWCNT, while the order for BP
adsorption capacities was SWCNT > GNS-A ~ GNS-B > GO > MWCNT. The adsorption was
depending on the surface area, pore size, and oxygen content of CNM as well as hydropho-
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bicity and molecular structure of adsorbates. The adsorption capacities of PNT and BP under
NOM preloading followed a similar order than the obtained in distillate and deionized water
but it decreased. The influence of NOM on the PNT and BP adsorption was smaller on GNS-
A and GNS-B than SWCNT and MWCNT which was attributed to a lower compact bundle
structure for graphenes than SWCNT or MWCNT aggregates.

A comparative study on removal of phenol with respect to the dimension of the nanomateri-
al (1D and 2D nanomaterials in their unoxidized and oxidized forms) was carried out by de la
Luz-Asuncion [45]. Six adsorbents such as SWCNT, MWCNT, oxidized SWCNT (O-SWCNT),
O-MWCNT, GO, and RGO were employed. The adsorption kinetics indicate that most of
phenol removal takes place during the first 50 min. It is implied that CNM possess very strong
adsorption ability for phenol. The pseudo-second-order model provides the best correlation
for the adsorption data (R?> 0.99). The results indicate that Freundlich isotherm provides the
best fit for the equilibrium data (R* > 0.94). Differences in adsorption capacity between 1D
and 2D nanomaterials are shown by the parameter, K;, obtained from Freundlich isotherm.
K}, decreases in the following order: GO (7.456) > MWCNT (6.162) > O-MWCNT (4.777) >
RGO (4.338). R, values are between 0 and 1; this represents favorable adsorption between CNM
and phenol. The adsorption process occurs by hydrogen bonding (Figure 6a) and mainly by
ni—1 interactions (Figure 6b) and not by electrostatic interactions. The mechanism of interac-
tion between RGO and GO with phenol is similar to CNT and OCNT.

..... TT—T Interaction

Figure 6. Proposed mechanisms of interaction between carbon nanotubes in their unoxidized and oxidized forms with
phenol. Reprinted with permission from de la Luz-Asuncién et al. [45]copyright 2015 Hindawi Publishing Corpora-
tion.

In an interesting study, Balamurugan [81] investigated the adsorption of chlorobenzenes
(CBs) onto (5, 5) armchair SWCNT and graphene sheet through of density functional theory-
based calculations. The interaction between the SWCNT and GE with CBs was studied with
the Bader’s theory of atoms. The interaction energy of the CBs increased according to the
chlorine content was increasing from one to six atoms for both SWCNT and GE. The values of
interaction energy were higher for G-CBs than those of SWCNT-CBs, and the variation of the
interaction energy between both systems was found in the range from 2.30 to 3.42 Kcal/mol.
On the other hand, GE presented a better adsorption capacity of CBs than SWCNT. This was
attributed to the planar geometry of graphene which facilities the adsorption surface of
pollutants. With the increasing of the chlorine content, the solubility of the CBs decreased while
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their toxicity increased. The electrostatic interactions play an important role in the adsorp-
tion process of CBs onto SWCNT and GE. A summary with the different systems of adsorp-

tion and the kinetic models and Isotherms which were best fitted to the adsorption data are

found in Table 5.

Adsorbent Adsorbate Kinetic model Isotherm References
GO MB Pseudo-second-order Langmuir [37]
CNTs MB Pseudo-second-order Langmuir [37]
GO BR46 Pseudo-second-order Langmuir [46]
G BR46 Pseudo-second order Langmuir [46]
SWCNT BR46 Pseudo-first order Langmuir [46]
SWCNT-COOH BR46 Pseudo-first order Langmuir [46]
GO RR2 Pseudo-first order [77]
rGO RR2 Pseudo-first order [77]
MWCNT RR2 Pseudo-first order [77]
OMWCNT RR2 Pseudo-first order [77]
G PNT Freundlich [80]
G PNT Freundlich [80]
GO PNT Freundlich [80]
SWCNT PNT Freundlich [80]
MWCNT PNT Freundlich [80]
G BP Freundlich [80]
G BP Freundlich [80]
GO BP Freundlich [80]
SWCNT BP Freundlich [80]
MWCNT BP Freundlich [80]
GO Cu(Il) Langmuir [29]
MWCNT Cu(Il) Langmuir [29]
G Lysozime Langmuir [79]
GO Lysozime Temkin [79]
SWNT Lysozime Langmuir [79]

BP, biphenyl; BR 46, basic red 46; Cu, copper; MB, methylene blue; PNT, phenanthrene ; RR2, reactive red 2..

Table 5. Adsorption results of different pollutants from water onto carbon nanomaterials.
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It is difficult to say whether graphene is better than CNT or vice versa. Results of the differ-
ent investigations where these nanomaterials were compared indicated that there are some
factors such as surface area, surface oxygenated groups, and pH solution which have strong
influence on the adsorption of pollutants in water onto graphene and CNT. In both materi-
als, the equilibrium adsorption time is short. The planar and tubular structure of graphene and
CNT, respectively, and the contaminant molecule structure play an important role on the

adsorption process and therefore the efficiency of this.

4. Concluding remarks

The results of graphene materials and graphene-based materials in photocatalysis and
adsorption indicate that these materials have a great future in the decontamination of water.
GO has shown photocatalytic activity when has been used of individual form on the remov-
al of contaminants from water. Besides, the combination of graphene materials with differ-
ent semiconductor nanoparticles has shown good results on the removal pollutans, increasing
the efficiency of the photocatalytic process due to a charge separation more efficient. On the
other hand, the removal of pollutant from water by adsorption using graphene materials as
adsorbents shows a favorable panorama. The efficiency of these materials on the removal of
heavy metals and organic compounds from water will be depending on factors such as surface
area, pH, temperature, surface charge, content of functional groups, among others. Surface
oxygenated groups in the graphene sheets improve the interaction with cationic dyes and
cationic metal ions. The functionalization of graphene with different functional groups can be
used to obtain a better affinity for the contaminant, thus improving the efficiency of adsorp-
tion process. Definitely, graphene materials are promising to play an important role in the

photocatalysis and adsorption processes for environmental remediation.
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