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ABSTRACT: This work is dedicated to the synthesis, characterization,
and adsorption performance of reduced graphene oxide-modified spinel
cobalt ferrite nanoparticles. The as-synthesized reduced graphene oxide
cobalt ferrite (RGCF) nanocomposite has been characterized using
FTIR spectroscopy, FESEM coupled with EDXS, XRD, HRTEM, zeta
potential, and vibrating sample magnetometer (VSM) measurements.
FESEM proves the particle size in the range of 10 nm. FESEM, EDX,
TEM, FTIR, and XPS analyses provide the proof of successful
incorporation of rGO sheets with cobalt ferrite nanoparticles. The
crystallinity and spinel phase of cobalt ferrite nanoparticles have been
shown by XRD results. The saturation magnetization (M) was
measured as 23.62 emu/g, proving the superparamagnetic behavior of
RGCF. The adsorption abilities of the synthesized nanocomposite have
been tested using cationic crystal violet (CV) and brilliant green (BG)
and anionic methyl orange (MO) and Congo red (CR) dyes. The adsorption trend for MO, CR, BG, and As(V) follows RGCF >
rGO > CF at neutral pH. Adsorption studies have been accomplished by optimizing parameters like pH (2—8), adsorbent dose (1—3
mg/25 mL), initial concentration (10—200 mg/L), and contact time at constant room temperature (RT). To further investigate the
sorption behavior, isotherm, kinetics, and thermodynamic studies have been conducted. Langmuir isotherm and pseudo-second-
order kinetic models suited better for the adsorption of dyes and heavy metals. The maximum adsorption capacities (g,,) obtained
have been found as 1666.7, 1000, 416.6, and 222.2 mg/g for MO, CR, BG, and As, respectively, with operational parameters such as
T =298.15 K; RGCF dose: 1 mg for MO and 1.5 mg each for CR, BG, and As. Thus, the RGCF nanocomposite was found to be an
excellent adsorbent for the removal of dyes and heavy metals.

1. INTRODUCTION even cancer. Furthermore, they are released into the
environment causing pollution of aqueous media, leaving
colored wastewater. Therefore, such effluents could also alter
the process of photosynthesis and reduce light penetration,
which directly or indirectly result in diminishing oxygen levels
for aquatic creatures. As they impart toxicity to the water
bodies, their content needs to be minimized before their
discharge into water bodies to the permissible levels.”” MO
and CR are anionic benzidine-based azo dyes. They may cause
allergy and get metabolized into a carcinogenic product
“benzidine”.® Both BG and CV are cationic triphenylmethane-
type dyes. However, BG is used for several purposes, including
antiseptics and biological stains. Its effluents are produced

The introduction of dyes, heavy metals, pharmaceutical drugs,
and other pollutants into water bodies has been a global
concern. There is a coexistence of heavy metals and dyes found
often in wastewater streams that forms an important and toxic
combination.”” The surfaces of fabrics, papers, cosmetics,
leather, and so forth are attached to the chemical compounds
that impart color to them known as dyes. Dyes play an
important role in human life. A number of industries, namely
pharmaceutical, food, textile, leather, cosmetics, and paper
release a large number of synthetic dyes.”* Approximately 100
tonnes of dyes per year is discarded to water bodies in the form
of waste. The annual production of commercial dyes from
different industries is estimated to be about 7 X 10° tonnes.
The severity of toxicity of such a large amount of disposal of Received:  October 14, 2022
dyes in aqueous media may cause a lethal effect to all living Accepted:  February 3, 2023

beings.” Dyes belong to a diverse synthetic origin and, Published: February 13, 2023
therefore, their removal is quite challenging. The prolonged

manifestation of these toxic dyes may lead to other

implications, namely respiratory disorders, skin irritation, and
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from textile dying, paper printing, rubber, and plastic
industries. This dye is found to be quite hazardous in the
cases of eyes, skin contact, and of course ingestion. It may emit
carbon dioxide and oxides of sulfur and nitrogen during its
decomposition.” However, CV is found to be highly toxic and
mutagenic, which make it biohazardous. Even the presence of a
small amount of 1 mg/L makes photosynthesis impossible due
to its intense color.'” Heavy metals are another class of
pollutants that impart toxicity in wastewater. Among these
pollutants, arsenic compounds are widely known for their
toxicity in the environment matrix. The presence of arsenic
could be in more toxic inorganic forms such as As(V)
(arsenate) and As(III) (arsenite)."' Environmental submission
of arsenic imposes a severe health issue worldwide. Ground-
water contamination with arsenic is considered the main
source of exposure to both humans and animals. A
concentration of as low as 10 ppm of inorganic arsenic
exposure can cause skin, lung, and bladder cancers. Hyper-
keratosis, atherosclerosis, diabetes, and chronic obstructive
pulmonary diseases are some noncancerous diseases which
may be caused due to mild arsenic exposure.'” Finding an
efficient and cost-effective method to remove cationic and
anionic dyes simultaneously is a challenging task. Different
kinds of wastewater purification methods have been employed,
namely, adsorption.'”'* biological degradation,"” and chemical
oxidation.'® Adsorptive removal is a relatively inexpensive,
highly efficient, and fast approach for wastewater treatment. It
is also less sensitive to toxic substances and easy to perform.'*
In recent years, a wide array of materials has been used as
adsorbents, including agricultural residues, mesoporous silica,
kaolin, gelatin fiber, and activated carbon. Despite their
similarities, these materials still struggle with aqueous solution
separation. In spite of the fact that adsorption uses much of the
carbonaceous material alone and is recyclable, it may block
filters if used too often. In order to address the above-
mentioned difficulties in separation and preparation, ferrite,
based specifically on cobalt ferrite, which is easy to prepare and
has moderate magnetic properties, could be considered as a
potential solution.'” Modified metal oxide (polymeric,
surfactant-assisted, and carbonaceous) nanocomposites have
a relatively better capability of removing pollutants from
wastewater.'”'® To check secondary pollution, a carbonaceous
material is incorporated with magnetic materials, leading the
nanocomposite to the next level due to the introduction of the
magnetic nature. Magnetic graphene oxide nanocomposite is
considered one among them.'””* The modified form of
graphite, such as graphene, is a class of two-dimensional
carbon nanostructures which may consist of one or many
layers of atomic graphite. It bears tremendous electrical,
thermal, and mechanical properties. Besides these, it has an
excellent surface area of 2630 mz/g and graphitized basal
plane.”’ Its wide application area includes but not limited to
the fabrication of optoelectronic devices,”* supercapacitors,”
hydrogen storage, batteries,”* sensors,”> solar cells,26 and
wastewater treatment.”” Despite all attributes, there are some
negative consequences, which include separation inconven-
ience. Nanoadsorbents with a magnetic nature are a class of
adsorbents which already have an advantage of being
magnetically separable. GO comprises an aggregating nature;
therefore, its incorporation with metal oxides provides a
proficient way to make ecofriendly composites. Graphene in
turn has an ultra-large surface area to be a perfect adsorbent.
Therefore, to make facile separation, GO/rGO is introduced
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with the magnetic species of metal oxides.”® Among the spinel
form of ferrites, cobalt ferrite (CoFe,O,) is a highly known
form studied due to its mechanical hardness, moderate
saturation magnetization, high coercivity, and chemical
stability.”” Cobalt ferrite (CoFe,0,) bears a spinel crystallo-
graphic structure which exhibits superior magnetic behavior.”’
Literature review from the past reveals that most of the efforts
have been made to remove either anionic or cationic dyes at
some pH. For instance, Yavari et al. reported the adsorption of
anionic dyes direct red 80 (DR 80), direct green 6 (DG 6), and
acid blue 92 (AB 92) by cobalt ferrite nanoparticles (CFNPs)
and their modified forms. All the three anionic dyes are textile
dyes. The results of this study show that the modified forms
could effectively remove the dyes.”’ El-Shafai et al.
demonstrated the adsorptive removal of the cationic dye
“Rhodamine B (RhB)” by GO metal oxide nanocomposites
(GO—Fe;0,@Zr0,). The anionic surface of the GO nano-
composite exhibits ~ 93% efficiency of adsorption.”’ Guo et al.
presented a study over a sandwiched nanostructure of Fe;O,/
carboxylate graphene oxide. They demonstrated better
adsorption capacity for methylene blue and Rhodamine B
(RhB) dyes of 35.958 and 22.124 mg/g, respectively, due to
the sandwiched structure and better specific surface area.’”
However, there are also few reports on the removal of both
cationic and anionic dyes. Ibrahim et al. investigated the
adsorptive elimination of anionic remazole red (RR-133) and
cationic methylene blue (MB). Their result data show that
cobalt iron oxide modified by humic acid (CoFe,0,-HA) has
greater adsorption rate.”> Du et al. presented a study on the
superior adsorption performance of anionic and cationic dyes
by the PVP-modified rGO/CoFe,O, nanocomposite.”

In this paper, Figure S4 shows the adsorption behavior of
rGO, cobalt ferrite, and rGO/CoFe, O, (RGCF) nano-
composites. The adsorption efficiency trend was found to be
RGCF > rGO > CoFe,0, NPs. Figure S2 shows the digital
images before and after the adsorption of dyes with optimized
results. We took the benefit of the high surface area of GO and
the magnetic properties of spinel cobalt ferrite nanoparticles to
improve the adsorption efliciencies of the wastewater
contaminants and ease of separation. The kinetic, isotherm,
and thermodynamic studies were performed for the better
understanding of the interaction of RGCF nanocomposites
and the adsorbate molecules (dyes and heavy metal). The as-
prepared RGCF nanocomposite hence displays the excellent
separation and adsorption capacity of toxic dyes (cationic and
anionic) and heavy metals from aqueous solution.

2. MATERIALS AND METHODS

2.1. Materials. MO, CR, BG, CV, and graphite powder
were purchased from Loba Chemie India. Cobalt chloride
hexahydrate [CoCl,.6H,0] and iron chloride hexahydrate
[FeCl,.6H,0] were purchased from Sigma Aldrich. Standard
samples were prepared in the laboratory. Sulfuric acid (H,SO,,
98%), hydrogen peroxide (H,0,, 30%), potassium permanga-
nate (KMnO,), and sodium nitrate (NaNO,) were purchased
from Qualigens (Thermo Fischer Scientific India Pvt. Ltd.). All
reagents used were of analytical (AR) grade. Double-distilled
water (DDW) was used throughout the experiments. All
chemicals were used without further purification. The
characteristics of the model dyes used in this experiment are
listed in Table 1.

2.2. Synthesis of rGO. Modified Hummers’ route has been
adopted for the synthesis of GO. To maintain the neutral pH,
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Table 1. Characteristics of Model Dyes

dyes and their molar mass

abbreviations (g/mol) molecular formula A, (nm)
crystal violet (CV) 407.979 C,sN;H;,Cl 590
Congo red (CR) 696.7 C;,H,,NgNa,O.S, 498
brilliant green (BG) 475.6 CyHyN,0,S 625
methyl orange (MO) 327.33 C,H,N;NaO;5S 470

DDW was used.”> The whole synthesis process has been
accomplished in four different steps. First, 1 g of graphite
powder is mixed with 0.5 g of NaNO;. The mixture is then
added into 100 mL of 98% cold H,SO, in an ice bath to
minimize the exothermic reaction. This is followed by a slow
addition of 3 g KMnO, with constant stirring below 20 °C.
The reaction was continued to proceed at 35 °C for 10 h;
thereafter, 46 mL of ultrapure water was slowly added. This
reaction was further continued for 15 more min at 98 °C. The
mixture was then diluted to 140 mL with the addition of 2.5
mL of H,0, (30 wt %) to remove the oxides of manganese.
Finally, the cooled reaction mixture was filtered and washed
three times with ultrapure water and alcohol and dried up at 70
°C for 12 h in a vacuum oven.

2.3. Synthesis of RGCF. The preparation of rGO/
CoFe,0, was performed by the coprecipitation of cobalt
ferrite nanoparticles onto the surface of rGO particles. For this
process, 0.126 g dry rGO was dispersed in 100 mL of pure
water, followed by ultrasonication to get a stable suspension.
Then, 0.72 g of cobalt nitrate hexahydrate and 2 g of iron
nitrate nonahydrate were dissolved individually in 10 mL of
water and combined to form a mixed iron salt solution. A 0.25
g of alcoholic CTAB solution was also added to the metal
solution. Subsequently, ammonia solution (25 wt %) was
added drop by drop to get a metal precipitate. pH of 10—11 is
maintained during the precipitation. The metal precipitation
was followed by the gradual addition of rGO suspension under
stirring condition. The reaction is continued for 2 h at 80 °C.
The solution was filtered and washed by DDW until neutral
pH and dried at 100 °C for 10 h. The dried material was then
calcined at 550 °C.

2.4. Characterization. The morphology of the prepared
nanocomposite RGCF (before and after) was examined using a
FESEM Zeiss (Gemini) instrument. Images of higher
resolution were obtained from a transmission electron
microscope (TECNAI G20, HR-TEM) operated at 200 kV.
Elemental composition and elemental mapping were studied
by an EDXS system coupled with a SEM instrument. The
structural information and crystallinity were studied using an
X-ray diffractometer (Rigaku TTRAX-III) with Cu K, (4 =
1.5406 A) at a scanning speed of 0.025°/s over the 26 range of
10—80°. To study the functional group composition using KBr
pellets in the range of 4000—400 cm™’, FTIR analyses were
done using Perkin Elmer Spectrum Two. Saturation magnet-
ization and magnetic behavior were studied using a vibrating
sample magnetometer (VSM)-7400 series instrument, Make:
Lakeshore, USA, at room temperature. The zeta potential of
the adsorbent was determined using Malvern Zetasizer Nano
ZS to find out the charge on the nanomaterial.

3. RESULTS AND DISCUSSION

3.1. Characterization of RGCF. 3.1.1. X-ray Diffraction.
The XRD patterns in Figure la,b compare bare spinel cobalt
ferrite and the composite of rGO-loaded spinel cobalt ferrite,
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Figure 1. XRD patterns of (a) CF and (b) RGCF nanocomposites.

which show almost the same diffraction peaks and crystallinity.
The absence of rGO peaks corresponds to their ultra-low
quantity. These diffraction peaks show single-phase crystal-
linity. In both spinel cobalt ferrite and RGCF, the characteristic
peaks at 26 = 18.41°, 31.2°, 35.7°, 45.6°, 53.9°, 57.7°, 62.2°,
and 74.3° confirm the cubic spinel planes of the respective
crystals (111), (220), (311), (400), (422), (511), (440), and
(533).

The crystal planes well matched with JCPDS card no
(JCPDS 22-1086), confirming a FCC (face-centered cubic)
spinel phase.””*® The average crystallite size was found to be
17.1 nm using Debye—Scherrer’s formula with the FWHM
value (full width half-maximum) at 20 = 35.74 of the crystal
plane (311). The value obtained from the XRD data well
resonates with the mean particle size obtained from the TEM
images.

Debye—Scherrer’s equation®

092
P BcosO

7

(1)

where p = mean particle size, f = FWHM, and 6 = Bragg angle.

3.1.2. FTIR Analysis. FTIR study (Figure 2) has been
observed between 4000 and 400 cm™'. Two stretching
frequencies observed between 400 and 600 cm™ correspond
to the stretching vibrations of tetrahedral and octahedral metal
oxygen bonding. The strong peak at a higher value of
frequency of 574 cm™' could be assigned to the stretching
vibrations of the metal at the tetrahedral sites (Fe—O—Co),

% Transmittance

T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)
Figure 2. FTIR spectra of (a) CF and (b) RGCF nanocomposites.
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Figure 3. FESEM image of the RGCF nanocomposite (a, b) before adsorption and (d, e) after adsorption (dye loaded); (c) EDX before
adsorption, (f) EDX after adsorption (dye loaded), and (g—i) elemental mapping of the RGCF nanocomposite.

while the stretching vibrations of the metal complex (Fe—O—
Fe) appeared at a lower value of peak frequency of 455 cm™" at
the octahedral sites. The presence of these two peaks confirms
the inverse spinel phase of CoFe,0,.°**" The broader peak
observed at 3440 cm™' in CF (Figure 2a) and 3426 cm™! in
RGCEF (Figure 2b) can be indexed to the stretching vibrations,
while the peak at 1633 cm™ could be assigned to the bending
vibrations of the hydroxyl groups of the water molecules. The
peak at 1385 cm™ could be assigned to the C—OH vibrational
mode of rGO." The peaks at 2925 and 2855 cm™ could be
ascribed to the asymmetric and symmetric CH, stretching
vibrations, respectively, of rGO. The bands at 1255 and 1025
cm™" denote the C—OH stretch of the alcohol group and C—O
stretching vibrations from C—O—C, respectively, which can be
related to rGO in the nanocomposite.”® The lesser intensity
peaks in between 1600 and 1700 cm™" could be attributed to
the COOH, C—OH, and C=0 groups on rGO.*” The
presence of these characteristic peaks of rGO in the
nanocomposite confirms the successful formation of RGCF.
In the case of CR adsorption, the FTIR spectrum of CR-
loaded RGCEF in the inset (Figure S1b) shows peaks at 1050
and 1162 cm™" which could be assigned to the symmetric and
asymmetric stretching vibrations of the sulfonate group
(SO;7). The value of frequency is slightly lower as compared
to the reported value for the unadsorbed dye due to the
interaction of the dye with the adsorbent.”"** The peak at
1545 cm™' frequency might be assigned to the stretching
vibrations of the —N=N— group of diazo dyes (CR)," while
the peak at 1426 cm™' might be assigned to the aromatic
skeletal vibrations.** The FTIR spectra of MO dye-loaded
RGCF have been outlined in Figure Slc. The frequency
obtained at 1114 cm™' confirms the sulfonic nature of MO
dye, while the peaks at 1384 and 1186 cm™" could be assigned
to —C—N stretching which corresponds to the azo nature of
the dye. The peak at 1031 cm™' corresponds to the —C—H
stretching vibrations of the benzene ring.*> In the FTIR spectra
of BG-loaded RGCF (Figure S1d), the peaks at 1260, 1158,
and 1060 cm™! could be indexed to the aromatic ether (aryl-
O) stretch, R—SO; (sulfonate), and C—O—C cyclic ether,
respectively.’* In both MO and CR dye adsorption, the
presence of the characteristic sulfonate peaks at 1050, 1162
ecm™ (CR), and 1114 cm™ (MO) suggests the successful
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adsorption of dyes onto the surface of RGCF. However, in the
case of cationic species (BG and As ion), adsorption has been
shown by either the shortening, shifting, or disappearance of
peaks. Similar to the BG dye adsorption, the peak of C—OH
present at 1385 cm™' (Figure S1d) is shifted to 1384 cm™'
when compared to the adsorbent peak (Figure Sla).

However, the intensity of the —OH group of water
molecules present at 1633 cm™' and that of C—OH of rGO
at 1384 cm™' was found to be shortened. The shortening and
shifting of these peaks show the adsorption of BG dye on
RGCF. In the case of As (Figure Sle), the stretching vibration
peak at around 583 cm™" of metal oxide at the tetrahedral sites
shows broadening, along with the shortening of hydroxyl
functionalities of graphene moieties present at the frequencies
of 1633 and 1385 cm™". This shows an electrostatic attraction
as well as surface complexation with graphene sheets.

3.1.3. Morphological and Structural Analyses.
3.1.3.1. FESEM Analysis. The morphological and structural
surveys of RGCF before and after adsorption have been
elucidated by the FESEM study in Figure 3a—c. Cobalt ferrite
nanoparticles attained a spherical shape with slight agglomer-
ation, as can be seen in Figure 3ab. Little agglomerations in
cobalt ferrite nanoparticles of RGCF could be possibly due to
the magnetic forces which exist between the nanoparticles and
high surface area."” The magnetic nature of nanoparticles is
responsible for magnetic dipolar interactions.”® rGO sheets are
attached with one another with the help of z7—z interactions.*’
The average size of the CF nanoparticles of RGCF is observed
as 16.5 nm. The presence of rGO can also be deduced from
the EDXS data (Figure 3c), as attached with the FESEM
images. The EDX data in Figure 3¢ clearly show the elemental
existence of C, Co, and Fe as 9.30, 30.41, and 60.30 by weight
percent, respectively. The presence of carbon in the EDX
patterns corresponds to rGO present in RGCF, and the rest of
the elements like Fe and Co contribute to the spinel phase of
cobalt ferrite nanoparticles.

The absence of any other peak simply illustrates the sample
without impurity. The surface composition of RGCF is further
confirmed by elemental mapping (Figure 3g—i). The absence
of continuous rGO sheets in the surface composition of RGCF
is due to the low quantity of rGO in the composite, which is
clear with the carbon percentage present in the sample. The
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Figure 4. TEM images of the RGCF nanocomposite with 20 nm resolution (a), S0 nm resolution (b), SAED pattern (c), and particle size

distribution (d).

SEM micrographs in Figure 3d,e show cloudy lumps all over
RGCF, which could be ascribed to the presence of adsorbed
dye molecules, which is also evident from the EDX analysis of
used RGCF (Figure 3f). The presence of nitrogen in the EDX
pattern of used RGCF shows nitrogen of the azo bond present
in the dye molecules.

3.1.3.2. TEM Analysis. The morphology and structural
analyses were further elaborated for better resolution with the
help of TEM images. They reveal the spherical shape of cobalt
ferrite, as also confirmed by the FESEM study. rGO sheets
could be seen beneath the particles of cobalt ferrite
nanoparticles. The RGCF nanocomposite shows the nano-
sheets of rGO embellished with CoFe,O, nanoparticles of
smaller size. The intimate relation between rGO sheets and the
NPs of CoFe,0, limits the aggregation of CoFe,0, NPs.>’
The average particle size (Figure 4a) has been calculated as
17.8 nm (the value is close to that obtained by FESEM) by
drawing the particle size distribution histogram (Figure 4d)
using imageJ software.”’ The SAED pattern in Figure 4c shows
all the respective lattices of crystals, proving the polycrystalline
nature of RGCF. The respective lattices can be indexed to the
FCC structure of spinel CoFe,O,. The results of TEM were
found to be in good agreement with that of XRD.

3.1.4. VSM Measurement. The magnetic property of an
adsorbent plays a significant role in the recovery of the
adsorbent from the treated waste pollutants. To check the
magnetic behavior, vibration sample magnetometer (VSM)
measurement has been conducted at room temperature under
a strong magnetic field of 20 k Oe. The M—H curve for the
synthesized RGCF nanocomposite has been plotted to show
the dependency of magnetization on the applied magnetic
field. Figure S shows the values of saturation magnetization
(M,), remanence/retentivity (M,), and coercivity (H.) of
RGCF as 23.622 emu/g, 9.4023 emu/g, and 1575 Oe,
respectively. The saturation magnetization value obtained is
lesser as compared to the bulk (~80 emu/g) due to the
magnetic moment distortions present on the surface of
nanoparticles.’” The presence of rGO sheets along with the
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Figure 5. Room-temperature M—H curve for fresh RGCF nano-
composite and after five cycles (inset: magnetic separation).

nanoparticles could be another prime cause for the reduction
of magnetic saturation as it further decreases the magnetic
dipole interaction among adjacent magnetic particles. The
value of saturation magnetization showed a slight variation
after use in five consecutive cycles. The variation may be
because of the following reasons:

(i) Reduction in the percentage of the carbonaceous
material.

(ii) After MO adsorption onto RGCF, the number of
oxygen-containing functional groups (SO;7) gets
increased on the surface of the RGCF composite,
thereby increasing the magnetization value by 1.95 emu/
g of the dye-doped composite. Even after washing the
composite for the regeneration study, there is a chance
that some moieties of the MO dye remain intact in the
RGCF composite. Thus, it may increase the magnet-
ization value of the washed composite.””

(ili) Some instrumental or user handling error.
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The value of the obtained saturation magnetization was
found enough to show magnetism in the composite as well as
for separation from the aqueous medium. The ratio of M,/M;
was obtained as 39.8%. This value of saturation magnetization
is strong enough to consider any material to be super-
paramagnetic.20’54

3.1.5. XPS Measurement. XPS investigates the chemical
state of the element and the surface composition of the RGCF
nanocomposite. In the XPS survey graph in Figure 6b, the
presence of C, O, Co, and Fe in fresh RGCF shows desirable
peaks. However, in the As-adsorbed RGCF survey, an extra
peak of As(V) ion is present other than C, O, Co, and Fe,
which proves the adsorption of arsenate ion over the RGCF
adsorbent. There are two main peaks depicted in Figure 6d at
710.87 and 723.90 eV for Fe 2p;,, and Fe 2p, ,, respectively,
which are due to the contributions of Fe™ ions at the
octahedral (A) sites of the spinel cobalt ferrite. The two peaks
at 713.06 and 725.55 eV are called satellite peaks for Fe 2p;/,
and Fe 2p, /, which are due to the contributions of Fe** ions at
the tetrahedral (B) sites. The spectrum of Co 2p (Figure 6¢) is
found to be similar to that of Fe 2p, as the peaks present at
780.01 and 796.16 eV can be ascribed to Co 2p;/, and Co
2py/, respectively, of Co*™ ions present at the octahedral sites.
However, the peaks at 781.69 eV could be assigned to Co 2p3/
2 at the tetrahedral sites of Co** ions. Additionally, there are
two peaks observed at 786.7 and 804.09 eV, which could be
ascribed as satellite peaks. The presence of satellite peaks
confirms large numbers of high-spin Co*? ions occupying the
octahedral sites.*®
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Furthermore, the C 1s spectra of RGCF (Figure 6a) in the
deconvoluted form confirm the presence of C=C/C-C
(284.34 eV), oxygen-containing groups C—OH (285.13 eV),
C—0 (286.7 V), and 0—C=0/0—-C—0 (288.7 V).>* The
XPS spectrum of O 1s (Figure 6b) shows a peak at 530.28 eV,
which corresponds to the oxygen-containing functional groups,
while the peak present at 531.49 eV corresponds to the metal
oxygen bond (Co—O-—Fe). Thus, the result displays the
successful formation of the RGCF nanocomposite. However,
Figure 7a—e shows separate peaks of parent elements along
with adsorbed arsenic onto the RGCF nanocomposite. While
comparing the survey graphs of fresh and used RGCF (Figure
7f), it could be clearly demonstrated that there is a reduction in
the binding energies of the respective elements. The XPS
spectrum of arsenic (As 3d) in Figure 7c shows a peak at
45.18, which clearly shows the presence of As(V) ions from
HAsO,>~ species.”® In Figure 7b, the O 1s spectra show four
deconvoluted peaks at 529.96, 532.11, 532.80, and 533.70 eV.
The peak at 533.70 eV corresponds to the M—O—M bond,
and the rest of the three peaks refer to the functional groups.
When comparing the O 1s spectra of fresh and spent RGCF, a
slight increase in the number of peaks and binding energies is
observed, which is due to the contribution of oxygen from
arsenic oxide or interaction of As(V) ion with the adsorbent
with the help of M—O and M—OH linkages.””

4. ADSORPTION EXPERIMENTS

4.1. Dye Selectivity Tests. To analyze the dye selectivity
tests, cationic (CV and BG) and anionic dyes (MO and CR)
were taken. All the batch adsorption studies were conducted in
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Figure 9. Effect of the adsorbent dose on the amount of MO (a), CR (b), BG (c), and As (d) uptake with the RGCF nanocomposite
(concentration = 50 mg/L (MO), 30 mg/L (CR), 20 mg/L (BG), and 10 mg/L (As); pH = 2 (MO), 4 (CR), 8 (BG), and 10 (As); volume = 25

mL (MO, CR, BG, and As); temperature = 298 K).

a series of Erlenmeyer flasks containing 25 mL of model dyes
(CV, MO, BG, and CR) and heavy metal (As) solutions under
continuous stirring at temperatures of 25 + 5 °C. In a typical
experiment, 0.0015 g of RGCF was taken in a 100 mL
Erlenmeyer flask that contains 25 mL of dyes with different
concentrations under pH in the range of 2—8. The pH was
adjusted by using 0.1 M NaOH or 0.1 M HCI. The dose of the
adsorbent was taken from 1 to 10 mg. After optimizing the pH
and the dose, isotherm experiments were done in the
concentration range of 10—160 mg/L. To determine the
kinetics of the reaction, the adsorption capacity was analyzed at
different time intervals. Experiments with different parameters
were performed on a rotary flask shaker at a constant speed of
150 rpm at 298 K. As soon as equilibrium was achieved, the
maximum uptake of dyes occurs. RGCF was separated from
the mixture with a handheld magnet. The residual concen-
trations of the dyes and heavy metal were determined using a
UV—vis spectrophotometer and an ICP-OES unit, respectively.
The maximum adsorption takes place at A, of 460, 492, 625,
and 588 nm for MO, CR, BG, and CV, respectively. The
fraction of dyes adsorbed g, (mg/g) and removal efficiency (R
%) were determined using the following formulas

o

C, - C,
—° 7t % 100
C

R%
@)

(3)
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where R% is the removal efficiency of the dyes, C, (mg/L) is
the initial concentration of the dyes, C, (mg/L) is the
concentration of the dyes at any time, q (mg/g) is the amount
of dye adsorbed per unit amount of adsorbent, V (L) is the
volume of the adsorbate, and m (g) is the mass of the
adsorbent.

4.2. Effect of pH. pH of the adsorbate solution is
considered a significant controlling feature in the adsorption
process as it influences the extent of ionization and residual
surface charge on the adsorbent.”® To know the surface charge
on the RGCF adsorbent, zeta potential measurement was
done. The zeta potential distribution graph (Figure SS) shows
the mean data as —7.16 mV charge potential on the surface of
RGCEF. From the literature, it has been noted that the lower
negative or positive value of zeta potential shows a highly
unstable form, thereby species tend to attract opposite charges.
Further, zeta potential is considered the measurement of the
magnitude of surface charge.‘“)’60 In our case, the surface
charge of RGCEF in the form of zeta potential is noted negative.
The adsorption of dyes and heavy metals onto the RGCF
surface was influenced by both initial pH and the surface
charge which resides on the adsorbent.'” The effect of pH on
the sorption of RGCF toward dyes and heavy metals was
investigated by taking 10 mg/L of As, 50 mg/L of MO, 10 mg/
L of CR, and 50 mg/L of BG at different initial pH values
under shaking condition. The concentrations of As and dyes
were measured after magnetic separation. Figure 8a—d
indicates different trends for the removal of cationic and
anionic dyes and heavy metals. Cationic dye (BG) was found
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Figure 10. Effect of different initial concentrations of MO (a), CR (b), BG (c), and As (d) for the removal of MO, CR, BG, and As by the RGCF
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and As); and temperature = 298 K).

to be adsorbed at basic pH (above 8), while anionic dye shows
removal at acidic pH (between 2 and 4). Arsenic ion removal
has been shown at pH 10. At lower pH (2—4), the surface of
the adsorbent was highly protonated. Hence, the adsorption of
anionic dyes becomes advantageous.

Thus, the obvious reason for the increasing adsorption
capacity is the electrostatic attraction forces between the
positive surface charge (due to protonation) of RGCF and the
anionic species of dye molecules. Further, in cationic dyes and
arsenic ions, the adsorption capacity is found to increase with
the increasing pH of the solution (pH > 7). The attractive
forces between the negative surface of RGCF and the charges
of heavy metals and cationic dyes have been discussed in
Section 4.7. The data presented in this study illustrate the best
adsorption of CR and MO at pH 4 and 2, respectively, while
the best adsorption of BG and As was observed at pH 8 and
10, respectively.

4.3. Effect of Adsorbent Dose. Next to pH, the dose of
the adsorbent is utmost crucial to be measured to find the
optimum value. The effectiveness and adsorption quantity with
a minimum dose are important from the economical point of
view. The adsorption of MO, CR, BG, and As was carried out
by using various doses of RGCF. The adsorbent dose was
0.001 to 0.003 g for MO, CR, and BG dyes and 0.0015 to
0.010 g for As, keeping the rest of the parameters constant in a
100 mL Erlenmeyer flask containing 25 mL of aqueous
solution. The graph of adsorption capacity at equilibrium (g.;
mg/g) versus the adsorbent dose (g) has been plotted in
Figure 9.
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Figure 9a—d shows that the value of g, continuously
decreases from its maximum value as the adsorbent dosage
increases in the case of MO and As, while in the case of CR
and BG, g, first increases and then it also follows the
decreasing trend with the increasing adsorbent dosage. An
increase in the adsorption capacity with increasing dosages was
because of the increasing surface area and active functional
groups.’’ The decreasing trend after a further increase in
dosage suggests the possible agglomeration of RGCF, which
ultimately decreases the surface area and increases the diffusion
path length.*

4.4. Effect of Concentration. To design any adsorption
system, pollutant concentration is considered an important
parameter. In this study, adsorbent efficiency was evaluated by
considering the variable concentrations of dyes and heavy
metals, as in Figure 10a—d. Adsorption capacity is seen
increasing throughout in the case of MO (Figure 10a) from 10
to 150 mg/L and in As (Figure 10d) from S to 40 mg/L, while
in the case of CR (Figure 10b), adsorption capacity first
increases from 10 to 90 mg/L and then decreases, and in the
case of BG (Figure 10c), it increases from 10 to 70 mg/L and
then decreases.

The continuous increment in the adsorption capacity of
RGCEF could be attributed to the increase in the driving force
of the concentration gradient with a higher initial dye
concentration, or the number of molecules of adsorbate
interacting with the available number of sites onto the surface
of RGCF nanocomposites increases with the increase in
concentration. However, after reaching a certain concentration,
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Figure 11. Effect of contact time on the removal of MO (a), CR (b), BG (c), and As (d) by the RGCF nanocomposite (concentration = 150 mg/L
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it decreases because of the further absence of active sites onto
the RGCF adsorbent.”

4.5, Effect of Time. The effect of contact time for MO,
CR, BG, and As has been analyzed from 10 to 180 min by
keeping all other parameters in optimized conditions onto the
surface of RGCF, as shown in Figure 11. At first, the
adsorption capacity increases from 10 to 120 min for MO (860
to 918 mg/g) and CR (783 to 913 mg/g) (Figure 11a,b); 10—
60 min for BG and As (Figure 11c,d), and thereafter it either
decreases or remains constant. The increase in the adsorbate
uptake is due to the vacant surficial active sites onto the RGCF.
Later, the adsorption capacity decreases or becomes constant,
which is due to the exhaustion of all the active sites of RGCF.
The maximum g, shows that the dyes and heavy metal uptake
reached the equilibrium state."’

4.6. Adsorption Kinetic Experiments. To design a fast
and effective adsorption model, kinetic investigation of any
chemical activity is inevitable. Adsorption kinetics is helpful in
defining the adsorption mechanism and rate at which it moves
toward equilibrium. Kinetic experiments are usually interpreted
using pseudo-first-order (PFO) and pseudo-second-order
(PSO) models, which are shown by eqs 4 and 5, respectively.
The adsorption kinetics of MO, CR, BG, and As onto RGCF
have also been investigated using Lagergren pseudo-first-order,
pseudo-second-order, intraparticle diffusion, and Elovich
models. The linear equations of these models are given below.

(i) (i) Lagergren pseudo-first-order equation™

In(q, — q) =Inq, — k;t (4)
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(ii) pseudo-second-order equation'’

t 1 1

— =+ —t

9 ka4, (s)
(iii) intraparticle diffusion equation®®

_ 1,05

q, = kt™ + C (6)

(iv) Elovich equation®
1 1
g, = —In(af) + =Int
Cp p (7)

where g, and q, represent the amount of MO, CR, BG, and As
adsorbed (mg/g) onto RGCF at equilibrium and at time t
(min), respectively. g, (mg/g) shows the calculated
adsorption capacity. K, and K, represent the pseudo-first-
order and pseudo-second-order adsorption rate constants,
respectively. K; is the intraparticle diffusion rate constant. a is
the initial adsorption rate (mg g~' min), and f is the number
of sites available for adsorption. In the PFO kinetic model, it is
considered that one adsorption site occupies one adsorbate
molecule, while two adsorption sites are occupied by two
adsorbate molecules.”* The result of kinetic parameters and
kinetic models have been displayed in Table S1 and Figure
S6a—d, respectively. The value of regression coefficient (r*) for
MO is 1 and 0.99 for CR, BG, and As in the case of PSO
model. Hence, the adsorption data could be well simulated by
the PSO kinetic model for the RGCF nanocomposite.
Furthermore, for all dyes, qec"‘l and ¢.”® have a close value
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for the PSO model which shows chemisorption as the rate-
determining step.'”®® Thus, the adsorption of all dyes along
with the heavy metal are governed by PSO model kinetics.

4.7. Adsorption Isotherm Experiments. Adsorption
isotherm models: Langmuir and Freundlich models give
information about the amount of adsorbent required to
remove a unit mass of pollutant under the same conditions.
These models are also used to discriminate if the adsorption
process is homogeneous (monolayer) or heterogeneous
(multilayer). The Langmuir isotherm model describes about
the monolayer adsorption which means the monolayer
coverage of the adsorbate onto the uniform surface of the
adsorbent bearing equivalent adsorption sites. The Freundlich
isotherm model could usually be surfaced on multilayers. The
equations for the Langmuir, Freundlich, Temkin, and
Dubinin—Radushkevich isotherm models can be written as
follows

1
Ca,=Cq, +——
Kiq (8)

I log Ky + 11 C
ogg =lo —lo

gqe g Ky n g Ce (9)
q = R—TlnA + R—Tln C.

© b b (10)
B =RT/b
Ing, =Ingq, - Kpre” (11)

where C, and g, are the equilibrium concentration (mg/L) and
equilibrium adsorption capacity (mg/g), respectively. q,, is the
maximum value of adsorption capacity by a single-layer
adsorbent surface. The linear curve of the Langmuir equation
has been plotted against 1/g, and 1/C,, which determines the
magnitude of g, and K;. K and Kg are the Langmuir and
Freundlich constants in (L mg™") and [(mg g™*) (L mg™")"",
respectively. A dimensionless Langmuir parameter R, (sepa-
ration factor) is used to know whether the adsorption process
is favorable or not. Ry is the measure of affinity between the
adsorbent and adsorbate. Adsorption is considered to occur if
the value of R, > 0.°° The values of R, (Table S1) are found
for MO (0.337423), CR (0.057873), BG (0.132679), and As
(0.084435). It clearly validates the favorable conditions of
adsorption of MO, CR, BG, and As onto the RGCF
nanocomposite. K values as obtained from eq 9 indicate the
high uptake of adsorbate onto the RGCF nanocomposite. The
linear fitting curve for log C, versus log g, has been plotted to
find the multilayer coverage (Freundlich isotherm model). All
the related parameters for MO, CR, BG, and As observed from
the Langmuir, Freundlich, Temkin, and Dubinin—Radushke-
vich isotherms have been shown in Table S1. The linear fitting
for Temkin and Dubinin—Radushkevich isotherms has also
been studied (Figure S7c,d. At (eq 10) is the Temkin isotherm
equilibrium binding constant (Lg™'), qpg is the theoretical
isotherm saturation capacity (mg/g), and Kpp is the Dubinin—
Radushkevich isotherm constant (mol*> kJ7*). Based on the
value of higher correlation coefficient (1*), the Langmuir model
resonates well with the adsorption of all dyes and the heavy
metal onto the surface of the RGCF nanocomposite, that is,
the physical intermolecular attraction between the adsorbent
and adsorbate is predominated. Thus, this indicates the
monolayer coverage and homogeneous distribution of the
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adsorbate on the adsorbent surface. The maximum adsorption
capacity (g,,) from Figure S6a for MO, CR, BG, and As was
found to be 1666.67, 1000, 416.6, and 222.23 mg/g,
respectively. It has been recorded that the maximum
adsorption capacity of the RGCF nanocomposite is better as
compared to other reported adsorbents (Table S3).

4.8. Thermodynamic Study. To analyze the temperature
effect on the adsorption process, parameters like Gibbs energy
(AG), entropy (AS), and enthalpy (AH) have been studied
using eqs 12 and 13%°

AG = —RTh K, (12)
mk = A5 AH
R RT (13)

where R (8.314 J/mol K) is the gas constant, T (K) is the
absolute temperature, and K. is known as the equilibrium
partition coefficient. K, can be further calculated from eq 14°°

T (14)

where ¢, is the adsorption capacity in mg/g of the dyes and
heavy metal at equilibrium time. C, is the equilibrium
concentration in mg/L of the dyes and heavy metal solution.
The change in enthalpy (AH) and change in entropy (AS) can
be found from the slope and intercept values, respectively,
using the linear plot of In K, versus 1/T. Table S2 represents
the calculated data. The assessment of thermodynamic
parameters has been done in a batch system to find out the
MO, CR, BG, and As uptake from an aqueous solution at
varying temperatures of 298.15, 308.15, 318.5, and 328.5 K
with the previously optimized conditions using the RGCF
nanocomposite (Figure S8). As per the data figured in Table
S2, AG° values for MO, CR, BG, and As are found negative,
which manifests the spontaneity and feasibility of the
adsorption process. A positive value of AS” shows an increase
in randomness during the adsorption of dyes and heavy metals
onto the RGCF nanocomposite. The value of AH® implies the
endothermic nature of the adsorption process.”® The values of
AG® and AH° are less than —20 kJ and 40 kJ/mol, respectively,
referring to the physisorption between the adsorbate and
adsorbent surface.

4.9. Adsorption Mechanism Study. Dye adsorption
mechanism could be controlled by various physical and
chemical factors of adsorbents. It is a well-known fact that
the surface of rGO bears many negative functional groups and
aromatic rings. It is therefore capable of dye adsorption via
electrostatic interaction, 7—7 conjugation, and H bonding. The
homogeneous distribution of CoFe,0, nanoparticle onto rGO
provides sufficient surface area and surface functionalities.’” In
our study, the surface of RGCF is known to be negatively
charged (zeta potential of —7.16 mV in water at pH 7 (Figure
S5). The protonation and deprotonation processes produce
different charges due to the pH maintenance. Thus, electro-
static attraction plays a major role in the removal of dyes along
with 7—7 interaction and H bonding.”*® Both MO and CR are
anionic azo dyes which contain the sulfonic acid groups.
Intense FTIR peaks at 1050 and 1162 cm™' on CR-loaded
RGCF (Figure S1b) and at 1114 cm™' on MO-loaded RGCF
(Figure S1c) show electrostatic attraction forces between the
stretching and bending vibrations of sulfonate anions and
OH,* of graphene sheets (at working pH). Hence, an
electrostatic force may exist between the sulfonate anions
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Figure 12. Adsorption mechanism of MO, CR, BG, and arsenic with the RGCF nanocomposite.

(R—S0;") and the surface of RGCF. As per previous literature
reports,” the 7 electrons of the aromatic ring of rGO along
with the 7 electrons of the aromatic ring of azo dyes (MO and
CR) may form 77— interactions. As per the obtained data, best
adsorption was found at pH 2 and 4 for MO and CR,
respectively, as the RGCF surface attains a positive charge at
the working pH of 2 and 4 due to protonation. At the working
pH of 10, the negatively charged RGCF surface further attains
more negative charges. Therefore, there is an electrostatic
attraction between the cationic dye BG and the surface of
RGCF. As dyes are usually highly constituted by conjugated
systems, aromatic interactions such as 7—x stacking could be
well observed. The abundant oxy and hydroxy groups present
on the RGCF surface bind with the amine group of dyes via
hydrogen bonding."’

To know the adsorption mechanism of arsenic ions
(arsenate), an XPS study has been conducted and studied.
During the course of As(V) adsorption onto the surface of
RGCEF, there has been considerable shifting in the binding
energies of all elements (Figure 7a—e). The deconvolution of
O 1s (Figure 7b) results in four peaks in As-loaded RGCF,
which shows a change in the percentage of oxygen. The
percentage of surface hydroxyl groups increased with the
decrease in surface oxygen O, following As adsorption, as
seen by the O 1s peak at 529.96 eV. The surface of RGCF after
adsorption became hydroxylated, probably due to the
formation of highly hydroxylated arsenate complexes. The
literature suggests that the predominant species of arsenic is
present in the form of HAsO,>” or AsO,*" at higher pH (6—
12). Hence, the experiment of arsenic adsorption was
conducted in the pH range of 2—11. From Figure 8, it is
observed that the maximum adsorption has taken place at a
higher pH (10). Thus, the probable mechanism involved in
adsorption of arsenic was in the form of anionic arsenic ions
(HAsO,*") on the RGCF nanocomposite. Usually, the
complex formation and electrostatic interaction are associated
with the adsorption of As ions. From Figure 12, it is observed
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that the surface complexation of HAsO,>~ on the surface of
cobalt ferrite nanoparticles takes place via the formation of an
inner sphere complex between the surface metal centers As—
O—M (M = Fe/Co) and arsenic acid moieties. The hydroxyl
groups situated on the surface of cobalt iron oxide and the As—
O(H) groups from the arsenate species together undergo
ligand exchange reactions, which finally form an inner sphere
complex. Thus, the adsorption mechanism of As(V) suggests
that the surface complexation reaction may be responsible for
the adsorption onto the surface of the RGCF nano-
composite.‘%’57

4.10. Desorption and Regeneration Study. Desorption
and regeneration studies are considered quite important to find
out the commercial applicability of any adsorbent. To find out
the feasibility of the RGCF nanocomposite to be reused,
desorption and regeneration studies have been carried out. For
this, 0.005 g adsorbent was used with 70 mg/L of MO, CR,
and BG dyes and arsenic solution. The dye- and arsenic-loaded
RGCF has been desorbed using ethyl alcohol and deionized
water. The dye- and arsenic-saturated RGCF was immersed in
ethyl alcohol and water for 12 h at room temperature. After
three to four times of consecutive washing with a slightly
concentrated NaOH and HCI and then drying, the surface
hydroxyl group gets deprotonated, which facilitates the
desorption of dyes and arsenic species. Due to strong
paramagnetism of the RGCF nanocomposite, it readily
separated from the desorb solution by simply placing a magnet
which facilitates the reusability.”” The adsorbent has been
found to be reusable up to five consecutive cycles with good
adsorption capacity. The reusability tests have been conducted
using the abovementioned parameters, and the number of
cycles along with their adsorption capacity has been shown in
Figure S3.
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5. CONCLUSIONS

In this paper, we synthesized the RGCF nanocomposite using
a facile chemical precipitation method. The as-synthesized
RGCEF has a spherical structure of cobalt ferrite nanoparticles
with an average diameter of about 10 nm. There is a strong
correlation between the adsorption dependency and parame-
ters like the pH of the solution, the RGCF dosage, and the
adsorbate concentration. There was a maximum adsorption of
MO and CR (anionic species) at pH 2 and 4, respectively,
while BG and As had a maximum adsorption at pH 8 and 10,
respectively. RGCF displays a much higher adsorption capacity
for both anionic and cationic dyes and the heavy metal (As),
owing to electrostatic interactions, 7—n interactions, H
bonding, and surface complexation between RGCF and
dyes/heavy metal. It is evident from the isotherm behavior
of RGCF that the adsorption of MO, CR, BG, and As
corresponds better to the Langmuir model than the Freundlich
model. A comparison with the reported work shows that
RGCF exhibits large maximum adsorption rates (q,) of
1666.7, 1000, 416.6, and 222.2 mg/g, respectively, for MO,
CR, BG, and As at 298 K. Moreover, the uptake of MO, CR,
BG, and As suggests a pseudo-second-order model, confirming
chemisorption as the rate-determining mechanism. The
thermodynamic parameters further reveal that the adsorption
of dyes MO, CR, and BG, as well as the As metal,
spontaneously onto the RGCF nanocomposite is endothermic
and thermodynamically stable. It was found from the VSM
study that RGCF exhibits strong superparamagnetic behavior,
which makes it easy for them to be recovered from solutions
with the help of a magnet. As a result of the five-cycle
adsorption—desorption process, their adsorption capacity
slightly decreases. Consequently, the magnetic nature of
metal oxide (cobalt ferrite) combined with a larger surface
area of rGO enables the creation of a nanocomposite which is
both easy to separate and reusable with ample space for
adsorption. Thus, the application of the RGCF nanocomposite
for the removal of various dyes and heavy metals is shown to
be quite promising.
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