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Abstract
The treatment of toxic organic pollutants is extremely important for the conservation of clean air, soil,
andwater. In this study, (reduced graphene oxide)NiCo2O4/ rGOhybrid nanocomposite was
prepared by a facile hydrothermal technique and employed for organic dye adsorption from
wastewater. The synthesizedNiCo2O4/rGOhybrid nanocomposite was studied using FTIR, XRD,
SEM,TEM, BET, Raman spectroscopy, andUV–visible. The physical characterizations prove the
deposition ofNiCo2O4 particles on the rGO surface. The transmission electronmicroscope image
demonstrated that theNiCo2O4 particles with an average size of∼46 nmwas dispersed on the rGO
surface. The obtained nanoparticles show a higher specific surface area of 56.4m2 g−1. Adsorption
dynamics as investigated by time and concentration variation show that the adsorption data follows
pseudosecond order kinetics and the Langmuir isothermmodel, with amaximumadsorption capacity
of 106.2mg g−1, indicating homogeneous physiochemical adsorption of CRdye on the adsorbent
surface. Besides, the catalytic effectiveness of synthesized nanocomposite towards Congo red (CR) dye
reductionmediated by the electron (e−) transfer route of BH4

− ionswas explained in detail. The
electrostatic interaction used between theNiCo2O4/rGOhybrid composite andCongo red increased
the adsorption ion effectiveness of the dye sample.

1. Introduction

Nowadays, water contamination by the dye is one of themajor threats to humanhealth and the environment [1].
Commercial dyes are normally described by their structural and color stability, high degree of aromaticity and
widely conjugated chromophores. There are presently around 10,000 various types of synthetic dyes, andmore
than 10× 105 tons of them are formed yearly all over theworld, with a high percentage of thembeing azo dyes
[2].Meanwhile, dyes are amajor class of synthetic organic compounds generated froma variety of sources, such
as leather, plastics, textile industry plants, paper, the food and pharmaceutical industries, others in to the
ecosystem [3].Moreover, CongoRed (CR) dye, also known asDirect Red 28, is a synthetic azo dye that has been
widely used in the textile industry to color garments.Mutagenicity refers to a substance’s ability to cause genetic
mutations, which can lead to negative health effects such as cancer. Exposure during pregnancy or to developing
organisms can cause developmental defects and reproductive harm.CongoRed can irritate the skin and eyes
when in touch. Peoplewho touch or come into contact with items containingCongoRedmay develop skin
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irritation, redness, and itching. The release of CongoRed into the environment, particularly aquatic bodies,
might have negative consequences [3]. Itmay contribute towater contamination, harming aquatic ecosystems.
So, the removal of these organic dyes is essential.

To solve the problemofwater pollution, extensive techniques have been utilized, including Fenton, surface
adsorption, chemical precipitation, flocculation, coagulation, photocatalysis, biological treatment, ozonation,
membrane filtration, advanced oxidation processes, and zonal filters [4]. Nevertheless, themajority of these
techniques suffer from some drawbacks, such as insensitive reaction conditions, high expenditure, and phase
transfer of contaminants. Therefore, there is an essential requirement for the growth of an efficient handling
process for the removal of these organic dyes from the environment. To facilitate, the removal of organic
contaminants from the pollutant water, the removal procedure of organic dyes by various kinds of samples has
fascinated growing concentrations during the past decades. NaBH4 is awell-known reducing agent. Removal of
organic dyes byNaBH4 in the nonexistence of an adsorbent is kinetically not easy but thermodynamically
favorable [5]. As a possible alternative, adsorption of organic pollutants was employedwith nanoparticles such
as Fe3O4, Ag andCunanoparticles due to their cost efficiency [6–10]. Themajor complexity in their application
includes nanoparticle agglomerationwhich can result in the deactivation of nanocatalysts and their removal
from the reactionmedium, thereforemaking revival and renewal hard. Consequently, there is a need for an
increase in environmentally benevolent techniques for the synthesis of heterocomposites through the
immobilization of nanoparticles on/into solid supports [11–13].

Among different solid support components, graphene oxide (GO) and reduced graphene oxide (rGO) are
well-recognized as they offer practical benefits over other supports such as improved specific surface area, good
thermal/chemical stability, goodmechanical strength, high structural flexibility, ease of work-up, handling and
separation of products, non-toxic nature and high adsorption efficiency [14].Moreover, rGO forms a
nanocomposite sample with inorganic and polymer components due to its acquisition ofmany unique features,
such as good thermal conductivity,more charge carriers and planar structure. Reduced graphene oxide and
plenty of its composites are extensively employed in optical, optoelectronic, bioengineering, catalytic, biosensor,
magnetic, electrochemical sensor and energy storage [15–30].Moreover, rGObased samples act as efficient
adsorbents for organic pollutants such as dyes, pesticides, and antibiotics [31–33]. The rGObased samples were
utilized as a support formany catalysts such as ZnO, Pt, Au, and Fe3O4 [11]. Due to their intriguing electronic
conductivity, high adsorption capacity, and large surface area,many explorers also employed rGO-based
components as electron acceptors and supportingmatrix for catalyst particles to develop the effectiveness of the
removal of dyes.Moreover, Nickel cobaltite (NiCo2O4) has been investigated for its possible use in adsorption
applications, including the removal of dyes such as CongoRed from aqueous solutions.WhenNiCo2O4 is
utilized as a compositematerial or in conjunctionwith other substances (for example, graphene oxide),
synergistic effects can improve overall adsorption performance.

In this work, we have discussed the synthesis and characterization of aNiCo2O4/rGOhybrid
nanocomposite with stability and good catalytic properties.Moreover, NiCo2O4 nanoparticles and the high
adsorption capacity of the rGO/NiCo2O4 hybrid nanocomposite were prepared through a facile hydrothermal
method. And nanocomposite was studied for its applicability in the removal of Congo red dye in aqueous
solutions. The amount of dye reduction has been examined usingUV–visible spectroscopy.

2.Materials andmethods

2.1.Materials
Graphite powder, NiCl2.6H2O,CoCl2.6H2O,KMnO4,HCl,NaOH,NaNO3,H2SO4,H2O2 andNH4OHhave
been procured fromSigmaAldrich. Deionizedwater was utilized throughout this study.

2.2. Synthesis of GO
Tomake graphene oxide, amodifiedHummers process was used [34]. In this technique, 34.5ml of concentrated
H2SO4was added to 1.5 g of graphite powder and 0.75 g ofNaNO3, and the resultingmixture was cooled to 0 °C
in an ice bath. Slowly adding 4.5 g of solid KMnO4while keeping the reaction temperature below 20 °C.The
reactionwas carried out at 35 °C for 7 hwithmagnetic stirring after the addition of KMnO4. A further 4.5 g of
KMnO4was added, and themixture was stirred for 12 h at 35 °C.After cooling to room temperature, the
reactionmixture was poured into 200ml of coldwater and 1.5ml of 30%H2O2. Finally, themixturewas
centrifuged and rinsedmultiple timeswithwater, 30%HCl, and ethanol. The resulting product was dispersed in
water, sonicated for 30 min, filtered, and then vacuum-dried overnight at 60 °C.
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2.3. Synthesis ofNiCo2O4/rGOhybrid nanocomposite
The preparation of the rGO/NiCo2O4 hybrid sample is shown in scheme 1. AmodifiedHummersmethodwas
utilized to prepare graphene oxide. TheNiCo2O4/rGOhybrid nanocomposite has been prepared through a
hydrothermal process [35]. 20mg of graphene oxidewere added to 35ml of de-ionizedwater by ultrasonication
for 20 min. After that, 0.119 g ofNiCl2.6H2O and 0.273 g of CoCl2.6H2Owere dispersed in 15mLof de-ionized
water. The above synthesized solutionwas slowlymixed into the solution of GOover 1h under strong stirring to
obtain a homogeneous solution.Next, NH4OH (25%)was dissolved into the above synthesized sample under a
constant rate of stirring tomaintain the pHof the sample at∼11. After stirring for 8h, the as-synthesized
solutionwas transferred into a 100ml autoclave. The reactionwas carried out at 150 °C for 20 h. The resultant
product waswashedwith ethanol, water and further dried at 70 °C in the oven for 10 h. The resultant sample was
further calcined at 400 °C for 5 h under Ar atmosphere at a rate of 3 °Cmin−1 employing amuffle furnace, to get
thefinal product, which is NiCo2O4/rGOhybrid nanocomposite. The pureNiCo2O4was synthesized by the
same process withoutmixingGO.

2.4. Catalytic reductions of congo red
TheCongo red adsorption tests were conducted by stirring 150mg ofNiCo2O4/rGOhybrid nanocomposite in
25ml of Congo red (200mg l−1) at room temperature. 30ml of newly synthesized aqueousNaBH4 solution

Scheme 1.Proposedmechanism and synthesis ofNiCo2O4/rGOhybrid nanocomposite.
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(3.5× 10−3M)has dissolved, and the above solutionwas vigorously stirred at room temperature. UV-vis
spectroscopywas used to determine the concentration of the leftover dye solution bymeasuring absorbance at
themaximumabsorptionwavelength ofλmax= 493 nm forCR. If the pHneeds to be lowered, sulfuric acid
(H2SO4) can be added. These acids donate protons, decreasing the pHof the solution.Moreover, if the pHneeds
to be raised, sodiumhydroxide (NaOH) can be added. These bases accept protons, increasing the pHof the
solution. The following adsorption conditionswere used in the experiment: an adsorbent dosage of 150mg;
solution volume of 25ml; and a temperature of 25 °C. Equation (1)was used to get the dye adsorption
percentage.

Adsorption
Ci Ce

Ci
% 100 1=

-
´ ( )

Equation (1)was used to compute the rGO/NiCo2O4 composite’s equilibrium adsorption capacity (Qe).

Qe
Ci Ce V

M
2=

-( ) ( )

WhereCi is the initial concentration of Congo red solution (mg/l), Ce is the dye concentration at close to
equilibrium,V is the volume of dye solution (L), andM is the dosage of the composite (g).

2.5. Characterization techniques
Molecular structure was examined by FTIRmeasurements (ThermoNicolet FTIR−200). The x-ray diffraction
(XRD) analysis of the sample was carried out on an x-ray powder diffractometer Bruker AXSD8 advanced
diffractometer).Morphological structure was studied by field emission scanning electronmicroscopes (SEM,
FEI, andQuanta 400). Themicrostructure andmorphology were explored by TEM (JEOL JEM-3010machine
operated at 200 kV). The specific surface area has been explored employing the Brunauer–Emmet–Teller (BET)
technique. Raman analysis of the obtained product was explored on (HoribaHR800UV confocal Raman
spectrometer).

3. Results and discussions

3.1. Characterization ofNiCo2O4/rGOhybrid nanocomposite
The FTIR spectrumhas been explored in the frequency range 4000–400 cm−1 to recognize the chemical bonding
states between theGO andNiCo2O4. Figure 1, exhibits the FTIR spectrumof rGO, pristineNiCo2O4 and
rGO/NiCo2O4. The FTIR spectrumof rGO represents the characteristic peaks at 3300–3600, 1644, 1278 cm−1

Figure 1. FTIR spectra obtained for (a)NiCo2O and (b)NiCo2O4/rGOhybrid nanocomposite (c) rGO.
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which correspond to functional groups –OH,C=O,C-O-C bondswith stretching vibrations (figure 1(c))
[36, 37]. TheNiCo2O4/rGOhybrid nanocomposite spectrumdemonstrates two intense bands at 548 and
650 cm−1 owing to themetal oxygen vibrations ofNiCo2O4 and alongwith the other bands in the range of
315–3600 cm−1 1636 cm−1 have identified in the case ofNiCo2O4/rGOhybrid nanocomposite (figure 1(b))
[38].Moreover, figure 1(a) shows the FT-IR spectra of theNiCo2O4material. The strong peaks at 556 and
651 cm−1 are caused byNi-O andCo-O stretching vibrations, which result in the development of the spinel
NiCo2O4 nanostructure.

The Raman spectrumof rGO is usually depicted by two definite characteristics such as theG andDmodes
which are shown to the E2g phonon of sp

2 carbon atom and breathingmode of the k point photons of A1g

symmetry, respectively. Figure 2, demonstrates the Raman spectra of rGO andNiCo2O4/rGOhybrid
nanocompositematerials. BothNiCo2O4/rGOhybrid nanocomposite and rGOmaterials exhibit two broad
peaks at about 1328 cm−1 (Dband) and 1547 cm−1 (Gband). In theRaman spectra ofNiCo2O4/rGOhybrid
nanocomposite peaks observed at around 454, 502 and 656 cm−1 could be ascribed Eg, F2g andA1g of the
phononmodes ofNiCo2O4which are related to the vibrations of Co-O andNi-O bonds. A similar phenomenon
was also shown in the literature [39, 40].

In order to examine the influence of surface structure on catalytic performance, the crystal structure of rGO,
pureNiCo2O4 andNiCo2O4/rGOhybrid nanocomposite was characterized byXRD technique, the results are
given in figure 3. GO reveals a diffraction peak at 10.4° corresponding to the (002) plane, after removing oxygen
functional groups, interlayer spacing decreased and the peak shifted to 22.1°. Furthermore, the XRDpatterns of
pureNiCo2O4 samples are presented infigure 3(a). PristineNiCo2O4 samples exhibit significant diffraction
peaks corresponding to cubic spinel NiCo2O4 (JCPDS no. 73–1702). Disorderedly stacked rGOnanosheets
exhibit less diffraction thanwell-crystallineNiCo2O4. The lower crystallite size ofNiCo2O4 inNiCo2O4-rGO
hybrid nanocomposite is due to the great dispersing action of rGO sheets, which prevents NiCo2O4 nanoparticle
aggregation. As presented infigure 3,NiCo2O4/rGOhybrid nanocomposite demonstrates clear diffraction
peaks at 18.76, 31.25, 36.25, 44.19, 59.35 and 65.23° corresponding to (111), (220), (311), (400), (422), (511) and
(440) plane reflections of the spinel crystalline structure ofNiCo2O4/rGOhybrid nanocomposite (JCPDSCard
No:20–0781) [41].

The BET specific surface area ofNiCo2O4 andNiCo2O4/rGOhybrid nanocomposite has been explored
employing the liquidN2 sorption isotherm. Figure 4, depicts BET adsorption and desorption isotherms of the
NiCo2O4/rGOhybrid nanocompositematerial, which represent ‘type IV’ isotherms, with the characteristics of
amesoporous sample. The BET surface areas forNiCo2O4/rGOhybrid nanocomposite and pureNiCo2O4

materials are 56.4m2 g−1 and 42m2 g−1. Themesoporous nature ofNiCo2O4/rGOhybrid nanocomposite was
proved by the BJHpore size distribution analysis and BET specific surface area. The average diameter of these
materials is found to be inmesoporous region, with the bi-modal forNiCo2O4/rGOhybrid nanocomposite and

Figure 2.Raman spectra of rGO andNiCo2O4/rGOhybrid samples.
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NiCo2O4.Nevertheless, the pore size distributionmaxima are located at 15.4 and 22.5 nm forNiCo2O4/rGO
hybrid nanocomposite, whereas those in pureNiCo2O4material are at 15.3 nm and 18.3 nm. Thesemesoporous
NiCo2O4/rGOhybrid nanocomposite have budding application in organic dyes from the environment and the
removal of toxicmetals.

Themicrostructure andmorphology of theNiCo2O4/rGOhybrid nanocomposite were explored by SEM
andTEM. Figure 5(a), shows the SEM image of theNiCo2O4/rGOhybrid nanocomposite. The SEM image
attained forNiCo2O4/rGOhybrid nanocomposite exhibits that it has a sheet-likemorphology. A closer look
reveals that tinyNiCo2O4 nanocrystals are uniformly packed over the surface of the rGOnanosheets. TEM
images of RGO sheets consist of few layers stacked each otherwith less wrinkles and folding, indicative of the
reduction process from graphene oxide and the formation of defects. The edgesmay appearmore electron-

Figure 3.XRDpatterns of (a)NiCo2O4 (b)NiCo2O4/rGOhybrid samples (c) rGO.

Figure 4.N2 sorption isotherms ofNiCo2O4 andNiCo2O4/rGOhybrid: inset demonstrate corresponding BJHpore size distribution
plots of NiCo2O4 andNiCo2O4/rGOhybrid sample.
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dense due to the presence of oxygen-containing functional groups, which are reduced during the synthesis
process.Moreover, TEM images of the as-prepared pureNiCr2O4 sample are shown infigure 5. The TEM
pictures ofNiCr2O4 nanostructures clearly show that theywere constructed fromnumerous nanoparticles of
uniform size. Infigures 5(b) and (c))TEM images ofNiCo2O4/rGOhybrid nanocomposite showed important
changes in the surfacemorphology and roughness, visually representing the presence ofNiCo2O4 nanoparticles.
The shape of the as-preparedNiCo2O4 sample is quasi-spherical with an average size of∼46 nm.A close
examination of the SEMmicrographs of theNiCo2O4/rGOhybrid nanocomposite demonstrates the random
distribution of quasi-spherical NiCo2O4 samples on the rGO surface. The results of EDS analysis were
demonstrated infigure 5(d), which obviously indicates the presence ofNi, Co andC in the resulting sample. To
prove thewhole sample which containsNi, Co,O, andC, no other elements were seen.

3.2. The effect of different parameters on removingCongo red dye
3.2.1. Effect of initial pH
The effect of initial pHonCR adsorption has been explored over the pH range of 3–9. As depicted infigure 6(a)
the effectiveness of removingCRbyNiCo2O4/rGOhybrid nanocomposite decreasedwhen the pH range
increased from3–9. This is due to the active sites of theNiCo2O4/rGOhybrid nanocomposite converting from a
positive to a negative chargewhen the pH range increased, resulting in the presence of electrostatic repulsion
between theNiCo2O4/rGOhybrid nanocomposite andCRdye asCRmolecule is an intrinsically anionic dye. It
was observed that the adsorption is enormous in an acidicmedium. This is owed to the increases in the number

Figure 5. (a) SEM image ofNiCo2O4/rGOhybrid sample (b and c)TEM images ofNiCo2O4/rGOhybrid sample at different
magnification (d)EDS analysis of NiCo2O4/rGOhybrid sample (e)TEM image of rGO (f)TEM image ofNiCo2O4.
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of positively charged sites with decreasing pH values, which favor the electrostatic attractions between
NiCo2O4/rGOhybrid nanocomposite andCRdye.

3.2.2. Effect of the adsorbent dose
The effect ofNiCo2O4/rGOhybrid nanocomposite concentration on the adsorption of Congo red by the
NiCo2O4/rGOhybrid sample is shown infigure 6(b), wherewe can study that increasing the concentration of
the adsorbent range from30, 60, 90, 120, 150, 180 and 210mg L−1 improved the dye adsorption effectiveness.
Thismay be attributed to the largerNiCo2O4/rGOhybrid nanocomposite surface area andmore available
adsorption active sites. The removal effectiveness of Congo red dye is not extensively affected by a further
increase in adsorbent amount over 150mg/l. This shows that a part of theNiCo2O4/rGOhybrid
nanocomposite surface remains uncovered, due to the aggregation of the adsorbent particles at the higher
adsorbent dose.

3.2.3. Effect of congo red initial concentration
As theCR concentration increases from200, 250, and 300mg L−1, the percentage of CR adsorbed by
NiCo2O4/rGOhybrid nanocomposite declines from95.7%, 65%, and 46%. The removal effectiveness of CR
dye decreasedwhen dye concentration increased due to fewer surface-active sites for constant adsorbent dosage.

3.2.4. Adsorption study
NiCo2O4 has a strong catalytic activity because of its distinct electrical structure and surface characteristics. The
synergy of nickel and cobalt ions in the oxide lattice improves catalytic activity. This degradation process
frequently results in the formation of reactive oxygen species on the catalyst’s surface, which can oxidize and
degrade dyemolecules. NiCo2O4 nanoparticles can also act as photocatalysts, degrading CongoRed dye in
response to solar or visible light exposure. This photocatalytic activity is related toNiCo2O4’s semiconductor
nature, which allows for light absorption and the formation of electron–hole pairs, thereby initiating redox
reactionswith dyemolecules. NiCo2O4 catalysts are normally quite stable and can be reused several times
without losing important catalytic activity. This is useful in practical applications since it eliminates the
requirement for regular catalyst replacement.

Further, the catalytic activity of the as-preparedNiCo2O4/rGOhybrid nanocomposite was employed to
examine its application in organic dye adsorption experiments. The catalytic activity of theNiCo2O4/rGO
hybrid nanocomposite has been studiedwith the catalytic reduction of Congo red byNaBH4 inwater treatment.
The reduction reaction can be simply examinedwithUV-vis spectroscopy. Thefigure 6(c) demonstrates that CR
solution revealed the typical band at 496 nmand demonstrates the absorbance’s changes calculated at different

Figure 6.Degradation of Congo red under different parameters (a) effect of pH(b) effect of adsorbent dosage (c)UV-visible
spectrophotometer spectrumofCongo red dye in the presence ofNiCo2O4/rGOhybrid samplewith the different time intervals 0,
5,10 and 20 min (d) degradation of Congo redmechanism.
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time intervals during theNaBH4 reduction of CR in the presence ofNiCo2O4/rGOhybrid nanocomposite at
room temperature. The catalytic adsorption studies have been conducted in the absence and presence of a
NiCo2O4/rGOhybrid nanocomposite. The reduction of Congo red byNaBH4 in aqueous solution happened
very slowlywithout any catalyst other than proceeds quickly withNiCo2O4/rGOhybrid nanocomposite. To
beginwith, addingNaBH4 alone to the organic dye did not decrease dispersion, howeverNiCo2O4/rGOhybrid
nanocomposite removal dyewithin 20 min. The catalytic activity of the preparedNiCo2O4/rGOhybrid
nanocomposite is related to the earlier reported nanoparticles for the removal of Congo red byNaBH4 [42–48].

In addition, the catalyticmechanism for removal of Congo red relies on the e−move from the BH4
− donor to

the acceptor Congo red by adsorption of the reactantmolecules on to the catalyst surface [49]. The
NiCo2O4/rGOhybrid nanocomposite can provide a good substrate for the e− transfer reaction fromBH4

−

donor toCongo red. It recommends the catalytic adsorption of CR dye, and the catalytically active
NiCo2O4/rGOhybrid composite was chosen as amodel to improve the dye adsorption rate, because of its
unique features, such as its reactive surface and large specific area [50]. The presence of hydroxyl groups over the
surface of theNiCo2O4/rGOhybrid composite interact with theCRdye through hydrogen bonding and
electrostatic interactions, helping the adsorption of theCRdye. The catalytic performance of the present
NiCo2O4/rGOhybrid nanocomposite is comparedwith that reported for other samples in table 1,
demonstrating that it has a better removal performance than other compositematerials for the removal of
Congo red. This phenomenon is clearly clarified infigure 6(d). After 20 min at room temperature and in the
presence ofNaBH4 andNiCo2O4/rGOhybrid nanocompositematerials, 95.7%of total CRhas been
successfully degraded from the solution (See figure 7). These aremuch better than the rGO andNaBH4materials
(removed only28%and 9%). After the completion of four cycles, there is a small decrease (∼90%) in the catalytic

Figure 7.Adsorption rate of Congo red (a)NaBH4 (b) rGO(c)NiCo2O4/rGOhybrid sample.

Table 1.Comparison of various catalysts in the reduction of Congo red.

S. N Adsorbent Time References

1 Fe°/polyaniline nanofibers 30 min [42]
2 ZnFe2O4/SiO2/TGnanocomposite 60 min [43]
3 Fe3O4-TSPED-Tryptophan 10 min [44]
4 ZnO/MWCNTs 50 min [45]
5 Bentonite/ chitosan@Co3O4 480 min [46]
6 MgO/GOcomposite 3 h [47]
7 ZnO-Al2O3microspheres 40 min [48]
8 rGO/NiCo2O4 hybrid

nanocomposite

20 min Present work
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adsorption percentage. The result revealed that theNiCo2O4/rGOhybrid nanocomposite has reasonable
stability in the adsorption reactionmedia.

3.2.5. Adsorption kinetics
The dye adsorption datawere examined using the pseudo first-order and pseudo-second-order, which are
discussed below, in order to understand theCR adsorption process onNiCo2O4/rGOhybrid nanocomposite,
particularly the potentially rate-controlling stage. Lagergren proposed the pseudo-first-order kineticmodel for
the adsorption of solid/liquid systems, and its formula is as follows [51–54]:

K
tln qe qt lnqe

2.303
31- = -( ) ( )

where qt (mg/g) and qe (mg/g) signify the quantity of dye adsorbed at any time t (min) and at the equilibrium
time, respectively, and k1 (1/min) is the rate constant of pseudo-first-order adsorption. k1 is determined by
plotting log (qe-qt) versus t. The estimated and experimental qe values, however, do not agree (table 2), and the
pseudo-first-order kineticmodel does not adequately represent theCR adsorption onNiCo2O4/rGOhybrid
nanocomposite. The pseudo-second-order kineticmodel’s linear form can bewritten as [55, 56]:

Table 2.Kineticmodel parameters for CR adsorption overNiCo2O4/rGOhybrid
nanocomposite.

Pseudofirst order Pseudo second order

K1min−1 qe (mgg−1) R2 K2 (g/mg.min) qe(mg/g) R2

0.037 4.82 0.9642 0.027 95.60 0.9983

Figure 8. (a)Pseudofirst order kinetics and (b) pseudo second order kinetics for CRdye adsorption over the nanocomposite (c)
Langmuir and (d) Freundlich isotherm for CR adsorption over the preparedNiCo2O4/rGOhybrid sample.
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where k2 (g/(mgmin)) is the rate constant of pseudo-second order adsorption calculated using linear plots of t/
qt against t (table 2). The experimental and predicted values for qe were close; additionally, by comparing the
correlation coefficients (R2) values obtained for pseudo-second order and pseudo-first-order kinetics, the
adsorption process can be determined to be a pseudo second-order reaction, as shown infigures 8(a) and (b).

3.2.6. Adsorption isotherms study
The initial concentrations of Congo red solutionswere varied to study adsorption isotherms. The adsorption
isothermdata of Congo red onto composites wasfittedwith two classic isothermmodels, namely, Langmuir
(equation (5)) and Freundlich (equation (6)), which are expressed by the equation:

C

q bq

C

q

1
5e

e m

e

m

= + ( )

WhereCe (mg.L−1) represents the equilibrium concentration of CRdye, qe (mg/g) represents the equilibrium
adsorption capacity, qm (mg/g) represents themaximumadsorption capacity, and b (L/mg) represents the
Langmuir constant. The Freundlich adsorption isothermmodel, on the other hand, posits a heterogeneous
surfacewith adsorption sites with unequal energies. Thismay be represented using equation (6) as follows:

q K
n

Cln ln
1

ln 6e F
F

e= + ( )

WhereKF (mg.g−1) denotes the Freundlich constant and (1/n) denotes the adsorption extent. Figures 8(c) and
(d), shows the linear plots of the Freundlich and Langmuir isotherms. According to table 3, the determination
coefficients (R2) for Langmuir were found to be 0.9982, while those for Freundlichwere found to be 0.9888,
demonstrating that bothmodels can adequately represent the adsorption of CRontoNiCo2O4/rGOhybrid
nanocomposite. Furthermore, the Freundlich n value is 1.460, indicating a significant affinity between theCR
and theNiCo2O4/rGOhybrid nanocomposite (n> 1). According to the Langmuir isotherm, themaximal CR
adsorption capacity ontoNiCo2O4/rGO is 106.28mg g−1. Furthermore, themaximal adsorption capacity of CR
ontoNiCo2O4/rGOhybrid nanocomposite was compared to that of previously described adsorbents [56]. This
ismost likely due to the fact thatNiCo2O4/rGOhybrid nanocomposite can interact withCR in a variety of ways,
including (i) electrostatic attraction betweenCR andNiCo2O4/rGOhybrid nanocomposite and (ii) conjugation
between the benzene rings ofNiCo2O4/rGOhybrid nanocomposite and aromatic CR. (iii) hydrogen bonding
betweenCR andNiCo2O4/rGOhybrid nanocomposite.

4. Conclusions

In summary, we studied a facile hydrothermalmethod for the synthesis ofNiCo2O4/rGOhybrid
nanocomposite. The preparedNiCo2O4/rGOhybrid nanocomposite has been proven by FTIR andRaman
scatteringmeasurements. TheNiCo2O4/rGOhybrid nanocomposite crystal structure and phase were
investigated employing XRD and the quasi-sphericalmorphology was resolved byTEManalysis. The BET
investigation recommended that the accumulation of rGO toNiCo2O4was the reason for the significant
increase in the catalytic performancewith a surface area value of 56.4m2 g−1.Moreover, theNiCo2O4/rGO
hybrid nanocomposite demonstrates strong catalytic activity towards Congo red dye adsorption. Enhanced
adsorption activity ofNiCo2O4/rGO compared toNaBH4was seen owing to the presence ofmore surface area
rGOnanosheets. The important advantages of thismethodology aremild reaction conditions, a short reaction
time and the elimination of hazardousmaterials. The Langmuir isothermmodel fit the adsorption equilibrium
datawell, but the pseudo-second-ordermodel fit the kinetic data well. Therefore, our results prove that the
NiCo2O4/rGO sample exhibits tremendous adsorption performance towards the removal of organic
contaminants and can be an appropriate candidate for different eco-friendly environmental applications.

Table 3.Adsorption isothermparameters for CR adsorption byNiCo2O4/rGO
hybrid nanocomposite.

Langmuir Freundlich

qm (mg/g) b (L/mg) R2 KF (mg/g) n R2

106.28 1.12 0.9982 6.7842 1.460 0.9888
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Therefore, we suppose that this nanocomposite has extensive applications in catalysis and has demonstrated its
suitability as a nanocomposite for the handling of pollutedwaterwith organic dyes.

Data availability statement

All data that support thefindings of this study are includedwithin the article (and any supplementary files).

Funding

This researchwas supported byOutstanding scientist at a local university through theNational Research
Foundation of Korea (NRF) funded by theMinistry of Education (2022R1I1A3066142). KSU author
acknowledges the funding fromResearchers Supporting Project number (RSP2024R355), King SaudUniversity,
Riyadh, Saudi Arabia.

Ethics declarations

Not applicable.

Ethical approval

Not applicable.

Competing interests

The authors declare no competing interests.

ORCID iDs

SubbaReddyA https://orcid.org/0000-0002-6291-5420
LebogangMaureenKatata-Seru https://orcid.org/0000-0002-7228-305X
Oyirwoth PAbedigamba https://orcid.org/0000-0002-9755-9112

References

[1] Chawla S, UppalH, YadavM, BahadurN and SinghN 2017Zinc peroxide nanomaterial as an adsorbent for removal of congo red dye
fromwaterEcotoxicol, Environ. Saf. 135 68–74

[2] Kant R 2012Textile dyeing industry an environmental hazardNat. Sci. 4 22–6
[3] Acemioglu B 2004Adsorption of congo red from aqueous solution onto calcium-rich fly ash J. Colloid Interface Sci. 274 371–9
[4] Rahimi R, KerdariH, RabbaniM and ShafieeM2011 Synthesis, characterization and adsorbing properties of hollow

Zn-Fe2O4nanospheres on the removal of Congo red from aqueous solutionDesalination 280 412–8
[5] Dutta S, Gupta B, Kumar Srivastava S andGupta AK 2021Recent advances on the removal of dyes fromwastewater using various

adsorbents: a critical reviewMater. Adv. 2 4497
[6] PrasadC, YuvarajaG andVenkateswarlu P 2017 Biogenic synthesis of Fe3O4magnetic nanoparticles using Pisumsativumpeels extract

and its effect onmagnetic andMethyl orange dye degradation studies J.Magn.Magn.Mater. 424 376–81
[7] PrasadC, Karlapudi S, Venkateswarlu P, Bahadur I andKumar S 2017Green arbitrated synthesis of Fe3O4magnetic nanoparticles with

nanorod structure frompomegranate leaves andCongo red dye degradation studies forwater treatment J.Mol. Liq. 240 322–8
[8] PrasadC, Karlapudi S, NarasimhaRaoC,Venkateswarlu P andBahadur I 2017Ahighly resourcefulmagnetically separablemagnetic

nanoparticles from aqueous peel extract of Bottle gourds for organic dyes degradation J.Mol. Liq. 243 611–5
[9] PrasadC, Gangadhara S andVenkateswarlu P 2016 Bio-inspired green synthesis of Fe3O4magnetic nanoparticles usingwatermelon

rinds and their catalytic activityAppl. Nanosci. 6 797–802
[10] YuvarajaG, PrasadC,Vijaya Y andVenkata SubbaiahM2018Application of ZnOnanorods as an adsorbentmaterial for the removal of

As (III) from aqueous solution: kinetics, isotherms and thermodynamic studies International Journal of Industrial Chemistry. 9 17–25
[11] PrasadC, KrishnaMurthy P,HariKrishna R, SreenivasaRao R, SuneethaV andVenkateswarlu P 2017 Bio-inspired green synthesis of

RGO/Fe3O4magnetic nanoparticles usingMurrayakoenigii leaves extract and its application for removal of Pb(II) from aqueous
solution J. Environmental Chem. Eng. 5 4374–80

[12] PrasadC, TangH and LiuW2018Magnetic Fe3O4 based layered double hydroxides (LDHs)nanocomposites (Fe3O4/LDHs): recent
review of progress in synthesis, properties and applications J. Nanostructure in Chemistry. 8 393–412

[13] PrasadC, Karlapudi S, SellolaG andVenkateswarlu P 2017 Bio inspired green synthesis ofNi/Fe3O4magnetic nanoparticles using
Moringaoleiferaleaves extract: amagnetically recoverable catalyst for organic dye degradation in aqueous solution J. Alloys and
Compouds. 700 252–8

12

Mater. Res. Express 11 (2024) 065003 VGovinda et al

https://orcid.org/0000-0002-6291-5420
https://orcid.org/0000-0002-6291-5420
https://orcid.org/0000-0002-6291-5420
https://orcid.org/0000-0002-6291-5420
https://orcid.org/0000-0002-7228-305X
https://orcid.org/0000-0002-7228-305X
https://orcid.org/0000-0002-7228-305X
https://orcid.org/0000-0002-7228-305X
https://orcid.org/0000-0002-9755-9112
https://orcid.org/0000-0002-9755-9112
https://orcid.org/0000-0002-9755-9112
https://orcid.org/0000-0002-9755-9112
https://doi.org/10.1016/j.ecoenv.2016.09.017
https://doi.org/10.1016/j.ecoenv.2016.09.017
https://doi.org/10.1016/j.ecoenv.2016.09.017
https://doi.org/10.1016/j.desal.2011.04.073
https://doi.org/10.1016/j.desal.2011.04.073
https://doi.org/10.1016/j.desal.2011.04.073
https://doi.org/10.1039/D1MA00354B
https://doi.org/10.1016/j.jmmm.2016.10.084
https://doi.org/10.1016/j.jmmm.2016.10.084
https://doi.org/10.1016/j.jmmm.2016.10.084
https://doi.org/10.1016/j.molliq.2017.05.100
https://doi.org/10.1016/j.molliq.2017.05.100
https://doi.org/10.1016/j.molliq.2017.05.100
https://doi.org/10.1016/j.molliq.2017.08.065
https://doi.org/10.1016/j.molliq.2017.08.065
https://doi.org/10.1016/j.molliq.2017.08.065
https://doi.org/10.1007/s13204-015-0485-8
https://doi.org/10.1007/s13204-015-0485-8
https://doi.org/10.1007/s13204-015-0485-8
https://doi.org/10.1007/s40090-018-0136-5
https://doi.org/10.1007/s40090-018-0136-5
https://doi.org/10.1007/s40090-018-0136-5
https://doi.org/10.1016/j.jece.2017.07.026
https://doi.org/10.1016/j.jece.2017.07.026
https://doi.org/10.1016/j.jece.2017.07.026
https://doi.org/10.1007/s40097-018-0289-y
https://doi.org/10.1007/s40097-018-0289-y
https://doi.org/10.1007/s40097-018-0289-y
https://doi.org/10.1016/j.jallcom.2016.12.363
https://doi.org/10.1016/j.jallcom.2016.12.363
https://doi.org/10.1016/j.jallcom.2016.12.363


[14] AfkhamiA, Saber-TehraniM andBagheri H 2010modifiedmaghemite nanoparticles as an efficient adsorbent for removing some
cationic dyes from aqueous solutionDesalination 263 240–8

[15] AradhyaM et al 2019Comparative electrochemical analysis of rGO-FeVO4 nanocomposite and FeVO4 for supercapacitor application
Appl. Surf. Sci. 488 221–7

[16] MajeedKhanMA,Wasi K,MaqusoodA andAbdulazizNA 2019 Investigation on the structure and physical properties of Fe3O4/RGO
nanocomposites and their photocatalytic applicationMater. Sci. Semicond. Process. 99 44–53

[17] BaoshanHandXiaohai Y 2019A ‘signal-on’ voltammetric aptasensor fabricated by hcPt@AuNFs/PEI-rGO and Fe3O4NRs/rGO for
the detection of zearalenone Sensors ActuatorsB 290 477–83

[18] LirongX, Ruiying L, FangW,XuG, Xianghui Z, LianjieQ and Jiaqin Y 2019 In-situ synthesis of porous organic polymer on rGO for
high-performance capacitive energy storage Journal of Energy Storage 25 100873

[19] MahdiH,NimaN, Benyamin Y, Alireza K and Parvaneh S 2018 Enhanced optical properties of ZnS–rGOnanocomposites for
ultraviolet detection applicationsCeram. Int. 44 17878–84

[20] YibingM,Yaya Z, Youyi S, ChenH, ZhiyuanX, Xiaolin L, Luyan S andYaqing L 2019Tunablemagnetic properties of
Fe3O4/rGO/PANI nanocomposites for enhancingmicrowave absorption performance J. Alloys Compd. 796 120–30

[21] Lin P, Shen J, PrasadC, TangH, LiuQ andZhangM2019 the synergetic effect of carbon nanotubes andMoS2 as co-catalysts for
enhancing the photocatalytic oxygen evolution of Ag3PO4,Ceram. Int. 45 21120–6

[22] PrasadC, TangH, LiuQ, Zulfiqar S, Shah S andBahadur I 2019An overview of semiconductors/layered double hydroxides
composites: Properties, synthesis, photocatalytic and photoelectrochemical applications J.Molecular Liquids. 289 111114

[23] PrasadC, TangH andBahadur I 2019Graphitic carbon nitride based ternary nanocomposites: From synthesis to their applications in
photocatalysis: a recent review J.Molecular Liquids. 281 634–54

[24] PrasadC, LiuQ, TangH, Yuvaraja G, Long J, RammohanA andZyryanovGV 2020An overview of graphene oxide supported
semiconductors based photocatalysts: properties, synthesis and photocatalytic applications J.Mol. Liq. 297 111826

[25] MohammadBA, Amirkhosro B,Majid S, SeyedMR andParisa S 2019 Fe3O4@MoS2/RGOas an effective nano-electrocatalyst toward
electrochemical hydrogen evolution reaction andmethanol oxidation in two settings for fuel cell application J. Colloid and Interface
Science. 537 186–96

[26] PrasadC,Madkhali N, Lee B-M,KangC S andChoiHY 2023Recent developments inGO/Cellulose based composites: properties,
synthesis, and its applications Polymer 270 125786

[27] Cheng Z, Xinpei G, Shaolong T,MingsenD andYouweiD 2017NiCo2O4@rGOhybrid nanostructures onNi foam as high-
performance supercapacitor electrodes J.Mater. Chem.A 5 5912–9

[28] Cheng Z, Chenglong L, ChaoC, Shaolong T,MingsenD, Yuliang L andYouweiD 2018 Interface polarizationmatters: Enhancing
supercapacitor performance of spinel NiCo2O4 nanowires by reduced graphene oxide coating Electrochim. Acta 260 814–22

[29] Salarizadeh P, AskariMB, SeifiMandRozati SM2019MoS2 coating on different carbonaceousmaterials: Comparison of
electrochemical properties and hydrogen evolution reaction performance J. Electroanalytical Chemistry. 847 113198

[30] Cheng Z, YeH, Shaolong T,MingsenD andYouweiD 2017High-energy all-solid-state symmetric supercapacitor based onNi3S2
mesoporous nanosheet-decorated three-dimensional reduced graphene oxideACS Energy Lett. 24 759–68

[31] Barqi J,Masoudpanah SM,HasheminiasariM and LiuX 2023Nanoribbon-like NiCo2O4/reduced graphene oxide nanocomposite for
high-performance hybrid supercapacitor J. Alloys andCompounds. 930 167509

[32] ManaluA, TariganK,Humaidi S, GintingM, SebayangK,HamidMand Sebayang P 2023 Study and characterizations of
NiCo2O4/rGO as candidate of supercapacitor electrodesmaterial perfomance In AIPConference Proceedings. 2480 020001

[33] WeiZ, Guo J,QuM,GuoZ andZhangH2020Honeycombed-like nanosheet array compositeNiCo2O4/rGO for efficientmethanol
electrooxidation and supercapacitors Electrochim. Acta 362 137145

[34] HummersWandOffemanR 1958 Preparation of graphene oxide J. Am.Chem. Soc. 80 1339
[35] KumarDas A, Layek RK,KimNH, JungD and Lee JH 2014Reduced graphene oxide (RGO)-supportedNiCo2O4 nanoparticles: an

electrocatalyst formethanol oxidationNanoscale. 6 10657
[36] KumarA, SadanandhanAMand Jain S L 2019 Silver doped reduced graphene oxide as a promising plasmonic photocatalyst for

oxidative coupling of benzylamines under visible light irradiationNew J. Chem. 43 9116
[37] PageA J, ChouC-P, PhamBQ,WitekHA, Irle S andMorokumaK2013Quantum chemical investigation of epoxide and ether groups

in graphene oxide and their vibrational spectraPhys. Chem. Chem. Phys. 15 3725–35
[38] Li L, Peng S, Cheah Y, TehP,Wang J,WeeG,KoY,WongC and SrinivasanM2013 Electrospun porousNiCo2O4 nanotubes as

advanced electrodes for electrochemical capacitorsChem. Eur. J. 19 5892–8
[39] Lazarevic ZZ, Jovalekic C,Milutinovic A, Sekulic D, Ivanovski VN, Recnik A, Cekic B andRomcevicNZ 2013Nanodimensional

spinel NiFe2O4 andZnFe2O4 ferrites prepared by softmechanochemical synthesis J. Appl. Phys. 113 187221
[40] JacinthoGV, Brolo AG,Corio P, Suarez PA andRubim JC 2009 Structural investigation ofMFe2O4 (M= Fe, Co)magnetic fluids

J. Phys. Chem.C 113 7684–91
[41] Al-Rubaye S, RajagopalanR,Dou SX andCheng Z 2017 Facile synthesis of reduced graphene oxide wrapped porousNiCo2O4

composite with superior performance as an electrodematerial for supercapacitors J.Mater. Chem.A 5 18989–97
[42] DasR, BhaumikM,Giri S andMaity A 2017 Sonocatalytic rapid degradation of Congo red dye from aqueous solution usingmagnetic

Fe°/polyaniline nanofibersUltrason. Sonochem. 37 600–13
[43] Etemadinia T, Barikbin B andAllahresani A 2019Removal of congo red dye from aqueous solutions using ZnFe2O4/SiO2/Tragacanth

gummagnetic nanocomposite as a novel adsorbent Surfaces and Interfaces. 14 117–26
[44] Sahoo J K, Paikra SK,MishraMand SahooH2019Amine functionalizedmagnetic iron oxide nanoparticles: Synthesis, antibacterial

activity and rapid removal of Congo red dye J.Mol. Liq. 282 428–40
[45] SeyedArabia SM, LalehlooaR S,OlyaibMR,Ali GA and SadeghH2019 , Removal of congo red azo dye from aqueous solution by ZnO

nanoparticles loaded onmultiwall carbon nanotubes Physica E 106 150–5
[46] AbukhadraMR, Adlii A andMohamedBakry B 2019Green fabrication of bentonite/chitosan@ cobalt oxide composite (BE/CH@Co)

of enhanced adsorption and advanced oxidation removal of Congo red dye andCr (VI) fromwater Inter. J. Biol.Macromol. 126 402–13
[47] Xu J, XuD, ZhuB, Cheng B and JiangC 2018Adsorptive removal of an anionic dye Congo red by flower-like hierarchicalmagnesium

oxide (MgO)-graphene oxide compositemicrospheresAppl. Surf. Sci. 435 1136–42
[48] Lei C, PiM,XuD, JiangC andCheng B 2017 Fabrication of hierarchical porous ZnO-Al2O3microspheres with enhanced adsorption

performanceAppl. Surf. Sci. 426 360–8
[49] Jacob B,MohanM,DhanyaprabhaKC andThomasH2022NiCo2O4 nanoparticles anchored on reduced graphene oxide with

enhanced catalytic activity towards the reduction of p-Nitrophenol inwaterColloids Surf., A 643 128717

13

Mater. Res. Express 11 (2024) 065003 VGovinda et al

https://doi.org/10.1016/j.desal.2010.06.065
https://doi.org/10.1016/j.desal.2010.06.065
https://doi.org/10.1016/j.desal.2010.06.065
https://doi.org/10.1016/j.ceramint.2019.07.088
https://doi.org/10.1016/j.ceramint.2019.07.088
https://doi.org/10.1016/j.ceramint.2019.07.088
https://doi.org/10.1016/j.molliq.2019.111114
https://doi.org/10.1016/j.molliq.2019.02.068
https://doi.org/10.1016/j.molliq.2019.02.068
https://doi.org/10.1016/j.molliq.2019.02.068
https://doi.org/10.1016/j.molliq.2019.111826
https://doi.org/10.1016/j.polymer.2023.125786
https://doi.org/10.1016/j.jelechem.2019.113198
https://doi.org/10.1016/j.jallcom.2022.167509
https://doi.org/10.1016/j.electacta.2020.137145
https://doi.org/10.1021/ja01539a017
https://doi.org/10.1039/C9NJ00852G
https://doi.org/10.1039/c3cp00094j
https://doi.org/10.1039/c3cp00094j
https://doi.org/10.1039/c3cp00094j
https://doi.org/10.1002/chem.201204153
https://doi.org/10.1002/chem.201204153
https://doi.org/10.1002/chem.201204153
https://doi.org/10.1021/jp9013477
https://doi.org/10.1021/jp9013477
https://doi.org/10.1021/jp9013477
https://doi.org/10.1039/C7TA03251J
https://doi.org/10.1039/C7TA03251J
https://doi.org/10.1039/C7TA03251J
https://doi.org/10.1016/j.ultsonch.2017.02.022
https://doi.org/10.1016/j.ultsonch.2017.02.022
https://doi.org/10.1016/j.ultsonch.2017.02.022
https://doi.org/10.1016/j.surfin.2018.10.010
https://doi.org/10.1016/j.surfin.2018.10.010
https://doi.org/10.1016/j.surfin.2018.10.010
https://doi.org/10.1016/j.molliq.2019.03.033
https://doi.org/10.1016/j.molliq.2019.03.033
https://doi.org/10.1016/j.molliq.2019.03.033
https://doi.org/10.1016/j.ijbiomac.2018.12.225
https://doi.org/10.1016/j.ijbiomac.2018.12.225
https://doi.org/10.1016/j.ijbiomac.2018.12.225
https://doi.org/10.1016/j.apsusc.2017.11.232
https://doi.org/10.1016/j.apsusc.2017.11.232
https://doi.org/10.1016/j.apsusc.2017.11.232
https://doi.org/10.1016/j.apsusc.2017.07.095
https://doi.org/10.1016/j.apsusc.2017.07.095
https://doi.org/10.1016/j.apsusc.2017.07.095
https://doi.org/10.1016/j.colsurfa.2022.128717


[50] SalehKatubi KM,Akbar S, Zulfiqar S, ShahidM, IrshadA, Alrowaili ZA, Al-BuriahiMS andCochran EW2024 Synthesis of rGO-
SupportedNiCo2O4/NiS nanocomposite for effective degradation of diclofenac and bromophenol blueCeram. Int. 50 22109–22

[51] KiriarachchiHD,Abouzeid KM, Bo L and SamyM2019 El-Shall, growthmechanismof sea urchin ZnOnanostructures in aqueous
solutions and their photocatalytic activity for the degradation of organic dyesACSOmega. 4 14013–20

[52] Al-RawashdehNAF, AllabadiO andAljarrahMT2020 Photocatalytic activity of graphene oxide/zinc oxide nanocomposites with
embeddedmetal nanoparticles for the degradation of organic dyesACSOmega. 5 28046–55

[53] Abu-DaloM, Jaradat A, Albiss BA andAl-RawashdehNAF 2019Green synthesis of TiO2NPs/Pristine pomegranate peel extract
nanocomposite and its antimicrobial activity forwater disinfection J. Environ. Chem. Eng. 7 103370

[54] Debnath S,Maity A and Pillay K 2014 Impact of process parameters on removal of Congo red by graphene oxide from aqueous solution
J. Environ. Chem. Eng. 2 260–72

[55] Kumar Sahoo S, Kumar Sahoo J, Kumar Panigrahi G, Kumar PattanayakD, Sundar Rout A and Lenka A 2020 Preparation of graphene
oxide frombio-sootwastes: as an efficient adsorbent for highly noxious congo red dye Flat Chem. 24 100198

[56] ZourouA,Ntziouni A, AdamopoulosN, RomanT, Zhang F, TerronesMandKordatos K 2022Graphene oxide-CuFe2O4 nanohybrid
material as an adsorbent of Congo red dyeCarbon Trends. 7 100

14

Mater. Res. Express 11 (2024) 065003 VGovinda et al

https://doi.org/10.1016/j.ceramint.2024.03.324
https://doi.org/10.1016/j.ceramint.2024.03.324
https://doi.org/10.1016/j.ceramint.2024.03.324
https://doi.org/10.1021/acsomega.9b01772
https://doi.org/10.1021/acsomega.9b01772
https://doi.org/10.1021/acsomega.9b01772
https://doi.org/10.1021/acsomega.0c03608
https://doi.org/10.1021/acsomega.0c03608
https://doi.org/10.1021/acsomega.0c03608
https://doi.org/10.1016/j.jece.2019.103370
https://doi.org/10.1016/j.jece.2013.12.018
https://doi.org/10.1016/j.jece.2013.12.018
https://doi.org/10.1016/j.jece.2013.12.018
https://doi.org/10.1016/j.flatc.2020.100198

	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Synthesis of GO
	2.3. Synthesis of NiCo2O4/rGO hybrid nanocomposite
	2.4. Catalytic reductions of congo red
	2.5. Characterization techniques

	3. Results and discussions
	3.1. Characterization of NiCo2O4/rGO hybrid nanocomposite
	3.2. The effect of different parameters on removing Congo red dye
	3.2.1. Effect of initial pH
	3.2.2. Effect of the adsorbent dose
	3.2.3. Effect of congo red initial concentration
	3.2.4. Adsorption study
	3.2.5. Adsorption kinetics
	3.2.6. Adsorption isotherms study


	4. Conclusions
	Data availability statement
	Funding
	Ethics declarations
	Ethical approval
	Competing interests
	References



