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Abstract

Graphene oxide (GO) was synthetized from graphite oxidation via the modified Hummers method. Afterwards, the GO was
functionalized with diethylenetriamine (DETA) and FeCl; to obtain the novel amino-iron oxide functionalized graphene (GO-
NH,-Fe;0,). FTIR, XRD, SEM with EDX, and Raman spectroscopy were performed to characterize both GO and GO-NH,-Fe;0,.
The GO-NH,-Fe;04 was then evaluated as adsorbent of the cationic dye Methylene Blue (MB); analysis of the point of zero net
charge (pHpyc) and pH effect showed that the GO-NH,-Fe;0,4 pHpyzc was 8.2; hence, the MB adsorption was higher at pH 12.0.
Adsorption kinetics studies indicated that the system reached the equilibrium state after 5 min, with adsorption capacity at equilib-
rium (g.) and kinetic constant (ks) of 966.39 mg g ' and 3.17-10 % g mg ™' min ™", respectively; moreover, the pseudo-second-order
model was better fitted to the experimental data. Equilibrium studies showed maximum adsorption capacity of 1047.81 mg g
furthermore, Langmuir isotherm better fitted the adsorption. Recycling experiments showed that the GO-NH,-Fe;0,4 maintained the
MB removal rate above 95% after 10 cycles. All the results showed sorbent high adsorption capacity and outstanding regeneration
capability and evidenced the employment of novel GO-NH,-Fe;0, as a profitable adsorbent of textile dyes.
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Abbreviations PTFE Polytetrafluoroethylene
GO Graphene oxide MB Methylene Blue
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Introduction

The textile industries generate a considerable environmental
impact due to its elevated consumption of water, and high
toxicity of their effluents. One fifth of the world’s water pol-
lution corresponds to dyes and other chemical species from
the textile industry. Textile wastewaters are characterized as
alkaline and with high biologic oxygen demand (BOD), be-
tween 700 and 3000 mgLfl. Moreover, the salt concentration
measured in real textile effluent varies between 2000 and
3000 mg L' (World Bank Group 2007). Besides being re-
sponsible for increasing biological oxygen demand (BOD),
the lack of dissolved oxygen in water bodies to sustain aquatic
life is reported as one of the consequence of dye release (Al-
Qodah et al. 2007). When disposal occurs without due treat-
ment, it results in severe environmental liabilities. Because of
their persistence and toxicity, discarded dyes in water bodies
have become a source of constant concern, as most of them are
not biodegradable, reduce the penetration of light into water
bodies, inhibiting algae photosynthesis, and tend to accumu-
late in living organisms (Hu et al. 2017; Al-Qodah et al. 2007).
Their capacity to degrade into aromatic compounds makes
them carcinogenic, mutagenic, and with inhibitory properties,
causing damages not only in aquatic animals but also in
humans, even at low concentrations (Yusuf et al. 2015).
Between the diseases and other harms to human health caused
by dyes, it can be cited hypersensitivity, dermatitis, cancer,
skin irritation, dysfunction of kidneys, liver, and reproductive
system (Shaban et al. 2018). Dye removal process by adsorp-
tion is a tertiary treatment, since it is usually used after pro-
cesses such as filtration, aeration, biodigestion, and floccula-
tion, among others. In this scenario, many researchers have
been focusing on methods to treat effluents from the textile
industry, having as object of study the development of low-
cost materials and composites with good adsorptive capacity.
Among these, nanomaterials derived from carbon have occu-
pied a prominent place in recent research, and exfoliated
graphene oxide nanosheets have been studied for its remark-
able adsorptive properties (Araujo et al. 2018). In recent years,
novel engineered nanosorbents reported in the literature have
been successfully developed by doping, tailoring, active site
activation, and the modification of functional groups over
their surfaces aiming to enhance the adsorption efficiency to-
wards several types of dyes (Bozorgi et al. 2018).

Carbon atoms have the ability to make covalent bonds
along with the sp2 hybridized states, giving its structures the
ability to overcome the metallic and non-metallic compounds.
The flexibility of carbon structures is remarkable from the
point of view of various geometric forms that can be obtained,
such as nanotubes, nanosheets, nanohorns, and fullerenes,
among others (Grima et al. 2015). Among these carbonaceous
materials, graphene has attracted huge interest of several re-
searchers worldwide due to its unique structural characteristics

and high adsorption performance. Carbon nanomaterials ex-
hibit a unique combination of chemical and physical proper-
ties such as thermal and electrical conductivity, high mechan-
ical strength, and optical properties (Cha et al. 2013), and
related studies have increased in parallel with the development
of transmission electron microscopy (Yang 2003). The precur-
sor reported work of physical synthesis of graphene nano-
sheets with some purity is that performed by Novoselov
et al. (2004), who used Scotch tape to separate the single
graphene layers from the graphite crystals. Therefore, there
has been a growing interest among the scientific community
in investigating different aspects, particularly the surface mod-
ification, of graphene, such as functionalization, doping, and
anchoring (Georgakilas et al. 2016; Kuila et al. 2012).
Depending on the route, functionalization can enhance several
graphene nanosheets properties, such as mechanical resis-
tance, chemical selectiveness, electron, and thermic conduc-
tivity, between others (Georgakilas et al. 2016; Yusuf et al.
2015). In the environmental field, functionalized graphene-
based nanomaterials have been widely employed as adsorbent
of several water pollutants in recently reported works, which
can be cited: metallic ions (Zhang et al. 2018), heavy metal
(Lingamdinne et al. 2018), pharmaceuticals (Zhu et al. 2018),
pesticides and herbicides (Lazarevic-Pasti et al. 2018; Wanjeri
et al. 2018), crude oil and its derivatives (Diraki et al. 2018),
volatile organic compounds (Yu et al. 2017), and dyes.

The objective of this work is developing a novel and high
capable adsorbent for textile dyes; in that sense, it was evalu-
ated the performance of the amino-Fe;Oy4-functionalized
graphene oxide (GO-NH,-Fe;0,4) as adsorbent for the refer-
ence acid dye, Methylene Blue (MB). The kinetic and equi-
librium parameters of MB adsorption were obtained and
discussed, prior to further studies of the application of GO-
NH,-Fe;0, as adsorbent of a larger variety of textile dyes.
Moreover, recycling experiments were performed to evaluate
the adsorbent regeneration capability. GO-NH,-Fe;O,4 adsorp-
tion efficiency was also extensively compared with other
graphene-based nanomaterials employed as adsorbent of dif-
ferent species of dyes.

Materials and methods
Synthesis of GO

Graphene oxide (GO) was synthesized by the modified
Hummers method (Araujo et al. 2018; Hummers and
Offeman 1958). A 1.0 g of powdered graphite (Merck, 99%)
was added along with 25 mL of H,SO,4 99% to a flask under
stirring and rigorously controlled temperature below 12 °C
until homogenization of the mixture. Then, 3.0 g of KMnO,
was slowly added and the temperature set to 32 °C for a period
of 6 h. After the graphite oxidation reaction, 35 mL of H,O,
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30% was added to complete the oxidation; then, 200 mL of
HC1 99% was added. Thereafter, the sample was successively
washed with distilled water until the pH of the suspension was
stabilized. After washing, the graphite oxide was submitted to
sonication for 4 h to exfoliate the GO.

GO functionalization

An aliquot of 4.0 ml of GO suspension (~0.031 g mol ') was
separated and mixed with 250 ml of monoethylene glycol, un-
der heating to reach the temperature of 180 °C. Solvothermal
method of anchoring magnetic Fe;O4 nanoparticles on GO
nanosheets was performed by the addition of 0.5 g of FeCls-
6H,0, 3.0 g of sodium acetate to GO suspension (Ai et al.
2011); moreover, 30 mL of diethylenetriamine (DETA) was
added to the flasks to perform covalent amine functionalization
of GO nanosheets simultaneously with Fe;O4 anchoring.
Functionalization synthesis occurred in batch mode, in a
600-mL closed loop reflux reactor, with vigorous stirring speed
for 6 h and temperature strictly controlled at 180 °C. Similar
method was also employed by Zhao et al. (2016) to adsorb
chromium ions from aqueous solution; however, the authors
performed it at higher temperature and in a closed INOX reactor.
After the reaction, the mixture was cooled to room temperature
(24 °C), and subsequently washed with 150 mL of ethanol and
washed successively with distilled water; the suspension was
decanted and the supernatant was removed. GO nanosheets were
magnetite-functionalized via non-covalent functionalization
route; hence, Fe;0,4 magnetic nanoparticles were linked to GO
graphenic plane via interaction forces of small strength, such as
Van der Waals forces and ionic interactions (Georgakilas et al.
2016; Yusufet al. 2015; Kuila et al. 2012). Moreover, -7 stack-
ing interactions also play a significant role on covalent and non-
covalent functionalization due to wide m-electronic configuration
formed over GO plane. Such interactions are associated at rela-
tively lower levels of energies in comparison to dissociation
energy of covalent single bonds (~350 kJ mol ™) (Georgakilas
et al. 2016). Thus, non-covalent functionalization of Fe;O,4 oc-
curred in parallel with the covalent functionalization of amine/
amide groups over GO surface and edges. The functionalized
GO suspension was then stocked to perform UV-vis scanning
and subsequent characterization analyses, as well as for use in
the adsorptive process.

Adsorbent characterization

The characterization of the graphite, GO, and the amino-
Fe;04-functionalized-GO was conducted by Fourier trans-
formed infrared spectroscopy (FTIR), X-ray diffraction
(XRD), scanning electron microscopy (SEM), and Raman
spectroscopy. FTIR spectra of GO, GO-NH,-Fe;0,4, and
GO-NH,-Fe;04 after 10 cycles of adsorption and desorption
of MB were obtained by an infrared spectrometer model

Brucker Tensor 27 (Germany). XRD analyses were realized
by using an X-ray diffractometer Rigaku Ultima (Japan). SEM
analysis has been made using a Zeiss equipment, model LEO
440 (Germany), coupled with energy-dispersive X-ray (EDX)
spectrometer. Finally, Raman spectra for graphite, GO, and
GO-NH,-Fe;0,4 samples were obtained by a confocal
Raman/AFM spectroscope model Witec Alpha 300
(Germany) (samples were irradiated with a 633 nm red laser).
In each sample, three individual spectra were measured at
random points; each spectrum was obtained with accumula-
tions of 30 s using a lens of x100 and a grid of 600 mm/line.

Batch sorption experiments

The samples of MB solution were transferred to flasks of
125 mL, and aliquots of OG-NH,-Fe;0, suspension were
added. The samples were placed in a steering table for deter-
mined contact time. The adsorption experiments were con-
ducted in batch, at the following conditions: 25 °C, 25 mL
of adsorbate solution, agitation of 300 rpm, and solution
pH 12.0, similar to reported textile effluent pH, measured after
desizing, scouring, and mercerization process (Wang et al.
2011). Afterwards, the GO-NH,-Fe;O4 was separated from
the liquid phase by filtration in PTFE filters (45 pm).

The percentage of adsorbed dye in the GO-NH,-Fe;0,4
(dye removal efficiency, %) and the adsorption capacity (g,
mg g ') were calculated using Egs. 1 and 2:

Co—C

Percentage removal : (%) = o X 100 (1)
0
. . (Co—C)V
Adsorption capacity : ¢ = ——— (2)
m

where Cj, is the initial concentration (mg L"), C is the equi-
librium state or final concentration (mg Lfl), Vis the volume
of the solution (L), and m is the mass of the adsorbent (g).

The pH influence and the zero point of charge

The point of zero net charge, or isoeletric point (pHpyc) of GO-
NH,-Fe;0,4, was obtained to estimate in which pH the surface
charge is positive—below ZPC—and negative—above ZPC.
The point of zero charge (pHpyc) of the adsorbent was deter-
mined according to the 12 points and salt addition method
(Mahmood et al. 2011) by adding 1.0 mL of GO-NH,-Fe;04
suspension to several Erlenmeyer flasks. The solution volume
with the adsorbent in each flask was 40 mL at 25 °C. A range of
initial pH values (pHjpia) of the GO-NH,-Fe;0, suspensions
was adjusted from 2.0 to 12.0 by adding small volumes of stan-
dard solutions of HCI and NaOH, 0.1 and 6.0 mol L', The
influence of the pH on the adsorption was evaluated through
experiments ranging the initial pH from 2.0 to 12.0 and calcu-
lating the adsorption capacity per each initial solution pH.

@ Springer
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Equilibrium studies and adsorption isotherms

Equilibrium studies were realized by ranging the MB con-
centration between 10 and 500 mg L', where it was
possible to determine the isotherm models which better
described the adsorption mechanisms. Contact time was
fixed at 20 min to ensure full equilibrium. Furthermore,
the experiments were performed at 25 °C, 300 rpm and
MB solution pH 12.0. After the experiments, all experi-
mental data were plotted and the isotherms were fitted
through mathematics software. Adsorption parameters,
such as the equilibrium constant (K;) and the maximum
adsorption capacity (¢,,), were obtained according to the
model fitted to the experimental data.

The following models were tested to describe the ad-
sorption process studied in this paper: the Langmuir,
Freundlich, and Temkin. The Langmuir isotherm has
been applied to many other real sorption process, and it
has used to explain the sorption of dyes onto various
adsorbents. The Langmuir adsorption isotherm follows
the expression in Eq. 3:

q KLC

A 3
q, 1+K.C 3)

where ¢, is the maximum adsorption capacity or the adsorp-
tion capacity when the system achieves the equilibrium
(mg gfl), K is the equilibrium constant (L mgfl), C is the
adsorbate concentration (mg L"), and ¢ is the adsorption
capacity for each concentration (mg g ).

The separation factor (Ry) is a dimensionless term which
indicates the behavior of adsorption isotherm (Bozorgi et al.
2018; Aietal. 2011; McCabe et al. 2005). According to Talebi
et al. (2017), Ry values examine the types of isotherm: irre-
versible isotherm (Ry =0), favorable isotherm (0 <Ry < 1),
linear isotherm (R; = 1), and unfavorable isotherm (Ry > 1).
Ry values are given by Eq. 4:

1

R =——7-—
L 1+ K.Cy

(4)

where K is the Langmuir equilibrium constant (L gfl) and Cy
is the highest initial concentration used at equilibrium studies
(mg L.

Freundlich’s model assumes a non-uniform distribution of
the adsorption energy over the adsorbent’s heterogeneous sur-
face (Araujo et al. 2018). The Freundlich mathematical model
can be shown by Eq. 5:

q=KpC'/" (5)

where K is the Freundlich constant (L mgfl), 1/n is the factor
of heterogeneity, C is the solution concentration, and ¢ is the
adsorption capacity.

The Temkin isotherm is widely used for adsorption systems
of high concentrations and takes into account the adsorbent-
adsorbate interactions and the uniform distribution of binding
energy. Moreover, the heat of adsorption of all the molecules
in the layer would decrease linearly with sorption capacity
(Khan et al. 2015). The Temkin model is given by Eq. 6.

g =" In(arC) (6)

where ar is the binding constant at the equilibrium (L mol ),
bt is the Temkin constant, R is the universal constant of the
perfect gases (8.314 J K~ ' mol "), and T'is the environmental
temperature, in which the experiment is performed (K).

Adsorption kinetics

For the kinetic study, aliquots of 25 mL of MB solution and
the initial concentration (Cp) of 20 mg-L™" were contacted
with 1.0 mL of GO-NH,-Fe;0, suspension at a stirring speed
of 300 rpm. The contact time ranged from 1 to 120 min. The
experiments were conducted at 25 °C, 1 atm, and pH 12.0. To
obtain the adsorption kinetic parameters (adsorption kinetic
constant, ks, ks, and kjp), the data were modeled using the
non-linear fit provided by a mathematical software. Data
modeling was performed according to Lagergren pseudo-
first-order (PFO), Ho pseudo-second-order (PSO), and
intraparticle diffusion (IPD) models, given by Egs. 7, 8, and
9, respectively (Bozorgi et al. 2018; Lagergren 1898; Ho and
McKay 2000).

qy = qe(lfeikﬂ) (7)

where ¢, is the adsorption capacity obtained at each time
(mg g "), g is the adsorption capacity at the equilibrium state
(mg g 1), ks is the pseudo-first-order adsorption rate constant
(min"), and ¢ is the contact time (min).

_ ksqlt
"=+ kol ®)

where £; is the pseudo-second-order adsorption rate constant
(gmg ' min").

Intraparticle diffusion model is given by the Eq. 9. This
model is usually employed to describe the adsorption inside
the pores of the adsorbent, neglecting the external mass trans-
fer resistances to the adsorbent particles (McCabe et al. 2005).

q; = kIDtl/z + k() (9)

where kip is the intraparticle diffusion rate coefficient
(L mol ), while ko is a constant related to the resistance to
the diffusion (mg g ).
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Fig. 1 FTIR spectra of GO, GO-NH,-Fe;0, and GO-NH,-Fe;0, after
10 MB adsorption-desorption cycles

4000 3500

Recyclability experiments

Adsorbent regeneration experiments were performed to eval-
uate losses in its adsorption performance after several cycles
of adsorption-desorption. After MB adsorption at experimen-
tal conditions described in the batch mode adsorption section,
GO-NH,-Fe;0,4 was separated from the MB solution by cen-
trifugation and washed three times with distilled water to re-
move the non-adsorbed MB. After that, the sample was

Identificacao: 0G

Graphene Oxide (GO)

- .V\Feaoi

Identificacao: 0G-NH2-Fe304

Fig. 2 SEM microscopy images for (a) GO x500, (b) GO %3000, (¢) GO-NH,-Fe;04 x500, (d) GO-NH,-Fe;04 x3000

transferred to a flask with 25 mL of distilled water in an incu-
bator Shaker model Marconi MA-420 (Brazil) set in 65 °C, in
agreement with some works in the literature, which reported
desorption of dyes and other organic pollutants, such as pes-
ticides and aromatic compounds, at higher temperatures than
adsorptive process (Chen et al. 2016; Grajek 2000). Moreover,
desorption experiments were performed at 300 rpm for 1 h and
neutral pH (~7.00).

Results and discussion
Characterization of GO and GO-NH,-Fe;0,

Figure 1 shows the FTIR spectra for GO and GO-NH,-Fe;0,
and exhibited the characteristic peaks at 1632.5 cm”, attributed
to the GO carbonyl (—C=0) stretching vibration; the broad band
between at 3427 and 3250 cm ! is referent to the O—H
stretching vibration of the carboxylic acids groups of GO
(Zhang et al. 2015), and this band was also revealed at GO-
NH,-Fe;0,4 spectrum. However, bands with medium intensity
between 3300 and 3500 cm ' might be attributed to the pres-
ence of amine groups (—NH stretching vibration) on the sorbent
surface. In the spectrum of GO-NH,-Fe;0,, the peak at
580 cm ! is attributed to the Fe—O bond vibration of Fe;0,

4
A‘.\ X -
§
Identificacao: OG

Graphene Oxide (GO)

Identificacao: 0G-NH2-Fe304 L_

Functionalized GO (GO-NH,-Fe;0,)
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nanoparticles in the sorbent (Guo et al. 2015). The peak at
1572.5 cm ' is caused by the stretching vibration and bending
vibration of N-H bond, which is regarded to the presence of
amino groups on the surface of the functionalized graphene
(Zhao et al. 2016). Additionally, the intense peak at
1658.0 cm ™' might be attributed to amide groups, as a conse-
quence of parallel reactions during the functionalization
synthesis.

Morphological structures of GO and GO-NH,-Fe;0, are
depicted in Fig. 2. It is possible to visualize the overlap of
some folded layers and wrinkles between them. In addition,
some clear spots of aggregation, with a much higher overall
roughness, can be seen on the GO-NH,-Fe;04 surface
(Fig. 2c¢, d), as compared to the GO sample (Fig. 2a, b). The
EDX analyses indicated the presence of Fe in several spots
on the GO-NH,-Fe;0,4 surface (see marks on Fig. 2c¢),
confirming the successful incorporation of magnetite
(Fe304) nanoparticles onto the GO surface.

Graphite powder, GO, and GO-NH,-Fe;O4 were character-
ized by XRD (Fig. 3a) and compared to the standard of graph-
ite (JCPDS 75-2078, 3347 A). For graphite, the peaks equal to
26.5° and 54.6°, diffraction planes (002) and (004), referring
to the basal planes of the graphene, were observed in addition
to the plane (101) in 44.5°. All these peaks are characteristic of
three-dimensional crystalline graphite. The plane (002) is
quite narrow and intense. The spectra of the synthesized GO
and GO-NH,-Fe;0,4 show the same behavior (Fig. 3a), and
there is an indication of an amorphous band characteristic of
non-crystalline materials, such as few layer graphene; howev-
er, it is possible to notice the presence of small peaks.
Amorphous traces of the peak related to plane (002) were
shifted to 25.5° and suggest that the oxidation of graphite
structure was not sufficient to oxidize 100% of the layers.
For the GO-NH,-Fe;0y,, there is also an indication of a small
peak, still related to the plane (002), which was shifted to 11°
and is characteristic of interplanar distances of ~0.8 nm
(Stephan et al. 1994). This distance is greater than the

(002)
El
o
2
c
2
£ graphite
- e
-
/
002 \”mmwu_mwwﬁ GO-NH,-Fe,0,
v’/\\‘ graphene oxide (GO)
- . - T - T - I - 1 - )
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Fig. 4 (a) Point of zero charge of GO-NH,-Fe;04. (b) Effect of pH in the

MB adsorption

separation of the graphene sheets (0.34 nm); therefore, it is
suggested the formation of functional groups, like phenolic,
amino, ferritic groups, and hydroxyl between the graphite
nanolayers during their functionalization.

Raman spectra of GO, GO-NH,-Fe;Oy,, and graphite pow-
der are compared in Fig. 3b. The spectra of all carbon systems
have a set of characteristic bands; the main bands are the D

(D band) /
/| (Gband)

P

_ GO-NH-FeO,

graphite oxide (GO

(Bibanc) graphite

"ord

T T T T
1500 2000 2500 3000

Raman shift (cm™)

T
1000

500

Fig. 3 XRD and Raman patterns for graphite precursor, GO, and GO-NH,-Fe;04
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Fig.5 Isotherm for adsorption of MB onto OG-NH,-Fe;0,4. Experiments
performed at 300 rpm, 25 mL, and pH 12.0

band (~ 1360 cm ') and G band (~ 1560 cm™ ), as well as few
other second-order harmonics. According to Ferrari, G band is
due to the stretching movement of the sp? bonds between
carbon atoms of the basal 2D plane, which reflects the planar
crystalline structure of the graphite/graphene materials. Band
D is due to Raman scattering in the discontinuity zone, which
reflects disordered structures. Such structures include defects,
boundaries of crystals, breaking of symmetry, etc. The most
prominent second-order harmonic, around 2700 cm ', is
called the 2D band and reflects the stacking structure of the
graphene sheets along the ¢ axis (perpendicular) (Ferrari et al.
2006). According to analysis, the two most intense features for
graphite powder are, as expected, the G peak at ~ 1575 cm
and the 2D peak at ~2681 cm . For the oxidized (GO) and
functionalized (GO-NH,-Fe;0,), no clear 2D peak can be
identified. Chemical modifications like oxidation/
functionalization can lead to severe structural damage to the
surface of these materials, introducing defects, which could
include residual carboxylic acids, epoxides, and amino and
ferritic groups, that may disrupt the band structure. The broad-
ness and high intensity of the defect D peak (small in graphite
powder precursor) for these samples confirm this assumption
(Ghislandi et al. 2015).

Fig. 6 Kinetic experimental data of the adsorption of MB by GO-NH,-
Fe;0,4 and PSO model. Experiments performed at 25 °C, 25 mL, pH 12.0,
and 300 rpm

pHpzc and effect of pH in adsorption

The point of zero charge analysis showed that the pHp ¢ was
8.2 (Fig. 4a). The evaluation of pH influence on the adsorption
(Fig. 4b) showed that the cationic MB better adsorb at basic
pH (12.00), above pHpyc. These results evidenced that, be-
yond 7r-7 interactions, electron donor-receptor relationships
between MB and GO-NH,-Fe;0, structures are also present
in the adsorption mechanism. Hence, all the further experi-
ments were conducted at pH 12.0 to favor adsorbate-
adsorbent electronic interactions on GO-NH,-Fe;04 surface.

Equilibrium studies

By the adsorption isotherm depicted in Fig. 5, MB adsorption
presented a downward concavity and separation factor (Ry)
0.005, characterizing a favorable behavior (0 <R < 1)
(Bozorgi et al. 2018; McCabe et al. 2005). Mathematical
modeling showed that Langmuir model (Eq. 3) better fitted
the experimental data in comparison to other models and
showed satisfactory coefficient of determination, 0.936.
Incidentally, according to Ruthven (1984), Langmuir model

Table 1 Equilibrium and kinetic

parameters for the adsorption of Equilibrium models

MB by GO-NH,-Fe;04 Langmuir
Gm, ME gf' 1047.81
K, L mg' 3.65x107"
Ry 545x107°
R 0.936

Kinetic models

Pseudo-first-order

kg, min ! 3.86
fomgg 969.00
R 0.991

Freundlich Temkin

Kgmg 7YoL o7 15.20 ar, L mol™! 55.96
N 231 br 30.58
R 0.802 R 0.917
Pseudo-second-order Intraparticle diffusion

ks, g mg”' min ! 3.17x 1072 kip, L mol ™! 58.18
Geomg g’ 966.39 ko,mg g ! 690.42
R 0.999 R 0.201
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Fig. 7 MB adsorption-desorption cycles onto GO-NH,-Fe;0y;
experiments performed at 1 h (regeneration time), 65 °C, 300 rpm; MB
adsorption at pH 12.0

is best representative for monolayer adsorption and homoge-
neous adsorption systems. Langmuir maximum adsorption
capacity (¢,,) and sorption equilibrium constant (K;) of MB
removal onto GO-NH,-Fe;04 were 1047.81 mg gf1 and
3.65x 107" L mg ", respectively. Table 2 presents a compar-
ative study of the adsorption efficiency, equilibrium and kinet-
ics models and recyclability of GO-NH,-Fe;0,4 and other ad-
sorbents found in the literature. GO-NH,-Fe;0,4 maximum
adsorption capacity is more than twice the adsorption of MB
onto GO (Araujo et al. 2018), and considerably higher than
other nanocarbon-derived adsorbents found in the literature
for the adsorption of dyes (Ganesan et al. 2018; Zhao et al.
2017; Carvallho et al. 2016). Furthermore, Temkin model (Eq.
6) was also tested for MB adsorption by GO-NH,-Fe;04, and
its constants, obtained for the equilibrium process, ar and br,

were 55.96 L mol™' and 30.58 kJ mol ™', respectively.
Relatively lower values of by are an indicative of the Temkin
isotherm that can be applied to explain the experimental equi-
librium data, as verified in the availability of experimental
data found in the literature (Araujo et al. 2018; Das et al.
2018; Wanjeri et al. 2018; Lingamdinne et al. 2018).
Equilibrium parameters for every model evaluated in this
study, as well as their coefficient of determination, can be seen
in Table 1.

Adsorption kinetics

All experiments were carried out at MB solution pH 12.0. The
kinetic modeling curves showed a fast adsorption process of
the MB (Fig. 6), in which the equilibrium state was reached
after 5 min, where experimental adsorption capacity was
969.84 mg g '. Rapid adsorption is an indicative of the phys-
ical nature of adsorption (Ruthven 1984; McCabe et al. 2005).
After adjusting the experimental data according to the kinetic
models expressed in Egs. 3, 4, and 5, it was verified that the
pseudo-second order model (Fig. 6) was fitted to the process,
with a satisfactory coefficient of determination (R*=0.999).
Kinetic models evaluated and their parameters are reported in
the Table 1. The pseudo-second-order model better fitted the
adsorption, in which equilibrium adsorption capacity (g.) and
the PSO kinetic constant (ks) were 966.39 mg gf1 and 3.17 x

102 g mg ' min"". PSO lower adsorption rate represents a
quick adsorptive process, which indicates that MB adsorption
in this case occurs, preferably, on OG-NH,-Fe;0, surface, in

Table 2 Comparative study of dye adsorption by several carbonaceous nano-adsorbents found in the literature
Adsorbent Adsorbate gmemg g ' Isotherm Kinetic Predicted pH Regen. cycles Reference
model model  mechanism®
GO Methylene Blue  504.00 Temkin ~ PSO Electrostatic 4.0-6.0 N/A Araujo et al. (2018)
inter., -7
r-GO Methylene Blue  144.90 Langmuir PSO Electrostatic  8.0-12.0 N/A Minitha et al. (2017)
inter.
Hemin-GO Methylene Blue 99.20 N/A PSO T 9.0 5 Zhao et al. (2017)
GO Rhodamine B 224.00 Temkin  IPD T 4.0 7 Das et al. (2018)
Bi,03;-GO Rhodamine B 320.00 Temkin  IPD H-bond 4.0 N/A Das et al. (2018)
Fe;0,4,-GO Rhodamine B 39.65 Langmuir PSO T 3.0 8 Ganesan et al. (2018)
[3-Cyclodextrin-Graphene Methyl Orange 328.20 Langmuir PSO T N/A 6 Tan and Hu (2017)
xGnP™ graphite nanoplatelets Indosol SFGL 24.95 BET PSO - 2040 NA Carvallho et al. (2016)
Blue
xGnP™ graphite nanoplatelets Drimaren HFRL 50.66 BET PSO ™7 2.0 N/A Carvallho et al. (2016)
Blue
Methylimidazolium-GO Direct Red 80 501.30 Langmuir PSO Electrostatic  12.0 4 Zambare et al. (2017)
inter.
GO-NH,-Fe304 Methylene Blue 1047.81 Langmuir PSO Electrostatic  12.0 10 This work
inter., -1

PFO pseudo-first-order, PSO pseudo-second-order, /PD intraparticle diffusion

#Reported interactions which govern the adsorption
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agreement with the theoretical information found in the liter-
ature (McCabe et al. 2005). Intraparticle diffusion model did
not fit the experimental data (R2 =0.201), once the layered
GO-NH,-Fe;0, does not have porous structure and the MB
molecules stay in parallel with graphene basal plane,
interacting with OH, NH,, and other groups on its surface
(Minitha et al. 2017). Moreover, the MB sorption kinetics
onto graphene nanomaterials being fitted by PSO model sug-
gest that adsorption was a function of boundary layer thick-
ness and external mass transfer, without resistance to mass
transfer within the pores of the adsorbent (Diraki et al. 2018).

Sorbent recyclability

GO-NH,-Fe;04 recyclability was evaluated at pH 12.0
(Fig. 7), and it was found that the sorbent efficiency remained
95.6% after 10 cycles. Moreover, there were no substantive
loss in the MB removal efficiency through the adsorption/
desorption cycles. Reported data evidenced that graphene-
based nanomaterials ensure great adsorption capacity, mild
operational conditions, and high recyclability; consequently,
they can be described with no doubt as ecofriendly adsorbents.
It is easily observed an outstanding recyclability of GO-NH,-
Fe;04 in comparison to other graphene-based materials
(Table 2), which may be employed for several types of water
pollutants. By the collected data, GO-NH,-Fe;0, elevated
adsorption capacity, fast adsorption, and high recyclability
can be highlighted. Additionally, FTIR spectrum of GO-
NH,-Fe;0, after 10 regeneration cycles (Fig. 1) showed no
relevant changes in comparison to GO-NH,-Fe;0,4, which
demonstrates that there were no losses or breakdown of func-
tional groups and consequently proves that the regeneration of
GO-NH,-Fe;0,4 was successfully performed.

Conclusions

The objective of this work was to evaluate the adsorption
capability of the amino-functionalized graphene oxide as an
adsorbent of textile dyes, using Methylene Blue as a reference
dye. The oxidation of graphite to form GO sheets was con-
firmed by XRD and Raman characterization. Moreover, the
visualization and successful functionalization of OG surface
with NH,-Fe;O0,4 was confirmed via FTIR and SEM analyses.
Kinetic experiments showed that the equilibrium state in the
adsorption process occurs quickly, within 5 min, which points
to a tendency of physisorption; moreover, kinetic pseudo-
second-order better fitted the experimental data. Equilibrium
studies showed that the Langmuir isotherm was the best fit for
the experimental data. Thereafter, GO-NH,-Fe;0,4 reached an
elevated maximum adsorption capacity, double of the GO as
adsorbent of MB, and substantively higher than other
graphene-derived adsorbents. In view of the outstanding

adsorption capacity and elevated recyclability in comparison
to several adsorbents found in the literature, there is a good
perspective for the application of amino-functionalized
graphene oxide as an ecofriendly adsorbent of reactive or di-
rect textile dyes, widely used in textile industries.
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