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In this work, a nano-composite is used to remove dye from wastewater of different industries. For this purpose, the
synthesis of a magnetic 1:1 composite made of iron nanoparticles (NPs) using reduced graphene oxide is a novel technique
and tested for Methyl Blue (MB) dye adsorption from aqueous solution. In this study Fe nanoparticles in reduced Graphene
composite (FGOC) has been prepared using Graphene Oxide (GO). X-ray diffraction, FTIR spectroscopy and Raman
spectroscopy, are used to identify the structures. Many methods have been developed for MB removal in wastewater. One of
the most popular methods is adsorption because it is simple and high-efficiency, and the adsorbent is crucial. It reached a
maximum MB adsorption at pH 7. The kinetic study indicated that the adsorption of MB process was fitted well to the
quasi-first-order and quasi-second-order kinetic models. The isotherm study revealed that the MB adsorption process obeyed
the Langmuir and Freundlich adsorption Isotherms models. The GO adding content and absorption conditions on the methyl
blue removal efficiencies were investigated. This adsorbent is easily recovered by an external magnetic field from the

treated wastewater and has high reusability.
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1 Introduction

Leather, textiles, paper, and cosmetics are among
the many industries that use dyes. The coloured
wastewater from similar industries create severe
environmental pollution. For environmental and
health reasons, before wastewater is discharged, it is
important that organic dyes are to be removed. The
presence of coloured dyes in wastewaters of industries
is hazardous to the ecology and human health. Many
research works have been reported on this subject. For
dyes graphene based nanomaterials, mainly Graphene
Oxide (GO) and also reduced Graphene Oxide (rGO)
are effective adsorbents of the dyes in wastewaters'™.
So, it is expected that a properly synthesized
composite of iron nanomaterials and GO/rGO will be
efficient adsorbents for dye removal and cost of dye
removal will be reduced. As the composite is
magnetic it can be simply detached from the solution
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with an outside magnet after the adsorption process
completed. Graphene Oxide (GO) carries negative
surface electrostatic due to the presence of oxygen-
containing groups, which is helpful to its adsorption
of organic dyes and metal ions in the aqueous phase.
Due to its delocalized m—electron system and large
surface area (~2600 m* g™'), graphene is a promising
adsorbent candidate”'’. But, the recovery of pure GO
from treated wastewater is difficult due to its
excellent hydrophilicity and size. Based on those
problems, integrating GO with other materials
becomes the popular method for its modification. The
combination of GO with magnetic Fe;O, could
provide the composite with good hydrophilicity and
recyclability. Standard preparation methods of
magnetic nano-adsorbents include the co-precipitation
method, hydrothermal method, oxidation (reduction)
precipitation method, high-temperature oxidation
method''"?. The GO/Fe;0, nanocomposites have
recently been investigated by Jaleh et al.", which
showed high catalytic activity for reducing methylene
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blue. This activity can be recycled and reused several
times because of the magnetic separability. In a recent
study by Ranjith et al', TiO,~Co;0,4 decorated
graphene oxide nanocomposite has been shown to be
useful in the removal of industrial pollution. Huong et
al. had researched the preparation of GO-Fe;O4-Ag
ternary nanocomposite by a one-pot hydrothermal
treatment, whose saturated magnetization value was
about 57.3 emu/g". It can be a promising material
for environmental catalysts. Liu et al. fabricated
Fe;0,4-GO through a hydrothermal method'®. Jinendra
et al. studied the preparation of Fe;04@CFR@GO by
hydrothermal method, which was proven to be very
efficient in the adsorptive degradation of Evans blue
dye'”. Guo et al."® studied Fe nanoparticles@graphene
composite for dye removal. Pradhan et al'’ had
synthesized Iron Oxide @ 1GO composite for
effective anionic dyes and Arsenic (V) elimination
from water. The study of Fe;O, embedded GO
composite had been reported by Zhou et al.*. Huong
et al®' had applied GO-Fe;O, composite for dye
removal. The degradation of dyes, by Fe’ /Fe;0,° /
graphene composite, had been studied by Choug
et al*. Nagi et al® had studied dye removal by
GO- FC304 and GO-FC304@ZI‘OQ.

In this paper, the main novelty is the development
of reduced graphene oxide nanosheets with Iron
Oxide that will be used as an eco-friendly adsorbent
for toxic Methyl Blue dye in water treatment. We
developed an adsorbent using a chemistry-based
approach which is simple, low cost, and exhibits
superior separation capability with an external
magnet. We studied the detailed adsorption dynamics,
isotherms, and kinetics of Methyl Blue dye. We used
both first-order and second-order kinetic models to
predict dye adsorption onto the nanocomposite
surface together. To understand the Methyl Blue
adsorption mechanism, we fitted the adsorption
isotherm with both the Langmuir and Freundlich
models. As discussed above, we have synthesized a
composite of iron nanoparticles and rGO in
rGO:Fe=1:1 ratio, following same procedure of Guo
et al'® & Pradhan et al.”. The XRD, FTIR, and
Raman Spectra of the composites have been obtained.
Then we have studied the dye (Table 1) removal by
UV-Vis Spectrophotometer.

2 Experimental

2.1 Materials
Graphite powder (325 mesh) (Alfa Aesar), FeCls,
NaBH,, Methyl Blue (C I No. 42780) procured from

E. Merck, Ltd, (Mumbai, India) and deionized (DI)
water were used for all the experiments.

2.2 Methods

In a modified Hummers and Offeman method®,
graphine oxide (GO) was synthesized from graphite.
For preparation of FGOC we used same procedure as
our previous work'’ and the steps of preparation of
GO are described in details in one of our previous
work™. We used DI water to exfoliate graphite oxide.
By repeated use of ultrasonication and ultra-
centrifuging (to remove unexfoliated graphite oxide),
we were able to produce a stable graphene oxide
solution. To make a FGOC with Fe/GO mass ratio of
1:1, the required amount of FeCl; aqueous solution
was mixed with GO dispersion. In order for the ion
exchange reaction to be completed, the mixture was
stirred for 12 hours. In the next step, an aqueous
NaBH, solution, prepared in fresh was stirred into the
mixture while being added drop-by-drop. When the
dispersion was continuously stirred for 30 minutes,
the dispersion became black due to H, liberation.
NaBH; was used to reduce GO to rGO and
simultaneously to reduce Ferric ion to Fe
nanoparticles. So iron oxide in rGO (FGOC)
nanocomposite of mass ratio (Fe/GO=1:1) was
formed.

2.3 Characterization

The phase analysis study of composite system was
executed using CD 100 41 XRD Rigaku unit with a
target of copper of 15.4 nm wavelength. For further
phase verification, RAMAN spectroscopy was

Table 1 — Description of the adsorbate used in this study

Adsorbate Methyl Blue

Chemical C26H25N5OIgS6Na4
formula

Chemical

Structure

H H
Colour Index 42780
(C. 1) No.
Colour Index Acid blue 22
(C. 1.) name
Molar mass 799.814 g/mol
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performed (iHR 500, HORIBA Scientific model).
Organic dye removal study was performed by UV-Vis
Spectrophotometer (Model Perkin-Elmer Lambda 35).

3 Results and Discussion

3.1.1 X-ray Diffraction Analysis of the Nanocomposites

The X-ray diffraction (XRD) patterns of Graphite,
GO, rGO and FGOC nanocomposites are shown in
Fig. 1. The most prominent and unique peak of
Graphite observed around 26 = 26.45° corresponding
to plane (002) and a small peak around 20=54.62° for
(004) plane, are noticed. For GO observed peak
around 20=10.14° corresponds (001) plane of
diffraction®®. Ultrasonication reduces the oxygen-
containing functionalities in GO, and this peak
disappears.A peak at 20 value at 26.45° appears as a
result, and this is defined as corresponding to (002)
plan27. Diffraction peaks at 20 = 13.96°, 21.28°, 27°,
36.34°, 46.58°, 49°, 52.68°, 60.28° were observed for
FGOC corresponding diffraction planes (100), (012),
(002), (400) and (440), consistent with rGO and cubic
phases of magnetite'. Based on (002) diffraction
plane®®, rGO started to form. In addition, (100), (012),
(311), (400), (422) and (440) ensured the development
of magnetite phase in a composite system.

3.1.2 Fourier Transform Infrared Spectroscopy of the
Nanocomposites

Fig. 2 shows the FT-IR spectra of the GO,
rGO, Graphite and FGOC samples. There is a
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Fig. 1 — XRD patterns of (a) Graphite (b) GO (c) rGO (d) FGOC
nanocomposites.

broad absorption band in the GO spectrum at about
3300-3500 cm™ which is attributed to the stretching
vibration from hydroxyl groups in the GO and water
absorbed on the GO sheet, and an absorption band at
1730 cm-1'®. In Fig. 2, some peaks locate at about
3410 cm™ (stretching vibration of -OH), 2920 cm’
(stretching vibration of C-C), 1730 cm™ (stretching
vibration of C=0 of -COOH), 1620 cm™ (stretching
vibration of C=C), 1220 cm™ (tensile vibration of
C-N) and 1110 cm™ (asymmetry stretching vibration
of C-O-C) of the wavenumber®™>’. Compared with
Graphite and rGO, the GO has a large number of
-OH, -COOH and C-O-C functional groups on its
surface that make it hydrophilic. The absorption peak
at 1750 cm™ in the spectrum of hydrothermally
treated GO almost disappears when NaBH, is added
during the preparation of FGOC. This could be
explained by the reduction of GO's oxygen-containing
functional groups during this treatment.

3.1.3 Raman Spectroscopy Studies of the Nanocomposite

In carbonaceous materials, Raman spectroscopy is
an important technique for analyzing their underlying
properties (like structural). Fig. 3 depicts the Raman
spectra for GO, rGO, FGOC nanocomposites inside
the wavenumber ranging from 80 cm™ to 2000 cm.
For the Raman spectrum of GO two important bands
D and G bands (Fig. 3) are noticed cresting at
1340 cm™ and 1575 cm™, respectively”~'. There are
two possible explanations for the D band response:

Graphite

rGO

Transmittance (a.u)

P 1 I l] Fy Al (Aot ikl ]
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 2 — FT-IR spectra of (a) GO (b) rGO (c) Graphite (d) FGOC
nanocomposites.
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either a defect or a breakdown of translational
symmetry, and the G band is contrasted by the first-
order scattering of the E,, vibration mode generated
by the in-plane vibration of sp® carbon atoms'***.
Furthermore, the D band intensity differs
unambiguously from the G band intensity, based on
the disorder degree of the graphic materials™*. As a
result of the breathing mode of A;, symmetry k-
phonons, which is observed at higher wavelengths,
D-peaks are found at the edges or as defects in
graphic structures, since activation of this breathing
mode depends on the defects®*. The G peak, observed
at the lower wavelength, occurs due to the first-order
dispersion of doubly degenerate phonons (E,,) in sp’
order dispersion of doubly degenerated phonons
(E,, symmetry) and in sp” carbon atoms at the middle
of the Brillouin zone™. In Fig. 3, a Raman spectrum
showing distinct peaks at approximately 210, 272,
373, 575, 1340, 1575 cm' can be used to confirm
FGOC nanocomposite formation. Carbon atoms in
hexangular structure occupy the D band (1332 cm™),
corresponding to a respiration mode. It is in this
D band that structural defects develop. Carbon atoms
in sp® aromatic rings can also be calculated from the
vibration of the G band (1567 cm™")"’. As can be seen,
the intensity of the D band is higher than the intensity
of the G band, which indicates appropriate
exfoliation. Intensity magnitude relationships (Ip/Ig)
between several D and G bands can be used to

(a)GO
Iplg=1.02
La=18.85nm

(b)rGO
IDIIG=1 .04
La:18.49nm

Intensity (a.u)

(c)FGOC
Iplg=1-19
La=16A72nm

500 1000 1500
Wavenumber (cm™)

2000

Fig. 3 — Raman spectra of (a) GO (b) rGO (c) Graphite
(d) FGOC nanocomposites.

calculate average sp’ and degree of disorder for
several D and G bands. The determined Ip/Ig for GO,
rGO and FGOC are 1.02, 1.04 and 1.15 respectively.
The determined higher value of Ip/lg for FGOC
indicates that disorder is accumulating when iron
nanoparticles are immobilized on GO lattice®. Once
the domain size of sp® carbon atoms is reduced, the
defects which form at the surface edges and ripples
lead to better defragmentation®®. The higher Ip/Ig
value obtained for the FGOC nanocomposite sample
confirms the presence of more defects and
imperfections than those seen in GO and rGO. A,
E,, E, and E, vibration modes of Iron Oxide'™?" are
assigned to peaks around 210 cm™', 272 cm’!,
373 cm ' and 575 cm . It is possible that the
dissimilarities are due to the differences in oxygen
content or the degree in exfoliation and crystalline

size¢ (L,) between the samples. Analyzing the

crystalline size (L) of the nanocomposite samples of

GO, rGO and FGOC, average carbon atom size is
determined. Using Tuinstra-Koenig's relationship’®,

we determined crystalline size ( L, ) of nanocomposite

electrolyte membrane type layer structures®

La(nm)=(2.4><101°)></14>{§13] (D

G

where A = Laser line wavelength, I and I represents
the Raman peak intensities respectively for the D and
the G bands. We observed a significant change in the

L, values as determined 18.85 nm, 18.49 nm and

16.72 nm for GO, rGO and FGOC nanocomposites
respectively.

3.2 Effect of Solution pH

The Fig. 4 shows the effect of solution pH onto the
FGOC nanocomposites. From this Fig. 4 it is
observed that with increasing pH dye adsorption
capacity increases. The maximum dye adsorption is
observed at pH 7 and thereafter it decreases. The fact
can be explained in the following way: at lower pH
value the adsorbent surface charge becomes positively
charged and also dye molecule gets protonated to
=N"". As a result, electrostatic repulsion occurs
between the positively charged surface of the dye
molecule and the positively charged surface of the
adsorbent reducing adsorption capacity. As solution
pH increases the dye molecule gets negatively
charged due to the deprotonation of sulfonic acid
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group to sulfonate which enhancing electrostatic
attraction between the positively charged FGOC and
negatively charged sulfonate resulting an increase the
dye adsorption capacity. Similar results agree well
with previous reports™.

3.3 Effect of Initial Methyl Blue Concentration on Adsorption

For dye removal the fact that, GO is an effective
adsorbent for cationic dyes like Methylene Blue while
rGO is an effective adsorbent for anionic dyes'. Our
composite contains rGO so it behaves accordingly.
We find that Methylene Blue is not at all adsorbed by
the composite. Guo et al."® studied the adsorption of
Methyl Blue (which is different from Methylene
Blue) and obtained rapid and high adsorption. We
also studied Methyl Blue by our composite. In a
composite, the increase of adsorption sites and
enhancement of interaction of dye molecules are the
main causes of the rapid and efficient removal of
dyes. Guo ef al."® had remarked rapid decolouration of
Methyl Blue is due to the increase of adsorption site.
This following equation'® was used to determine
Methyl Blue adsorption capacity per unit mass of
adsorbent:

= GG . (2)
C,

where, ¢ is the adsorption capacity of adsorbent
(mg/g); Cyp and C, are the Methyl Blue concentration

100

80~

dye adsorption capacity

60~

50 | N | ) | 2 | 1 | !

2 4 6 8 10 12
pH

Fig. 4 — Variation of pH onto the percentage of dye removal
from Methyl Blue aqueous solution of different pH by FGOC
nanocomposite.

(mg/L) before and after adsorption for a certain time,
respectively; ¢ is the adsorption time (min); m is the
adsorbent mass (g); V is the initial volume of Methyl
Blue solution (L).

Fig. 5 shows the effect of the initial Methyl Blue
concentration on the absorption performance of
FGOC under the chosen condition (100 mL of Methyl
Blue solution, 1 g/L. of adsorbent dosage, 7 of pH
value, and 40 °C of adsorption temperature). At the
initial stage, the adsorption rate is fast due to a large
number of adsorption vacancies on the adsorbent.
This is a time-dependent stage. At the second stage,
the adsorption rate is relatively slow, and
concentration is the most influential factor. When the
concentration of Methyl Blue is increased, its
adsorption capacity will increase as well. This is
because it is difficult for the remaining vacant active
sites to be occupied at this stage. The higher the
concentration of Methyl Blue per unit volume, the
greater the probability of being captured by FGOC
NPs, and the stronger the adsorption capacity.

3.4 Kinetics of adsorption

In order to understand the Methyl Blue adsorption
mechanism on FGOC nanocomposite, the Methyl Blue
adsorption kinetics were studied by using the quasi-
first-order and quasi-second-order kinetic models. The
corresponding equations are as follows™:

Quasi-first-order model: 1n(g —¢)=1Ing, - kt . 3)

2303

500
 —
' <

400

300
o
(@)}
£ : ——0.254L"
o 200 -@-050gL"
100

e L e e e DS A S Al
0 5 10 15 20 25 30
Time (min)

Fig. 5 — Variations of the adsorption capacity (q,) of FGOC with
time for different Methyl Blue concentrations.
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1 t

Quasi-second-order model: L =+ ..®

qt k2 qe qe

where, g.and q; are the amounts of Methyl Blue
adsorbed (mg/g) at equilibrium and at a certain
adsorption time, t is the adsorption time (min), k;
(min") and k, (g/mg.min)) are the quasi-first and
quasi-second orders rate constants, respectively.
Table 2 summarizes the kinetic constants obtained by
linear regression for the two models (Fig. 6).

The fitted linear correlation of the quasi-second-
order kinetic equation is much higher than that of the
quasi-first-order kinetic equation, and the theoretical
maximum adsorption capacity calculated by the
quasi-second-order kinetic equation has little
difference with the experimental value. In other
words, the Methyl Blue adsorption on FGOC is more
consistent with the quasi-second-order kinetic model,
indicating the chemisorption characteristic. The
reason may be that the abundant oxygen-containing
functional groups in GO provide lone pair electrons to
form a complex with Methyl Blue on the adsorbent.

3.5 Adsorption isotherm

In order to reveal further the Methyl Blue
adsorption mechanism of FGOC, Langmuir® &
Freundlich*' models are used to fit the adsorption
isotherm. Isotherm studies can describe the interaction
between adsorbate and adsorbent and provide the
most important parameters for designing ideal
adsorption system. Langmuir adsorption-isotherm
model assumes monolayer surface adsorption. The
solid surface is uniform and there is no interaction
between the adsorbed molecules. On the contrary,
Freundlich adsorption-isotherm model assumes
heterogeneity of adsorption surfaces. Equation (5) and
(6) are their corresponding adsorption equations,
respectively

Langmuir isotherm: Lo b +# ... (5

qe qmax

Lqmax

Freundlich isotherm: Jogg =logk, + 1 loge, .-+ (6)
n

where ¢, and . are adsorption concentration (mg/g)
and equilibrium adsorption capacity (mg/g), qmax 1S
the Langmuir monolayer adsorption capacity (mg/g),

6
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59 @ o050gL"
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Fig. 6 — Quasi-first-order kinetics (a) and Quasi-second-order
kinetic (b) of MB adsorption on the FGOC nanocomposite.

Table 2 — Adsorption kinetic parameters of Methyl Blue by FGOC nanocomposite.

Colg/L] Quasi-first-order kinetics Quasi-second-order kinetics
kl [min-l] qe,cal[mg/g] qe,exp[mg/g] R2 kZ[g/mg/mln] qe,cal[mg/g] R2
0.25 0.9678 279.78 278.13 0.97835 0.0067 284.09 0.9996
0.5 0.8867 139.40 292.83 0.98828 0.0068 298.51 0.9994
1.0 0.8843 102.84 353.81 0.99184 0.0073 358.42 0.9995
1.5 0.8232 174.75 383.48 0.97731 0.0067 389.11 0.9996
2.0 0.7872 121.65 418.58 0.90345 0.0065 423.73 0.9996
2.5 0.7172 95.18 454.78 0.98514 0.0061 460.83 0.9994
3.0 0.7164 84.01 480.55 0.87802 0.0053 487.81 0.9992
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Table 3 — The parameters of Langmuir and Freundlich adsorption Isotherms models of Methyl Blue adsorbed by FGOC nanocomposite.

Langmuir adsorption Isotherms

Freundlich adsorption Isotherms

Imax(M/g) ki(L/mg) R’ Ry ke(L/mg) n R?
480.55 0.0026 0.9931 1.53846 - 6.52 4.394 0.9594
0.12821
k; and kr are the Langmuir and Freundlich constants 7
(L/mg) respectively, and n is the Freundlich constant - ® Experimentaldata  (a)
6 |- Langmuir isotherm ®

associated to adsorption intensity.
Using a dimensionless equilibrium parameter R **,
we can define the Langmuir isotherm as follows:

1

Re 1+k,C, -

If C,, the initial concentration of MB (mg/L), the
Ry value indicates whether Langmuir isotherm is
favorable (0 < R_ <1), unfavorable (Ry >1), linear
(R=1) and irreversible (R = 0). From Fig. 7(a) we
get the value of Ry 1.53846, 0.76923, 0.38462,
0.25641, 0.19231, 0.15385, 0.12821 for C, 250, 500,
1000, 1500, 2000, 2500 and 3000mg/L respectively.
We see that for initial concentration of MB
500-3000 mg/L the value of R, is favorable. Fig. 7
shows the equilibrium isotherms for the Methyl Blue
adsorption on the FGOC nanocomposite. The linear
correlation coefficient R” values obtained from
Langmuir and Freundlich linear equations are
0.9931and 0.9594, respectively. The parameters of
Langmuir and Freundlich adsorption Isotherms
models of Methyl Blue adsorbed by FGOC
nanocomposite are shown in Table 3. It could be seen
that the correlation coefficient fitted by Langmuir
model is much higher than that of Freundlich model,
and the theoretical saturated adsorption capacity of
500 mg/g is very close to the experimental value of
480.55 mg/g. This indicates that monolayer
adsorption and non-uniform surface adsorption exist
simultaneously, but monolayer chemisorption plays a
dominant role in the adsorption process™**.

4 Conclusions

The FGOC nanocomposites were successfully
prepared by solution mixing technique and applied for
methyl blue removal in wastewater. Following an
adsorption regeneration strategy, the majority of
industrial gas and liquid operations are carried out in
adsorbent-based fixed beds. In a fixed bed, adsorption
is frequently used to remove a solute from a liquid
solution. Several factors influence the adsorption rate
in a bed or a portion of one. Solute diffusion through

o
g =
O 3 -

2 -
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o bt v .0

(o] 500 1000 1500 2000 2500 3000
C
e
2.65
@® Experimental data (b)
Freundlich isotherm
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logC
e

Fig. 7 — (a) Langmuir adsorption Isotherms (b) Freundlich
adsorption Isotherms for Methyl Blue on FGOC nanocmposite.

the adsorbent particle pores (macro, meso and micro
pores) causes two-mass transfer resistances in series:
(1) the resistance to the transport of the solute through
a stagnant gas film to the particle's surface, and
(ii) that due to diffusion through the pores of the
particle to reach the adsorption site within the particle.
Adsorption kinetic resistance may potentially be a
result of the adsorption of solute molecules at the
active sites. When the intrinsic adsorption rate is high,
it is possible to ignore the resistance. Thus, the
concentration gradient of the solute in a particle is
frequently seen. The negative charge of Methyl Blue
(-SO;3 ) decreases the dye's adsorption capacity
because it makes it repellant to GO surfaces.
However, the negatively charged parts of the dye
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molecules (-SO; ) are more easily absorbed by the
positively charged H' ions present on the rGO as well
as FGOC nanosheets. The ion effect is more
pronounced when Methyl Blue dye molecules bind to
rGO nanosheets than when they bind to GO
nanosheets. As our sample FGOC nanocomposite
contains rGO with iron oxide, here we used MB, dye
is used. An external magnet can also be used to
separate the composite after dye adsorption from the
treated wastewater since it is magnetic. The MB
adsorption on the FGOC composite is dominated by
chemisorption. The results clearly demonstrate that
this kind of FGOC nanocomposite has great potential
as an adsorbent for Methyl Blue removal from
wastewater.
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