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In this study, Fe;0,/GO nanocomposite was synthesized by hydrothermal method and
tested for its efficiency in removing methylene blue (MB) and congo red (CR) from water.
The synthesized nanocomposite was characterized using Fourier-transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), and scanning electron microscopy (SEM). The
optimal values for MB and CR removal were determined to be pH 6.0, an adsorbent weight
of 50.0 mg, and a contact time of 10 min. The adsorption isotherms of the contaminants on
the nanocomposite were analyzed using the Freundlich model, indicating a heterogeneous
distribution of active sites on the adsorbent surface. The highest adsorption capacity of
MB and CR is 135.1 and 285.7 mg.g™, respectively. Moreover, Fe;0,/GO nanocomposite
recycled five cycles with proper adsorption capacity. Overall, the Fe;0,/GO nanocomposite
holds great promise for efficient and sustainable water treatment, providing safe and clean

water globally.

INTRODUCTION

Water pollution is a significant environmental and health
problem, with various sources of contamination, including
industrial and domestic waste, agricultural practices, and
natural disasters such as floods and landslides (Akhtar et
al. 2021, Luo et al. 2022, Peters & Meybeck 2000). Dyes
play a significant role as pollutants in wastewater, posing a
considerable threat to human health due to their persistent and
non-biodegradable properties. Dyes are categorized based
on the charge of their chromophore group, namely cationic,
anionic, and non-ionic dyes, the latter being insoluble in
water (Maheshwari et al. 2021). Congo red (CR) is a well-
known anionic diazo dye widely used in the textile industry,
laboratory research, and staining applications. On the other
hand, methylene blue (MB) is a basic dye applied widely
by textile and paper industries to scientific research and
medical practices. This versatile dye has exceptional color
stability and water solubility (Heo et al. 2022, Lachheb et
al. 2002). Both MB and CR dyes pose severe risks to human
health, including gastrointestinal illnesses, skin diseases,

and even cancer (Halim et al. 2015, Thattil & Leema Rose
2019). Therefore, developing efficient and sustainable water
treatment technologies is essential for ensuring access to
safe and clean water.

In recent years, nanotechnology has emerged as a
promising water treatment approach due to nanoparticles’
unique properties (Gehrke et al. 2015, Qu et al. 2013,
Theron et al. 2008). Nanoparticles have a high surface-to-
volume ratio, enhancing their reactivity and allowing for the
development of more efficient and effective water treatment
technologies (Cele 2020, Saikia et al. 2019, Vaghari et al.
2016).

The Fe;0,/graphene oxide (Fe;0,/GO) composite
has received considerable attention among the various
nanoparticles due to its excellent adsorption and photocatalytic
properties (Ouyang et al. 2015, Yao et al. 2012). Fe;0,
nanoparticles possess magnetic properties, which enable easy
separation of the nanocomposite from treated water using an
external magnetic field. GO has a large specific surface area
and high reactivity, making it an ideal support material for
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Fe;0,4 nanoparticles. Studies on the removal of CR and MB
from aqueous solution based on Fe;0,/GO nanoparticles and
their adsorption mechanism are still lacking.

In this study, Fe;O,/GO nanocomposite was synthesized
and tested for its efficiency in removing two contaminants,
namely methylene blue (MB) and congo red (CR), from
water. Different experimental factors, such as pH, the weight
of the adsorbent, and the contact time, were investigated to
determine their impact on the adsorption efficiency of Fe;0,/
GO nanocomposites. Additionally, the viability of recycling
the material to maintain its adsorption capacity for MB and
CR was evaluated.

MATERIALS AND METHODS
Materials and Chemicals

The materials used in this study include methylene blue
(C,¢H gCIN;S), congo red (C;,H,,NgNa,O4S,), iron(II)
chloride tetrahydrate (FeCl,.4H,0), iron(III) chloride
hexahydrate (FeCl;.6H,0), graphite, sodium hydroxide
(NaOH), hydrochloric acid (HCI), sulfuric acid (H,SO,),
hydrogen peroxide (H,O,), potassium permanganate
(KMnO,), and sodium nitrate (NaNO;). All chemicals were
purchased from Sigma-Aldrich (St. Louis, MO, USA) and
Merck (Darmstadt, Germany). Deionized (DI) water was
used in all experiments.

Instrumentation

The equipment used in this study includes a magnetic stirrer,
pH meter, ultraviolet-visible (UV-Vis) spectrophotometer
(Genesys 10s, USA), and centrifuge (Hettich Zentrifugen,
Germany). The adsorptions of MB and CR were measured at
665 nm, 498 nm, and 510 nm, respectively. The morphology
and structure of the Fe;O,/GO composite were characterized
using scanning electron microscopy (SEM) (TM 4000 plus
Hitachi) and X-ray diffraction (XRD) (MiniFlex 600 Rigaku)
employing CuK, (A=1.5418 A, 26/steps = 0.03 “/step).
Fourier transform infrared spectroscopy (FTIR) in the range
4000 to 400 cm™! was carried out using FT/IR-4600 Jasco.
The surface area was observed by Brunauer—Emmett-Teller
(Micromeritics Tristar I 3020). Magnetic measurements
were made using a vibrating sample magnetometer (VSM)
at room temperature.

Synthesis of Fe;0,/GO Nanocomposite

To synthesize GO, natural graphite powder was subjected to
a modified Hummer’s method (Zaaba et al. 2017). In brief,
3 g graphite powder was added to 42 mL H,SO, 98% and
cooled under vigorous stirring. KMnO, was added steadily
and kept at a temperature of up to 35°C, vigorous stirring for

Vol. 23, No. 1, 2024 ® Nature Environment and Pollution Technology

Viet Cao et al.

30 min. DI water was added slowly, and the mixture was kept
under 50°C, stirring for 1 h. The mixture was washed with
H,0,, HCI, and DI water and dried under vacuum at 50°C.

To synthesize Fe;0,/GO, 5,79 g of FeCl,.4H,0 and 8,1
g of FeCl;.6H,0 were dissolved in 200 mL of DI water and
homogenized solution of dispersed graphene oxide with
ultrasonic vibration. Afterward, a vigorous stirring process was
employed to add NaOH until the pH reached approximately
12. Subsequently, the mixture was heated to 150°C in a
Teflon-lined autoclave for 7 h. The resulting mixture was
then separated by centrifugation, followed by multiple
washes with ethanol and water. Finally, it was dried at 80°C
for 12 h.

Procedure

Batch adsorption studies were conducted to evaluate
the Fe;0,/GO nanocomposite’s efficiency for removing
MB and CR from samples. In each experiment, a known
amount of the Fe;0,/GO nanocomposite was added to
a 50 mL aqueous solution of the contaminant with an
initial concentration of 10 to 500 mg.L'l. The solution was
ultrasonic vibration for 5 min and stirred for 30 min. After
that, the solution was kept at room temperature. The Fe;O,/
GO nanocomposite was separated from the solution by
magnetic separation and centrifugation, and the residual
concentration of the contaminant was measured using a
UV-Vis spectrophotometer. The efficiency of adsorbate
removal (AR) and adsorption capacity of equilibrium () was
calculated using the following equation:

Co — C;
AR % = ———x100
Co
g = V(Co—Cy)
€ m

Where C,, is the initial concentration, C, is the MB or CR
concentration at time t, respectively. m is the amount of used
adsorbents, V is the solution volume.

RESULTS AND DISCUSSION
Characterization of Fe;0,/GO Nanocomposite

Fig. 1 displays the Fourier-transform infrared (FTIR) spectra
of the adsorbent in the range of 400-4000 cm™!. The peak at
about 582 cm'l, which indicates the vibration of the Fe-O
bond, corresponds to the formation of Fe;O, in the adsorbent
(Cao et al. 2014, Nguyen et al. 2020). The peak at 1384 and
1052 cm™ were assigned to the two stretching vibration
bands related to the C-O bond attached to the hydroxyl
and carboxyl groups, respectively. Additionally, stretching
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vibrations of C=C are identified at 1635 cm™". The stretching
vibration bands related to the C = O bond of the carboxyl
group can be seen at 1717 cm™. The stretching vibration
of the O-H bond was observed as a strong vibration in the
range of around 3423 cm™. These findings aligned with
previous studies (Cui et al. 2015, Liu et al. 2014, Ye et al.
2014). Consequently, these findings confirm the successful
synthesis of the Fe;O,/GO adsorbent, in which all functional
groups act as sites for adsorption and substantially contribute
to capturing MB and CR from the samples.

The X-ray diffraction (XRD) patterns of the Fe;O,/GO are

shown in Fig. 2. The peaks can be seen at 20 = 30.1°(220), 35.5°
(311),43.1°(400), 53.1° (422),57.1°(511), and 62.5° (440). By
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Fig. 1: FTIR spectra of the Fe;0,/GO nanocomposite.

900

comparing the angle pattern observed in the XRD analysis with
the standard Fe;O, compound card (JCPDS file no. 190629),
it could be concluded that the composite being studied was
consistent with the magnetite phase (He & Gao 2011). These
findings provide crucial information on the crystallographic
properties of Fe;O,/GO, which was essential in understanding
the adsorption behavior of the nanocomposite.

Fig. 3 displays SEM images of Fe;O,/GO nanocomposite
samples captured at different magnifications. The images
reveal that spherical magnetic nanoparticles ranged in size
from 30 to 100 nm and were located on the surface of GO.
The adsorption-desorption isotherm is shown in Fig. 4. The
specific surface area of Fe;O,/GO nanocomposite is 604.57

GO-Fe304

(311)

(400) (422)(511) (440)

(220) (220)
2
5 GO
c
. Fe304
11
@0 B geg)  (pfftY) (aa0)
5 15 25 35 20 45 55 65

Fig. 2: XRD patterns of the Fe;0,/GO nanocomposite.
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Fig. 3: SEM image of Fe;0,/GO nanocomposite.
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Fig. 4: N, adsorption and desorption isotherms of Fe;0,/GO nanocomposite.
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Fig. 5: Magnetic hysteresis loop of Fe;0,/GO nanocomposites and Fe;0,
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m?.g™!, which is higher than the reported values (Liu et al.
2012, Mahvi et al. 2021).

Fig. 5 presents the magnetization hysteresis curves of Fe;O,/
GO, which were measured under room temperature conditions.
The saturation magnetization of Fe;0,/GO was determined
to be 15.91 emu.g™!, demonstrating a lower value compared
to that of Fe;O, (73.55 emu. g'l). This reduction in saturation
magnetization can be attributed to the lower concentration of
Fe;0, within Fe;0,/GO, which was caused by the presence of
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the non-magnetic component GO. The graph in Fig. 5 reveals
that the remanence magnetization and coercivity values of
Fe;0,/GO were remarkably low, indicating that Fe;O,/GO
exhibited superparamagnetic behavior at room temperature.
The superparamagnetic properties of Fe;0,/GO suggest that it
could be readily separated from water by applying a magnetic
field. Furthermore, upon removal of the magnetic field,
Fe;0,/GO can disperse effectively within a reaction
solution.
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Fig. 6: Influence of pH on the removal of MB and CR.
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Fig. 7: Influence of the amount of adsorbent (m) on the removal of MB and CR.
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Fig. 8: Influence of the time (min) on the removal of MB and CR.

Factors Affecting the Adsorption Efficiency

The adsorption recovery of MB and CR was studied over
a pH range of 3.0 to 8.0. Fig. 6 shows that the maximum
adsorption was obtained at pH 6.0 for MB and CR. The
pH,,. value of Fe;0,/GO was 6.2 (Mahvi et al. 2021, You
et al. 2019). At pH 6.0 below the pH,., the surface of
the adsorbent was positively charged. The pKa values of
MB and CR are 3.8 and 4.5, respectively. Therefore, at a
solution’s pH above pKa, the MB and CR exist in anionic
speciations. The recovery of MB and CR through adsorption
could be attributed to the electrostatic attraction between the
adsorbent’s surface and the analytes. Comparable findings
have been documented in existing literature (Cheng et al.
2019, Yousef & El-Eswed 2009, Yu et al. 2016). Therefore,
a pH of 6.0 was used for MB and CR as the optimal
pH value.

The adsorption recovery can be influenced by the amount
of adsorbent used. The quantities of the adsorbent (ranging
from 5.0 to 60.0 mg) affected the retrieval of MB and CR was
examined. This was accomplished by introducing varying
amounts of the nanocomposite into the sample solutions. As
depicted in Fig. 7, an increase in the amount of adsorbent
resulted in a higher recovery due to the availability of
additional adsorption sites. However, once the extraction
of the analytes reached saturation, further increases in the
adsorbent amount did not lead to a proportional increase
in extraction, resulting in wastage. The best results were

Vol. 23, No. 1, 2024 ® Nature Environment and Pollution Technology

obtained when 50.0 mg of the adsorbent was utilized in the
following experiments.

In addition to the adsorbent amount, the contact time
(ranging from 2.0 to 20.0 min) played a significant role in
the adsorption process of the Fe;O,/GO nanocomposite.
Fig. 8 illustrates the effect of time on the removal of
MB and CR. The results demonstrate that initially, the
adsorption of both dyes increased with longer times due to
the availability of more active adsorption sites. However, the
recovery eventually reached a constant value as the number
of accessible active adsorption sites decreased. Therefore,
a contact time of 10.0 min was chosen for subsequent
experiments.

Furthermore, it was carefully selected a desorbing agent
that fulfilled specific criteria: it had to be cost-effective,
environmentally friendly, effective in desorption, and
not cause any damage to the structure of the adsorbent.
Fe;0,/GO nanocomposite used is dispersed in weak acidic
environments, 20 mL of distilled water and acetic acid,
ultrasound vibration for 5 min, then washed with magnets.
This process is repeated 2 times. Next, wash the material
with distilled water twice at 40°C, then wash with ethanol
at 40°C. Finally, the material is dried at 60°C overnight.
The ability of the adsorbent to be reused was assessed, and
Fig. 9 illustrates that even after undergoing five cycles,
the adsorbent maintained effective adsorption recovery,
demonstrating its suitability for repeated utilization.
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Fig. 9: Reusability study of Fe;0,/GO nanocomposite (pH = 6.0, time 10 min and amount of adsorbent 50.0 mg).

The adsorption process is driven by the affinity between
the adsorbate and the surface of the adsorbent, and it
continues until the system reaches dynamic equilibrium.
Adsorption isotherms can describe the relationship between
the adsorbate and the adsorbent surface. The Langmuir model
(1) is suitable for analyzing monolayer adsorption, while the
Freundlich model (2) applies to heterogeneous surfaces and
multilayer adsorption.

C. 1 Ce
Ze _ + =€ (1)
de QmKL am

Ing, =InKp + (1/n)InC, (2

Where C, is the equilibrium concentration (mg.L'l);
q, is the amount of adsorbed analyte per unit mass of the
adsorbent, and g,, is the maximum adsorption capacity
(mg.g'l); K, is the Langmuir constant (L.mg'l) related to
the energy of adsorption; is the adsorption intensity; K and
1/n Are Freundlich constants related to adsorption capacity
and intensity of adsorption, respectively.

Table 1: Parameters and the correlation coefficients fitted by Langmuir and
Freundlich models of MB and CR onto Fe;0,/GO nanocomposite.

Methylene Congo Red
Blue
Langmuir model ¢, [mg.g'l] 135.1 285.7
K, [L.mg] 0.0316 0.0071
2
R 0.9075 0.9246
Freundlich Ky [mg.g'] 1.531 0.486
model N 131 0.96
2
R 0.9897 0.9877

Table 1 presents the key parameters, including n, K,
K;, and g,,, along with the determination coefficient (R%)
of the adsorption models. The outcomes suggest that the
experimental data aligns well with the Freundlich model
within the investigated range, as indicated by its higher
R? value compared to the Langmuir model for three
analytes. This observation could be attributed to the uneven
distribution of active sites on the surface of the adsorbent.
The favorable isotherm of the Freundlich model may be

Table 2: Comparison of maximum adsorption capacity of Fe;O0,/GO and
other adsorbents.

Adsorbents Maximum References
adsorption capacity
(mg/g)
MB CR
‘Wheat shells (WHS) 16.56 - (Bulut & Aydin
2006)
Halloysite nanotubes 84.32 - (Zhao & Liu 2008)
(HNTS)
Graphene 153.85 - (Liu et al. 2012)
Activated biochar 161 - (Franciski et al.
(CO,—biochar) 2018)
Zn-Fe,O, nanospheres - 16.58 (Rahimi et al.
2011)
Maghemite - 208.33 (Afkhami &
nanoparticles Moosavi 2010)
(y-Fe203)
Anilinepropylsilica - 22.62 (Pavan et al. 2008)
xerogel (SiAn)
Unmodified fly ash - 22.12 (Harja et al. 2022)
Fe;0,/GO 135.1 285.7 This work
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attributed to the low oxidation degree(Yan et al. 2014).
According to Langmuir isotherm, the maximum monolayer
adsorption capacity of MB and CR at equilibrium is 135.1
and 285.7 mg.g'l, respectively.

Table 2 compares the ability to adsorb MB and CR using
Fe;0,/GO and other adsorbents. The findings indicate that
Fe;0,/GO performed exceptionally well as an adsorbent,
showing a comparatively higher adsorption capacity for MB
and CR than the other materials tested.

CONCLUSIONS

Overall, the results of this study indicate that the Fe;O,/GO
nanocomposite is an effective adsorbent for removing MB
and CR from water. A composite material, Fe;0,/GO, was
synthesized and employed to capture MB and CR from a
sample. The adsorbent proved to be highly effective for both
MB and CR. By optimizing the conditions, the pH level of
6.0, an adsorbent quantity of 50.0 mg, and an adsorption time
of 10.0 min were identified as the ideal values. Equilibrium
data for the adsorption of both substances were gathered
using the Langmuir and Freundlich models, two different
isotherm models. The determination coefficient of the
Freundlich model surpassed that of the Langmuir model.
The maximum capacity for monolayer adsorption was
135.1 mg.g™! for MB and 285.7 mg.g™ for CR. These results
indicated that the proposed adsorbent possessed exceptional
adsorption capabilities. Moreover, the adsorbent could be
reused up to five times without declining performance,
leading to cost savings.
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