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a b s t r a c t

The undesirable release of antibiotics into natural water bodies is regarded as major threat to aquatic 
environment. The fabrication of magnetically separable photocatalyst with high stability and recycle 
efficiency is emerging as an important strategy to mitigate water pollution. This research work reports 
a facile fabrication of ternary nanocomposite comprising of g-carbon nitride (GCN) and Bi2O3/Fe3O4. 
GCN was synthesized via calcination method involving thermal condensation of melamine. FESEM, 
HRTEM, FTIR, EDX, XRD, PL and UV-visible spectroscopy verified the successful preparation of 
GCN/Bi2O3/Fe3O4. The as synthesized GCN/Bi2O3/Fe3O4 photocatalyst was tested for the photocat-
alytic degradation and mineralization of oxytetracycline (OTC) antibiotic as target pollutant under 
solar light irradiation. GCN/Bi2O3/Fe3O4 revealed excellent photocatalytic performance for the deg-
radation of OTC as compared to GCN and Bi2O3 due to suitable band gap positions. The synergistic 
adsorption and photocatalysis exhibited significantly higher efficacy for OTC degradation. The OTC 
was fully mineralized in 8 h in visible light exposure. GCN/Bi2O3/Fe3O4 was recovered from reaction 
mixture in 90 s employing a magnet and recycled for 10 consecutive cycles without much loss in cat-
alytic activity. The present study attempts to provide a new approach for the designing of an efficient 
magnetic photocatalyst for organic pollutant eradication from simulated water.
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1. Introduction

Oxytetracycline (OTC) pertains to a class of pharma-
ceuticals and used worldwide as well as enters into aquatic 
environment polluting water system due to their toxicity 
after discharge into several water sources [1,2]. Antibiotics 

are toxic to ecosystem; enter via sewage release from phar-
maceutical industries, hospitals and domestic waste. Nowa-
days, rise in antibiotic resistant bacteria growth is generating 
a major problem in wastewater purification [3,4]. Oxytetra-
cycline (OTC) antibiotic is repeatedly identified tetracycline 
in aquatic system that is entering as a pollutant in water 
resources [5]. Numerous traditional methods of wastewater 
purification were employed including filtration, coagulation, 
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sedimentation, adsorption and reverse osmosis. Above men-
tioned conventional methods proved inefficient for purifi-
cation of polluted water from pesticides, pharmaceutical, 
organic solvents and household chemicals [6]. 

Advanced oxidation processes (AOPs) emerged as a 
proficient technique for the removal of biotic/abiotic pol-
lutants from wastewaters. Among AOPs, semiconduc-
tor-based photocatalysis has received a great attention in 
recent years [7]. The development of a visible light assisted 
photocatalyst is critically desired for the utilization of solar 
light. The coupled metal oxide semiconductors emerged 
proficient photocatalytic materials for environmental 
wastewater treatment via mineralization of biotic/abiotic 
pollutants under visible and UV light irradiation [8]. Gra-
phitic carbon nitride (GCN) is a promising metal-free pho-
tocatalytic material endowed with excellent photocatalytic 
properties for water purification under visible-light irradia-
tion [9]. Carbon nitride (GCN) is non-toxic, chemically and 
thermally stable, π-conjugated compound exhibiting versa-
tile optical and electronic properties with a suitable band 
gap [10–14]. Apart from its good properties, material is also 
inherited with its limitations including electron-hole pair 
recombination and restricted visible light exploitation for 
water purification [15].

Bismuth trioxide (Bi2O3) is regarded as a potential pho-
tocatalyst due to its lower band gap energy (2.8 eV) with 
beneficial electrical properties, remarkable photoconduc-
tivity and good photoluminescence [16,17]. Bismuth oxide 
(Bi2O3) is characterized with various advantages such as 
catalysis, ceramics, solid-state electrolytes and chemical 
sensors owing to its more surface area assisting in increased 
adsorption sites. But on the contrary suffers from some 
drawbacks as high corrosion activity and low mechanical 
strength [18,19]. Bi2O3 based nanocomposites were previ-
ously reported to be an efficient photocatalyst for indus-
trial wastewater remediation containing OTC antibiotics as 
pollutants [20]. Apart from all these, magnetic separation 
of the photocatalyst is of great interest due to its logical 
and technical relevance in wastewater treatment [21–23]. 
Many magnetic spinel structured ferrite nanoparticles have 
been employed for proficient separation of nanoparticles 
from treated water [24–26]. The introduction of Fe3O4 led to 
rapid separation and recovery of photocatalyst via magnet 
[27–30]. The heterojunction engineering with desired elec-
tronic properties was performed for overcoming the afore-
mentioned drawbacks of conventional photocatalyst for the 
successful separation of charge carriers [31,32].

Oxytetracycline antibiotic was selected as target pollut-
ant for the exploration of photodegradation. This piece of 
research work reports the facile synthesis of magnetically 
separable ternary GCN/Bi2O3/Fe3O4 photocatalyst. The 
as synthesized GCN/Bi2O3/Fe3O4 photocatalyst was char-
acterized using various physical and chemical techniques 
including Fourier emission scanning electronmicroscope  
(FESEM), transmission electron microscopy (HRTEM), 
X-ray diffraction (XRD), Fourier-transform infrared spec-
troscopy (FTIR) and energy-dispersive, X-ray spectroscopy 
(EDX) analysis, UV-visible analysis and BET. The cooper-
ative influence of adsorption and photocatalysis on OTC 
degradation was investigated. Lastly, detailed mechanism 
of OTC mineralization was also explored under solar light 
irradiation. 

2. Experimental

2.1. Preparation of GCN/Bi2O3/Fe3O4

Bismuth nitrate pentahydrate [Bi(NO3)3·5H2O], citric acid 
[C6H8O7·H2O], FeCl3·6H2O, FeCl2·4H2O, NH4OH, HNO3 (0.04 
mol/L) were purchased from Ranbaxy (India) PEG-4000, 
Melamine were purchased from Sigma Aldrich, India. All 
aqueous solutions were prepared in deionized water. 

2.1.1. Fabrication of GCN

In brief, GCN was synthesized via thermal polyconden-
sation of melamine at 450–650°C. Firstly, 5 g of melamine 
was calcined for 2 h at 450°C and then further heated up to 
650°C with 10°C temperature rise per min. With the increase 
in temperature from 450°C to 650°C, yellow colored pow-
der was attained. The resultant yellow powder was cooled 
and crushed into fine powder form using pestle and mortar 
and labelled as GCN for further use.

2.1.2. Synthesis of GCN/Bi2O3 binary composite 

GCN/Bi2O3 binary nanocomposite was synthesized 
via modified hydrothermal method. Typically, 1 g GCN 
was dispersed in 100 ml of H2O and sonicated for 20 min. 
Then, 2.9 g of Bi(NO3)3·5H2O and 1.4 g of citric acid were 
dissolved separately in deionized H2O:HNO3 solution (0.04 
mol) having 90 ml : 10 ml ratio. The obtained reaction mix-
ture was added to GCN suspension. The resultant solution 
was then heated at 300°C for 2 h to obtain GCN/Bi2O3 pow-
der (Fig. 1). Bi2O3 nanoparticles were prepared by adopting 
exactly same methodology but deprived of GCN.

2.1.3. Synthesis of GCN/Bi2O3/Fe3O4 ternary nanocomposite 

GCN/Bi2O3/Fe3O4 was prepared employing an in-situ 
precipitation method. Typically, 1 g of GCN/Bi2O3 powder 
was dispersed in 100 ml deionised water and magnetically 
stirred for 15 min followed by ultrasonication for next 20 
min in a beaker. In another beaker, 1.8 g of FeCl3·6H2O and 
0.8 g of FeCl2·4H2O were dissolved in 40 ml distilled water 
and continuously stirred on a magnetic stirrer for 20 min. 
Then both the above solutions taken in both beakers were 
mixed and obtained final solution was magnetically stirred 
at 80°C for 20 min. To this reaction mixture, 20 ml of NH4OH 
was quickly injected. The resulting mixture was sonicated 
for 10 min followed by cooling and several times washing 
with water and finally with ethanol. Lastly, as obtained pre-
cipitates of GCN/Bi2O3/Fe3O4 were oven dried at 70°C and 
preserved for experimental studies (Fig. 1). Fe3O4 nanopar-
ticles were prepared employing same methodology with no 
addition of GCN/Bi2O3 to reaction solution.

2.2. Photocatalytic activity experiment

Photocatalytic efficiency of synthesized GCN/Bi2O3/
Fe3O4 nanocomposite was investigated for OTC degradation 
in 250 ml double walled beaker (borosilicate) using thermo-
static water movement arrangement (25±0.3°C). Briefly, 0.50 
g of powdered photocatalyst was added to 50 mL aqueous 
solution of OTC. Digital lux-meter (35 × 103 ± 1000lx) was 
used to measure solar light intensity. The solution contain-
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ing OTC and photocatalyst was continuously stirred to avoid 
agglomeration of catalyst. 2 mL aliquot was withdrawn and 
separation of photocatalyst particles from aliquot was per-
formed via a magnet. The resulting clear aliquot was ana-
lyzed on UV–Vis spectrophotometer to record the change in 
oxytetracycline concentration. Photocatalytic experiments 
were accomplished between April to June 2017 (10 am to 
2 pm) month. Chemical oxygen demand (COD) was esti-
mated through closed reflux technique. For the determina-
tion of unreacted oxidant, samples were titrated with Mohr’s 
salt and ferroin indicator. COD and CO2 amounts were also 
accomplished via earlier reported approaches and removal 
efficiency has been calculated using Eq. (1).

%  removal efficiency
C C

C
t=

−0

0

 (1)

where C0 signifies initial concentration and Ct/COD indi-
cated instant concentration of sample/COD. Eqs. (2) and (3) 
were used for the calculation of rate constant (k) and half-
life period (t1/2):

k slope= ×2 303.  (2)

t
k1

2

0 693
=

.  (3)

Slope was achieved from plot of ln (c) vs. ‘t’.

3. Results and discussion

3.1. Morphological and structural characterization of GCN/
Bi2O3/Fe3O4

3.1.1. FESEM, TEM, HRTEM and XRD analysis of GCN/
Bi2O3/Fe3O4

FESEM images for GCN, GCN/Bi2O3 and GCN/Bi2O3/
Fe3O4 are shown in Figs. 2a–f. Graphitic carbon nitride 

exhibited graphite-like layered structure with rough, irregu-
lar and porous surface shown in Figs. 2a and b. The uneven 
porous surface facilitated OTC adsorption on its surface. 
The deposition of Bi2O3and Fe3O4 on GCN surface is clearly 
seen in Figs. 2c–f. The formation of GCN/Bi2O3/Fe3O4 
nanocomposite was further analyzed by TEM and HRTEM 
analysis. High-resolution transmission electron microscopy 
(HRTEM) permits direct imaging of sample at atomic level. 
GCN exhibited sheet like structure with lattice fringe of 
0.16 nm (Figs. 3a and b). In Figs. 3c–f, the dispersion of both 
Bi2O3 and Fe3O4 onto GCN was observed. The clear lattice 
fringes were observed and separated by distance 0.16 nm 
(GCN), 0.339 nm (Bi2O3), 0.334 nm (Bi2O3 in GCN/Bi2O3), 
0.14 nm (GCN in GCN/Bi2O3) and 0.202 nm [33,34].

The crystal structure of as-prepared GCN/Bi2O3/Fe3O4 
ternary photocatalyst was examined by powdered XRD 
analysis (Fig. 4). In XRD spectrum of GCN, diffraction 
peaks at 13.1° and 27.4° corresponded to (100) and (002) 
plane, respectively [35,36]. The peak at 13.1° was ascribed 
to in-plane structural packing motif of tri-s-triazine units 
and other dominant peak at 27.4° was corresponded to 
inter-planer stacking reflection of aromatic sections of 
GCN tetragonal phase (JCPDS 87-1526) [37]. Fig. 4 shows 
XRD pattern as synthesized Bi2O3 sample. The characteris-
tic peaks at position of 28.02°, 32.3°and 46.2°corresponded 
to (201), (200) and (222) planes respectively and specified 
monoclinic structure of Bi2O3(JCPDS65-1209) [38,39]. In 
XRD spectrum of GCN/Bi2O3/Fe3O4 nanocomposite, dif-
fraction peaks at 2θ = 30.4°, 35.7°, 43.4°, 53.4° and 57.4° were 
attributed to (220), (311), (400), (422), (511) planes of Fe3O4.
The characteristic peaks of both GCN and Bi2O3 at 13.1°, 
27.4°, 32.3° and 46.2° were assigned to (100), (002), (200) 
and (222) planes, respectively in GCN/Bi2O3/Fe3O4. Bond-
ing between GCN, Bi2O3 and Fe3O4 lead to improvement in 
intensity. XRD pattern also confirmed the semi-crystalline 
structure of nanocomposite. From above discussion, it was 
inferred that Fe3O4 were successfully deposited on the sur-

Fig. 1. Schematic preparation of GCN/Bi2O3/Fe3O4 photocatalyst.
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Fig. 2. SEM & FE-SEM images of GCN (a and b), GCN/Bi2O3 (c and d) and GCN/Bi2O3/Fe3O4(e and f).

Fig. 3. HRTEM images of GCN(a-b), GCN/Bi2O3(c-d) and GCN/Bi2O3/Fe3O4 ternary composite (e-f).
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face of GCN sheet along with Bi2O3 by in situ growth mech-
anism. No free Fe3O4 or Bi2O3 nanoparticles were found 
outside GCN sheet that also prevented the agglomeration 
of both Bi2O3 and Fe3O4 nanoparticles [40].

3. 1.2. FTIR and EDX, BET analysis of GCN/Bi2O3/Fe3O4

Fig. S1 shows FTIR spectra of GCN, Bi2O3, GCN/Bi2O3 
and GCN/Bi2O3/Fe3O4 composites. The aromatic C-N 

stretching was observed in the region of 1252–1640 cm–1 
(1241, 1319, 1411, 1457, 1569, 1639 cm–1). The band owing to 
out of plane bending mode of tri-s-triazine units (heptazine 
rings) was recorded at 811 cm–1 [41]. A group of broad peaks 
was obtained from 3200-3400 cm–1 which corresponded to 
N-H bonds stretching vibration in primary amine (–NH2). In 
Bi2O3, The cluster of peaks from 500–600 cm–1 was assigned 
to Bi-O stretching vibrations. The peaks at 862, 762 and 903 
cm–1 were corresponded to stretching vibration of Bi-O-Bi 
[42]. The absorption band at 3450 cm–1 was assigned to O-H 
bending vibration. In spectrum of GCN/Bi2O3, characteris-
tic peaks of both GCN and Bi2O3 were recorded. FTIR spec-
trum of GCN/Bi2O3/Fe3O4 displayed characteristic Fe-O 
peak at 583 cm–1. The peaks of both GCN and Bi2O3 were 
also recorded in GCN/Bi2O3/Fe3O4. The slight shift in the 
intensity of peak indicated the formation of GCN/Bi2O3/
Fe3O4.

EDX spectra of GCN, Bi2O3, GCN/Bi2O3 and GCN/
Bi2O3/Fe3O4 are shown in Figs. 5a–d. EDX spectrum of 
GCN displayed an elemental composition of carbon (C) 
and nitrogen (N) elements (Fig. 5a) and Bi2O3 revealed the 
existence of bismuth (Bi) and oxygen (O) elements (Fig. 
4b). In Fig. 5c, EDX spectrum of GCN/Bi2O3 confirmed the 
presence of bismuth (Bi), oxygen (O), carbon (C) and nitro-
gen (N) elements. EDX spectrum and percentage atomic 
composition of GCN/Bi2O3/Fe3O4 is shown in Fig. 5d. The 
occurrence of carbon (C), nitrogen (N), bismuth (Bi), oxygen 
(O) and Iron (Fe) elements indicated the formation of ter-
nary GCN/Bi2O3/Fe3O4. Adsorption/desorption isotherm 
of N2 in GCN/Bi2O3/Fe3O4 nanocomposite is presented in 
Figs. 6a, b and type IV isotherm with mesoporous nature 
was revealed by GCN in GCN/Bi2O3/Fe3O4 nanocomposite 
(specific surface area is 80.8 m2/g and 72.0 m2/g) [43,44]. 

Fig. 4. XRD of spectra of GCN, Bi2O3, GCN/Bi2O3, GCN/Bi2O3/
Fe3O4.

Fig.5. EDX spectra of GCN, Bi2O3,GCN/Bi2O3 binary composite and GCN/Bi2O3/Fe3O4.
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3.1.3. UV-Visible, band gap analysis and magnetization 
study of GCN/Bi2O3/Fe3O4 nanocomposite

Fig. 6 (c and d) presented UV-visible spectra and Tauc’s 
plots of GCN/Bi2O3/Fe3O4 nanocomposites. For the anal-
ysis of band gap, 2 mg/10 mL concentration of Bi2O3 and 
GCN was dispersed in ethanol (Figs. 6c and d) and absorp-
tion edges of Bi2O3 and GCN was obtained at 380 nm and 
460 nm, respectively. Tauc’s plot was applied for the calcu-
lation of optical band gap using the formula:

α υ υh B h Eg

n
= −( )  (4)

where α denotes absorption coefficient = 2.303 A/l, Eg signi-
fies optical band gap, B implies band tailing parameter, hυ 
indicates photon energy and n connotes ½ for direct band 
gap. Straight line curve was extrapolated between (αhυ)and 
hυ for the determination of optical band gap, when α = 0. 
The calculated band gap of GCN and Bi2O3 was 2.7 and 2.8 
eV, respectively.

In slurry type photoreactors, recovery of photocatalyst 
is an important issue for its practical applications. The pho-
tocatalyst should be magnetic in nature for rapid separation 
from reaction solution. Magnetization study of Fe3O4 and 
GCN/Bi2O3/Fe3O4 nanocomposite is exposed in Figs. 7a 
and c due to applied magnetic field. Fe3O4 and GCN/Bi2O3/
Fe3O4, both had respective saturation magnetization (Ms) of 
16.82 and 14.34 emu/g. Existence of non-magnetic GCN/
Bi2O3 in GCN/Bi2O3/Fe3O4 nanocomposite was confirmed 
by lower Ms values and intensity of applied magnetic field 
weakens to zero indicated by hysteresis loop (M-H curve) 
[45]. Magnetic remanance (Mr) of Fe3O4 and GCN/Bi2O3/

Fe3O4 nanocomposite was perceived as 11.35 and 11.33 
emu/g. On applying external magnetic field, easier sepa-
ration of GCN/Bi2O3/Fe3O4 nanocomposite was observed 
from treated water. These magnetic studies marked super-
paramagnetic behavior of Fe3O4 and GCN/Bi2O3/Fe3O4 
nanoparticles. GCN/Bi2O3/Fe3O4 and Fe3O4 nanoparticles 
can be easily separated from treated water in 90 and 60 s 
by employing a permanent magnet close to bottle after per-
forming photocatalytic experiments (Figs. 7b and d).

3.2. Eradication of oxytetracycline antibiotic under various 
reaction conditions

Photocatalytic experiment was performed to measure 
photocatalytic activity of GCN, GCN/Bi2O3 and GCN/
Bi2O3/Fe3O4 nanocomposite under solar light for Oxytet-
racycline antibiotics degradation (Fig. 8a). The photocat-
alytic efficiency of used photocatalysts followed the trend 
as: GCN/Bi2O3/Fe3O4 (94%) > GCN (65%) > Bi2O3 (58%) >> 
Fe3O4 (9%). The obtained trend revealed quite higher effi-
ciency of GCN/Bi2O3/Fe3O4 as compared to as Bi2O3 and 
GCN, while Fe3O4 had minimal photocatalytic activity for 
OTC degradation. In case of surface assisted photo-degrada-
tion reactions, adsorption of aqueous phase pollutant is con-
sidered as an important factor for efficient catalytic removal 
of pollutants. The removal experiments were also conducted 
in dark to assess adsorbent nature of used photocatalyst 
(Fig. 8b). The adsorption ability of used adsorbents followed 
the trend: GCN/Bi2O3/Fe3O4 (52%) ≈ GCN (50%) > Bi2O3 
(15%) > Fe3O4 (9%). In this work, GCN had emerged as an 
effective adsorbent for OTC removal. While both Bi2O3 and 

Fig. 6. (a) BET analysis of GCN, (b) BET analysis of GCN/Bi2O3/Fe3O4, (c) UV-visible analysis GCN and Bi2O3 and (d) Tauc’s plot of 
GCN and Bi2O3.
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Fe3O4 displayed quite low adsorption ability as compared 
GCN. Photodegradation of OTC antibiotic was affected by 
adsorption ability of as synthesized GCN. So furthermore, 
two different reaction conditions were employed for OTC 
photodegradation i.e. (i) Equilibrium adsorption proceeded 
after photodegradation (A-P) and (ii) concurrent adsorption 
with photocatalysis (A+P). GCN/Bi2O3/Fe3O4 nanocom-
posite performed 95% of OTCe radication in 60 min under 
solar light during A+P approach and only 60% of OTC was 
removed in case of A-P approach (Fig. 8c). Thus efficiency 
of investigated photocatalytic systems for OTC eradication 
followed trend: GCN/Bi2O3/Fe3O4/A+P>GCN//Bi2O3/
Fe3O4/DA>GCN/Bi2O3/Fe3O4/A-P. From the results, it was 
also perceived that A+P system have higher OTC removal 
than A-P system. The efficiency trend of processes was 
observed as: A+P > DA > A-P. A-P possessed lowest removal 
due to retarding influence of adsorption on photocatalytic 
process [46,47]. The additional adsorbed pollutant (OTC 
antibiotic) behaved as a sieve for solar light and retarded the 
photo active volume that diminished pollutant degradation. 
Therefore, A+P process with adsorption and photocatalysis 
eliminated adsorbed OTC molecule through photodegrada-
tion process. Thus combination of (binary composite) GCN 
and Bi2O3 had a synergistic effect on OTCe radication due to 
coupling of adsorption and photocatalytic process [48].

3.3. Influence of different reaction parameters on OTC 
 photodegradation using GCN/Bi2O3/Fe3O4/A+P catalytic 
system

For the optimization of different reaction parameters for 
OTC degradation, different reaction factors like OTC con-

centration, catalyst loading and pH were studied to eval-
uate photocatalytic performance of GCN/Bi2O3/Fe3O4/
A+P system. The outcomes were interpreted in the form of 
half-life time (t1/2) and first order rate constant (k). Variation 
in the initial concentration of oxytetracycline antibiotic was 
from 0.7×10–4 mol dm–3 to 9×10–4 mol dm–3 and increment in 
rate constant was observed from 3.5×10–4 s–1 to 5.5×10–4 s–1 
with the proliferation in OTC concentration i.e. 7.0×10–4 mol 
dm–3 to 1.0 ×10–4 mol dm–3. Thereafter, decrease in rate con-
stant was perceived from 5.5×10–4 s–1 to 3.8×10–4 s–1 with the 
enhancement in OTC concentration from 1.0×10–4 mol dm–3 
to 9.0×10–4 mol dm–3. Rate constant was found maximal at 
1.0×10–4 mol dm–3 concentration for OTC antibiotic due to 
occurrence of OTC molecules in photoactive volumes in 
photodegradation process. However, OTC represented 
itself as a sieve for incident irradiation and minimized 
photoactive volume [49]. Analysis of catalyst dose effect 
on OTC degradation was examined by increase in amount 
of GCN/Bi2O3/Fe3O4 nanocomposite (ternary composite) 
from 10 mg/50 mL to 120 mg/50 mL and it was confirmed 
that rate constant upgraded from 1.5×10–2 min–1 to 5.4×10–2 
min–1 with the enhancement in loading of GCN/Bi2O3/
Fe3O4 nanocomposite. It was also scrutinized that rate con-
stant of photocatalyst loading was utmost at 60 mg/50 mL. 
Increase in catalyst loading also leaded to enhancement 
inactive site numbers for photodegradation of OTC mole-
cule. However, increased catalyst loading also resulted in 
formation of turbid solution which retarded reaction rate by 
blocking the sunlight penetration in photoactive volume. It 
can be anticipated that for effective photodegradation of 
OTC, ideal amount of GCN/Bi2O3/Fe3O4 nanocomposite 
was required so that obtain ability of light photons can be 
confirmed and extra photocatalyst can be avoided [50,51].

Fig. 7. (a) Hysteresis curve of Fe3O4, (b) Magnetic separation of Fe3O4, (c) Hysteresis curve of GCN/Bi2O3/Fe3O4 and (d) Magnetic 
separation of GCN/Bi2O3/Fe3O4.
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The initial reaction pH solution plays an important role 
in photodegradation process. In present work reaction pH 
was varied from 1–13 to optimize reaction pH for OTC deg-
radation and observed that rate constant increased from 
2×10–4 s–1 to 6×10–4 s–1due to pH increase from 1 to 5. How-
ever, rate constant was found to increase with increase in 
pH from 5 to 13. Above pHzpc and below pHzpc photo-
catalyst surface was primarily negatively charged but pre-
eminence in catalyst surface was due to positively charged 
species. below pHzpc photocatalyst surface is positively 
charged (in acidic medium) whereas above pHzpc photo-
catalyst surface is negatively charged (in basic medium). 
In current research work, pHzpc of GCN/Bi2O3/Fe3O4 
nanocomposite was examined to be 7.8. At low pH, both 
absorbent and OTC (antibiotic) were found to be positively 
charged as well as adsorption of OTC was lesser but with 
the increase in pH from acidic to basic, complete change in 
ionic species from positive charge to negative was observed 

for OTC [52]. OTC particles existed concurrent adsorption 
with photocatalysis in zwitter ionic form (H2OTC±) at pH 
5 and OTC particles adsorption was higher whereas, OTC 
was found as HOTC– at pH 8.5 and HOTC2– at pH 11 [53]. 
Thus, at pH 5, these factors were main responsible reason 
for utmost photocatalytic eradication of OTC from simulta-
neous photocatalysis and adsorption from wastewater. 

3.4. OTC (antibiotic) photocatalytic mineralization using GCN/
Bi2O3/Fe3O4/A+P and GCN/Bi2O3/Fe3O4/A-P catalytic system

It was inferred from overhead discussion, that adsorption 
of OTC antibiotic on catalyst surface influenced photocata-
lytic activity of GCN/Bi2O3/Fe3O4/A+P as well as GCN/
Bi2O3/Fe3O4/A+P photocatalytic systems. OTC photodegra-
dation was studied for 10 h with A+P and A-P processes under 
solar light to attain thorough mineralization of antibiotic. 
The mineralization investigations were interpreted through 

Fig. 8. (a) OTC degradation by different photocatalysts, (b) Adsorption in dark and (c) Photodegradation process under different 
reaction conditions, (d–f) Effect of reaction parameters on OTC degradation under solar system, (c) Effect of OTC concentration; (e) 
Effect of catalyst loading. (f) Effect of pH; Reaction conditions: [OTC] = 1 × 10–4 mol dm–3; [catalyst] = 50 mg/100 ml ; pH = 5 .0; Solar 
light intensity = 35 × 103 ± 1000 lx; reaction time = 10 h.
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COD and CO2 removal during photocatalytic reaction (Figs. 
9a–d).In case of A+P, 100, COD deduction attained was 65 
and 55% for GCN/Bi2O3/Fe3O4, Bi2O3 and GCN, respectively 
[54]. During (A-P) process, GCN/Bi2O3/Fe3O4, GCN and 
Bi2O3 possessed respective 50, 53, 52% of COD removal for 
OTC degradation. During CO2 evolution experiment, simi-
lar trend was observed for OTC mineralization process and 
CO2 discharge detected during antibiotic degradation was 
also a sign of OTC mineralization. From above investigation, 
GCN/Bi2O3/Fe3O4/A+P emerged as most efficient catalytic 
system and it mineralized OTC completely in 8 h.

Furthermore, to explore mechanism of degradation pro-
cess, trapping experiments were also applied using different 
scavengers for generated radicals such as isopropyl alcohol 
for OH• radical, benzoquinone (BZQ) for O2

–, ammonium 
oxalate (AO) for hole scavenger and Cr(VI) for electron [55].
With the addition of isopropyl alcohol, BZQ, ammonium 
oxalate and Cr(VI), the removal efficiency of OTC was 9, 36, 
95 and 94%, respectively in 60 min (Fig. S2.). The addition of 
IPA and BZQ hindered removal efficiency of GCN/Bi2O3/
Fe3O4 sharply, which indicated that OH• and O2

– radicals are 
mainly responsible for OTC degradation. The IPA is mainly 
used to understand degradation mechanism governed by 
OH• radical due to its poor fixation with catalyst surface and 
rapid oxidation under aqueous medium [56].Furthermore, 
addition of AO and Cr(VI) scavengers had no substantial 
effect on OTC degradation and indicated that photogene-
rated h+

VB and e¯CB were not major reactive species during 
OTC removal. The decrease in photodegradation efficiency 
followed the trend: IPA > BZQ >> AQ > Cr(VI).

Fig. 8 illustrates photocatalytic activity of GCN/Bi2O3/
Fe3O4 nanocomposites under solar light via proposed mech-

anism and on the basis of structure characterizations result 
and visible light photocatalytic tests of the prepared sam-
ples [57,58]. The calculated optical gap of are GCN and 
Bi2O3 are 2.7 and 2.8 eV, respectively. With respect to redox 
potential scale, the valence band (VB) edges of GCN and 
Bi2O3 were 1.4 eV and 3.13 eV and conduction band (CB) 
edges were –1.3 eV and 0.33 eV respectively (Fig. 10) [59,60]. 
The VB edge of GCN is more positive than Bi2O3, while CB 
edge of GCN is more negative than that of Bi2O3. In the 
presence of solar light, both GCN and Bi2O3 were able to 
produce charge carriers i.e. conduction band electrons (e¯CB) 
and valence band holes (h+

VB). The photogenerated h+
VB 

in valence band of Bi2O3 shifted to valence band of GCN, 
whereas, CB electrons (e¯CB) of GCN were migrated to CB of 
Bi2O3. Photo-oxidation and adsorption took place on or near 
photoactive surface. At pH ≈ 5, HOTC– was excited to sin-
glet state and crossed triplet state of HOTC–* by intersystem 
crossing mechanism [61]. The triplet state HOTC–* returned 
to ground sate by donating electron to conduction band of 
Bi2O3 to generate superoxide anion radical (O2

–). Thus, pho-
to-induced electrons on the CB of GCN surface were easily 
transferred to Bi2O3 via interfaces and on the other hand 
holes on the Bi2O3 surface were migrated to GCN in a sim-
ilar manner [33]. The charge transfer successfully retarded 
photogenerated electron hole pair recombination within 
two semiconducting materials causing an improvement in 
photocatalytic process. Electrons in conduction band com-
bined with O2 to produce O2

– radicals and holes in valance 
band reacted with H+/H2O to generate hydroxyl radicals 
[62]. Thus, hydroxyl radicals and superoxide anion radicals 
ultimately mineralize OTC (pollutant) into CO2, H2O and 
respective ions. 

Fig. 9. Mineralization of OTC under solar light using A+P and A-P processes, a and d are COD removal graph. b and d are CO2 
evolution graph. Reaction conditions: [OTC] = 1×10–4 mol dm–3 ; [OTC]= 1×10–4 mol dm–3; [catalyst] = 50 mg/100 ml ; pH = 5.0; Solar 
light intensity = 35 × 103 ± 1000 lx; reaction time = 10 h.
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3.5. Recyclability of GCN/Bi2O3/Fe3O4

Recycle efficiency is an important factor for large scale 
application of photocatalytic water treatment processes. The 
recycle efficiency of GCN/Bi2O3/Fe3O4 was explored for ten 
consecutive cycles under solar light. Photocatalyst separa-

tion from solution was accomplished using a permanent 
magnet for 90 s throughout each run,whereas, both GCN 
and Bi2O3 were separated in 20 min and 3 h using centrif-
ugation and sedimentation process, respectively. The sepa-
rated photocatalyst was washed thoroughly and dried for 
further use. The efficacy of GCN/Bi2O3/Fe3O4 was reduced 
to 90% from 99% for six consecutive cycles. However, in 
the case of GCN, efficacy was decreased to 57% from 65%.
After ten cycles, recycle efficiency of Bi2O3 had a value of 
48%. These findings indicated that magnetic GCN/Bi2O3/
Fe3O4 possessed both higher recyclability and quicker sep-
aration from reaction solution (Fig. 11). However, the sep-
aration of GCN and Bi2O3 from reaction solution was slow 
and time consuming process. The present study revealed 
applicability of GCN/Bi2O3/Fe3O4 as a magnetic photocata-
lyst for wastewater remediation.

4. Conclusion

Finally, it was concluded that highly efficient and reus-
able GCN/Bi2O3/Fe3O4 composites were synthesized by sim-
ple hydrothermal method. SEM, TEM, XRD, FTIR and EDX 
different analyses techniques were executed to confirm the 
formation of GCN/Bi2O3/Fe3O4 nanocomposites. The syn-
thesized GCN/Bi2O3/Fe3O4 nanocomposite was separated 
from reaction solution in 90 s through a magnet. GCN/Bi2O3/

Fig. 10. Proposed mechanism for OTC degradation using GCN/
Bi2O3/Fe3O4 photocatalyst.

Fig. 11. Recycle efficiency of photocatalysts. [OTC] = 1 × 10–4 mol dm–3 ; [OTC] = 1 × 10–4 mol dm–3 ; [catalyst] = 50 mg/100 ml ; pH = 
5.0; Solar light intensity = 35 × 103± 1000 lx; reaction time = 10 h.
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Fe3O4 nanocomposite possessed photocatalytic activity for 
antibiotic (OTC) degradation and revealed significant adsorp-
tion capacity for antibiotic (OTC) eradication from water. 
A+P (concurrent adsorption with photocatalysis) process 
exhibited synergistic effect for OTC degradation and within 
8 h mineralization was obtained. The degradation process 
mainly occurred by hydroxyl radical formation mechanism. 
Substantial recycle efficacy was perceived by magnetically 
separated photocatalysts for 10 catalytic cycles. The GCN/
Bi2O3/Fe3O4 ternary nanocomposite also proposed a new out-
look to develop novel and efficient photocatalytic materials 
for industrial and pharmaceutical waste water treatment.
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Supplementary

Fig. S1. FTIR spectra of GCN, Bi2O3, GCN/Bi2O3 and GCN/
Bi2O3/Fe3O4.

Fig. S2. Effect of radical scavengers on photocatalytic degrada-
tion of OTC. [OTC] = 1 × 10–4 mol dm–3 ; [Scavenger] = [1 × 10–6 
mol dm–3]; [catalyst] = 50 mg/100 ml ; pH = 5 .0; Solar light in-
tensity = 35 × 103 ± 1000 lx;


