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a b s t r a c t
A scheme toward enhancing the photocatalytic activity of ZnFe2O4 was achieved by shell coating 
of graphitic-mimic carbon stratum using solution combustion method. In the present study, the 
solution combustion method was used to synthesize carbon-doped zinc ferrite (C/ZnFe2O4) nano-
composite. X-ray diffraction (XRD), Fourier transform infrared spectroscopy, field-emission 
scanning electron microscopy, energy-dispersive X-ray spectroscopy (EDAX), UV-vis diffuse reflec-
tion spectroscopy (UV-vis-DRS), and Brunauer–Emmet–Teller (BET) surface analyses were utilized 
to pinpoint the structure and morphological evolutions. The 2θ XRD spectra suggested that the 
nanocomposite consists of zinc oxide nanoparticles with zincite formation, and the mean crystallite 
dimension was established to be 6.49 nm. EDAX analysis confirmed the existence of elements like 
Fe, Zn, and O. UV-vis-DRS studies have shown bandgap of 3.14 eV. The surface area of the porous 
C/ZnFe2O4 was calculated to be 65 m2 g−1 using BET experiment. The photocatalytic activities of 
C/ZnFe2O4 were investigated by the degradation of acid blue 113 (AB 113) under UV light irradia-
tion. From the degradation studies, it was observed that C/ZnFe2O4 exhibited higher photocatalytic 
activity. The small size, high surface area, and synergistic effect in the C/ZnFe2O4 nanocomposite 
are responsible for high photocatalytic activity. The influence of various parameters such as the 
initial dye concentration, pH, and catalyst weight on the photocatalytic degradation of the dye 
was also investigated. The C/ZnFe2O4 nanocomposite is stable, easily separable, and reusable pho-
tocatalyst. Further, the possible photocatalytic degradation mechanism of AB 113 over C/ZnFe2O4 
nanocomposite has been proposed.
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1. Introduction

In the current era, the nano-semiconductor intervened
photocatalysis has acquired prominence in treating the 

wastewater generated from the various industries like paper, 
sugar, leather, textile, and dyeing. This sewerage effluvium 
contains a substantial quantity of organic pigments [1–3]. As 
soon as these organic adulterant toxins are released to the 
primary water bodies, they induce a multitude of harms both 
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to the neighborhood and environment [4,5]. Heterogeneous 
photocatalysis is considered to be a cost-effective manage-
ment procedure for the detoxification of dye-containing 
sewerage water [6–10].

Along with the various identified treatment types, 
semiconductor heterogeneous photocatalysis is an adapt-
able, cost-viable, and green management method for the 
annihilation of organic pollutants in water. Invariably, 
photo catalysis involves the use of semiconductor metal 
oxides such as TiO2, ZnO, Fe2O3, WO3, and MnO2 as photo-
catalysts [11–15]. Although TiO2 was widely used, however, 
prevalent utilization of TiO2 is not economical for mega-
scale waste water treatment process. ZnO is privileged 
due to its extraordinary photocatalytic bout and chemical 
constancy [9,16]. It has been a well-chronicled scientific 
fact that photocatalytic effectiveness of ZnO is superior or 
comparable to TiO2.

At the present time, nanomaterials are of immense 
curiosity from the research explorations due to radical 
transformation of the material’s properties upon attain-
ing nanometer range particle size. While the particle size 
decreases, it dramatically increases the surface area to vol-
ume ratio and porosity, thus tremendously increasing pho-
tocatalytic activity. Other consequence is the enormous 
increase in the bandgap, thus changing the electrical and 
optical properties of the material and making the material 
suitable for newer applications and devices [17,18]. A large 
excitation binding energy of 60 meV and a wide bandgap 
of 3.37 eV make ZnO an excellent n-type semiconductor 
[19,20], due to which many researchers were fascinated 
toward the possible utilization of ZnO in innumerable pho-
tocatalytic reactions [21–24]. So, nano zinc oxide (ZnO) has 
been accepted as a capable photocatalyst due to low cost, 
ease of availability, high catalytic activity, and chemical 
stability [25–29].

In earlier studies, the photocatalytic activity of semi-
conductor nanoparticles could be improved (particularly 
in the UV spectral region) by impurity doping [30]. In 
continuation, the work presented here studied the effect 
of iron doping on Zn, emphasizing on photocatalysis and 
biological activity. Iron’s ionic radius (0.064 nm) is similar 
to Zn (0.060 nm); hence, ease of doping was expected. Nano-
sized zinc ferrite (ZnFe2O4) has potential applications as 
sensors due to their electrical, magnetic, and photocatalytic 
capabilities [31–36]. Li et al. reported that nanotube arrays of 
ZnFe2O4 synthesized by sol-gel method exhibited improved 
photocatalytic activity of 4-chlorophenol under visible light 
[37]. Many researchers found that the enhanced activity of 
various nano ZnFe2O4 particles prepared by the hydrother-
mal process was attributed to structure with enormous sur-
face area in contrast to massive particles of ZnFe2O4 [38]. 
Hence, it is crucial to develop a green method for the prepa-
ration of ZnFe2O4 nanoparticles. Several means are in routine 
to progress the photostability of ZnO. This comprises surface 
coating of ZnO with organic ligands [39] and hybridization 
of ZnO surface using fullerenes C60 and carbon [40,41]. In the 
abovementioned context, a variety of experiments have been 
performed to elevate the rate of photodegradation of ZnO by 
pairing adsorbents similar to activated carbon which make 
avail high concentration of goal substances in the region of 
the catalyst particulate [42–47].

In this work, an endeavour has been carried out to pro-
duce porous C/ZnFe2O4 nanocomposite by solution burn-
ing process that has the benefit of straight forwardness and 
swiftness. The C/ZnFe2O4 nanocomposite synthesized were 
characterized by various systematic techniques like X-ray 
diffraction (XRD), Fourier transformation infrared spectros-
copy (FTIR), field-emission scanning electron microscope 
(FESEM), energy-dispersive X-ray spectroscopy (EDAX), 
UV diffuse reflection spectroscopy (DRS), and Brunauer–
Emmet–Teller (BET) analyses to know about their surface and 
morphological structure. The degradation of Acid Blue 113 
(AB 113) under UV light irradiation using batch reactor was 
utilized to examine the photocatalytic activity of C/ZnFe2O4 
nanocomposite. The influence of various working parame-
ters such as catalyst loading, effect of dye concentration, and 
consequence of pH was calculated methodically. The as pre-
pared C/ZnFe2O4 nanocomposite was also institute superior 
antibacterial and anticancer activity.

2. Materials and methods

2.1. Materials

AB 113 marketed as navy blue S5R (C.I.No. 26360) sodium 
hydroxide pellets (NaOH) and hydrochloric acid (HCl) 
was acquired from SDFCL, India. Zinc nitrate hexahydrate 
Zn(NO3)2 • 6H2O, dextrose, glycine (C2H5NO2), and ferric 
nitrate hydrate (Fe(NO3)3 • 9H2O) were procured from Merck. 
All materials were of research grade and used without 
further purification.

2.2. Synthesis of C/ZnFe2O4 nanocomposites

The C/ZnFe2O4 nanocomposite was synthesized by solution 
combustion method. Zn(NO3)2 • 6H2O and Fe(NO3)3 • 9H2O 
were used as oxidizers with glycine as a fuel and dextrose 
as the carbon source. The procedure for the synthesis of 
C/ZnFe2O4 nanocomposite was adopted and modified as 
mentioned in earlier report [48]. For instance, the stoichiomet-
ric amounts of Fe(NO3)3 • 9H2O (4.0 g) and Zn(NO3)2 • 6H2O 
(1.4 g), glycine (7.8 g), and 1.0 g of dextrose were dissolved 
in 60 mL of double-distilled water. Then the reaction solu-
tion was magnetically stirred well and subsequently heated 
at 90°C to evaporate the excess of water. Then the obtained 
sample was heated at 350°C for 1 h. The obtained final 
product was air cooled and crushed to get the fine powders 
of C/ZnFe2O4 nanocomposite.

2.3. Photo-irradiation reaction procedure

Photo-irradiation was carried out using a UV light bulb 
(6 W) with peak wavelength of 360 nm under batch reactor. 
The experiments were conducted by taking a 250 mL of pig-
ment solution of the required concentration with an identified 
load of photocatalyst. Earlier to the irradiation, the suspen-
sion was magnetically stirred in the dark for 0.5 h to estab-
lish adsorption–desorption equilibrium. The air- equilibrated 
conditions of suspension were maintained before and 
throughout the irradiation. Further, the blend was irradiated 
with visible light and at regular intervals; a sample of 3 mL 
was withdrawn and centrifuged. The spectrophotometer 
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excited at 565 nm was used to measure concentration of the 
dye solution.

2.4. Characterization techniques

XRD was performed (Rigaku X-ray diffractometer, 
Japan) with Cu Kα radiation (λ = 0.15418 nm). The crys-
talline phase of ZnFe2O4 was identified by comparing 
with JCPDS card no. 22-1012. FTIR studies were per-
formed (Perkin Elmer System one FTIR). The FESEM and 
EDAX photographs of C/ZnFe2O4 nanocomposite were 
obtained using a field- emission scanning electron micro-
scope (Carlzeiss, Supra 55, Germany). UV-vis studies were 
carried out using SL-210 UV-visible double-beam spec-
trophotometer. BET surface analysis was examined from 
the N2-adsorption isotherm via NOVA 2200e analyzer 
(Quantachrome Instruments, USA).

3. Results and Discussion

3.1. XRD studies

The XRD patterns of the synthesized C/ZnFe2O4 nano-
composite are shown in Fig. 1. It is obviously seen that 
almost all the diffraction peaks of C/ZnFe2O4 can be assigned 
to cubic phase of ZnFe2O4 (JCPDS 22-1012). The diffraction 
peaks at 2θ values of 18.4°, 29.9°, 35.2°, 42.7°, 53.1°, 56.5°, 
62.3°, and 73.6° can be indexed to (111), (220), (311), (400), 
(422), (511), (440), and (533), which were well matched with 
the crystal planes of cubic ZnFe2O4, respectively. It was 
noticed that the diffraction patterns of ZnFe2O4 were not 
changed by addition of carbon with no particular diffraction 
peaks of carbon in the C/ZnFe2O4 composite, which might be 
because of low amount of carbon present in the composite 
and thick covering of ZnFe2O4 on the surface of carbon [49]. 
The estimated average crystallite size of the synthesized 
C/ZnFe2O4 nanocomposite using Debye-Sherrer’s equation 
was found to be around 6.49 nm.

3.2. FTIR studies

The FTIR spectrum of the synthesized C/ZnFe2O4 nano-
composite sample is displayed in Fig. 2. It is a well-known 
technique to study the information on chemical structure 
and bonding [50–54]. In the FTIR spectrum of C/ZnFe2O4, the 
broad absorbance peaks from wave numbers 3,400–3,900 cm−1 
and another sharp peak around 1,600 cm−1 were assigned to 
O–H stretching and O–H bending vibrations, respectively 
[55–57]. The absorption peaks in the range of 400–700 cm−1 
could be attributed to the ZnO stretching modes. The main 
peaks were observed in the range of 1,100–1,600 cm−1 corre-
sponding to the Zn–OH bending mode. The band peak at 
1,378 cm−1 was attributed by C–OH bending vibrations. The 
peaks from 400 to 600 cm−1 are attributed to the bond between 
iron and oxygen (Fe–O). The obtained FTIR confirms the 
existence of carbon in ZnFe2O4 samples.

3.3. Surface morphology and elemental studies

The shape and surface morphology of the synthesized 
C/ZnFe2O4 nanocomposite were analyzed using FESEM. 
The FESEM image reveals that the entire product is hav-
ing sponge-like agglomerate structure with a pore size 
of about 17.63 nm (Fig. 3(a)). The formation of sponge-
like structures might be due to the sustained release of 
gas during the combustion process that promotes the 
formation of porous structure and rough surface, which 
is a unique characteristic of samples synthesized by the 
solution combustion method [48]. The good surface mor-
phology of C/ZnFe2O4 nanocomposite was beneficial for 
an efficient separation of photoexcited electron–hole pair. 
Thus, the C/ZnFe2O4 nanocomposite would be expected to 
be an efficient material for photocatalytic degradation of 
AB 113. Further, the elemental composition of the prepared 
C/ZnFe2O4 sample was ascertained by EDAX analysis, and 
the corresponding results are displayed in Fig. 3(b). The 
EDAX studies of C/ZnFe2O4 nanocomposite confirm the 
presence of Zn, Fe, O, and C atoms, and no other impurities 
were found.

 θ

Fig. 1. XRD pattern of C/ZnFe2O4 nanocomposite.

 

Fig. 2. FTIR pattern of C/ZnFe2O4 nanocomposite.
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3.4. UV-vis DRS and BET analyses

The UV-vis DRS studies of the synthesized C/ZnFe2O4 
nanocomposite sample were carried out to know the light 
absorption properties and the resultant characteristic spec-
tra and are presented in Fig. 4(a). It can be observed that the 
absorption edge for the synthesized C/ZnFe2O4 was found 
to be at 394 nm, and the calculated band energy gap value 
is 3.14 eV. This absorption study shows that the C/ZnFe2O4 
sample can absorb the light in the UV region to generate 
electron–hole pairs and thus prompt high photocatalytic 
performance of the C/ZnFe2O4 sample. Further, the specific 
surface area is also an important microstructural param-
eter of C/ZnFe2O4 nanocomposite, which depends on the 
geometrical shape and porosity of the particles. As a result, 
the observed specific surface area was found to be 65 m2/g. 
The exhibited BET isotherm of C/ZnFe2O4 nanocomposite is 
displayed in Fig. 4(b).

3.5. Kinetics and photodegradation studies of AB 113

The photocatalytic degradation of the AB 113 dye over 
synthesized C/ZnFe2O4 nanocomposite has been carried out 
in the presence of UV light. The experimental data are given 
in Table 1, and the plot of photodegradation as a function 
of time is shown in Fig. 5. The stable nature of the AB 113 
dye was clear from the blank test without photocatalyst. 
There was no noteworthy change in the initial concentra-
tion of AB 113 under an illumination of UV light for 100 min 
(Fig. 5(a)). Additionally, adsorption properties of AB 113 
dye on the C/ZnFe2O4 photocatalyst were investigated in the 

dark, and it was noticed that the adsorption equilibrium of 
the AB 113 dye in the C/ZnFe2O4 photocatalyst was achieved 
after 60 min (results not shown). Fig. 5(c) shows the com-
plete degradation of AB 113 dye over 0.5 g/L of C/ZnFe2O4 
nanocomposite under UV light irradiation for 100 min.

The photocatalytic degradation of AB 113 has been 
carried out at different pH values ranging from 6 to 8 
(Fig. 6(a)). Fig. 6(a) shows the amendment of photodegra-
dation of the dye as a function of time. The range of the 
initial rate is 0.44–1.85 μm/m. The optimum pH has been 
found to be 6.5. The effect of photocatalyst weight on the 
photodegradation of the dye has been studied in the range 
of 0.25–1.0 g/L. Fig. 6(b) shows the photodegradation of 
the dye at various catalyst weights. The optimal weight of 
the catalyst loading has been found to be 0.5 g/L. It was 
observed that the efficiency of the photocatalytic degrada-
tion increases with a photocatalyst loading up to 0.5 g/L, 
which might be because of an expansion in the amount of 
photon adsorbed. In addition, the accessibility of active 
sites on the photocatalyst surface was also increased, and 
it subsequently enhanced the photodegradation efficiency. 
Further, increasing the amount of C/ZnFe2O4, the photo-
degradation efficiency was decreased, which was because 

 

Fig. 3. (a) FESEM images and (b) EDAX spectrum of C/ZnFe2O4 
nanocomposite.

 

Fig. 4. (a) UV-vis DRS and (b) BET isotherm of C/ZnFe2O4 
nanocomposite sample.
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at high amount of C/ZnFe2O4 it might act as a charge 
recombination center.

The photocatalytic degradation of AB 113 has been 
carried out at different initial concentrations ranging from 
25 to 150 μm. The variation of photodegradation as a func-
tion of time is shown in Fig. 6(c). There is an increase in 
the rate of photodegradation of the dye with an increase in 
concentration of the dye in the range of 25–50 μm. The reac-
tion kinetics of the photocatalytic degradation of AB 113 over 
C/ZnFe2O4 nanocomposite was studied. The obtained results 
of the photocatalytic degradation of AB 113 were fitted by 
a pseudo-first-order kinetic equation.

ln
C
C

k t0 = ap  (1)

where C0 is the initial concentration of AB 113, C is the 
concentration of AB 113 at regular time intervals, kap is the 
apparent pseudo-first-order rate constant (min−1), and t is 
the light irradiation time [58]. The linear plot of log C0/C vs. 
time obtained for various initial concentrations of the dye is 
shown in Fig. 7. It confirms the reaction to follow pseudo- 
first-order kinetics at concentrations employed in the study, 
and the rate constant of 0.00712 ± 0.0003 min−1 was observed 
for C/ZnFe2O4.

3.6. Photocatalytic degradation mechanism

The possible reaction mechanism diagram for the deg-
radation of AB 113 using C/ZnFe2O4 photocatalyst under 
UV light is proposed in Fig. 8. Upon UV light illumination, 
the photogenerated electrons could be excited from the 
valence band (VB) to the conduction band (CB) of ZnFe2O4 
by creating holes on the VB. Without carbon, the majority of 
electron–hole pairs rapidly recombine and just few electrons 
can be caught by O2 to create •O2

− or caught by Fe3+. Because 
of the presence of carbon in C/ZnFe2O4 nanocomposite, the 
photoinduced electrons on the CB of ZnFe2O4 can be trans-
ferred to the carbon because of their fantastic electronic con-
ductivity. The transferred electrons gathered on the carbon 
were trapped by the adsorbed O2 on the ZnFe2O4 surface to 
form •O2

−. As a result, the recombination of electron–hole 
pairs was diminished and thus improved the charge separa-
tion, which results in the high photodegradation activity of 
C/ZnFe2O4 nanocomposite.

The possible photocatalytic degradation reactions of 
C/ZnFe2O4 are as follows: 

C ZnFe O hv ZnFe O hCB/ 2 4 2 4+ → ( ) + ( )− +e C

ZnFe O O OCB2 4 2 2e− −( ) + →

O H OH OH2 2 2− − + • −+ + → +eCB

Table 1
Photodegradability of AB 113

Time (min) Concentration of the dye in μm

(a) Absence of photocatalyst (b) In dark (0.5 g/L of C/ZnFe2O4) (c) In UV light (0.5 g/L of C/ZnFe2O4)

Before adsorption 50.0 50.0 50.0
0 46.3 35.64 35.59
10 46 34 25.19
20 46 34 17.12
30 46 34 12.75
40 46 34 9.84
50 46 34 7.09
60 46 34 4.14
70 46 34 2.75
80 46 34 1.628
90 46 34 0.98
100 46 34 0

 

Fig. 5. Photodegradability of AB 113, (a) absence of photo-
catalyst, (b) 0.5 g/L of C/ZnFe2O4 nanocomposite in dark, 
and (c) irradiated with UV light in the presence of 0.5 g/L of 
C/ZnFe2O4 nanocomposite.
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C h H O H OH+ + •( ) + → +2

AB 113 + •OH → oxidation products (CO2, H2O etc).

3.7. Comparative study

Ferrites are a group of materials with great potential in 
photocatalysis and possess excellent properties such as small 
bandgaps, stable structures, and low cost, and it is found to 
be a good photocatalyst for degradation of contaminants. 
A comparative study of C/ZnFe2O4 was performed using 
literature survey. A single-phase ZnFe2O4 was obtained in 
the temperature range of around 900°C–1,200°C using sol-
id-state reaction method and possesses an average size of 
51.9 nm with a bandgap of 1.90 eV [59]. The photocatalytic 
activity of these particles was investigated using the photo-
decomposition of isopropyl alcohol (IPA) under visible light 
(≥420 nm) and predicted to be much higher than that of the 
well-known nano TiO2 photocatalyst. The synergistic action 
of ferrites with common oxidants including hydrogen perox-
ide (H2O2), peroxymonosulfate (PMS), and peroxydisulfate 
(PDS) in decomposing pollutants was also investigated [60].

The various ferrites, incorporated with various cations 
(MFe2O4, M = Ni, Co, Zn, and Sr), are utilized to modify the 
well-aligned TiO2 nanorod arrays (NRAs), which are syn-
thesized by hydrothermal method [61]. It is found that all 
MFe2O4/TiO2 NRAs show obvious red shift into the visible 
light region compared with the TiO2 NRAs. In particular, 
NiFe2O4 modification is demonstrated to be the best way 

 

Fig. 6. (a) Effect of pH, (b) catalyst loading, and (c) effect of initial dye on the photocatalytic degradation of AB 113.

 

Fig. 7. Pseudo-first-order kinetics plot of Log C0/C versus time 
for AB 113.
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to enhance the photoelectrochemical and photocatalytic 
activity of TiO2 NRAs. Barium (II)-doped zinc ferrite/reduced 
graphene oxide (Ba2+-ZF/rGO) was prepared using a one-
step solvothermal method and used as magnetic nanohy-
brid adsorbents [62]. Ba2+-ZF-rGO nanohybrid with an rGO 
content was used as an adsorbent and possesses excellent 
adsorption capacities for methylene blue at different initial 
concentrations, and the adsorption kinetics are described by 
the pseudo-second-order kinetic model.

4. Conclusions

In this research, the solution combustion method was 
used successfully to synthesize C/ZnFe2O4 nanocomposite. 
The powder XRD results confirmed that the synthesized 
nanocomposite exhibits zincite structure with average 
crystallite size of 6.49 nm. The bandgap energy value shows 
the emission of radiation in the UV region. The synthesized 
C/ZnFe2O4 nanocomposite was utilized for the photocatalytic 
degradation of AB 113. The optimum condition for higher 
photocatalytic degradation using C/ZnFe2O4 nanocomposite 
shows pH as 6.0, and optimum catalyst loading was found 
to be 0.5 g/L. The degradation of the dyes followed pseu-
do-first-order kinetics. The carbon coating was proven to 
be a promising approach to develop highly efficient, easily 
separable, and stable ZnFe2O4.

Finally, the possible mechanism for the photodegradation 
of AB 113 over C/ZnFe2O4 nanocomposite has been proposed.
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