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The synthetic industry has destroyed the life span of human beings due to environmental pollution. The dis-
charged organic pollutants can be degraded by many physicochemical techniques, among them the heteroge-
neous photocatalysis is distinctive. Nano zero-valent iron (NZVI) doped bismuth ferrite (BiFeO3) nanoparticles
were composited with g-C3Ny to fabricate ternary NZVI@BiFeOs/g-C3N4 semiconductor photocatalyst. The facile
fabrication was achieved through the hydrothermal approach. The characterization techniques such as X-ray
diffraction, Fourier transform infrared and Scanning electron microscopy equipped with energy dispersive X-ray
was used. The analysis confirmed the successful fabrication of the photocatalysts. The energy bandgaps of the
prepared photocatalysts were measured by the Tauc plot method using a UV-visible spectrophotometer. The
energy bandgap values suggest that the insertion of g-C3N4 improves the optical response of catalysts under
visible light. The NZVI@BiFeO3/g-C3N4 was employed against Rhodamine B dye for photocatalytic oxidative
degradation under sunlight radiations. The influencing parameters like pH, NZVI@BiFeOs3/g-C3N4 concentration,
oxidant dose, reaction time were optimized to obtain the best-suited conditions. Under optimized conditions (i.e.
pH = 9, NZVI@BiFeO3/g-C3N4 = 10 mg/100 mL, oxidant = 18 mM, Time = 120 min) the g-C3N4 based com-
posite photocatalyst showed ~97% oxidative degradation of Rhodamine B. Response surface methodology was
used as a statistical tool to check the combinational effect of influencing parameters.

1. Introduction

Water is a precious natural resource and the gradual increase in the
organic and inorganic contaminants in drinking water results in water-
borne diseases. Over, one thousand million population in the world are
consuming polluted water. Due to rapid development in industrializa-
tion and the use of pesticides, herbicides, and other chemicals -to
improve yield in the agriculture sector-water pollution has become an
unresolved global issue [1]. According to recent research, approxi-
mately 7 lac tons of organic synthetic dyes are producing worldwide per
annum. Globally, about 28 lac tons/year of dyestuffs are ejected into the
environment from various industrial sectors like leather goods, cos-
metics, textile, hair color, paper, and food, etc. [2].
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Conventionally, several wastewater treatment processes namely,
membrane filtration, adsorption, and biodegradation are available for
the degradation of contaminants in wastewater. Besides others, the
advanced oxidation processes (AOPs) are among the most effective
strategy for oxidative degradation of organic pollutants [3]. Among
AOPs, heterogeneous photocatalysis (HPC) is a renewable, inexpensive,
efficient, and easily deployed process. The AOPs can produce highly
reactive oxygen species (ROS) like OH radicals for the non-selective
degradation of several organic pollutants. The AOP dependent chemi-
cal reactions use chemical reactions and catalyzers for free radicle
generation [4,5]. In photocatalysis, the light-mediated excitation of
photocatalysts results in the redox reaction for the effective oxidation of
pollutants. Numerous photocatalysts like, TiO3, WOs, BiVO4, metal

Received 28 March 2021; Received in revised form 30 May 2021; Accepted 20 July 2021

Available online 26 July 2021
0925-3467/© 2021 Elsevier B.V. All rights reserved.


mailto:rmzahid@uaf.edu.pk
mailto:zahid595@gmail.com
www.sciencedirect.com/science/journal/09253467
https://www.elsevier.com/locate/optmat
https://doi.org/10.1016/j.optmat.2021.111408
https://doi.org/10.1016/j.optmat.2021.111408
https://doi.org/10.1016/j.optmat.2021.111408
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optmat.2021.111408&domain=pdf

M.U. Rahman et al.

tungstate, and metal ferrites are available in the market as heteroge-
neous photocatalysts [6,7]. However, certain limitations of heteroge-
neous photocatalysis like low surface area, reduced photocatalytic
activity, recombination of photogenerated charge carriers, as well as
high cost may restrict their applications in wastewater [8].

Immobilization of metal-based photocatalysts over effective adsor-
bents may improve the application of these photocatalysts [9]. Besides
other costly adsorbents like Graphene [6], CNTs, etc, graphitic carbon
nitride (g-C3N4) is an effective adsorbent as well as photocatalyst.
g-C3Ny has attained much attention due to its remarkable thermal and
chemical stability, nontoxicity, narrow bandgap along, optical and
electronic characteristics, unlike other carbon materials. It is an envi-
ronmentally friendly metal-free photocatalyst and is highly used due to
its low cost, polymeric p-conjugated structure [10]. The g-C3Ny4 struc-
ture is a heptazine ring type with an energy bandgap of ~2.8 eV. The
efficient optical properties of g-C3N4 provide its potential application in
improved photocatalysis under the visible region. Its structure resembles
graphite and is a n conjugated polymer, but its layers possess strong C-N
covalent bonds relative to the C-C bonds present in graphite [11]. The
van der Waals forces are also present in its layers and it exhibits sunlight
absorption in the range of 450 nm-460 nm. Its structure is undisturbed
up to 600 °C while kept in the air [12]. g-C3Ny is used in photocatalysis,
CO, reduction, degradation of organic contaminants, and hydrogen
production by water splitting. Hassani and coworkers used
CoFey04/mpg-C3N4 nanocomposite for the removal of acetaminophen
(APAP) from aqueous solutions assisted with peroxymonosulfate acti-
vation [13]. The stable and recoverable composite provides 92%
removal of APAP within 25 min without considerable leaching effect.
The authors reported high efficiency of composite photocatalysts as
compared to pristine metal oxides [13]. Different strategies for the
improvement in the photocatalytic performance of metal oxide semi-
conductor has been developed, for example, surface incorporation of
metal, non-metals, and semiconductor coupling [14]. Similarly, another
study based on g-C3Ny4 reported the synthesis of mpg-C3N4/Ag/ZnO
NWs/Zn plates using a facile dip-coating process for the effective
degradation of direct orange 26 dye. The photocatalytic efficiency of
94% was achieved withing 120 min of reaction time using
mpg-C3N4/Ag/ZnO NWs/Zn plates. The improved activity of the ZnO
NWs/Zn plates was observed after the insertion of g-C3N4 [15].

Nano zero-valent iron-doped bismuth ferrite (NZVI@BiFeO3) is a
single-phase along with multiferroic material having simultaneous
ferroelectric, ferromagnetic, as well as ferroelastic ordering. BiFeOg
possesses potential applications in heterogeneous photocatalysis under
the sunlight region [16]. Malathi and coworkers presented a compre-
hensive review on visible-light active Bi-based VO4 photocatalyst [17].
Malathi and coworkers reported the use of BiFeWOg/BiOI nanohybrid
synthesized by wet impregnation method for photocatalytic and pho-
toelectrochemical performance under visible light irradiations. The
composite provides 92% degradation of RhB within 90 min of reaction
time [18]. Similarly, BiFeWOe/WO3 nanocomposites were prepared by
Priya and coworkers using a facile wet-chemical route. The
tungsten-halogen lamp (250 W) was used as a light source for the
photoexcitation of catalysts for RhB dye degradation. The composite
showed 83% degradation of RhB in 60 min of reaction time [19].

This research work was aim at developing novel sunlight-driven
ternary photocatalyst NZVI@BiFeO3/g-C3N4 via the hydrothermal
method and its implementation against Rhodamine B degradation.
Doping of BiFeO3 with nanoscale zero-valent iron and then composite
with g-C3N4 was made to enhance the photocatalytic performance of
photocatalyst. The characterization of the synthesized sample was car-
ried out by using X-ray diffraction (XRD), Fourier Transform Infrared
(FTIR) spectroscopy, Scanning Electron Microscopy- Energy dispersive
X-ray (SEM-EDX). The UV-Vis spectrophotometer was also used to find
the energy bandgap. The optimization of different parameters such as
pH, catalyst dose, oxidant dose, and irradiation time was done. The
fabrication of composite is done through the reaction of NZVI dope
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BiFeO3 with g-C3Ny4, which resulted in increased absorption of sunlight
radiations by the composite. The stability of composite photocatalyst
was analyzed by determining the Fe leaching values of treated dye so-
lution up to three reusability cycles by atomic absorption spectropho-
tometer (AAS). RSM was used for the optimization of influencing
parameters of simulated dye wastewater using composites photo-
catalysts. RSM is a combination of statistical and mathematical tech-
niques based on a multivariant non-linear model. It is used for
experimental designing, mathematical model development, and opti-
mization of independent to develop minimum or maximum response in
the form of 3D surfaces [20].

2. Materials and methods
2.1. Chemicals

Analytical-grade chemicals were used in the synthesis process. Iron
nitrate nonahydrate (Fe>98%), Bismuth nitrate pentahydrate (>98%),
and Iron chloride (99%) were taken from Sigma Aldrich. Melamine
(>98%), Rhodamine B (98%), and Ethanol (95.6%) were taken from
DAEJUNG. Potassium hydroxide (98%), and Sodium borohydride (99%)
were acquired from Sigma-Aldrich.

2.2. Synthesis

2.2.1. Synthesis of g-C3Ny

g-C3N4 was fabricated via a simple pyrolysis method. 10g of mel-
amine (C3HgNg) in a ceramic crucible was directly placed in a muffle
furnace at 550 °C. The heating rate was adjusted at 5 °C/min for 4 h. The
yellow product was obtained after cooling at room temperature. The
obtained product was converted into fine powered by grinding it in
pestle and mortar for further use [21].

2.2.2. Synthesis of BiFeO3

Bismuth ferrite nanoparticles were fabricated through the hydro-
thermal approach. A mixture with an equimolar concentration of Iron
nitrate Fe(NO3)3-6H-0 and Bismuth nitrate Bi(NO3)3-5H,0 was made in
40 mL of 4 M Potassium hydroxide KOH, that used as a mineralizer.
Now, the ultrasonication was carried out of the prepared solution for 15
min. Then, the solution was transferred into the 250 mL capacity Teflon-
lined stainless-steel autoclave reactor for 6 h at 200 °C. After cooling, the
BiFeO3 nanoparticles were washed with water and 10% acetic acid to get
pure BiFeO3 nanoparticles. The product was dried out in a drying
chamber at 90 °C in the air [22].

2.2.3. Synthesis of NZVI@BiFeO3

The fabrication of NZVI@BiFeO3; nanoparticles was done by imple-
mented the reduction method. The 0.6 g ferric chloride (FeCls-6H20)
was taken and dissolved in 20 mL of ethanol. Eventually, 1.2 g of the
BiFeO3 material was added to the same solution. The temperature of the
solution was maintained at 70 °C until the complete evaporation of
ethanol. Now, the 0.6 g of NaBH4 was added into 20 ml of distilled water
and poured dropwise through the burette which resulted in the reduc-
tion of Fe>* to Fe®. The product was allowed to settle for 30 min. The
magnetic solid nanoparticles were collected by applying an external
magnetic field. The solid was washed with ethanol and distilled water
until all the soluble salts were separated and then centrifuged. The
drying of the sample was carried out in a vacuum chamber [23].

2.2.4. Synthesis of NZVI@BiFeO3s/g-CsN4 composite

The final composite was prepared by compositing the NZVI@BiFeO3
with g-C3Ny. In this reaction, the 0.2 g of NZVI@BiFeOs and 0.6 g of g-
C3N4 were taken in 60 mL of distilled water. The mixture was ultra-
sonicated for 1 h. Now, the mixture was dried in the oven at 70 °C for 10
h. After the complete drying, the sample was carried out for calcination
in the furnace at 200 °C for 2 h. The composite was converted into finely
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divided powder using a pestle and mortar (Fig. 1) [24].
2.3. Characterization

The photocatalysts (g-C3N4 and BiFeO3) and composite photo-
catalyst (NZVI@BiFeO3/g-C3N4) were well characterized using XRD,
FTIR, SEM, and UV visible spectroscopic techniques. The crystal phase
analysis of catalysts was done using X-ray diffraction (Philips PAN-
alytical Xpert pro DY 3805 powder XRD). The surface morphology and
elemental composition were determined using scanning electron mi-
croscopy equipped with energy-dispersive X-ray (SEM-EDX; FEI NOVA
450 NANOSEM). The functional groups present on the surface of the
prepared materials were determined using Fourier transformed infrared
spectroscopy (Agilent Technology Cary 360 FTIR spectrophotometer).
The optical response of BiFeO3 and NZVI@BiFeOs/g-C3N4 was check by
calculating the bandgap energy (Tauc plot method) using a UV-visible
spectrophotometer (CECIL CE-7200 UV visible spectrophotometer). Fe
leaching test of treated RhB dye solution was performed using AAS
(Hitachi Polarized Zeeman AAS, Z-8200, Japan) following the condi-
tions described in AOAC (1990).

2.4. Photocatalytic degradation experiment

The oxidative photocatalytic degradation potential of the NZVI@-
BiFeO3/g-C3sN4 composite was checked under ambient sunlight. The
sunlight intensity was measure using a solar power meter (SM206) and
brightness using a Lux meter.

The 100 mL of 10 ppm Rhodamine B solution was used for all
experimental runs into 250 mL capacity borosilicate glass beakers.
Typically, 10 mg NZVI@BiFeO3/g-C3sN4 was added into the 100 mL of
dye solutions and the pH of solutions was maintained using 0.1 M NaOH
and 0.1 M HCI solutions. After adjustment of solution pH, the beakers
were kept in dark under constant stirring (160 rpm) on an orbital shaker
for 30 min to attain the adsorption equilibrium of rhodamine B with the
added composite. After 30 min, the adsorption was checked using a
spectrophotometer. Afterward, oxidant was added, and solutions were
placed under sunlight for oxidative photocatalysis. The average
measured intensity of light was- 1000 W/m? while the brightness was
measured in the range of 88,000 + 2000 Lux. The degradation reaction
was carried out at midday when sky conditions were cleared. The
samples were withdrawn after successive intervals centrifuged and
absorbance was checked using a spectrophotometer at its Amax = 554
nm. The % dye degradation was calculated using the formula given
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below:

A, — A
A,

Degradation (%)= ( 1) x 100 1)

Similarly, the effect of influencing experimental parameters i.e. pH,
catalyst loading, oxidant dose, and reaction time was monitored using
the process described above.

3. Results and discussion
3.1. Characterization

In the XRD pattern (shown in Fig. 2) of g-C3sN4 and NZVI@BiFeO3/g-
C3Ny, the strong characteristic peak at 20 = 27.04° with the diffraction
plane of (002) is attributed to the g-C3N4 [25]. However, in composite
NZVI@BiFeO3/g-C3N4 the peak with low intensity was observed
because of the interaction among zero-valent iron-doped BiFeO3; nano-
particles and g-CsN4. This lower intense peak relates to the interlayered
stacked structure [1]. In the XRD pattern of BiFeO3 the peaks corre-
sponding to the characteristic XRD pattern of BiFeOs are present (JCPDS
card no. 71-2494) [26]. The peak at 20 = 23.31° with crystal plane

(002

g-CN

Intensity (a.u.)

(110)

NZVI@BFO/g-C N,

Fig. 2. XRD pattern of g-C3Ny, BiFeO3, and NZVI@BiFeO3/g-C3N4
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Fig. 1. A schematic representation for the synthesis of BiFeO3 and NZVI@BiFeO3/g-C3N,4 composite.



M.U. Rahman et al.

(100) indicates the BiFeOs material also in the composite [17]. In the
composite high intensity of peaks indicates the high crystallinity of
prepared material [1]. The crystallite size was calculated using Sherer’s
formula (Eq (2)) [27];

KA
~ pCosO

(2)

Here, K indicates the Scherrer constant and its numerical value is
0.94 whereas, )\ represents the wavelength of the X-ray source (i.e.,
0.154 nm). D shows, crystallite size while p indicates the full width at
half maximum of NZVI@BiFeO3/g-CsN4 plane and O represents the
diffraction angle. The value of crystallite size(D) for BiFeO3; and
NZVI@BiFeO3/g-C3N4 was calculated as 59.99 nm and 21.58 nm
respectively [28].

The FTIR results for prepared samples are presented in Fig. 3. The
FTIR pattern of pristine g-C3N4 exhibits a strong peak in the range of
3000-3500 cm ™~ * which is attributed to the stretching vibrations of the
N-H bond. Due to the presence of heterocycle belongs to the aromatic
C-N stretching vibration peak are located at 1636 em ™Y, 1414 em ™},
1324 cm ™!, and 1240 cm ™. The stretching vibration for the triazine unit
islocated at 810 cm ™ [29]. In the FTIR pattern of BiFeOs, the large band
at 3000-3600 cm ! is due to the symmetric as well as antisymmetric
stretching of H,0 and OH groups, and a band at 1630 cm ™" is related to
the bending vibrations of HyO. The band near 1384 cm™! is owing to the
existence of trapped nitrates. Moreover, the strong absorptive peaks at
400-600 cm ™! were attributed to the Fe-O stretching and bending vi-
bration [22]. The NZVI@BiFeO3/g-C3N4 composite possesses, all the
characteristics peaks of g-C3N4 and BiFeOs while intensities in the
composite are varied to some extent.

The SEM image (presented in Fig. 4) of composite (NZVI@BiFeO3/g-
C3Ny) shows that NZVI@BiFeOs was layered on the g-C3N4 exterior in
aggregate form. The composite processes rough surface due to the
insertion of NZVI@BiFeO3/g-C3N4 [30]. Fig. 4(a) indicates the typical
layered and stacked structure of g-CsN4. The inset image in Fig. 4(a)
represents the average size of g-C3gNy particles up to 500 nm [1].

The elemental composition of g-CsN4, BiFeO3, and NZVI@BiFeOs/g-
C3Ny are presented in Fig. 5. The composite NZVI@BiFeO3/g-C3Ny is
composed of C, N, O, Fe, and Bi as shown in Fig. 5(c). The elemental
mapping in Fig. 5(b) for BiFeO3 depicts the existence of C, N, O, Na, K,
iron, along with Bi. The elements other than O, Fe, and Bi are due to the
other chemicals used in the protocol. The graphitic carbon nitride was
made up of C, N and O confirmed by EDX elemental mapping.

-C.N
g 34 s-friazine

-N stretching

NZVIBFO/g-C N,

tance %

10

imi

BiFeO,

Trans

H O bending

2

Fe-0

4000 3500 3000 2500 2000 1500 1000 500
Wave number (cm '1)

Fig. 3. FTIR analysis of g-C3Ny, BiFeO3, and NZVI@BiFeO3/g-C3Ny4
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To check out the optical properties of the prepared composite rela-
tive to the pure BiFeO3s, UV-Vis reflectance spectra are recorded of the
synthesized samples. The absorbance wavelength of prepared samples
lies in the Vis-region (400-800 nm) that confirmed the visible-light
response capability of novel NZVI@BiFeO3/g-C3N4 photocatalyst. For
further study, the Tauc’s equation employing the UV-vis absorption
edges were used in the calculation of the bandgap energy of NZVI@Bi-
FeO3/g-C3Ny4 as shown in Eq (3).

(ahv)>=K (hv — Eg) 3

Here, “a” is the absorption coefficient, “h” is Plank’s constant, “v” is
the incident photon frequency, “K” is energy independent constant “Eg”
is energy bandgap energy, “n” is the nature of the transition in the
semiconductor. The value of n is 2 for direct semiconductors. The
bandgap was measured from the plot, (ahv)? versus Energy (eV) [31].
The bandgap for pure BiFeOg3 as well as NZVI@BiFeO3/g-C3N4 was 2.75
eV and 2.15 eV, respectively (Fig. 6). The presence of g-CsN4 in the
composite narrowed the bandgap. This meant that the partition of
photogenerated electrons-holes pairs (e /h") of NZVI@BiFeO3s/g-C3Ny4
would be better as well as effective in sunlight and resulting in
enhancing photocatalytic performance. This might be due to the
configuration of heterojunction against NZVI@BiFeOs as well as g-C3Ny,
which created interlacing frameworks of the valence band (VB) and the
conducting band (CB) [32].

3.2. Impact of various parameters on photocatalytic activity

3.2.1. Effect of pH

The photocatalytic performance of the NZVI@BiFeOs/g-C3N4 com-
posite was analyzed at various pH values (2-11) and the results obtained
after successive time intervals are presented in Fig. 7(a). It is clear from
experimental results that under acid conditions the dye degradation was
not very effective. With the gradual increase in pH values, the dye
degradation also increases and reached the maximum at pH 9. The
reason for high degradation at basic pH is due o the interaction of
cationic dye Rhodamine B with the negative surface of the catalyst under
basic solution pH. The negatively charged surface under basic conditions
(i.e. pH = 9) promotes effective dye adsorption which results in
improved dye degradation under sunlight. The lower degradation values
under acidic conditions are due to the competition of cationic dye
molecules with the H' ions present in the solution. Whereas, at pH
above optimized i.e. 9, the degradation of RhB decreases gradually. The
reason for this decrease in dye degradation under a high basic solution
has been described by Refs. [31,33]. The scavenging of hydroxyl radicles
under high basic conditions retard the dye degradation. Therefore, pH 9
was found most effective for Rhodamine B degradation using NZVI@-
BiFeO3/g-C3N4 with 120 min of reaction time [34].

3.2.2. Effect of catalyst concentration

The optimization of solid content is crucial for economic as well as
for efficiency estimation of material. Therefore, the NZVI@BiFeOs/g-
C3N4 concentration was optimized by selecting the range of composite
dose (2-18 mg) in 100 mL of Rhodamine B solution under optimized pH.
The results of catalyst dose optimization are presented in Fig. 7(b). It can
be seen from the results that by increasing the composite concentration,
a gradual increase in dye degradation occurs which reached a maximum
at 10 mg/100 mL of dye solutions. The increase in dye degradation with
the increase in composite dose is due to the high adsorption capacity.
The high adsorption of pollutant molecules promotes photocatalytic dye
degradation. However, the further increase in solid content (i.e. above
optimization) retard the dye degradation. The reason for this retarded
degradation may be attributed to the overlapping of catalyst surface
(making them less available for dye adsorption), and retardation in light
penetration due to scattering of light at high catalyst concentration.
Therefore, 10 mg/100 mL was found the optimize composite
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Fig. 5. EDX analysis of g-C3Ny4, BiFeO3, and NZVI@BiFeO3/g-C3N4
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Fig. 6. UV-visible scans of BiFeO3 and NZVI@BiFeO3/g-C3Ny, inset Tauc plot
for energy bandgap.

concentration for effective dye degradation above which the balance
between solid content and dye molecules disturbed [35].

3.2.3. Effect of oxidant dose

To explore the impact of oxidant dose on percentage degradation of
RhB, the concentration of HyO5 was varied from 2 to 25 mM/100 ml of
dye solution at optimized conditions of pH and composite dose. The
results are presented in Fig. 7(c). A considerable increase in oxidative
photocatalytic dye degradation was observed with the successive in-
crease in hydrogen peroxide concentration. The working action of
hydrogen peroxide follows a well-recognized reaction mechanism in the
degradation of dye by the high rate of hydroxyl radical generation (Eq
(4)). It also helps in charge separation by accepting the electron form
conduction band (Eq (5)) [36]:

H;0, + 0, —-HO™ + HO + O, @

H,0; + €5 —HO™ + HO' )

The result presents that 18 mM concentration of hydrogen peroxide
was found optimized above which the further increase in oxidant con-
centration poses a negative impact on dye degradation [37,38]. Such
effect results due to the hydrogen peroxide radical (HO,) formation.
These are less reactive radicals than HO radicals and acts as HO scav-
engers according to Eq (6) and (7).

H,0, +HO —=H,0 + HO, (6)
HO, + HO' -»H,0 + O, )

3.2.4. Effect of irradiation time

For the optimization of reaction time, all three other parameters
namely, pH, oxidant dose, and catalyst dose were kept constant at their
optimized conditions while time was adjusted (10-160 min). The
degradation of Rhodamine B was monitored by NZVI@BiFeO3/g-C3Ny4
catalyst relative to the pristine BiFeOs after a successive interval of time.
The absorbance was observed by spectrophotometer and represented in
terms of percentage degradation in Fig. 7(d). It is obvious from the result
that the percentage degradation was increased with the gradual increase
in time by NZVI@BiFeO3/g-C3Ny4 as well as pristine BiFeO3 and reached
a maximum at a certain limit. Above the maximum dye degradation
further increase in reaction time does not improve the degradation
process. NZVI@BiFeO3/g-C3Ny catalyst degraded 97% of the dye after
120 min [39].

3.2.5. Stability/reusability test using NZVI@BiFeO3/g-C3Ny4

The advantages of heterogeneous photocatalysts include their easy
separation from the reaction mixture with remarkable activity after
multiple reusability runs. To check the stability in terms of reusability of
g-C3N4/NZVI@BiFeO4 composite, the experiments were performed up
to three successive runs. The composite was separated and washed with
distilled water after every use dried and reweight. The results are pre-
sented in Fig. 8(a). The efficiency of composite decreases from ~97% to
94%, 87%, and 84% for 1st, 2nd, and 3rd reusability runs. The stable
heterogeneous photocatalysts offer low leaching during phase change
from solid to liquid media. Therefore, Fe leaching test was performed
after each reusability run using AAS. The AAS analysis for Fe leaching
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reaction time at experimental conditions of pH = 9, NZVI@BiFeO3/g-C3N4 = 10 mg/100 mL, H,O, = 10 mM, time = 120 min, and ambient sunlight of ~1000 W/m?

brightness = 88,000 + 2000 LUX.
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Fig. 8. (a) Stability analysis up to 3 reusability cycles and (b) radical trapping experiment using NZVI@BiFeO3/g-C3N4

suggests good stability of composite after three runs (1.48 ppm, 0.42
ppm, and 0.27 ppm for 1st, 2nd, 3rd run respectively). The European
Union Directives suggest that Fe values should not exceed 2 ppm [40]. In
this study, the Fe leaching values are below the permissible limit pro-
vided by European Union Directives. Additionally, the small decrease in
the efficiency of composite may be due to a decrease and/or blockage of
the active site after multiple uses [9] (see Fig. 9).

3.2.6. Radical trapping experiments using NZVI@BiFeO3/g-C3Ny4
Reactive species (i.e., OH radicals, h", and e ) plays important role

in the photocatalytic degradation process. Therefore, a radical scav-

enging test was performed to check the key radicals responsible for

photocatalysis. For this, the 10 mM solutions of each scavenger i.e
DMSO (dimethyl sulfoxide) for OH radical scavenging, EDTA (ethylene-
diamine-tetra-acetate) for holes, and KoCrp07 (potassium dichromate)
for electron scavenging was used under the optimized conditions of pH,
composite dose, oxidant dose, and reaction time [31]. The sunlight in-
tensity recorded for scavenging experiments was ~1000 W/m? bright-
ness = 94,000 + 2000 LUX. The result obtained is presented in Fig. 8(b).
It is obvious from the results that the addition of DMSO results reduction
in degradation efficiency from ~97% to 15%. This means that OH
radicals were the key agents for the photocatalytic degradation process.
The addition of EDTA reduces the efficiency of the process from ~97%
to 41.6% and KyCro0O; reduces the process efficiency from ~97% to
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Fig. 9. Proposed photocatalytic degradation mechanism of RhB dye using NZVI@BiFeO3/g-C3N4 composite.

89%. The results justify the effective contribution of holes and little
contribution of electrons in the degradation process.

3.3Degradation mechanism

The proposed photocatalytic degradation mechanism offered by
NZVI@BiFeO3/g-C3Ny is as below; When the composite NZVI@BiFeOs/
g-C3Ny is excited under sunlight, the electrons-holes pairs (e”/h™") are
created in both components (i.e. NZVI@BiFeO3 and g-C3N4) due to their
sunlight active behavior. The conduction band level of NZVI@BiFeOs is
nearer to the valence band level of g-C3Ny, therefor the photogenerated
electrons (e”) of NZVI@BiFeO3 would be able to rejoin with photoin-
duced holes (h™) of g-C3Ny4. At the same time, the excited electrons in the
conduction band of g-C3N4 would participate in the reduction reactions
to emit Hy. Concurrently, the photoproduced holes in the valance bands
of NZVI@BiFeO3; would participate in the oxidation of Rhodamine B
dye. NZVI surface could produce at higher H>O5 concentration without
the Fe?*' leaching. Consequently, the charge carrier’s partition in the
synthesized NZVI@BiFeO3/g-C3N4 composite will enhance to a great
extent. Hence, the composite processes strong oxidation as well reduc-
tion abilities respectively in the evolution of Hy along with photo-
degradation of pollutants [41,42]. The overall proposed reaction
mechanism for the Rhodamine B dye degradation is as follows.

g — C3N, /NZVI@BiFeO; + hv — NZVIGBiFeO;(e” +ht)/g
— C3Ny(e” +h") ®

NZVI@BiFeOs(e¢” +h*) /g — C3Ny(e” +h")— NZVIG@BiFeO;(h™)/g

—C3Ny(e”) )]
g—C;Ny(e")+2 H'—> H, (10)
NZVI@BiFeO;(h*) + OH — OH an
Fe’ 4+ 2H* »Fe** + H, 12)
Fe’* + H,0,— Fe’* + HO™ 4+ HO’ 13)
Fe’* — surface + H,0,—Fe’™ +20H 14
OH +RhB — (Intermediates)— Degraded products (15)

The proposed sunlight active NZVI@BiFeOs/g-C3N4 composite

photocatalyst is a promising material as compared with previously re-
ported BiFeO3 composites. Previous research reported N-rGO supported
Gd doped bismuth ferrite for photocatalytic degradation of RhB dye. The
experiment was performed under Hg arc lamp and 99% degradation of
RhB was achieved within 120 min of reaction time using 30 mg of
composite in 250 mL dye solution. Similarly, Mn-Co doped Bismuth
Ferrite/Ti3gCy MXene and AgsPO4/BizsFeO40/GO photocatalysts were
studied under xenon lamps for CR and RhB dye degradation respectively
(Table 1). The BiFeOs3/BiOI composite (75 mg/75 mL of RhB) was
studied under a tungsten halogen lamp and ~100% degradation of RhB
was achieved in 60 min of irradiation time [43-47]. Comparing the
present novel composite with the prescribed material makes a good
contribution in literature as no catalyst was studied under sunlight with
such a small catalyst dose (Table 1).

3.4. Kinetics study

For the quantitative study of Rhodamine B degradation, reaction
kinetics was analyzed by applying 1st as well as 2nd order reaction
models to the experimental data. The expressions for the 1st and 2nd
order kinetic models are presented in Egs. (16) and (17) respectively
[401.

In C,/C =Kt (16)

1/C,—1/C,= Kat an

Here, K; is the 1st order rate constant while Cy and Ct are the con-
centrations of dye in solution at times zero and specific time t, respec-
tively, and t is the reaction time [48]. K; and K are the rates constant for
the 1st and 2nd order kinetic model [49].

A linear relation between In C,/C; and time is shown in Fig. 10(a)
and the value of k; is calculated to be the slope of a 1st order kinetics.
Similarly, the value for K is calculated from the plot (1/C-1/C,) versus
time as represented in Fig. 10(b). The R? value and rate constant k for
RhB degradation are shown in Table 2. The R? value for 1st order ki-
netics is best fitted relative to the pseudo 2nd kinetics model [50] (see
Table 3).

3.5. Optimization by response surface methodology for NZVI@BiFeO3/g-
C3Ny

To observe photocatalytic degradation via statistical technique
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Table 1
Comparative performance of previously reported BiFeO3; based composites for organic pollutant removal.
Photocatalyst Light source Pollutant Pollutant Other conditions Irradiation PC efficiency Ref.
concentration time
N-rGO supported Gd doped Hg arc lamp RhB 10 ppm 30 mg/250 mL, unadjusted 120 99% [471
bismuth ferrite pH without oxidant
Co-Doped Bismuth Ferrite LED lamp (450-460 levofloxacin 15 ppm 0.5 g/L, pH = neutral, 60 ~100% [46]
nm) oxidant (PS) = 0.2 mM
Ag3P04/BigsFe040/GO Xenon lamp (35 W) RhB 10 ppm pH = unadjusted 75 96.9% [45]
Mn-Codoped Bismuth Xenon lamp (300 Congo Red 100 ppm 100 mg/100 mL, unadjusted 30 93% in dark and 100% [44]
Ferrite/Ti3C2 MXene w), pH with no oxidant when irradiated
BiFeO3/BiOI Tungsten halogen RhB 1x 1079y 75 mg/75 mL, unadjusted 60 ~100% [43]
lamp (250 W) pH without oxidant
NZVI@BiFeO3/g-C3Ny4 Ambient sunlight RhB 10 ppm 10 mg/100 mL, pH =9, 120 ~97% In this
Oxidant = 18 mM work

(a) as
—e— NZVIBFO/g-C3N4 y=0.025x + 0.2813
4 R2=098
—+—Bife03 | _; 5085 + 03033
15 R2-098
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Fig. 10. Kinetic study (a) 1st order kinetic model (b) 2nd order kinetic model for Rhodamine B degradation using BiFeO3; and NZVI@BiFeO3/g-C3Ny4

Table 2
The calculated reaction rate constants of BiFeO3 and NZVI@BiFeO3/g-C3Ny to-
wards photodegradation of RhB.

Catalysts 1st order kinetics 2nd order kinetics

R? K; (min™?) R? K (min™")
BiFeO3 0.9841 0.00833 0.9791 0.00014
NZVI@BiFeO3/g-C3N4 0.9925 0.021 0.913 0.00096

response surface methodology (RSM) is a fascinating technique to
optimize various factors [51]. Here, RSM under central composite
design (CCD) was used to observe the impact of specific parameters on
the photocatalytic degradation of Rhodamine B. The design was
employed to attain the maximum response variable value (percentage
degradation) by managing the independent variable such as pH, catalyst

dose, and oxidant dose, under the visible light.

3.5.1. Analysis of variance (ANOVA)

It is obvious from the fitted summary plot that the significance of the
model achieved is high. The prevailing condition of the significant
model is the R? value that is almost equal to 1. However, there was a
strong association observed between independent variables and
dependent variables (i.e., percentage degradation) by the quadratic
model. Additionally, to pose the significant influence on percentage
degradation three factors pH, catalyst dose, and oxidant dose were
monitored. The 2nd order polynomial equation was employed to define
the response of three independent variables and their mutual relation-
ship with the percentage degradation of Rhodamine B dye. According to
the second-order polynomial model;

Table 3
ANOVA table for RhB degradation using NZVI@BiFeO3/g-C3N,4 composite.
Source Sum of Squares df Mean Square F Value p-value Prob > F
Model 13346.48 9 1482.94 38.18 <0.0001 Significant
A-pH 22.14 1 22.14 0.57 0.4676
B-Catalyst dose 172.79 1 172.79 4.45 0.611
C-Oxidant dose 115.87 1 115.87 2.98 0.1148
AB 71.58 1 71.58 1.84 0.2044
AC 101.03 1 101.03 2.60 0.1379
BC 16.68 1 16.68 0.43 0.5271
A? 3620.98 1 3620.98 93.23 < 0.0001
B? 5426.29 1 5426.29 139.71 < 0.0001
c? 6286.44 1 6286.44 161.85 < 0.0001
Residual 388.40 10 38.40
Lack of Fit 322.14 5 64.43 4.86 0.0538 Not Significant
Pure Error 66.26 5 13.25
Cor total 13734.88 19
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k k k k
Y = B+ Y BXi+ Y AXI+ DD XX+ e @18)
i=1 i=1 imliA
Here, Y indicates the response of dependent variable, o represents
the coefficient having a certain value while fi is related to linear coef-
ficient, pii quadratic coefficient as well as fij shows the coefficient value
of interaction effects. Xi and Xj indicate coded values for independent
variables while ¢ represents the random error [7].

% Degradation of RhB = +91.29 —1.27 x A+3.56 x B+291 xC
4299 XA xB—355 XxAxC+ 144 xBxC—1585x A>—19.40

x B? —20.89 x C?
19

3.5.2. Optimization and combined effect of independent variables

The interaction effect of oxidant dose and catalyst dose was
observed, and the results are represented in Fig. 11(a). Its contour, as
well as 3D graph, indicated the maximum value for percentage degra-
dation at optimized conditions. The catalyst dose was monitored in the
range of 2-18 mg while the oxidant dose was maintained from 2 to 25
mM.

The results associated with the effect of pH and catalyst dose by RSM
are shown in Fig. 11(b). The highest degradation value at optimized
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conditions (pH = 9 and catalyst dose 10mg/100 ml) is represented in the
graph. Moreover, it may also be described that percentage degradation
reached the maximum when the catalyst dose and pH increases. This is
attributed to the increased surface area with increasing the catalyst
dose. However, as the balance between the catalyst dose and pH con-
dition is disturbed, a decrease in dye degradation was observed. The
excess catalyst (i.e. above optimize) may cause the scattering of light
radiations, results in the reduction of the percentage degradation.
Eventually, there exists an interaction among excited and non-excited
catalyst molecules which reduce the percentage degradation at exces-
sive catalyst loading. On the other hand, the percentage degradation is
almost diminished at the extreme value of catalyst dose and reduced pH.

The interactive results of pH and oxidant dose were observed pro-
ductive on percentage degradation of RhB dye because the highest
percentage degradation value was obtained by differing the pH 8 to 9
and increased oxidant dose Fig. 11(c). The degradation rate declines
with more enhancement in oxidant dose due to the formation of HyO5 by
recombination of the OH radicals. Therefore, at optimized pH = 9 along
with optimized oxidant dose highest degree of percentage degradation
was achieved [3].
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4. Conclusion

The NZVI@BiFeO3/g-C3N4 composite was synthesized through a
hydrothermal route and applied to check out the photocatalytic degra-
dation of Rhodamine B dye. The characterization analysis provides ev-
idence for the successful synthesis of catalysts which also endorse the
improved activity of composites having properties of both NZVI@Bi-
FeO3 and g-C3Ny. The prepared composite degraded ~97% of Rhoda-
mine B dye under solar light. The high optical response of
NZVI@BiFeOs/g-C3N4 under sunlight as compared to pristine BiFeOs is
responsible for improved photocatalysis by the composite. The proposed
mechanism for dye degradation describes that the composite provides
efficient trapper sites for reactive species. Hence, the synthesized
NZVI@BiFeO3/g-C3N4 composite is a novel composite that would be
applied in the future to oxidize several organic and inorganic contami-
nants from wastewater.
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