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a b s t r a c t
The novel attributes of graphitic carbon nitride (GCN), such as non-toxic nature, less cost, simple 
fabrication, earth abundance, and great chemical resistance have popularized them as multifac-
eted nanomaterials, as compared to the traditional semiconductors. In present work, GCN modi-
fied ZnFe2O4 (ZF) and CoFe2O4 (CF) were immobilized onto N-doped graphene (NG) via modified 
hydrothermal method. GCN/ZnFe2O4/NG and GCN/CoFe2O4/NG photocatalysts were characterized 
using advanced spectral techniques viz. High-resolution transmission electron microscopy, scan-
ning electron microscopy, X-ray diffraction, Fourier transform infrared, UV, and X-ray photoelec-
tron spectroscopy. The photocatalytic performance of the fabricated photocatalysts was examined 
for effective photodegradation of malachite green (MG) and methyl orange (MO) under visible 
light radiation. The photodegradation of MG within 70 min followed the trend: GCN/CoFe2O4/NG 
(98%) > GCN/ZnFe2O4/NG (93%) > CoFe2O4 (50%) > ZnFe2O4 (48%) > GCN (46%) > NG (28%). For MO, 
removal efficiency followed the order after 140 min: GCN/CoFe2O4/NG (99%) > GCN/ZnFe2O4/NG 
(96%) > CoFe2O4 (51%) > ZnFe2O4 (49%) > GCN (48%) > NG (28%). The degradation rate constants 
(k) for MG degradation using GCN/ZnFe2O4/NG and GCN/CoFe2O4/NG were 0.032 and 0.034 min–1, 
respectively, meanwhile, for MO elimination the obtained rate constants were respectively 0.029 and 
0.026 min–1. The adsorption experiments revealed that the MG maximum adsorption happened at 
pH 8–9, whereas MO maximum adsorption occurred at pH 4. The formation of intermediates during 
the photodegradation method was demonstrated by high-performance liquid chromatography and 
gas chromatography–mass spectrometry analysis. During the recycle experiments, GCN/ZnFe2O4/NG 
and GCN/CoFe2O4/NG displayed effectual photodegradation activity, respectively after 10 successive 
cycles. Due to significant recyclability, GCN/ZnFe2O4/NG and GCN/CoFe2O4/NG could be used as 
economical photocatalysts for the wastewater remediation.

Keywords:  ZnFe2O4 and CoFe2O4; Graphitic carbon nitride; Supported photocatalysis; Enhanced dye 
degradation; Quick magnetic recovery; Recyclability
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1. Introduction

The ever-growing demand to improve the quality of 
human lifestyle drastically encourages rapid urbanization 
and industrialization [1,2]. Mainly, associated with acceler-
ating progress of industrialization, the release of carcino-
genic, hazardous, and non-biodegradable dyes in water 
bodies are constantly deteriorating ecological equilibrium 
and causes many serious diseases [3–5]. Advanced oxida-
tion processes (AOPs) are attractive wastewater treatment 
options, originally described as homogeneous methods 
that produce highly reactive OH•, which has a stronger 
oxidation potential (=2.8 eV) in water and oxidize nox-
ious organic contaminants under climatic conditions [6–9]. 
However, AOPs suffer several roadblocks such as high cost, 
comparatively complicated operations, and harsh reactive 
conditions. AOPs relying on heterogeneous photocatalysis 
to accelerate pollutant degradation through the utilization 
of renewable solar energy with precise focus on current 
limitations has been considered as one of the paramount 
advantageous strategies [10–12]. Heterogeneous photoca-
talysis is considered as a green strategy for remediation of 
wastewater due to several advantages and leads to forma-
tion of innocuous products, in which reaction conditions are 
mild and less chemical input is needed [13–16]. The mecha-
nism of photocatalysis implicate two events where the first 
event comprises oxidation of absorbed H2O by photogene-
rated holes and second includes reduction of dissolved O2 
by photoexcited electrons, consequently leading to genera-
tion of OH• and •O2

–, respectively [17–19].
Titanium oxide (TiO2) is currently most applied work-

house heterogeneous photocatalyst owing to its characteris-
tics like non-toxicity, low cost, and photochemical stability 
[20], though the bandgap of TiO2 is too huge (~3.2 eV) and 
its photocatalytic action decreases due to recombination of 
produced charge carriers [21]. The spinel ferrites, MFe2O4 (M 
= Zn, Fe, Cu, Mn, Ni, Co) have recently drawn tremendous 
consideration in photocatalysis owing to their environmen-
tal consonance and stability as well as their facile fabrication 
[22,23]. A n-type and p-type semiconductors referred to as 
ZnFe2O4 (ZF) and CoFe2O4 (CF), which respectively comprise 
a comparatively narrow bandgap of ~1.8 and 1.2 eV, has been 
applied in various fields, particularly photocatalysis and 
electronics. ZnFe2O4 and CoFe2O4 have been conveyed to 
be well-founded photocatalysts due to their low fabrication 
cost, high Curie temperature, flexible valence states, high 
coercivity, average saturation magnetization, redox stabil-
ity, and high degradation potency [24–26]. Kalam et al. [26] 
fabricated CoFe2O4 magnetic nanoparticles via solvothermal 
technique for the elimination of methylene blue (MB). It was 
also reported that photodegradation of MB under visible 
light illumination with CoFe2O4 nanoparticles followed first- 
order kinetic reaction. Arimi et al. [27] conveyed preparation 
of ZnFe2O4 photocatalyst via different fabrication techniques 
viz polymer complex, reflux, hydrothermal, and solid-state 
reaction for methylene blue (MB) removal. The bleaching 
of MB was commenced via the transfer of electrons from 
photo- excited MB molecules being enclosed to the surface 
of ZnFe2O4 into the CB of semiconducting ferrite [28]. It is 
widely known that the photocatalytic activity of spinel oxides 
is restricted due to their deprived environmental stability, 
agglomeration effect, and low electrical conductivity during 

photocatalytic processes [29]. The combination of ZnFe2O4 
and CoFe2O4 with hydroxides, nitrides, metal oxides, organic 
complexes, and metal-free materials provides an economical 
and convenient approach for enhancing photodegradation 
efficiency of the photocatalytic system [30,31].

Graphitic carbon nitride (GCN), a p-conjugated and 
metal-free visible light-driven semiconductor photocata-
lyst has a great perspective for the photodegradation of 
carbon-based impurities present in water [1,32–35]. GCN 
with a bandgap of ~2.7 eV and VB located at +1.6 eV and CB 
positioned at –1.1 eV has received abundant consideration 
in recent years due to non-toxic nature, better optical per-
formance, facile fabrication techniques, high chemical and 
thermal stability, and low cost. Concerning to yellow color 
of GCN, its optical absorption lies nearby 460 nm, making 
it a remarkable material for utilization of renewable solar 
energy. The absorption range of GCN can expand via several 
strategies including combination with metal oxides, metal 
ferrites, doping, heterojunction formation, etc. [36–38]. 
For example, several heterojunctions based on GCN com-
prehending ZnO/GCN, BiOBr/GCN, WO3/GCN, TiO2/GCN, 
SnO2/GCN, and MFe2O4/GCN have been exploited to prolif-
erate the light absorption and separation of generated e––h+ 
pairs [39]. Moreover, narrow bandgap bequeaths wide light 
response ranges certify harvesting of visible light, that is the 
supposition to attain enhanced photocatalytic performance 
[40–42]. Accordingly, it is anticipated that the combination 
of CoFe2O4 or ZnFe2O4 with GCN and formation of type-II 
heterojunctions can show high photocatalytic activity due 
to: (i) attainment of a comprehensive visible light absorption 
range; (ii) having an appropriate band structure and capa-
bility to form heterojunctions; (iii) increasing the separation 
of produced e––h+ pairs and proliferating the photocatalytic 
efficiency [42,43–46]. Hassani et al. [48] fabricated CoFe2O4/
mesoporous GCN composite for the photodegradation of 
malachite green (MG), methylene blue (MB), acid orange 7, 
and rhodamine B (Rh B). The photocatalytic performance 
of CoFe2O4/mesoporous GCN was 1.2 times more than 
that of bare mesoporous GCN, which was the subsequent 
result of electron-hole pairs separation and increased life 
span of charge carriers [47]. Chen et al. synthesized GCN/
ZnFe2O4 photocatalysts via a hydrothermal procedure for 
the removal of spiramycin using visible light radiation.  
It was reported that the composite photocatalyst showed 
better photocatalytic performance and compound exhibited 
the characteristics of easy recycling and good stability [48].

In view of this, we demonstrated the photocatalytic deg-
radation of organic dyes MO and MG over GCN/ZnFe2O4/
NG and GCN/CoFe2O4/NG photocatalysts fabricated via 
modified hydrothermal method. The fabricated photocata-
lysts were magnetically separated from the reaction solution. 
The identification of degradation fragments and reactive 
species during the mineralization process was also under-
taken. Lastly, dye degradation mechanism was anticipated 
on the basis of the obtained experimental results.

2. Experimental

2.1. Chemicals

2,4,6-trichloro-1,3,5-triazine, acetonitrile, melamine, 
graphene oxide, Zn(NO3)2∙6H2O, Fe(NO3)3∙9H2O, sodium 
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hydroxide (NaOH), and urea were received from commercial 
suppliers without additional purification. All solutions were 
freshly prepared with distilled water.

2.2. Synthesis

For the preparation of pure GCN (Fig. 1a), 2 g of 2,4,6-tri-
chloro-1,3,5-triazine, and 1.5 g melamine were mixed in 
6 mL of acetonitrile at 60°C for 48 h. The obtained solution 
was cooled down to room temperature. Later, the solution 
was centrifuged for 15 min at 3,000 rpm, immersed in dis-
tilled water and later dried in a microwave oven at 60°C 
for 40 min. The formed yellow product was named as GCN 
and designated as GCN [47,49].

For the fabrication of nitrogen-doped graphene (NG), 
microwave-assisted hydrothermal method was used 
(Fig. 1b). In the synthesis, 2 g of graphene oxide and 1.2 g 
of urea were mixed in 10 mL of deionized water under 
ultra-sonication for 2 h at room temperature. Then the solu-
tion was centrifuged for 15 min at 3,000 rpm. The attained 
precipitates were washed with deionized water and oven-
dried at 60°C for 3 h. The obtained product was named 
as NG [46].

In the typical synthesis of GCN/ZnFe2O4/NG and GCN/
CoFe2O4/NG photocatalysts (Fig. 2) 0.2 g of GCN powder and 
0.15 g of NG powder were dispersed in 20 mL of distilled 
water. Then, the solution was subjected to ultra-sonication 
for 30 min at room temperature. In another beaker, 10 mmol 
of Fe(NO3)3∙9H2O and 5 mmol of Zn(NO3)2∙6H2O was added 
to 20 mL of absolute ethanol with continuous agitation for 
30 min and a uniform solution was formed. The two solu-
tions were mixed and 4 g of NaOH (1 M) was added dropwise 
until pH reached 10. The reaction mixture was then cooled 
down to ambient temperature and centrifuged for 20 min at 

3,000 rpm. The precipitates were filtered, washed with deion-
ized water, and oven-dried at 50°C for 4 h. The formed prod-
uct was labeled as GCN/ZnFe2O4/NG. Likewise, a similar 
method was used for fabrication of GCN/CoFe2O4/NG under 
same reaction conditions and 5 mmol of Co(NO3)2∙6H2O was 
added instead of Zn(NO3)2∙6H2O [24,50].

2.3. Evaluating the photocatalytic activity

The photocatalytic activity of the fabricated photo-
catalysts was estimated using double-walled pyrex vessel 
with water circulation under visible light [7,9]. The source of 
visible light used was 35 W LED lamp to irradiate the cata-
lytic suspension comprising MO/MG solution.

The decolorization of dyes was assessed using UV-vis 
spectrophotometer at maximum wavelength of 520 and 
620 nm for MO and MG, respectively. The photocatalytic 
efficiency of both photocatalysts was calculated using Eq. (1):

Degradation Efficiency %( ) = −
×

C C
C
0

0

100  (1)

where C and C0 are respectively concentration/COD of the 
initial and photodegraded dye in the aqueous phase.

The degradation intermediates during the mineralization 
were analyzed via an high-performance liquid chroma-
tography (HPLC) instrument (Water HPLC, Austria) well-  
appointed with photodiode array detector and a manual 
injector. The liquid chromatography–mass spectrometry 
inves tigations were accomplished on FP 5022/22-Tecnai G2 20 
S-TWIN FEI, (USA) having great resolution data system, dou-
ble aiming instrument with the electrospray ionization and 
the C18 column (150 mm × 2 mm) (injection volume 20 μL).

  
Fig. 1. Schematic illustration of (a) GCN and (b) NG synthesis using hydrothermal method.
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3. Results and discussion

3.1. Characterization of GCN/ZnFe2O4/NG and GCN/CoFe2O4/
NG heterojunctions

The internal structures of synthesized heterojunctions 
GCN/ZnFe2O4/NG and GCN/CoFe2O4/NG were studied 
by transmission electron microscopy (TEM) exhibited in 
Fig. 3. The TEM image of GCN/ZnFe2O4/NG displayed fine 
fringes of GCN, ZnFe2O4, and NG. The inter-planar dis-
tance of GCN, ZnFe2O4, and NG was 0.5, 0.30, and 0.4 nm, 
respectively recorded by high-resolution transmission elec-
tron microscopy (HRTEM). A two-dimensional wrinkled 
sheet-like structure observed in GCN, which was analogous 
to crumpled graphene, and the sheets were finely distrib-
uted on the substrate, varying from hundreds of nanome-
tres to numerous micrometers. The morphology of ZnFe2O4 
was granular and ZnFe2O4 nanoparticles were dispersed 
distinctly on GCN and NG sheets as nano-islands, which 
enhanced the dispersal property of layered materials and 
furthermore offered more photocatalytic sites [30]. The 
TEM and HRTEM image of GCN/CoFe2O4/NG showed fine 
fringes of GCN, CoFe2O4, and NG and the inter-planar dis-
tance of GCN, CoFe2O4, and NG was 0.5, 0.48, and 0.4 nm, 
respectively. The TEM image clearly concluded that CoFe2O4 
nanoparticles were assembled successfully on GCN and NG 
sheets, preserving their preliminary particle size and mor-
phology deprived of any agglomeration [31]. These results 
displayed that the formation of the heterojunctions was 
successful.

The surface morphologies of GCN/ZnFe2O4/NG and 
GCN/CoFe2O4/NG heterojunctions were studied by scan-
ning electron microscopy (SEM) as exhibited in Fig. 4. SEM 
images revealed that the heterojunctions consist of numer-
ous GCN flakes loaded with CoFe2O4 and ZnFe2O4 nanopar-
ticles. The porous morphology of deposited layers implies 
the existence of CoFe2O4 and ZnFe2O4 nanoparticles and well 
exfoliated GCN nanosheets. The GCN/CoFe2O4/NG nano-
composite exhibited mixed morphology where CoFe2O4 
nanoparticles were distinctly spotted to have loaded on 
GCN sheets [31,33]. The SEM images of GCN/ZnFe2O4/NG 
revealed that the heterojunction shows well-defined meso-
porous 3D network [24,30,46]. It is noted that some ZnFe2O4 
nanospheres are compressed within GCN sheets and pre-
vented aggregation of particles. The TEM (Fig. 3) and SEM 
(Fig. 4) images reveal that NG sheets display a distinctive 

wrinkled structure, resulted from thermodynamically firm 
bending.

The energy-dispersive X-ray spectroscopy (EDS) was 
used to analyze chemical and elemental compositions, and 
the samples were composed of C, N, O, Co, Fe, Zn as expected 
(Fig. 5) [6,43].

The structural description of fabricated samples was 
performed via X-ray diffraction method (XRD) as exhibited 
in Fig. 6. The XRD pattern of the NG sheet displayed dif-
fraction peak at 25.2° correspond to {0 0 2} which specifies 
that the nitrogen atoms have inserted into graphite crystal 
lattice and resulted in an increase in distance between gra-
phitic films [44]. Two distinct diffraction peaks indicated 
ZnFe2O4 crystal planes at 34.80° and 61.75° correspond 
to {3 1 1} and {4 4 0} planes, respectively. All the peaks of 
ZnFe2O4 assigned to the spinel like structure of ZnFe2O4 
[42]. XRD pattern of the CoFe2O4 nanoparticle displayed 
intense diffraction peak at 35.94° correspond to {3 1 1} and 
other peaks at 18.44°, 23.03°, 63.44° correspond to {1 1 1}, {2 
2 0}, {4 4 0}, respectively (JCPDS no. 22-1086) [6,33]. XRD 
diffraction pattern of the GCN nanoparticles revealed an 
intense peak at 28.19° correspond to {0 0 2}, which rep-
resents inter-planar structural packing and the other peak 
at 2∆ = 16.0° corresponds to {1 0 0} lattice planes (JCPDS no. 
87-1526) parallel to c-axis and stacking of conjugated aro-
matic graphite alike carbon nitride [18,50]. XRD diffraction 
pattern of GCN/ZnFe2O4/NG nanoparticle revealed intense 
diffraction peak at 35.5° corresponds to {3 1 1} and another 
peak at 62.40° corresponds to {4 4 0} and specified success-
ful synthesis of heterojunction photocatalyst. XRD diffrac-
tion pattern of GCN/CoFe2O4/NG heterojunction revealed 
a strong diffraction peak at 29.5° corresponds to {0 0 2} 
and other peaks at 35.40° and 60.30° corresponds to {3 1 1} 
and {4 4 0}, respectively.

To determine near-surface elemental compositions, 
chemical compositions, and some definite alteration in 
valence states of GCN/ZnFe2O4/NG and GCN/CoFe2O4/NG 
heterojunctions, X-ray photoelectron spectroscopy (XPS) 
characterizations were done and the results were displayed 
in Fig. 7. It could be observed that there are C, O, N, Co2+, 
Fe3+, Zn2+ on both surface of GCN/ZnFe2O4/NG and GCN/
CoFe2O4/NG. The peaks at 282, 397, and 527.52 eV were 
ascribed to the binding energies of O (1s), N (1s), and C (1s), 
respectively. The N 1s spectrum showed a peak attributed 
to graphitic nitrogen of NG [46]. The C 1s spectrum revealed 

 Fig. 2. Schematic illustration of GCN/ZnFe2O4/NG synthesis. (Similar method was used for the fabrication of GCN/CoFe2O4/
NG, 5 mmol of Co(NO3)2∙6H2O was added instead of Zn(NO3)2∙6H2O).



385N. Chandel et al. / Desalination and Water Treatment 191 (2020) 381–399

various weak peaks corresponded to C–C sp2, C–C sp3 car-
bon, and sp2 C(N–C=N), which could be attributed to defect 
comprising sp2 hybridized C-atoms existing in graphitic 
domains in the CN matrix [5]. Peaks at the binding energies 
of 1,019 and 1,042 eV showed an oxidation state of ZnFe2O4 
in 2p3 are attributed to the binding energies of Zn 2p3/2 and 
Zn 2p1/2 signals in the Zn2+ chemical state [42]. The spec-
tra of Co 2p3 showed two main different peaks at 793 and 
770 eV attributed to Co 2p3/2 and Co 2p1/2, respectively. The 
Fe spectra showed doublet at 722 and 708 eV, respectively 
allocated to Fe 2p1/2 and Fe 2p3/2, as satellite peaks [39,43].

The chemical functionality of NG, ZnFe2O4, CoFe2O4, 
GCN/ZnFe2O4/NG, and GCN/CoFe2O4/NG was further 
studied by FTIR analysis (Fig. S1). The FTIR spectra of GCN/
ZnFe2O4/NG and GCN/CoFe2O4/NG exhibited peak around 
570 cm–1 attributed Zn–O and Co–O vibration, respectively. 
The peak around 1,480 cm–1 ascribed to –OH bending and 
broad peak at 3,400 cm–1 attributed to absorbed water mol-
ecules. Also, peak around 1,340 cm–1 assigned to either C–N 

or C=N stretching vibrations [23,42,51]. All these peaks 
assured the presence of GCN, NG, ZnFe2O4, and CoFe2O4 
in the nanocomposite and revealed successful synthesis of 
both heterojunctions. The FTIR spectra of GCN presented 
responses of N and C heterocycles, peak at 706 cm–1 accred-
ited to triazine, and the peak in the range of 1,240–1,639 cm–1 
was assigned to either C–N or C=N typical stretching vibra-
tions [42]. FTIR spectra of NG nanoparticles revealed peak 
1,420 cm–1 ascribed to C=C stretching. The bands positioned 
at 1,170 and 1,560 cm–1 ascribed to nC–N and nC=C, respec-
tively, also specified successful doping of nitrogen into 
graphene [44].

3.2. Analysis of optical properties

The optical absorption property of GCN, ZnFe2O4, and 
CoFe2O4 nanoparticles was analyzed by UV-Vis spectros-
copy. ZnFe2O4, CoFe2O4, and GCN showed strong absorption 
in extended UV-visible in the range 200–800 nm at 350, 450, 

Fig. 3. TEM and HRTEM images of (a and b) pure NG, (c and d) GCN/CoFe2O4/NG, and (e and f) GCN/ZnFe2O4/NG photocatalysts.
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and 365 nm, respectively (Fig. S2). The bandgaps of as-pre-
pared nanoparticles were estimated by Tauc’s equation 
α α= −( )0 hv hvEg

n
/  where α is the absorption coefficient, 

α0 and h are the constants and Eg is optical bandgap of the 
material. Eg has been illustrated by deducing linear portion 
of plot of (αhv)2 against hv. The estimated bandgaps of GCN, 
GCN/CoFe2O4/NG, GCN/ZnFe2O4/NG, GCN are 2.6, 2.7, 2.4, 
respectively as shown in Fig. 8 [30,31,47].

3.3. Analysis of photoluminescence emission and 
Brunauer–Emmett–Teller

Photoluminescence (PL) emission were recorded to com-
prehend trapping, transfer and migration of electron-hole 
pairs. The intensity of the PL emission spectrum depends 
on recombination of electrons and the holes, also lower PL 
emission intensity, lower the recombination property of 

samples [42,52]. Fig. 9(1) displayed PL spectra of the pure 
GCN, GCN/CoFe2O4/NG, and GCN/ZnFe2O4/NG under-
neath 320 nm of excitation wavelength at room temperature. 
It can be spotted that GCN reveal strong PL at wavelength 
of around 458 nm, which is corresponding to band gap of 
2.7 eV. The strong PL peak of GCN attributed to band-band 
PL phenomenon with the energy of the light almost equal 
to bandgap energy of the GCN and this signal ascribed to 
n→p* electronic transition comprising lone pairs of N-atoms 
in GCN [53]. In contrast with PL of GCN, the PL emission 
intensities for GCN/CoFe2O4/NG and GCN/ZnFe2O4/NG was 
much lower, specifying that nanocomposites have minor elec-
tron-hole pairs recombination. This mainly accredited to the 
statement that photo-excited electrons could transfer among 
GCN–CoFe2O4 and GCN–ZnFe2O4, so, preventing the direct 
electron-hole pairs recombination and enhanced the conse-
quent photocatalytic performance of the heterojunctions.

Fig. 4. SEM images of (a and b) pure NG, (c and d) GCN/CoFe2O4/NG, and (e and f) GCN/ZnFe2O4/NG photocatalysts.
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Fig. 5. XRD patterns of NG, ZnFe2O4, CoFe2O4, GCN, GCN/CoFe2O4/NG, and GCN/ZnFe2O4/NG composites.

 
Fig. 6. EDS spectra of (a) GCN/ZnFe2O4/NG and (b) GCN/CoFe2O4/NG heterojunctions.
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The Brunauer–Emmett–Teller (BET) displayed in Fig. 9  
(2 and 3) explained nitrogen adsorption–desorption iso-
therms at 77 K and aids as a significant analysis method 
for the evaluation of specific surface area of the materials 
[54,55]. The BET detailed surface area of GCN/CoFe2O4/NG 
and GCN/ZnFe2O4/NG was estimated as 230 and 155 m2 g–1, 
respectively. The addition of CoFe2O4 and ZnFe2O4 to GCN/
NG increased the surface area of the composites and was 
useful for the adsorption combined photocatalytic activity 
of the heterojunctions.

3.4. Magnetic separation of GCN/ZnFe2O4/NG and 
GCN/CoFe2O4/NG

The rapid separation and the recyclability of photocat-
alysts are essential for the efficient heterogeneous photo-
catalysis [31,47,56]. The magnetization hysteresis loop (M–H 
curve) were recorded at room temperature and exhibited 
in Fig. 10. GCN/ZnFe2O4/NG exhibited superparamagnetic 
behavior and separated from reaction solution in 20 s by 
employing an external permanent magnet. The saturation 

Fig. 7. XPS spectra of GCN/CoFe2O4/NG and GCN/ZnFe2O4/NG heterojunctions. Spectra of (a) C 1s, (b) N 1s, (c) O 1s, (d) Co 2p3, 
(e) Zn 2p3, and (f) Fe 2p3.
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magnetization (Ms) for GCN/ZnFe2O4/NG was obtained 
to be 56 emu g–1 and coercivity (Hc) was zero, whereas Ms 
for GCN/CoFe2O4/NG was found to be 34 emu g−1 and 
Hc of approximately 12,580 Oe. GCN/CoFe2O4/NG was 
separated from reaction mixture in 2 min by placing a 
permanent magnet.

3.5. Photocatalytic activity of the as-prepared photocatalysts

The photocatalytic activity and adsorption ability of 
MG and MO over fabricated photocatalysts were esti-
mated. Fig. 11 reveals the elimination results of MG and MO 
under visible light radiation [7,19,56]. Both GCN/ZnFe2O4/
NG and GCN/CoFe2O4/NG photocatalysts exhibit substan-
tial photocatalytic activity for the removal of MG and MO 
dye. The photodegradation of MG after 70 min obeyed 
the trend: GCN/CoFe2O4/NG (98%) > GCN/ZnFe2O4/NG 
(93%) > CoFe2O4 (50%) > ZnFe2O4 (48%) > GCN (46%) > NG 
(28%). For MO, elimination efficiency followed the order after 
140 min of photocatalytic degradation: GCN/CoFe2O4/NG 
(99%) > GCN/ZnFe2O4/NG (96%) > CoFe2O4 (51%) > ZnFe2O4 
(49%) > GCN (48%) > NG (28%). Both GCN/CoFe2O4/NG and 
GCN/ZnFe2O4/NG were the utmost competent photocata-
lysts for the degradation of MO and MG, while photolysis in 

the absence of photocatalysts verified that the selected dyes 
are stable under visible light.

3.6. Effect of adsorption under solar light-driven degradation of 
MO and MG

The adsorption experiments displayed the outcome of 
adsorption on the removal of MO and MG. GCN/ZnFe2O4/
NG, GCN/CoFe2O4/NG, and NG showed important adsorp-
tion capability for MG and MO elimination, whereas 
ZnFe2O4, CoFe2O4, and GCN showed photodegradation effi-
ciency less than 13%. Consequently, the pairing of NG with 
GCN/ZnFe2O4 and GCN/CoFe2O4 resulted in the enhanced 
adsorption capacity of both the photocatalyst. The pseudo- 
first-order (Eq. (2)) and second-order (Eq. (3) and (4)) 
rate expressions are explained as:

q q q
k t

e t e−( ) = −log
.
1

2 303
 (2)

where qt and qe are respectively the amounts of dye adsorbed 
per gram of the adsorbent at time t and equilibrium time and 
k1 is the pseudo-first-order rate constant (min–1). The value 
of k1 and qe can be estimated by plotting log(qe – qt) vs. t [7,9].

q
d

k q qt

t
e e= −( )2

2  (3)

t
q k q

t
qt e t

= +
1

1
2  (4)

where qt (mg/g) is the dye amount adsorbed at contact 
time “t,” qt (mg/g) is amount of dye adsorbed per gram of 
adsorbent at the equilibrium and k2 (g/mg min) is second-or-
der reaction rate constant [7,31,42]. Table S1 shows kinetic 
details for MO and MG adsorption on various adsorbents. 
The MG and MO adsorption onto GCN/ZnFe2O4/NG and 
GCN/CoFe2O4/NG surfaces followed the pseudo-second- 
order kinetic. GCN/CoFe2O4/NG, GCN/ZnFe2O4/NG, and 
NG, respectively, showed adsorption capability of 65.13, 
66.00, and 60.00 mg/g for MG. Also, respectively 63.30, 64.29, 
and 60.00 mg/g of MO were adsorbed on GCN/CoFe2O4/
NG, GCN/ZnFe2O4/NG, and NG. The adsorption procedure 
basically includes chemical adsorption comprising valence 
forces via exchanging or sharing of electrons amongst 
absorbent and dye molecule.

The pH of solution has a vital influence to photocatal-
ysis because wastewater is possible to be either acidic or 
basic [3,57,58]. Also, the reaction solution pH shows a vital 
role during the adsorption process and the photocatalysis 
of dyes on the catalyst surface. The pH was altered from 4 
to 9 and the maximum MG adsorption occurred at pH 8–9, 
whereas maximum MO adsorption was at pH 4 (Table S2). 
Additionally, zeta potential study was exploited to spot the 
pH of zero-point charge (pHzpc). The pHzpc of GCN/CoFe2O4/
NG, GCN/ZnFe2O4/NG, and NG was spotted to be 6.7, 6.9, 
and 7.2, respectively (Fig. S3). Above pHzpc, the surface of 
adsorbent is charged negatively and accelerates the adsorp-
tion of the cationic dye MG; while below pHzpc, the surface of 

 
Fig. 8. Resultant Tauc plots of (ahn)2 vs. hn for bandgap 
determination of (a) GCN, (b) GCN/ZnFe2O4/NG, and (c) GCN/
CoFe2O4/NG.
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Fig. 9. (1) PL spectra of (a) GCN, (b) GCN/CoFe2O4/NG, and (c) GCN/ZnFe2O4/NG. BET isotherm for (2) GCN/ZnFe2O4/NG and 
(3) GCN/CoFe2O4/NG heterojunctions.

 
Fig. 10. Hysteresis curves of the (a) GCN/ZnFe2O4/NG and (b) GCN/CoFe2O4/NG heterojunctions and quick magnetic separation.
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adsorbent is charged positively and enables the adsorption 
of anionic dye MO.

Furthermore, to study the function of adsorption 
during the photodegradation of MO and MG using GCN/
CoFe2O4/NG and GCN/ZnFe2O4/NG, the process was con-
ducted under various reaction situations: (i) adsorption in 
the dark (DA); (ii) adsorption at equilibrium followed via 
photocatalysis (A–P); (iii) concurrent adsorption and pho-
tocatalysis (A+P) [57,59]. The A+P processes are more effec-
tive for photodegradation of the dyes. Through A–P route, 
extreme sorption of the dyes molecules on the surface of 
photocatalysts worked as a barrier for the visible light and 
deduced the inclusive photocatalytic activity. However, 
in the A+P processes, the adsorbed dyes molecules were 

instantaneously photodegraded through catalysts beneath 
the illumination of halogen lamp. GCN/ZnFe2O4/NG/A+P 
and GCN/CoFe2O4/NG/A+P were effective for the pho-
todegradation of MO and MG. Langmuir–Hinshelwood 
equation was used to explain kinetics of MG and MO elim-
ination (Eq. (5)):

− =
dC
dt

kt  (5)

where k is the reaction rate coefficient and C is the concen-
tration of dyes at time t. Integrating the above Eq. (4) 
(limits 0, C0) gives (Eq. (6)):

Fig. 11. Photocatalytic degradation of MO and MG over GCN/ZnFe2O4/NG and GCN/CoFe2O4/NG heterojunctions. Reaction 
conditions: [MO] = 1.5 × 10–5 mol dm–3; [MG] = 1 × 10–5 mol dm–3; [catalyst] = 50 mg/100 mL; pH = 4.0 (MO); 6 (MG); reaction 
time = 70 min (MG), and 140 min (MO).
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− =ln C
C

kt
0

 (6)

The linear plot of –ln(C/C0) vs. t designates pseudo-
first- order photodegradation process of MG and MO 
[57,59]. The rate constants of 0.032 and 0.034 min–1 were 
attained for the MG mineralization utilizing GCN/ZnFe2O4/
NG (R2 = 0.98) and GCN/CoFe2O4/NG (R2 = 0.99) pho-
tocatalysts, respectively; whilst for MO photodegarda-
tion, GCN/ZnFe2O4/NG (R2 = 0.98) and GCN/CoFe2O4/NG 
(R2 = 0.97) had, respectively, rate constants equal to 0.029 
and 0.026 min–1 (Table S3). The photocatalytic degradation 
of dyes includes both decolorization and the breakage of 
organic molecules into simpler inorganic molecules. In 
order to approve the breakage of aromatic compounds 
into simpler molecules, the COD removal test was done. 
During MG degradation process using GCN/CoFe2O4/
NG and GCN/ZnFe2O4/NG, 100% of COD was eliminated 
within 200 min, whilst for MO degradation GCN/CoFe2O4/
NG and GCN/ZnFe2O4/NG showed 100% of particular COD 
removal after 120 min (Figs. 10a and b).

3.7. Identifying degradation fragments and intermediated 
during MO and MG mineralization processes

In command to check the overall photodegradation 
of MG and MO, both dyes were subjected to photocatal-
ysis (A+P) with respect to time. The severe decline in the 
absorption bonds was spotted for both MG (670 nm) and 
MO (475 nm) with respect to time. The decrease in the 
absorption peaks specified decolorization on particular dyes 
(Figs. 12c and d).

Furthermore, in the HPLC study, peaks observed at 
retention times of 8 and 7 min, respectively, for MO and MG 
dyes. During the early degradation time, a group of peaks 
shown amid retention time 2–4 min and ultimately extinct 
after 120 min (Figs. 12e and f). This implied generation of an 
intermediate in the degradation procedure.

The GC–MS evaluation was also executed for MO and 
MG photodegardation below visible light radiation (Fig. S4). 
In the MG degradation process, various fragments were 
detected at m/z ratios of 332 (A), 211 (B), 227 (C), 122 (D), 
and 138 (E). During the former step of degradation pro-
cess, chlorine (Cl–) was removed from the MG dye to gen-
erate fragment with m/z, 316. The attack of hydroxyl radi-
cal (•OH) proceeded the demethylation with the generation 
of fragment A (m/z, 332). The demethylation and the attack 
of •OH on the central C-atom resulted in emergence of two 
fragments with m/z ratios of 302 and 332. Further, frag-
ment B, C and D were produced by demethylation, oxida-
tion, and nitration processes and finally, the fragments were 
mineralised into H2O and CO2. The acquired degradation 
fragments were analogous with the earlier reported work by 
various researchers. The GC–MS study of degraded MO dye 
showed F, G, H, and I fragment with respective m/z ratios 
of 320, 306, 322, and 308, where fragment F was generated 
via MO demethylation. During the process of photocataly-
sis, the •OH attack caused the formation of fragments G, H, 
and I and these fragments were consequently mineralised 
into H2O and CO2.

3.8. Detection of main reactive species during 
photodegradation of dyes

As demonstrated from previous conveyed work, pho-
todegradation of dyes was generally because of the exis-
tence of oxidative species such as holes (h+

VB), electrons (e–
CB), 

hydroxyl radicals (•OH) and superoxide radicals (•O2
–) [7,9]. 

In current work, isopropyl alcohol (IPA), chromium(VI) ion, 
benzoquinone (BZQ), and ammonium oxalate (AO) were 
exploited as trapping agent for (h+

VB), (e–
CB), •OH and •O2

– 
scavenger, respectively. During the scavenging experiment 
(Fig. 13) for GCN/ZnFe2O4/NG and GCN/CoFe2O4/NG, the 
removal efficiency for MO after 130 min and MG after 60 min 
was decreased to 14% and 15%, respectively adding BZQ 
and IPA to the reaction mixture. In case of GCN/CoFe2O4/
NG, MO and MG removal efficiency was 17% and 18% with 
addition of BZQ and IPA scavengers, respectively. Also, 
Cr(VI) and AO showed no consequence on the photodeg-
radation of MG and MO under the halogen lamp radiation. 
The scavenging experiments during photocatalysis approved 
the existence of •OH and •O2

– as chief oxygen species in MG 
and MO photodegradation.

3.9. Reusability of the heterojunctions in the photodegradation of 
MO and MG

The consecutive usage of the photocatalysts and also 
perpetuation of its photocatalytic performance display sig-
nificant role for the prolonged use of photocatalyst in wide 
scale purpose [31,56]. During the recycle experimentations 
(Fig. 14), both photocatalysts were showed substantial 
recycle efficiency in consecutive 10 photocatalytic cycles. 
In every individual run, the nanocomposites were recov-
ered magnetically using magnet, then washed with distilled 
water, dried, and again used for the another trial. After 10 
continuous cycles, GCN/ZnFe2O4/NG displayed 98% deg-
radation efficiency for MG and MO removal, whilst GCN/
CoFe2O4/NG showed removal efficiency of 96% and 98% 
for the MG and MO elimination, respectively. The results 
noticeably revealed that composites were magnetically sep-
arable and having a great durability in the mineralization 
of the dyes.

4. Photocatalytic mechanism

4.1. Type-II mechanism for GCN/ZnFe2O4/NG 
heterojunction photocatalyst

As we are aware of the fact that efficient separation 
of electrons-holes at junction interfaces can remarkably 
enhance photocatalytic functioning of heterojunction pho-
tocatalyst [19,48,60,61]. Fig. 15a demonstrates the electron 
transfer mechanism in photocatalytic deterioration of mal-
achite green and methyl orange over GCN/ZnFe2O4/NG 
heterojunction. Underneath visible light radiation, both 
ZnFe2O4 and GCN are excited, the generated electrons and 
holes are in their CB and VB, respectively. For ZnFe2O4, the 
CB and VB were persistent at –1.2 and +0.2 eV, while CB 
and VB of GCN were at –1.26 and +1.44 eV, respectively. 
The CB potential of GCN is more negative than reduc-
tion potential of E° (O2/•O2

– = 0.33 eV) and the VB poten-
tial of ZnFe2O4 more positive than oxidation potential of 
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(•OH/H2O = 2.27 eV) [62,63]. Consequently, the generated 
electrons in ZnFe2O4 could transfer to surface of GCN 
because CB of ZnFe2O4 is lesser than that of GCN and at 
the very same time, the photogenerated holes in the VB of 
GCN could relocate to ZnFe2O4 surface. This route could 
admirably decrease the recombination of charge carriers 
and boost separation of generated e––h+ pairs. Here, NG 
acted as electron sinker, that is, electron transporter and 
collector, responsible for better photocatalytic activity of 
the heterojunction. Also, the greater surface area of NG 
provided more active spots for absorption of visible light 
energy. The migrated electrons could react with heterojunc-
tion surface to produce excellent reactive oxygen species 
•O2

– which further combines with H+ from H2O to yield H2O2 
under visible light radiation. Then to generate active •OH, 

the holes could also react with the surface adsorbed H2O 
or oxidize the adsorbed MO and MG molecules [60,64].

4.2. Type-II mechanism for GCN/CoFe2O4/NG 
heterojunction photocatalyst

The combination of GCN and CoFe2O4 could improve 
visible light captivation and stimulate e––h+ pairs separation. 
The schematic representation of MG and MO degradation 
mechanism under visible light radiation, shown in Fig. 15b. 
The CB and VB of CoFe2O4 were existed at +0.14 and +1.9 eV, 
while CB and VB of GCN were at –1.26 and +1.44 eV, respec-
tively [65,66]. As CB of CoFe2O4 is greater than that of redox 
potential of O2/•O2

– = –0.33 eV, so O2 on the heterojunction 
surface won’t be reduced, subsequently the excited electrons 

 Fig. 12. COD removal during (a) MO and (b) MG mineralization. UV-visible spectra of (c) MG and (d) MO during degradation 
process. HPLC profile of (e) MG and (f) MO during mineralization process. Reaction conditions: [MO] = 1.5 × 10–5 mol dm–3; 
[MG] = 1 × 10–5 mol dm–3; [catalyst] = 50 mg/100 mL; pH = 4.0(MO); 6 (MG).
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 Fig. 13. Effect of various scavengers on the photodegradation of MG and MO degradation in the presence of (a and b) GCN/
ZnFe2O4/NG and (c and d) GCN/CoFe2O4/NG composites. Reaction conditions: [MO] = 1.5 × 10–5 mol dm–3; [MG] = 1 × 10–5 mol dm–3; 
[catalyst] = 50 mg/100 mL; pH = 4.0 (MO); 6 (MG); reaction time = 60 min (MG) and 130 min (MO), [IPA] = 1.0 × 10–5 mol dm–3, 
[BZQ] = 2.0 × 10–5 mol dm–3, [Cr(VI)] = 1.0 × 10–5 mol dm–3; [AO] = 1.5 × 10–5 mol dm–3.

 

Fig. 14. (a) Recyclability of GCN/ZnFe2O4/NG and (b) GCN/
CoFe2O4/NG photocatalysts in ten successive experiments for 
photodegradation of MO and MG under visible light irradiation.

 

Fig. 15. Schematic mechanism of (a) GCN/CoFe2O4/NG and 
(b) GCN/ZnFe2O4/NG photocatalysts showing transfer of 
electrons and holes under visible light irradiation where NG 
sheet acts as electron sink.
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at CB of GCN will migrate to CB of CoFe2O4 [56,62,64]. Also, 
as VB of CoFe2O4 is higher than that of VB of GCN, generated 
holes at VB of CoFe2O4 will relocate to VB of GCN. Though 
these holes in VB of GCN cannot oxidize OH– into OH∙, 
they can oxidize the dyes adsorbed on photocatalyst sur-
face [47,53]. As an outcome of type-II mechanism for GCN/
CoFe2O4/NG and GCN/ZnFe2O4/NG heterojunction photo-
catalyst, •O2

–, h+, –OH reacted with MO and MG molecules 
to mineralize into H2O and CO2 [67–69].

5. Conclusion

Magnetic GCN/CoFe2O4/NG and GCN/ZnFe2O4/NG 
photocatalysts were successfully fabricated and efficiently 
used for the wastewater treatment. Structural and morpho-
logical studies of GCN/CoFe2O4/NG and GCN/ZnFe2O4/NG 
were investigated using TEM, SEM, XRD, XPS, and FTIR 
techniques. Both adsorption and photocatalytic activity of 
GCN/ CoFe2O4/NG and GCN/ZnFe2O4/NG were spotted 
during MO and MG photodegradation. The MG and MO 
adsorption onto GCN/ZnFe2O4/NG and GCN/CoFe2O4/NG 
surfaces obeyed the pseudo-second-order kinetics. Also, 
GCN/ZnFe2O4/NG showed quick magnetic separation, that 
is, 20 s and displayed 98% degradation efficiency whereas, 
GCN/CoFe2O4/NG exhibited rapid magnetic separation, 
that is, 2 min and removal efficiency of 96% and 98% for 
MO and MG degradation, respectively. The adsorption 
experiments demonstrated that A+P process had synergic 
effect on elimination of MG and MO, but due to extreme 
adsorption of dyes, A–P process hindered the degrada-
tion process. GCN/ZnFe2O4/NG, GCN/CoFe2O4/NG, and 
NG showed essential adsorption capability for MG and 
MO elimination, at the same time ZnFe2O4, CoFe2O4, and 
GCN showed photodegradation efficiency less than 13%. 
The scavenging studies during photocatalysis verified the 
existence of •OH and •O2

– as chief oxygen species in both 
MG and MO photodegradation. The magnificent photo-
degradation activity based on GCN/CoFe2O4/NG and GCN/
ZnFe2O4/NG can be justified by following reasons: (1) type 
II system was founded resulted in efficient separation of 
electrons-holes at junction interfaces; (2) introduction of 
GCN onto ZnFe2O4/NG and CoFe2O4/NG surface resulted 
in better visible light adsorption capability. Also, recy-
clability of GCN/CoFe2O4/NG and GCN/ZnFe2O4/NG for 
ten repeated cycles displayed noticeable stability of the 
fabricated photocatalysts.
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Supplementary information:

 

Fig. S1. FTIR spectra of NG, ZnFe2O4, CoFe2O4, GCN, GCN/
CoFe2O4/NG, and GCN/ZnFe2O4/NG photocatalysts.

 
Fig. S2. UV-vis absorption spectra of ZnFe2O4, CoFe2O4, and 
GCN.
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Fig. S3. pH of zero-point charge for (a) NG, (b) GCN/CoFe2O4/
NG, and (c) GCN/ZnFe2O4/NG photocatalysts.

 

Fig. S4. GC–MS analysis of (a) MG after 70 min and (b) MO after 
150 min.

Table S1
Kinetics for MG and MO onto various adsorbents

Pseudo-first-order kinetics

k1 (min–1) qe (mg/g) R2

MG MO MG MO MG MO

GCN/CoFe2O4/NG 0.0179 0.0171 66.00 65.12 0.91 0.92
GCN/ZnFe2O4/NG 0.0173 0.0174 64.56 66.00 0.93 0.90
NG 0.0171 0.0175 60.00 67.10 0.90 0.91

Pseudo-second-order kinetics

k2 (g/mg min) qe (mg/g) R2

MG MO MG MO MG MO

GCN/CoFe2O4/NG 0.00025 0.00017 65.12 63.30 0.99 0.96
GCN/ZnFe2O4/NG 0.00015 0.00011 66.00 64.29 0.96 0.97
NG 0.00005 0.000078 60.00 60.00 0.97 0.98

Reaction condition: [MO] = 1.5 × 10–5 mol dm–3; [MG] = 1 × 10–5 mol dm–3; [catalyst] = 50 mg/100 mL; pH = 4.0 (MO); 6 (MG); reaction 
time = 70 min (MG), and 140 min (MO).
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Table S2
Effect of pH of MG and MO adsorption

pH Removal efficiency of 
GCN/CoFe2O4/NG (%)

Removal efficiency of 
GCN/ZnFe2O4/NG (%)

Removal efficiency 
of NG (%)

MG MO MG MO MG MO

4 15 33 12 34 16 31
6 25 25 20 25 22 30
7 34 17 34 18 30 28
8 35 10 38 10 33 25
9 35 10 38 9 33 22

Reaction parameters: [MO] = 1.5 × 10–5 mol dm–3; [MG] = 1 × 10–5 mol dm–3; [catalyst] = 50 mg/100 mL; pH = 4.0 (MO); 6 (MG); reaction 
time = 60 min (MG) and 140 min (MO).

Table S3
Rate constants for MG and MO photodegradation using photo-
catalysts

Photocatalyst R2 k (min–1)

MG GCN/CoFe2O4/NG 0.99 0.034
GCN/ZnFe2O4/NG 0.98 0.032

MO GCN/CoFe2O4/NG 0.97 0.026
GCN/ZnFe2O4/NG 0.98 0.029

[MO] = 1.5 × 10–5 mol dm–3; [MG] = 1 × 10–5 mol dm–3; [cata-
lyst] = 50 mg/100 mL; pH = 4.0 (MO); 6 (MG); reaction time = 60 min 
(MG) and 140 min (MO).
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