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a b s t r a c t
Herein, Ag-anchored Bi2O3/g-C3N4 based Z-scheme photocatalyst was prepared using facile hydro-
thermal approach for photocatalytic degradation of imidacloprid pesticide (IMP). Graphitic carbon 
nitride (GCN) nanocomposites were fabricated via thermal polycondensation and Ag-anchored 
Bi2O3/g-C3N4 (Ag-BO/GCN) via single-step hydrothermal method, respectively. The spectral analysis 
such as XRD, SEM, TEM, IR, PL, UV and XPS and BET were performed to investigate physicochem-
ical properties of Ag-BO/GCN. The enhanced catalytic performance of Ag-BO/GCN was benefited 
from complimentary transport and separation efficacy of photogenerated electron–hole pairs via 
Z scheme pathway. The synthesized Ag-BO/GCN exhibited remarkable imidacloprid degradation 
(93%) than Ag-BO and GCN. The complete mineralization was attainted in 10 h under visible light 
irradiation. The improved photocatalytic activity of Ag-BO/GCN composites was credited to suitable 
band alignment between GCN and BO as well as presence of Ag (0) that acted as electron mediator 
thereby suppressing recombination between photoinduced charge carriers. The photocatalytic deg-
radation of IMP followed pseudo-first order kinetics. The significant recyclability and stability of 
Ag-BO/GCN was observed for 10 catalytic cycles. 

Keywords:  Ag-anchored Bi2O3; Grpahitic carbon nitride; Heterojuction formation; Photocatalysis; 
Imidacloprid pesticide degradation 

1. Introduction

Currently, environmental pollution and energy crises 
have become two major challenges [1]. Especially water 
pollution has emerged as a serious threat to environment 
because of accumulation of dyes, aromatics, hormones and 
pesticides in water resources. Worldwide these pollutants 

have attracted foremost attention because they are highly 
unbiodegradable toxic species and potentially able to be 
transformed into carcinogenic, teratogenic and even muta-
genic agent. For this, bimetallic heterojunction was designed 
in the form of an interface integrating different semicon-
ductor materials with suitable band edges promoting inter-
facial charge transfer and improving photoinduced charge 
carrier separation [2]. In 1972, TiO2 was utilized for water 



345P. Raizada et al. / Desalination and Water Treatment 171 (2019) 344–355

splitting and exhibited unique properties such as high pho-
tocatalytic efficiency and good stability [3]. Lately, variety of 
semiconductor heterojunction in the form of photocatalysts, 
such as TiO2/CdS [4] and g-C3N4–TaON [5], were designed. 
The photocatalysis emerged as a potential water reme-
diation technique involving eradication of biotic/abiotic 
pollutants from aqueous phase. Upon light illumination, 
excited photocatalyst generates photogenerated charge car-
riers (e)/(h) [6]. Subsequently, few separated electron–hole 
pairs were transformed into hydroxyl radicals (•OH) and 
superoxide radicals (•O2

–). The holes (h+), •OH and •O2
–• as 

strong oxidizing species play vital part in water treatment. 
But, photocatalytic performance of photocatalyst depends 
upon some essential factors, that is, restricted visible light 
absorption and quick electron–hole pair recombination 
[7,8]. Congruously, construction of a highly efficient pho-
tocatalytic system possessing broad spectral response with 
potential electron–hole pair separation is vital. Designed 
photocatalyst should be stable, economical, abundant and 
less toxic [9]. In this regard, Bi2O3 (BO) candidatures a direct 
band gap semiconductor with band gap of 2.8 eV, utilizes 
visible light spectrum [10]. With a band gap of 2.8 eV, BO 
shows absorption band at 440 nm [11] and represents oxi-
dation type semiconductor material. The conduction band 
(CB) and valence band (VB) of BO were corresponded to 
0.33 and 3.13 V vs. NHE signifying high oxidation and weak 
reduction potential relative to positive CB and VB band 
edges [12]. BO displayed several dye degradation includ-
ing Rhodamine B, orange G [13], methyl orange [14]. The 
various heterojunction systems comprising of BiOCl/BO 
[15], BiVO4/BO [16] and BO/TiO2 [17] were fabricated for the 
progression of photocatalytic performance.

Lately, graphitic carbon nitride (g-C3N4), a metal-free 
polymeric semiconductor material was discovered which 
is a stable allotrope of carbon nitride materials under nor-
mal reaction conditions. g-C3N4 appears as a photocatalytic 
agent for wastewater treatment in the presence of solar light 
[18,19]. g-C3N4, a solar light assisted semiconductor (2.7 eV 
band gap), has unique advantages including thermal and 
chemical stability [20,21]. Instead of its good properties, 
photocatalytic efficacy of g-C3N4 is hindered with some 
demerits, that is, high recombination rate of photogenerated 
electron–hole pairs, decreased surface area and restricted 
visible light response [22]. Lately, several strategies have 
been employed to expand quantum yield of g-C3N4 such as 
fabricating nanoporous structures, doping and heterojunc-
tion construction [23]. 

g-C3N4 (GCN) and BO photocatalyst exhibited upmost 
photocatalytic degradation activity employing Ag as an elec-
tron acceptor which minimizes photogenerated electron–
hole pair recombination. In the present work, Ag-anchored 
BO/GCN nanohybrid with enhanced solar light response 
was synthesized and used for imidacloprid degradation. 
Heterojunction of Ag-anchored BO with GCN leads to pho-
toinduced electron–hole pair separation and improves vis-
ible light absorption. In Z scheme mechanism, Ag plays a 
vital role in storing and conduction of electron and acted as 
a solid-state electron intermediary for channelling electrons 
from conduction band of BO to the valence band of GCN 
[24]. The effect of various reaction parameters such as IMP 
concentration, catalyst dose and pH was also explored with 

mechansicntic view of silver-mediated Z-scheme photo-
catalytic process. 

2. Experimental

2.1. Materials and methods

Melamine (C3H6N6), silver nitrate (AgNO3) and bismuth 
nitrate pentahydrate [Bi(NO3)3.5H2O] were procured from 
Sigma-Aldrich (India). Nitric acid (HNO3), SDBS (sodium 
dodecyl benzene sulfonate) and sodium hydroxide (NaOH) 
were procured from Ranbaxy (India). Deionized water was 
employed for making all solutions used in experimental 
studies. 

2.2. Preparation of GCN

Graphitic carbon nitride (GCN) was fabricated via ther-
mal poly-condensation procedure using melamine, a nitro-
gen-rich precursor of GCN as starting material. Typically, 5 g 
of melamine was grounded in pestle and mortar and poured 
into a ceramic crucible covered with a lid. The crucible con-
taining melamine was placed in muffle furnace and calcined 
at different temperature with ramping rate of 20°C/min up 
to 550°C for 4 h. After 4 h calcination, light yellowish pow-
der was obtained, collected and cooled at room temperature. 
The resultant product was grounded into fine powder form 
and was labelled as GCN.

2.3. Synthesis of Ag-BO/GCN nanocomposite

In a typical synthesis of Ag-BO/GCN nanocomposite, 
9.7 g Bi(NO3)3.5H2O and 0.034 g AgNO3 were completely 
dissolved in 20 mL concentrated HNO3 (2 mol L–1) at 30°C. 
The whole reaction mixture was vigorously stirred magneti-
cally to form a transparent aqueous solution of Bi3+ and Ag+. 
During the synthesis process, amount of Ag+ ions was incor-
porated into Bi2O3 lattice and obtained residue reacted with 
NaOH to produce AgOH. Thus metallic Ag was attained 
after a series of reactions and the reaction processes can be 
described as follows: 

Ag OH AgOH+ −+ →  (i)

2 2 2AgOH Ag O H O→ +  (ii)

2 42 2Ag O Ag O→ +  (iii)

In another beaker, the above-synthesized GCN powder 
(1 g) was dissolved in 30 mL deionized water followed by 
ultrasonication for 20 min. The resultant GCN solution was 
slowly added to the above-formed reaction solution with 
continuous magnetic stirring for half an hour. After that 
0.05 g SDBS (sodium dodecyl benzene sulfonate) was dis-
solved in 20 mL deionized water and added dropwise to 
obtain reaction mixture under continuous stirring followed 
by addition of 4 mol L–1 NaOH solution to adjust pH to 11 
with magnetic stirring for 3 h at 40°C. The resultant solu-
tion was then kept for 4 h at room temperature, centrifuged, 
washed several times with water and ethanol as well as dried 
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in oven at 80°C for 6 h. The obtained product was calcined 
at 500°C in muffle furnace for 2 h. After calcination, attained 
solid product was cooled, crushed into fine powder form and 
labelled as Ag-BO/GCN nanocomposites. Ag-anchored BO 
(Ag-BO) was synthesized via same procedure without the 
addition of GCN.

2.4. Photocatalytic experiment for IMP photodegradation

To evaluate Ag-BO/GCN nanocomposites photocatalytic 
activity, imidacloprid pesticide was selected as a target pol-
lutant. The degradation process was carried in a slurry type 
photoreactor under LED light, as reported in previous work 
[25,26]. The slurry composed of imidacloprid and Ag-BO/
GCN photocatalyst suspension was magnetically stirred 
throughout photocatalytic experiments. Aliquot (2 mL) was 
withdrawn, centrifuged and analyzed spectrophotometri-
cally at 270 nm. The closed reflux method was also applied 
for chemical oxygen demand (COD) investigation [27]. 
Phenolphthalein was used as an indicator during titration 
of sample with NaOH to scrutinize dissolved carbon diox-
ide (CO2). The photocatalytic efficiency was anticipated by 
means of the following equation [28]:

% removal effciency =
−

×
C C
C

t0

0

100  (1)

where C0 is initial concentration of sample/COD and Ct is 
instant concentration of sample/COD in reaction solution. 
All the experiments were undertaken in triplicate with 
errors below 5% and average values were recorded.

3. Results and discussion

3.1. Characterization of Ag-BO/GCN nanocomposite

The morphology of GCN, Ag-anchored BO, Ag-BO/
GCN photocatalysts was analyzed using FESEM technique. 
In Figs. 1a and b, graphitic carbon nitride exposed rough, 
irregular and porous sheet-like surface. In case of Ag-BO, 
accumulation of dopant (Ag) onto BO plates was clearly 
seen in FESEM images (Figs. 1c and d). Figs. 1e and f images 
clearly revealed dispersion of Ag-BO onto GCN sheets and 
indicated successful formation of Ag-BO/GCN nanocompos-
ite. The dispersion state and structure of GCN, Ag-BO and 
Ag-BO/GCN was further investigated by TEM and HRTEM 
micrographs. Fig. 2a displays a sheet-like thin structure of 

Fig. 1. FESEM images of GCN, BO and Ag-BO/GCN (a, c and e). (b), (d) and (f) are high resolution images of selected area with 
respective FESEM images.
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GCN which was composed of nanosheets [29]. In Fig. 2b, 
dark intense Ag particles were decorated on BO surface and 
were clearly seen in Ag-anchored BO nanosheets. In Ag-BO/
GCN nanocomposite, Ag-anchored BO dark nanoparticles 
were dispersed on the surface of GCN shown in Fig. 2c [30]. 
HRTEM image of selected area of Fig. 2c is shown in Fig. 2d. 
It revealed lattice fringes with d-spacing of 0.14, 0.34 and 
0.27 nm for GCN, BO and Ag, respectively [31].

Fig. S1 displayed EDAX spectra of GCN, BO, Ag-BO/
GCN photocatalysts and confirmed the presence of C, N, Bi, 
O and Ag elements which confirmed the successful forma-
tion of synthesized photocatalysts. Fig. 3 shows XRD pat-
terns of GCN, BO and Ag-BO/GCN nanocomposites. Two 
major peaks positioned at 13.04o and 27.74o corresponded 
to in-plane structural packing and inter-layer stacking of 
aromatic ring [32,33]. These two peaks were ascribed to 
(100) and (002) crystal planes of graphitic materials (JCPDS 
87-1526) [34]. All diffraction peaks of BO were attributed to 

monoclinic phase and displayed crystalline nature of syn-
thesized  sample.  The  characteristic  peaks  at  2θ  of  23.84°, 
28.42°, 33.42° were associated to (120), (200) and (121) plane, 
respectively (JCPDS41-1449) [35]. In addition, a typical pat-
tern of metallic Ag was also observed in Ag-BO/GCN nano-
composite that confirmed the formation of Ag-anchored BO. 
The peaks at  2θ of  27.65°,  31.93° and 45.95° were  credited 
to (210), (113) and (124) crystal planes of Ag (JCPDS No. 
00-004-0783) [36]. XRD patterns of Ag-BO/GCN nanocom-
posites exhibited diffraction peaks at 13.04°, 23.84°, 27.47°, 
28.42°, 31.93°, 33.42° and 45.35° resembled to GCN, mono-
clinic BO and Ag.

The FTIR spectra of GCN, Ag-BO and Ag-BO/GCN were 
recorded between 400 and 4,000 cm–1 wavenumber (Fig. 4) 
[37]. The aromatic C-N stretching was recorded in region 
of 1,252–1,640 cm–1 [38]. The bending mode of heptazine 
rings was recorded at 810 cm–1. A group of broad peaks 
were perceived in the range 3,200–3,400 cm–1 corresponded 
to stretching vibration of N–H bonds of primary amine 

Fig. 2. TEM images of GCN (a), Ag-BO (b), Ag-BO/GCN (c) and (d) is HRTEM image of selected area of (c).

Fig. 3. XRD patterns of GCN, BO and Ag-BO/GCN photocatalyst. Fig. 4. FTIR spectra of GCN, BO and Ag-BO/GCN.
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(–NH2) [39]. In BO, absorption band in 200–800 cm–1 range 
was accredited to stretching vibration mode of Bi-O with 
mean wavenumber and intensity of bands. Bi-O formation 
was confirmed by absorption bands at 541, 503 and 430 cm–1 

[40–42]. The peaks at 862, 762 and 903 cm–1 corresponded to 
stretching vibration of Bi-O-Bi [43]. The bands at 3,440 and 
1,400 cm–1 indicated existence of O-H stretching of absorbed 
H2O molecules [44]. The peaks at 900 to 1,383 cm–1 were 
assigned to Bi-O-Ag stretching vibrations in Ag-BO/GCN 
nano composite [36,43,44].

XPS analysis was used to elucidate the chemical state 
and surface chemical composition of prepared samples. 
Fig. 5 displays the survey scan XPS spectra of Ag-anchored 
BO/GCN nanocomposite and revealed the presence of C, N, 
Ag, Bi and O elements in the prepared composite deprived 
of other element signals presence. Fig. 5a presents XPS 

analysis of C 1s with peaks focused at 283 and 287.2 eV, 
respectively. The peak at 283 eV was allocated to carbon 
atoms (C–C bonding) and indicated the presence of amor-
phous carbon in Ag-BO/GCN nanocomposite surface [45]. 
However, peak at 287.2 eV was recognized as sp2-bonded 
carbon (N–C–N). Fig. 5b exposed N 1s spectrum and a peak 
at 398 eV was observed that was associated to sp2-bonded 
N atom in triazine rings (C–N–C). Fig. 5c exposes binding 
energy values of Ag (3d5/2) and Ag (3d3/2), that is, 368 and 
374.3 eV, respectively and these binding energy values con-
firmed the existence of Ag in metallic state in synthesized 
Ag-BO/GCN nanocomposites [46]. XPS spectrum of Bi 4f is 
shown in Fig. 5d where two peaks with binding energies 
of 158.6 and 164.5 eV were evidently observed and were 
corresponded to Bi 4f7/ 2 and Bi 4f5/2, respectively, signifying 
the presence of Bi species in Bi3+ ion form in nanocomposite 

  

Fig. 5. XPS spectra showing presence of (a) C 1s, (b) N 1s, (c) Ag 3d, (d) Bi 4f, and (e) O1s elements of Ag-BO/GCN nanocomposite.
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[47,48]. In Fig. 5e, peak for O 1s was observed at 530 eV due 
to lattice oxygen in Bi-O bonds [49]. 

Fig. 6a reveals optical properties of Ag-BO/GCN using 
UV–visible spectroscopy that exhibited significant absorp-
tion in visible light region. GCN and BO displayed strong 
absorption at approximately 459 and 442 nm, which were 
allocated to intrinsic band-gap absorption of GCN and BO 
(band gap of GCN is 2.7 eV and BO is 2.8 eV). In Ag-anchored 
BO, red shift was observed in absorption towards visible 
region compared with pure Bi2O3. The absorption bands 
were present in range of 500~700 nm in visible light region. 
The band gap energy of Ag-BO/GCN was estimated using 
Tauc’s plots (Fig. 6b) having formula as follows [50,51]: 

αhv hv= −( )A Eg
n/ 2

 (2)

where  α  indicates  absorption  coefficient  near  absorption 
edge,  hν  denotes  photon  energy, A is a constant, Eg signi-
fies absorption band-gap energy and n designates different 
values on the basis of absorption process. Fig. 6b explores 
optical band gap by plotting straight curve between  (αhν)2 
vs. hν of nanocomposites. In this study, Eg was predicted by 
straight portion of (αhν)2 vs. hν, plotted to α = 0,. The band 
gap of GCN, BO and Ag-BO/GCN was found to be 2.7, 2.8 
and 2.3, respectively (Fig. 6b). 

The PL spectra were used for the determination of 
charge trapping and photocatalytic efficiency in semicon-
ductor. Fig. 6c illustrates PL spectrum of GCN, BO and 
Ag-BO, nanoparticles. The intensity of luminescence peak 

of Ag-anchored BO was weaker than bare BO and GCN, 
indicated in the figure. Semiconductor luminescence was 
mostly initiated by photogenerated electrons and holes 
recombination [51–54]. Thus, doping of Ag in BO success-
fully separated photogenerated electrons from holes on BO 
surface and subdued their recombination. Heterojunction of 
Ag-BO with GCN also enhanced separation of photogene-
rated charge carriers and thus improving activity of Ag-BO/
GCN nanocomposites. pHzpc of Ag-BO/GCN nanocompos-
ite was calculated as 6.6 (Fig. 6d). 

3.1. Photodegradation of imidacloprid (IMP) using 
Ag-BO/GCN photocatalyst

The photocatalytic ability of Ag-BO/GCN was examined 
for pesticide degradation under LED light irradiation. Fig. 7a 
depicts photodegradation and adsorptional removal of imi-
dacloprid pesticide as a function of light irradiation time. 
In the absence of photocatalyst, photolysis had no effect 
on pesticide eradication. Under visible light, 93%, 71% and 
65% IMP removal was observed for Ag-BO/GCN, Ag-BO 
and GCN, respectively. In the absence of light, 36%, 20% 
and 33% removal of IMP was recorded in 8 h. (Fig. 7b). The 
photocatalytic efficiency had followed the trend as: Ag-BO/
GCN  (light)  > Ag-BO  (light)  ≈  GCN  (light)  > Ag-BO/GCN 
(dark) ≈ GCN (dark) > Ag-BO (dark). Ag-BO/GCN was  the 
most effective photocatalyst for IMP degradation. Ag-BO/
GCN and GCN had also substantial adsorption ability for IMP 
removal under dark. Ag-BO/GCN was the most competent 
photocatalyst and adsorbent for imidacloprid degradation. 

 

Fig. 6. UV–visible analysis (a), band gap calculations (b), photoluminiscenc of GCN, BO and Ag-BO/GCN (c) and pHzpc with and 
without Ag-BO/GCN (d).
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Moreover, IMP degradation was also subjected to instanta-
neous adsorption and photocatalysis (A + P) and adsorption 
followed by photocatalysis (A-P) to explore effect of adsorption 
on photodegradation using Ag-BO/GCN, Ag-BO and GCN pho-
tocatalyst as function of time in Fig. 7b. The first part of graph 
depicts IMP adsorption. During simultaneous adsorption 
and photocatalysis, 98%, 71% and 65% of IMP was photode-
graded using Ag-BO/GCN, Ag-BO and GCN photocatalysts, 
respectively. While during A-P process, Ag-BO/GCN, Ag-BO 
and GCN had 68%, 48% and 46% removal efficiency for IMP 
degradation. During A + P, imidacloprid pesticide adsorbed 
onto photocatalyst surface was simultaneously oxidized by 
photocatalyst occurring in degradation process [55–59]. It 
caused enhancement in removal efficiency during A + P pro-
cess, whereas, extreme adsorption of IMP during A-P pro-
cess reduced irradiated light falling on photocatalyst surface 
causing a reduction in photoactive volume. The condensed 
photoactive dimensions instigated decease in photodegra-
dation activity of photo catalysts. Furthermore, kinetics of 
IMP degradation was explored by given equation [60,61].

− =
dC
dt

kt  (3)

where C is IMP concentration at time t and k denotes rate 
constant value (Eq. (3)) can be written as: 

−








 =In C

C
kt

0

 (4)

The graph was plotted between –ln(C/C0) vs. time (t) 
for the determination of rate constants. The plots linear-
ity confirmed pseudo-first order kinetics throughout the 
photodegradation path. Ag-BO/GCN/A + P, Ag-BO/A + P, 
GCN/A + P, Ag-BO/GCN/A-P, Ag-BO/A-P and GCN/A-P 
catalytic processes had rate constants of 0.090, 0.071, 0.062, 
0.068, 0.47 and 0.049 min–1, respectively. The obtained 
regression coefficient (R2) values between 0.99 and 0.98 
suggested pseudo-first order kinetics for degradation pro-
cess (Table 1). The above investigation claims that Ag-BO/
GCN/A + P catalytic system was most efficient for IMP deg-
radation under visible light. Further studies were under-
taken with Ag-BO/GCN/A + P.

3.2. Influence of initial IMP concentration, catalyst dose and 
pH on IMP degradation

The influence of catalyst loading on IMP degradation 
was explored by varying amount of photocatalyst during 
photocatalytic degradation (Table 2). The rate constant value 
increased from 0.091 to 0.17 min–1 with variation in photo-
catalyst dose from 10 to 70 mg/50 mL. The increment in 
rate constant was due to rise in number of active site that 
ultimately enhanced pollutant photodegradation process. 
However, further increase in Ag-BO/GCN loading resulted 
in decrease in IMP photodegradation. The reduction in 
photodegradation rate was due to decrease in photoactive 
volume owing to excess of catalyst present in reaction solu-
tion. The turbidity and agglomeration at the time of photo-
catalytic reaction reduced the photoactive volume. The basis 
of initial concentration of pollutant, number of collisions can 
be identified which is a rate determining factor and can be 
calculated from following equation: 

r kc=  (5)

where r signifies reaction rate, k indicates reaction rate 
constant and c denotes pollutant concentration at time 

 
Fig. 7. Removal of IMP under different reaction conditions 
(a) and effect of adsorption on photocatalytic degradation 
of  IMP  (b).  Reaction  conditions:  [IMP]  =  1  ×  10–4 mol dm–3; 
[catalyst]  =  50  mg/100  mL;  initial  reaction  pH  =  6.0;  light 
intensity = 750 lx.

Table 1
Value of rate constant for photodegradation of IMP under visible 
light 

Photocatalytic 
process

Rate constant 
(k1) min–1

R2 % Efficiency 

Ag-BO/GCN/A + P 0.090 0.99 98
Ag-BO/A + P 0.071 0.96 71
GCN/A + P 0.062 0.95 65
Ag-BO/GCN/A-P 0.068 0.97 68
Ag-BO/A-P 0.047 0.96 46
GCN/A-P 0.049 0.98 48

Reaction  conditions:  [IMP]  =  1  ×  10–4 mol dm–3;  [catalyst]  = 
50 mg/100 mL;  initial  reaction  pH  =  6.0;  time  =  8  h  and  light 
intensity = 750 lx.
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t. The initial concentration of imidacloprid was varied 
from  1.0  ×  10–3  to  13.0  ×  10–3 mol dm–3 (Table 2). The rise 
in rate constant was observed from 0.085 to 0.11 min–1 
with  increase  in  initial  concentration of  IMP  from 1.0 × 10 

to  7.0  ×  10–4 mol dm–3. The increase in rate constant was 
attributed to increase in number of effective collision [62]. 
Moreover, light scattering beyond optimal concentration 
resulted in decreased rate constant for IMP degradation [63].

Imidacloprid (IMP) is quite stable in water as well as in 
dark at 2.7, 5 and 8 pH and possesses no loss through chem-
ical hydrolysis when kept for 10 h in solution. On increasing 
pH of solution from 2 to 13, rate constant for imidacloprid 
degradation decreased from 0.1 to 0.049 min. The change 
of pH also led to protonation and deprotonation. The zero 
point charge for Ag-BO/GCN was 6.90. The surface of pho-
tocatalyst was positively charged below pH < 6.90 and above 
pHzpc, it was negatively charged. Because of the presence of 
electron-rich aromatic rings in imidacloprid molecule struc-
ture, it gets absorbed on the positively charged surface in 
acidic solutions. During experimental situations, imidaclo-
prid photodegradation exhibited better efficiency in acidic 
solutions than alkaline solution.

3.3. Long-term mineralization and mechanistic view of IMP 
degradation

Imidacloprid pesticide was subjected to long-term min-
eralization using Ag-BO/GCN/A + P catalytic process. The 
mineralization extent was investigated by COD removal 
during degradation process (Fig. 8a). Ag-BO/GCN/A + P, 
Ag-BO/A + P and GCN/A + P catalytic processes displayed 
96%, 65% and 50% COD elimination in 10 h (Fig. 8b) [64]. 
The mineralization of IMP was attended using Ag-BO/
GCN/A + P catalytic system. Usually, hydroxyl radicals 
(•OH), holes (h+

VB), superoxide radicals (•O2
−), electrons (eCB

–) 
are the main reactive species for photocatalytic degradation 
processes. In the present work, ammonium oxalate (AO) as 
hole scavengers [65–67], isopropanol (IPA) as hydroxyl free 
radical (•OH) scavengers [68,69] and benzoquinone (BQ) as 
superoxide radical (•O2

−) were used to find reactive species 
during oxidation process [70] (Fig. 8c). The removal effi-
ciency was reduced to 10% and 13% from 70% on addition of 
IPA and BZQ, respectively. The scavenging results confirmed 
•OH and •O2

− radicals as main oxidants for IMP degradation. 
GCN has more negative potential (E0 = –1.12 eV) as com-

pared with O2/•O2
– potential (E0 (O2/ •O2

–) which is equal to 
−0.33 eV/NHE. However, photogenerated holes in GCN (h+) 

Table 2
Effect of reaction parameters on IMP degradation

Catalyst loading Catalyst loading (mg/50 mL) 10.0 30.0 50.0 70.0 90.0 110.0 130.0
k1 (min–1) 0.091 0.096 0.1 0.17 0.093 0.090 0.081

Initial IMP 
concentration 

Concentration (10–4 mol dm–3) 1.0 3.0 5.0 7.0 9.0 11.0 13.0
k1 (min–1) 0.085 0.088 0.091 0.11 0.094 0.087 0.084

pH pH 2.0 4.0 6.0 7.0 8.0 10.0 12.0
k1 (min–1) 0.12 0.1 0.091 0.074 0.069 0.055 0.049

Reaction parameters: [IMP] = 1 × 10–4 mol dm–3; [catalyst] = 50 mg/100 mL; initial reaction pH = 6.0; time = 10 h and solar light inten-
sity = 750 lx.

 
Fig. 8. COD removal during degradation process (a–b) and effect 
of scavengers on photocatalytic degradation of IMP (c).
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did not produce hydroxyl radicals due to lower VB poten-
tial (E0 = –1.12 eV) than (E0 (•OH, H+/H2O) = 2.72 eV/NHE). 
Ag-BO/GCN heterojunction leads to reduction in electron–
hole pair recombination due to Ag(0) that stores and transfers 
electron between GCN and BO photocatalyst. Upon hetero-
junction formation with BO, photogenerated electrons from 
the conduction band of BO were shifted to the VB of GCN 
through Ag(0) mediated Z scheme transfer. At the same time, 
remaining holes in the VB of BO reacted with H2O to produce 
•OH radicals because EVB of BO (3.13 eV νs NHE) was more 
positive than •OH/H2O (+1.99 eV). While photogenerated 
electrons in CB of GCN reacted with molecular oxygen to 
produce superoxide radicals (•O2

–). The superoxide radicals 
combined with H+ ions to produce •OH radicals. Under vis-
ible light exposure, e– present in CB of GCN with sufficient 
reduction potential produce •O2

– radicals via reacting with O2 
which in turn either directly react with imidacloprid or pro-
duce •OH radicals by reacting with H+ ion in further reaction. 
On the other hand, the spatially separated h+ (VB) in BO pos-
sess optimal potential to generate •OH radicals by reacting 
with H2O. Thereby, formation of Z-scheme heterojunction 
mediated by Ag leads to the space separation of photocar-
riers with apt redox potential to facilitate the photoinduced 
surface reactions. Thus, superoxide radicals •O2

– and •OH 
reacted with IMP to produce degraded products (Fig. 9). 

3.4. Recyclability of Ag-BO/GCN

Recyclability and stability of nanocomposite play a 
significant role in actual time application of photocatalyst.  
The recycle efficacy of Ag-BO/GCN nanocomposite was 
explored for 10 consecutive catalytic cycles (Fig. 10a). Effici-
ency of Ag-BO/GCN nanocomposite was deflated to 88% 
from 98% for imidacloprid pesticide degradation. Although 
no major changes in morphology were seen in SEM, 

EDX of Ag-BO/GCN nanocomposite (Figs. 10b–d). Thus, 
the obtained results undoubtedly displayed implausible 
stability of Ag-BO/GCN nanocomposites completed with 
10 consecutive cycles for the eradication of imidacloprid 
pesticide. 

4. Conclusion

Ag-BO/GCN nanocomposites with enhanced photocat-
alytic activity were synthesized via thermal polyconden-
sation method and one-step hydrothermal method as well 
as used for pollutant eradication from wastewater. FESEM 
and HRTEM analysis clearly indicated the formation of het-
erojunction of g-C3N4 with Ag-anchored BO. The XPS, XRD 
and FTIR analysis depicted successful formation of Ag-BO/
GCN nanocomposites. The optical band gap of g-C3N4 and 

  

Fig. 9. Mechanistic view of IMP degradation using Ag-BO/GCN 
photocatalyst.

Fig. 10. Recycle efficiency of Ag-BO/GCN photocatalyst (a), SEM image and EDX analysis after photocatalytic process (b–d). 
[IMP] = 1 × 10–4 mol dm–3; [catalyst] = 50 mg/100 mL; initial reaction pH = 6.0; reaction time = 10 h; light intensity = 750 lx.



353P. Raizada et al. / Desalination and Water Treatment 171 (2019) 344–355

Ag-anchored BO was found to be 2.3 eV. The heterojunc-
tion formation of g-C3N4 with Ag-anchored BO involved the 
effective separation of photogenerated electron–hole pairs 
and more absorption of visible light irradiation. IMP deg-
radation followed pseudo-first order kinetics. Ag-BO/GCN 
exhibited substantial photocatalytic activity for 10 catalytic 
cycles. IMP was completely mineralized in 10 h under visi-
ble light. Hydroxyl radicals (•OH) and holes (h+

VB) were two 
main reactants involved in m oxidative degradation of IMP. 
No major loss in photocatalytic activity was found after 
10 catalytic cycles. The prepared photocatalysts showed 
significant recyclability for 10 catalytic cycles.
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