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A B S T R A C T   

The effect of different metal supported TiO2 catalysts on the photocatalytic degradation of p-Nitrophenol (PNP) 
was investigated experimentally and supported by Density Functional Theory (DFT) approach. Process optimi
zation studies were carried out using the best performing catalyst and the effect of different electron acceptors 
was also investigated. Degradation was strongly influenced by operating parameters and oxidants with efficacy 
as H2O2 > K2S2O8 > air. DFT simulations confirmed higher electrostatic potential in presence of hydroxyl 
radicals explaining the higher degradation. Overall, this work clearly establishes the effectiveness of electron 
acceptors in maximizing PNP degradation and explains the interaction of organic pollutants with different 
radicals.   

1. Introduction 

Ensuring the availability of clean water and sanitation is listed as one 
of the sustainable development goals by the United Nations [1]. At 
present, 40% of the world population is affected by the scarcity of 
drinking water and around ~80% of the polluted water being dis
charged into the atmosphere is driving the concerns further. Among the 
several existing technologies available for the treatment of polluted 
water, heterogeneous photocatalytic process is widely known for its 
cost-effective treatment [2,3]. The photocatalyst is vital in this process 
for the generation of e− /h+ based on the absorption of light that splits 
the water molecule to produce hydroxyl radicals. These highly reactive 
radical species decomposes the organic pollutants present in the water 
by scissioning their bonds first to intermediates and finally to carbon 
dioxide. A lot of research in this field is mainly focused on the devel
opment of new materials that are able to work under visible light con
ditions and also in improving the performance of the catalyst with good 
activity and stability [4–8]. In addition, studies are also focussed in 
improving the degradation efficiency in the presence of different addi
tives that act as electron acceptors/oxidizing agents. These additives can 
have a synergistic effect in terms of enhancing the hydroxyl radical 
production, reducing the recombination rate, and the production of 

other oxidizing species [9,10]. 
A great deal of materials has been studied and reported in the liter

ature for the photocatalytic degradation of organic pollutants in water 
but from a commercial perspective, TiO2 based catalysts are more 
feasible due to their low cost, high activity, and abundant availability. 
We now present analysis of recent literature focusing on modifications in 
TiO2 and its application for wastewater treatment to highlight the 
novelty of the planned work. In a recent study, monometallic bismuth 
doped TiO2 was reported to be efficient for the degradation of methylene 
blue when compared with bimetallic Bi-Fe/TiO2 [11]. In another study, 
bimetallic Bi-Zn/TiO2 was reported to exhibit highest photocatalytic 
activity for the degradation of nitrobenzene [12]. CdTe nanoparticles 
modified TiO2 nano tube arrays were reported to show enhanced pho
tocatalytic activity for PNP degradation due to the effective separation 
of charge carriers and narrow band gap energies [13]. Ternary hybrid 
photocatalysts based on Sr2+/Ag–TiO2@rGO have also been reported to 
offer a synergistic effect between Ag, Sr2+ and TiO2 on the rGO surface 
having localized surface plasmon resonance (SPR) effect improving the 
charge transfer resulting into high catalytic activity [14]. GO/TiO2 
composite was elucidated to be a promising material for the degradation 
of salicylic acid under visible light conditions with enhanced charge 
transfer and reduced recombination rate [15]. Noble metal doped TiO2 
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catalysts with Pt and Ag was investigated for the dichloroacetic acid 
degradation and it was reported that the hydroxyl radicals generated by 
O2 radical transformation are the major species involved in the degra
dation. Further, TiO2/Ag junction was reported to generate Schottky 
barrier which enabled the transfer of electrons providing them for 
effective degradation [16]. Z-scheme TiO2/Ta3N5 heterojunction 
developed by a combination of defect engineering and heterostructure 
construction was reported to generate more photogenerated carriers, 
showing excellent activity for ciprofloxacin degradation [17]. Several 
advanced TiO2 based modified photocatalytic materials such as heter
ostructures [6,8,18], nanocomposites, metal doped [11,19–22] were 
also developed and applied for degradation of several hazardous pol
lutants [21,23–25]. Studies reported till date have used large amounts of 
catalyst, longer reaction times with expensive metal doping and strin
gent synthesis procedures. In the current work, an attempt has been 
made to develop cheaper and efficient catalysts for the degradation of 
different organic pollutants. 

Intensifying the degradation and reducing the treatment time can be 
an important objective for the many additives applied in the wastewater 
treatment. The presence of additives such as air, O2, H2O2, CCl4, per
sulfate, and monosulfate in the system can stimulate the production of 
oxidizing species/free radicals in the system intensifying the overall 
degradation process [26–28]. Mishra and Gogate explored the effect of 
various additives for PNP degradation and concluded that CCl4 addition 
in optimum amount resulted in the maximum degradation with signif
icant intensification [10]. In another work, optimum addition of H2O2 
was reported to accelerate the degradation of 2-methyl-4-chlorophe
noxyacetic acid (MCPA) via increased OH radical production [29]. 
Sulfate radicals generated from additives such as persulfate (PS), per
oxymonosulfate (PMS), and peroxydisulfate (PDS) have also been re
ported to drive the oxidation leading to intensified degradation of 
various organic pollutants in wastewater [12,20,30–32]. For example, 
beneficial effects of persulfate addition over Al-doped TiO2 with respect 
to degradation rate of propylparaben was attributed to the persulfate 
action as electron acceptor and source of extra radicals [20]. Bezafibrate 
degradation using a combination of Pd/g-C3N4 and PMS demonstrated 
enhancement in the removal efficiency in the presence of PMS owing to 
its capability of acting as electron acceptor, thereby increasing the 
quantum efficiency of the charge carriers to form sulfate radicals [30]. 
Bi2O3/CuNiFe LDHs composite was reported to be effective for the 
effective degradation of lomefloxacin in the presence of persulfate 
which acted as an electron acceptor that hinders the recombination rate 
[31]. Further, theoretical studies such as molecular dynamic simulations 
(MD) and DFT have been used as tools in several studies to predict the 
material properties (band gap, charge transfer and distribution), so as to 
understand the experimental mechanism and to figure out the pollutant 
material interactions etc. For example, MD simulation carried out for 
adsorption of toxic metal ions of Cr3+ and Cd2+ on layered double hy
droxide materials elucidated the adsorption behaviour and mechanism 
of metal ion adsorption that helped in demonstrating the efficacy of the 
novel material design [33]. Similarly, another study analyzed the 
adsorption of Pb(II) on the L-lysine (Lys) modified montmorillonite (L- 
Mt) using experimental investigations and MD simulations to under
stand the interaction properties of Lys and L-Mt and elucidated the 
adsorption mechanism occurring at water/clay minerals interface at 
atomic level [34]. In another study, DFT studies were carried out for 
degradation of diclofenac using quantum dots modified g-C3N4 so as to 
explain the probable sites of radical attack and intermediate formation 
[35]. 

The present study is an effort to investigate the photocatalytic effi
ciency of the bimetallic Ag–Bi doped TiO2 catalyst at varied metal 
loadings, for the degradation of organic pollutants. To further elucidate 
the degradation behaviour of this photocatalyst and the role of additives 
in the possible intensification of treatment process, theoretical first 
principal studies using density functional theory (DFT) were also carried 
out. The studies reported till date in the literature mainly focussed on 

improving the materials for enhancing the photocatalytic efficiency but 
not many supported with fundamental reasoning. DFT, a very useful first 
principal method, was used to optimize the molecule structures, calcu
late the energy gap, and gain insights into the behaviour of molecular 
structures under different conditions. Detailed studies were carried out 
with PNP, an important industrial pollutant as it is one of most impor
tant refractory pollutants present in industrial effluents. The combined 
approach of both theoretical and experimental studies is expected to 
pave the way for new and efficient photocatalyst development and its 
application for intensified wastewater remediation. 

2. Experimental 

In this work, several photocatalysts were synthesized via ultrasound 
assisted wet impregnation technique (US-WI). All the catalysts synthe
sized were characterized and tested for degradation of pollutants under 
UV irradiation. 

2.1. Chemicals and materials 

p-Nitrophenol (PNP) was procured from Sigma Aldrich. Other 
chemicals like ethanol, nitric acid, silver nitrate, bismuth subnitrate, and 
different organic pollutants such as Terephthalic acid (TPA), m-Dini
trobenzene (m-DNB), Potassium persulfate (KPS), and 4-amino phenol 
(AMP) were procured from Loba Chemie. Titanium dioxide, and 
Hydrogen Peroxide (30% solution) was procured from Merck life sci
ences Private Limited. All the chemicals were of synthesis grade with 
high purity (>98%) and used as received from the supplier. Distilled 
water was used in all the catalyst synthesis methods and RO water was 
used for the preparation of the solutions of pollutants required for 
degradation studies. 

2.2. Catalyst synthesis methods 

Catalysts with various metal loadings of bismuth and silver were 
prepared using ultrasound assisted wet impregnation procedure 
described in our previous work [22]. Five different catalysts synthesized 
with different metal loadings such as AgBi/TiO2(0.5:0.5 wt%), 1 wt% 
Ag/TiO2, 1 wt% Bi/TiO2, AgBi/TiO2(1:1 wt%), AgBi/TiO2(2:2 wt%) 
were denoted as Cat-1, Cat-2, Cat-3, Cat-4 and Cat-5 respectively. 

2.3. Experimental setup and procedure 

The experimental studies were carried out in a 750 ml batch reactor 
and the detailed procedure for performing studies is described elsewhere 
[22]. The photocatalytic degradation of PNP was carried out using 
different catalysts, operating conditions and intensified with the addi
tion of oxidants to determine the best conditions. The full wavelength 
scan of the PNP showed maximum absorbance at 398 nm and the 
absorbance data for all PNP samples was recorded at this wavelength. 
All the experiments were carried out at a pH of 7 (unless specified) and 
the temperature was maintained at 25 ± 3 ◦C using ice cold water cir
culation. For pH studies, the pH of feed solutions was adjusted with 
dilute 0.1 M HNO3 or 0.1 M NaOH solutions as per the requirement. For 
the studies involving TPA, m-DNB, AMP, and Rh–B, the absorbance was 
recorded at 238, 241, 224, and 555 nm respectively for the analysis 
using UV-vis spectrophotometer. 

The percentage degradation of PNP and the average turnover fre
quency (TOF) of the catalyst were calculated using eq. (1) and (2) 
respectively. The pseudo first order kinetic model was used to estimate 
the apparent rate constant as shown in eq. (3) by plotting -ln(C/Co) vs t. 
where, Co and C are the initial concentration and concentration 
measured at time t respectively. 
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Pollutant degradation (%) =

(

1 −
Pollutant concentration in sample,C
Initial pollutant concentration,Co

)

x 100

(1)  

Average TOF =

(
moles of pollutant degraded with UV light

moles of metal

)/

reaction time

(2)  

− ln
(

C/Co

)

= kappt (3)  

2.4. Analytical method 

Gas Chromatography/Mass Spectrometry analysis was carried out to 
identify the intermediate products formed during the PNP degradation. 
For the GC/MS analysis, a 20 ml sample was extracted in 4 ml ethyl 
acetate in the presence of continuous stirring followed by settling. The 
extracted organic layer was dehydrated using anhydrous sodium sul
phate. 1 μL of the dehydrated sample was injected into GC/MS system 
(Shimadzu QP 2020) with Rxi5 Sil MS column in split mode. The column 
was operated in temperature programmed mode with initial holding at 
50 ◦C for 2 min, subsequent increasing at 10 ◦C min− 1 to 280 ◦C, and 
again held for 2 min. The degradation products were qualitatively 
analyzed with reference to the NIST mass spectral library database. 

Liquid effluent samples obtained after the reaction were also 
analyzed using a HACH-DR6000 UV–Vis spectrophotometer for 
measuring the concentration of the pollutant species. 

2.5. Computational details 

All DFT calculations were performed using Gaussian 16 package and 
the geometry optimization was carried out using default convergence 
criterion followed by locating the true minimum potential energy. In this 
work, different systems involving the combined treatment of organic 
pollutants with the electron acceptors were studied in terms of molec
ular electrostatic potential (MEP) and Natural Bond Order (NBO). All the 
electron acceptors studied were placed at the aromatic ring of the 
pollutant geometry. 

MEP surfaces in general describes the charge distribution associated 
with the molecule and is relatively a useful descriptor in determining the 
potential sites of a molecule that is prone towards electrophilic, nucle
ophilic, and radical attacks. It also helps in understanding the cleavage 
of bonds leading to intermediate compounds in the presence of radicals. 
The MEP as denoted as V(r) is given as follows in eq. 4 [28]. 

V( r→) =
∑ ZA

|RA − r→|
−

∫

ρ( r→
′

)/| r→
′

− r→|
d r→ (4) 

Where, the summation applies to all the nuclei A with charge ZA and 

coordinate RA, while ρ( r′
→
), is the molecule electron density. V(r) is the 

potential exerted at the coordinate r by the nuclei and the electrons and 
its sign at any point indicates the dominant effects of nuclei or electrons. 

Natural Bond Orbital (NBO) analysis was also used to investigate the 
possible charge transfer and donor-acceptor interactions in molecular 
systems. The analysis was carried out by estimating the series of second 
order perturbation energies E(2) that correspond to energetic conse
quence of charge transfer between orbitals of two molecules, for all the 
possible interactions between filled (donor) NBO’s and empty (acceptor) 
NBO’s. The electron delocalization energies between donor-acceptor (i 
→ j) is estimated as given in Eq. (5) [28]. 

E(2) = ΔEij = qi
F2
(i,j)

εiεj
(5) 

Where qi is the donor orbital occupancy, εi, εj are orbital energies of 
diagonal elements and F (i, j) is the off diagonal NBO Fock matrix 
element. 

3. Results and discussion 

3.1. Catalyst characterization 

All the synthesized catalysts were characterized using various char
acterization techniques such as Diffuse Reflectance Spectra (DRS), 
photoluminescence (PL), X-ray powder Diffraction (XRD), Scanning 
Electron Microscopy (SEM) and X-Ray Photoelectron Spectroscopy 
(XPS). The important analytical observations are discussed in detail in 
the supporting information. The band gap energies of all catalysts were 
also estimated using the PL spectra and found to be in good agreement 
with the theoretical values from DFT as listed in Table 1. All the other 
characterization results and associated discussion has been presented in 
the supplementary information. 

3.2. Effect of different catalyst metal loadings 

The effectiveness of using different metal loadings of silver and bis
muth on titania for the photocatalytic degradation of PNP was studied 
using five different catalysts (Cat-1, Cat-2, Cat-3, Cat-4, and Cat-5). All 
the synthesized catalysts using ultrasound assisted wet impregnation 
process were tested for their photocatalytic activity towards degradation 
of p-Nitrophenol with results shown in Fig. 1. 

It is evident from Fig. 1a that 62% PNP degradation with a rate 
constant of 0.0163 min− 1 was achieved in 60 min with TiO2, while the 
single metal/bimetal doped on TiO2 enhanced the extent of degradation 
as well as rate of degradation compared to only TiO2. Monometallic 
catalysts of Cat-2 and Cat-3 resulted in a higher degradation of 83% (rate 
constant 0.0307 min− 1) and 68% (rate constant 0.0196 min− 1) respec
tively in comparison to base TiO2. Bimetallic catalysts as Cat-1, Cat-4 
and Cat-5, further improved the degradation with maximum conversion 
of 86% and higher rate constant of 0.0351 min− 1 was attained using an 
optimum combination of AgBi/TiO2(0.5:0.5 wt%). The enhanced pho
todegradation achieved with Cat-1 can be due to the increased light 
absorption in the UV range as compared to other catalysts (Fig. S.1) and 
lower recombination rate of charges (Fig. S.2). Additionally, this can 
also be due to the surface plasmon resonance effect exhibited by the 
silver and bismuth doped on the titania surface. 

Increasing the metal content from 0.5 wt% to 2 wt% resulted in a 
negative effect on the catalytic activity for the degradation. Although 
Cat-4 and Cat-5 has slightly lower calculated band gap values (Table.1), 
the photon absorption is lower as compared to Cat-1 (Fig. S.1). Based on 
the obtained results, further studies were performed with the best per
forming catalyst of AgBi/TiO2(0.5:0.5 wt%). Similar observations of 
enhanced photocatalytic activity were reported in the literature at op
timum Ag/TiO2, Bi/TiO2 loadings beyond which a negative effect on 
photocatalytic activity is observed [36]. Monometallic and bimetallic 
Ag, Cu/TiO2 catalysts were shown to have the highest photocatalytic 
activity for the degradation of C.I. acid orange 7 in which the optimum 
loadings of Ag, Cu were found to be 1, and 0.03 mol% respectively. 
Increasing the silver content decreased the activity due to screening of 
the TiO2 surface from light absorption and decreased active sites on the 
catalyst [37]. Photocatalytic degradation of bisphenol A was studied by 
Rengaraj and Li in which enhanced photocatalytic activity was noticed 
with 1 wt% Ag-TiO2 catalyst when compared to TiO2 [36,38]. It was also 
reported that an optimum dopant level of 1.5 wt% Bi-TiO2 exists for the 
photocatalytic degradation of methyl-parathion and nitrate [19]. Com
parison with the literature clearly revealed that optimum conditions are 
different confirming the importance of the current work. 

Turn Over Frequency (TOF), a measure of active catalytic site effi
ciency was also calculated using Eq. (2). The influence of different metal 
catalysts on the degradation of PNP presented in terms of turnover 
frequency (TOF) and the rate constant is shown in Fig. 1b. Maximum 
TOF of ~40 h− 1 was obtained with Cat-1 and Cat-3 that had different 
metal loadings and the TOF values were found to reduce with increasing 
the metal loadings in the case of Cat-4 and 5. It is apparent from the 
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figure that the trends of TOF and the rate constants are different. 
Although Cat-1 and Cat-3 had a similar TOF values they had a different 
rate constant, with Cat-1 showing a maximum rate and the Cat-3 
showing lowest rate among all the catalysts studied. It is interesting 
that lowest TOF values were obtained with Cat 4 and Cat 5 though they 
were found to have a better rate constant compared to others. Generally, 
the reaction rate is mathematically calculated as a product of TOF and 
the active metal concentration and in our case this mismatch between 
the TOF and the rate is mainly due to the different molar concentrations 
of the bi-metallic (Ag and Bi) deposited on the catalyst surface. 

3.2.1. Quantum computational studies of the catalytic materials 
Computational chemistry techniques using Density Functional The

ory (DFT) are successful in understanding the electronic properties of 
chemical species. These tools help in better understanding of the in
teractions of the catalysts with the contaminants leading to improved 
understanding of the degradation mechanism as well as aid in the 
development of efficient catalysts. DFT studies were carried out to 
analyse the electronic structure by calculating the projected density of 
states which provide the energy gap and helps in interpreting the effect 
of metal loadings on the band gap. Experimental results with high 
conversions were achieved with a metal loading of AgBi/TiO2(0.5:0.5 wt 
%) considered to be the optimum. The results for the energy gap 
(Highest Occupied Molecular Orbital (HOMO) – Lowest Unoccupied 

Molecular orbital (LUMO) gap, band gap) along with the frontier or
bitals of the catalysts studied are shown in Table 1. The HOMO – LUMO 
gap characterizes the molecular chemical stability in which the red 
colour represents the negative charge, and the green colour represents 
the positive charges associated with the material/molecule. The HOMO 
and LUMO indicates the electron donor and electron acceptor respec
tively. It can be observed from the table that the HOMO and LUMO 
electron density of all the catalysts are different. Among the several 
catalysts studied, the HOMO-LUMO gap of Cat-1, Cat-4, Cat-5 were 
found to be similar at 2.94 eV due to equal amounts of metal loadings on 
the TiO2 surface and these values are within a difference of ±0.2 eV with 
calculated values (from photoluminescence spectra). These minor dif
ferences in the energy gaps can be attributed to the synthesis methods 
used. However, for Cat-2 and Cat-3, these differences were found to be 
higher with a difference of ±1.3 eV. 

HOMO-LUMO electron density of PNP molecule shown in the table 
was found to be different with the electron density majorly located on 
the benzene ring having a gap of 3.76 eV that is slightly higher (~0.8 eV) 
than the gap of the catalysts (Cat-1, 4 and 5) studied. Enhanced PNP 
degradation with Cat-1 can be attributed to the thermodynamically 
stable structure of the metals on the support, promotion of the charge 
separation, and suitable energy gap for the photocatalytic oxidation 
compared to mono metal catalysts. 

Table 1 
HOMO, LUMO structures and the energy gap analysis of different synthesized catalysts and PNP. 
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3.3. Effect of pH 

It is known that the pH of feed affects the degradation and optimum 
value of pH is mainly dependant on the type of pollutants being treated. 
In this study, the initial pH of the feed solution was varied from acidic to 
basic conditions over the range of 3–10 to determine the optimum 
conditions of the treatment. The initial pH of the feed solution was 
adjusted using 0.1 M HNO3 and 0.1 M NaOH as required. From the re
sults shown in Fig. 2, it was found that at pH of 7, PNP was almost 90% 
degraded within 60 min and any change to pH > 7 or pH < 7 resulted in 
lower degradation of PNP. Thus, the optimum effective degradation of 
PNP was observed to occur under the neutral condition. It is known that 
the pKa value of PNP is 7.15 (@ 25 ◦C), and hence PNP exists in the 
molecular form at low pH and in the ionic form at high pH [39]. At 
higher pH of the feed solution, PNP decomposes to p-nitro phenoxide 
(ionic form) while at lower pH conditions, it remains in molecular form. 
Also, pH can cause the generation of charge at the catalyst surface. As 
the point of zero charge (PZC) for TiO2 is ~6.2 ± 0.1, at pH higher than 
the PZC, part of PNP that exists in ionic form will be repulsed by the 
catalyst surface. Thus the neutral conditions result in optimum balance 
for pollutant-catalyst interactions resulting in higher degradaion. Liu 
et al. have also reported an optimum effect at pH of 6, with higher pH 
causing the electrostatic repulsion between sulphur modified ordered 
mesoporous carbon and PNP [40]. Therefore, as per results of current 
work, pH of ~6.5 to 7 appears optimum considering the interaction of 

catalyst surface with the pollutant molecule. Considering the trend ob
tained in the current work, all the subsequent experiments were con
ducted at neutral conditions. 

3.4. Effect of feed concentration 

The effect of feed concentration on the degradation of PNP was 
investigated over the range of 20–80 ppm at a catalyst loading of 60 mg/ 
l and the obtained results are presented in Fig. 3. It can be observed that 
extent of degradation decreased with an increase in the PNP concen
tration. The maximum extent of degradation as 96% was achieved for 
20 ppm PNP solution with an apparent rate constant of 0.0365 min− 1. 
Minimum degradation of 35% was obtained for the case of 80 ppm feed 
with a rate constant of 0.00514 min− 1. The trends are likely due to the 
deposition of organic molecules on the catalyst surface which gets 
deactivated over a period. Moreover, as a definite amount of catalyst 
was used in all the experiments, the number of active sites on the 
catalyst are constant. As the ratio of catalyst to the feed concentration is 
reduced with increasing feed concentration, lower availability of active 
sites, also to some extent, plays a role in lowering the degradation as an 
optimum catalyst amount and the actives sites is required for the pho
tocatalytic process. Similar observations of lower degradation profiles 

Fig. 1. a) Kinetics of degradation of PNP using catalysts having various metal 
loadings b) turnover frequency and the rate constants at different metal cata
lysts. [Experimental Conditions: T = 25 ◦C, neutral pH, Lamp power – 250 W, 
feed concentration = 20 ppm, feed volume = 500 ml, Catalyst amount = 60 
mg/L]. 

Fig. 2. Effect of pH on the degradation of PNP after 1 h treatment [Experi
mental Conditions: Temperature = 25 ◦C, feed concentration = 20 ppm; feed 
volume = 500 ml, lamp power = 250 W, catalyst amount = 60 mg/L, Catalyst 
type = Cat-1]. 

0 20 40 60 80 100

0.0

0.2

0.4

0.6

0.8

1.0

 20 ppm

 40 ppm

 60 ppm

 80 ppm

)
%(

n
oita

dar
ge

D

Time (min)

Fig. 3. Effect of feed concentration on the degradation of PNP. [Experimental 
conditions: Temperature = 25 ◦C, feed volume = 500 ml, lamp power = 250 W, 
Catalyst amount = 60 mg/L, Catalyst type = Cat-1]. 
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with an increase in feed concentration have been reported in literature 
[9]. Increasing the PNP feed concentration from 10 mg/L to 50 mg/L 
reduced the rate constant from 0.0226 min− 1 to 0.011 min− 1 using a 
Cu2O/TiO2 p-n heterojunction [8]. Mishra and Gogate also reported the 
decrease in extent of PNP degradation with increase in the initial con
centration from 10 ppm to 100 ppm [9]. Sivakumar et al. studied the 
sonochemical PNP degradation and reported a decrease in the rate 
constant from 1.33 × 10− 5 s− 1 to 0.33 × 10− 5 s− 1 with an increase in 
concentration from 10 ppm to 500 ppm PNP solution [41]. 

3.5. Effect of lamp power 

The lamp power plays a major role in deciding the economics of 
degradation of organic pollutants especially for a large-scale treatment 
process. It is desirable to operate with low lamp powers which reduces 
the power requirements and hence the cost of treatment. The effect of 
lamp power on the degradation of PNP was studied using lamps with 
different powers (25, 80 and 250 W). It was found that using lower 
powers of 25 and 80 W had a very little effect on the degradation 
(<10%) in 2 h irradiation when compared with 250 W where complete 
conversion was achieved within 90 min. This enhanced conversions at 
high lamp power is due to the higher absorption of photon energy. 
Similar lower extents of degradation of ~20% was also reported for a UV 
lamp of 11 W for a 10 ppm PNP solution after 240 min of irradiation time 
using TiO2 catalyst [9]. In a recent study, the effect of different lamp 
powers studied in the range of 200–600 W showed an increase in the 
degradation rate with increasing light intensity attributed to the gen
eration of higher quantum of hydroxyl radicals [42]. Photocatalyzed 
degradation of 4-Chlorophenol was also studied using 8 W black lamp 
and 450 W Hg lamp and it was reported that low power lamps resulted in 
lower rates of degradation and lower rates of mineralization [43]. Cat-1 
tested in our earlier work for different dyes in the visible light also 
showed a significant degradation and effective in converting the dyes at 
low power intensities but it was found to be difficult with highly 
recalcitrant pollutants such as PNP [22]. On the other hand, high lamp 
power was seen to result in significant degradation within 100 min of 
treatment in the same work. Comparison of the trends established that 
the trend depends on the type of pollutant and the range of power used 
making it is essential to determine the optimum lamp power specific to 
organic effluent to be treated which may yield better results. 

3.6. Degradation of different model pollutants 

To study the effect of various functional groups on the aromatic rings 
on the levels of degradation, the photocatalytic activity of the catalyst 
was tested with various organic pollutants such as Rhodamine-B (Rh–B) 
dye, DNB, TPA, 4-AMP, and PNP. The results represented in Fig. 4 
elucidate that the catalyst was active enough in completely degrading 
the Rh–B dye and PNP within 60 min of UV irradiation. In comparison 
to the organic pollutants with more functional groups on the aromatic 
rings, the degradation of dyes was more efficient with rates higher as 
compared to the other pollutants such as DNB or AMP. Under similar 
experimental conditions, the rate constant for the Rh–B dye degrada
tion [22] was 0.1176 min− 1 which is significantly higher than that of 
DNB and AMP (0.00525 min− 1 and 0.00657 min− 1) respectively. In a 
similar trend, Se-ZnO incorporated with 3 wt% reduced graphene oxide 
was reported to completely mineralize methylene blue in 35 min with 
0.2 g/L of catalyst in comparison to the time requirement of 105 min and 
90 min for p-chlorophenol and p-nitrophenol respectively [7]. Several 
other dyes such as Methylene Blue (MB), Rhodamine-6G (Rh-6G), and 
Congo Red (CR) were also effectively degraded with the current catalyst 
as illustrated in earlier work [22]. The obtained results are attributed to 
the fact that the type of functional group has significant effect on the 
photocatalytic degradation. The aromatic rings consisting of nitro 
groups and amino group are more difficult to degrade than the aromatic 
ring with a hydroxyl group/carboxylic group. Similar observations of 

the effect of various bi-functional aromatic rings and a slower m-DNB 
degradation was also reported in literature [44,45]. Photocatalytic 
degradation studies with m-DNB and NB showed complete degradation 
within 4 h and 2 h respectively and the lower rate with m-DNB was 
mostly due to its poor adsorption on the catalyst owing to its stearic 
hindrance [44]. In another study, combustion synthesized nano TiO2 
was applied for photocatalytic degradation of different functional group 
substituted benzene compounds and it was reported that the degrada
tion rates followed the order: 1-chloro,2,4-dinitrobenzene >4-nitro
phenol >2-nitrophenol >1-chloro,4- nitrobenzene >3-nitrophenol 
>2,4-dinitrophenol >1-chloro,2-nitrobenzene > nitrobenzene >1,3- 
dinitrobenzene. It was stated that the hydroxy substitution on the aro
matic ring strongly activates the ring for the attack of electrophilic hy
droxyl radicals and hence higher reactivity of nitrophenols is seen as 
compared to nitrobenzene [45]. 

The interaction between charge distributions of a pollutant molecule 
in the presence of the hydroxyl radicals generated in the system is shown 
in the form of MEP surface maps generated using DFT calculations in 
Fig. 5. It can be noticed that the magnitude of MEP calculated for 
different pollutants varies from low value (4.73 × 10− 2) for m-DNB and 
a high value (8.54 × 10− 2) for TPA. The red coloured regions/low value 
are indicative of attractive potential to a positive charge due to the 
relative abundance of electrons and blue coloured regions/high values 
are indicative of attractive potential to a negative charge due to the 
relative absence of electrons. Regions of positive electrostatic potential 
can result in attractive noncovalent interactions with the negative sites 
such as lone electron pairs and anions [46]. The degradation rates of the 
model compounds studied are in the order of Rh-B > PNP > TPA > 4- 
AMP ~ m-DNB. The surface charges as shown in Fig. 5 are also noticed to 
be in the same order as the experimental observations. The work is 
unique as majority of the earlier studies deal with only single pollutant 
and it is important to compare the results for different pollutants. 

The results obtained in the current work also give a preliminary 
insight into the mechanistic pathways of the scission of the bonds in the 
presence of radicals and provides insights of possible intermediates that 
can be produced. Sites containing significant negative charges are more 
prone towards attack with the highly reactive radical species. Possible 
intermediates from TPA, or AMP degradation are hence reported to be 
benzoquinone, benzene, maleic acid, fumaric acid, oxalic acid etc., 
[47,48]. Similarly, possible intermediates from m-DNB degradation 
consists of resorcinol (RS), catechol, hydroquinone, benzoquinone, nitro 
hydroquinone, 4-nitrocatechol, phenol, 2,4-dinitrophenol and 3- 
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Fig. 4. Photocatalytic performance of Cat-1for different model pollutants. 
[Experimental conditions: Temperature = 25 ◦C, neutral pH, feed concentra
tion = 20 ppm, feed volume = 500 ml, lamp power = 250 W, Catalyst amount 
= 60 mg/L, Catalyst type = Cat-1]. 

N. Chakinala et al.                                                                                                                                                                                                                             



Catalysis Communications 174 (2023) 106589

7

nitrophenol [49]. 

3.7. Effect of electron acceptors on the degradation 

The effect of addition of different electron acceptors such as air, 
H2O2, and S2O8

2− to the reaction system on the rate of PNP degradation is 
shown in Fig. 6a. These electron acceptors are known to enhance the 
formation of highly reactive radical species that can favour the degra
dation of organic pollutants. The addition of e− acceptors also acts as e−

scavengers leading to reduced electron-hole recombination. From the 
figure, it is evident that the degradation of PNP in the absence of catalyst 
or electron acceptor was negligible, indicating that the direct photolysis 
of PNP alone was insignificant. Furthermore, all the other e− acceptors 
were found to be effective in intensifying the degradation of PNP in the 
order of H2O2 > K2S2O8 > air. The rate constants in the presence of air, 
persulfate addition and peroxide addition was found to be 0.00436, 
0.01257, 0.554 min− 1 respectively which is 1.2, 3.4 and 14.8 times 
higher than that seen for UV alone (actual value as 0.003735 min− 1). 
The enhancement in the degradation rate with hydrogen peroxide 
addition is due to its dissociation to produce highly reactive hydroxyl 
radical species (reaction R1-R5) and the production of sulphate radicals 
accompanied with hydroxyl radicals (redox potential 2.8 V) in the case 
of potassium persulfate addition (reaction R6-R11) drives the intensifi
cation. It is known that the direct reaction of persulfate with many 
organic pollutants is rather slow and hence it needs activation via energy 
based or catalyst based processes to generate the stronger oxidizing 
potential sulphate radicals (redox potential 2.6 V) [50]. It was observed 
in the work that the enhancement in the PNP degradation in the pres
ence of sulphate was lower as compared to the case of H2O2 and hence 
no further investigations was carried out in determining the optimum 
sulphate concentration. In addition, it is imperative that the activated 
persulfate in the presence of catalyst, resulted in enhanced PNP degra
dation as compared to only UV based degradation which is very much 
similar to the results in the presence of hydrogen peroxide. 

Intensified degradation rates were reported in the literature as well 
with the addition of different oxidants studied for several organic pol
lutants [30,51,52]. Higher removal efficiency of bezafibrate was re
ported with a rate constant of 0.0098 min− 1 in the presence of 
peroxymonosulfate (PMS) and visible light as compared to 0.0012 
min− 1 in the absence of PMS [30]. Cyanotoxin microcystin-LR was also 
reported to degrade with higher efficiency with the addition of sulfate 
radical generating oxidants in which the PMS outperformed PS as PMS 
accepts electrons more easily [51]. Higher PNP degradation of 83% 

within 60 min was reported in case of non-zero valent iron activated PS 
described by rapid formation of oxidizing species [53]. A synergistic 
effect between photocatalysis and peroxymonosulphate activation was 
reported with CoAl-LDH/BiOBr composite for the degradation of 

Fig. 5. Molecular electrostatic potential surface maps of the different pollutants studied in the presence of hydroxyl radicals a) 4-AMP b) m-DNB c) TPA.  
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ciproflaxin [12]. Comparison with literature confirmed the quantitative 
differences in the extent of intensification as well as the best loading 
observed for oxidants clearly elucidating the importance of the current 
work. 

H2O2 + hν→2ȮH (R1)  

H2O2 +
˙OH→HO2

˙+H2O (R2)  

2˙OH→H2O2 (acidic to neutral conditions) (R3)  

˙OH+HO2
˙→H2O+O2 (R4)  

2 HO2
˙→H2O2 +O2 (R5)  

S2O8
2− + hν→2SO4

˙− (R6)  

SO4
˙− +H2O→SO4

2− + ˙OH+H+ (R7)  

S2O8
2− +H+→HS2O8

2− (R8)  

HS2O8
2− →SO4

˙− + SO4
2− +H+ (R9)  

S2O8
2− + ˙OH→S2O8

˙− +ΟН − (R10)  

SO4
˙− +ΟН− ↔ SO4

2− + ˙OH (R11) 

However, the presence of a photocatalyst along with electron 
acceptor had no substantial effect on the rate constant with any of the 
electron acceptors studied as compared to the presence of photocatalyst 
alone. The addition of persulphate and hydrogen peroxide produces a 
complex effect when used in combination with photocatalysis as the 
respective generation of sulphate ions (SO4

2− ) and hydroxyl ions (OH− ) 
typically acts as a hole scavenger. Overall, this may lead to limited or no 
significant effect in the degradation process due to this trade-off in the 
presence of a photocatalyst and electron acceptor. 

Further, to determine the optimum concentration of H2O2, tests were 
performed with different PNP concentrations (20 & 50 ppm) and with 
varied concentrations of H2O2 (2–16 mM) with the results presented in 
Fig. 6b. It is seen that with an increase in the peroxide concentration the 
degradation efficiency was found to have an increasing linear trend, 
which is due to the production of highly reactive radical species 
generated from the dissociation of hydrogen peroxide with UV light. 
However, an optimum value of H2O2 concentration is reported in 

literature beyond which the degradation rate reduces [9,28]. Such op
timum value of peroxide concentration was not noticed in the current 
study over the range of applied peroxide concentrations for both feed 
concentrations studied. Additionally, the observed higher rate constants 
with low feed concentration shown in Fig. 6b is line with the earlier 
observations discussed in section 3.3. An interesting observation was 
that the reaction rates were found to be lower in the presence of a 
catalyst for 50 ppm feed and higher peroxide dosages when compared 
with no catalyst. This is mainly due to the formation of peroxo com
pounds on the catalyst surface with the use of high dosages of hydrogen 
peroxide that are found to be detrimental in the photocatalytic reaction. 

3.7.1. DFT insights 
DFT computational analysis was also carried out to better understand 

the interactions between PNP and radicals generated in the system. 
Fig. 7 illustrates the interaction effects of the organic pollutant with 
different electron acceptors represented in the form of MEP surfaces of 
the investigated components. A transparent view of the molecule 
interaction with the electron acceptor encapsulated in an electron cloud 
with different colours is presented where the blue colour area corre
sponds to highest electrostatic potential and the red colour represent 
areas with lowest electrostatic potential. The MEP surfaces for systems 
with different radicals were found to have a significant change in their 
charge distribution. With the introduction of radicals, the minimum and 
maximum values varied significantly, and the associated change was 
highest with the SO4

•− . The location of the radicals bound to the aromatic 
ring is different in each of these cases having different charge distribu
tions which indicate interesting chemical interaction between the sites 
of PNP and the studied radicals. The presented results give a preliminary 
insight into the mechanistic pathways of the scissioning of the molecule 
bonds in the presence of radicals and provides insights of possible in
termediates that can be produced. This theoretical analysis closely 
matches with the literature [28] as well as our experimental observa
tions for comparison of effectiveness of air, hydrogen peroxide and 
sulphate. It was clearly elucidated that maximum degradation was ob
tained with hydrogen peroxide followed by sulphate radicals when 
studies were performed in the absence of any catalyst due to very slow 
reaction of sulphate radicals with the organic pollutants. 

The donor-acceptor interactions and charge transfer between or
bitals was investigated using NBO analysis, in which the electron delo
calization energies of all possible NBO orbital interactions are summated 
as ΣE(2) as shown in Table 2. Larger delocalization energies are indic
ative of strong interactions while smaller values are indicative of weak 

Fig. 7. Molecular orbital potential surfaces of the systems involving different oxidants a) PNP b) PNP with hydroxyl radical c) PNP with Sulphate and d) PNP with 
superoxide radicals. 
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electrostatic interactions between the investigated molecules. As shown 
in Table 2, the significant chemical interactions took place between NBO 
of sulphate radicals to PNP followed by hydroxyl radicals to PNP as 
noticed from the ΣE(2) values of 21.76 and 18.87 respectively. While, 
the electron delocalization from PNP to any of the radicals generated in 
the system are found to be insignificant, as indicated by lower ΣE(2) 
values. These findings are consistent with the above observations of MEP 
surface plots in which a different charge distribution on PNP molecule 
was observed in the presence of sulphate radicals. Moreover, the find
ings are also consistent with the experimental observations of maximum 
PNP degradation with H2O2 followed by persulphate in the absence of 
any catalyst, implying that the •OH generated by H2O2 dissociation and 
SO4

•- generated by persulphate dissociation contributed to the PNP 
degradation. 

3.8. Reaction pathway 

Fig. 8 shows a plausible reaction mechanism for the photocatalytic 
degradation of PNP in which initially the hydroxyl radicals or the sul
phate radicals primarily attack the nitro group of the benzene ring 
producing phenol and nitro radicals. The phenol produced further un
dergoes oxidation with the residual free radicals and gets converted to 
other products such as hydroquinone. In addition, strong electrophilicity 
of hydroxyl radicals results in hydroxylation of the benzene ring forming 

4 – nitrocatechol [13,53]. Hydroxyl radical attack on PNP also produces 
benzoquinone and hydroquinone [13]. Among the several compounds 
shown in the scheme, a limited number of compounds were identified in 
this study such as the unconverted PNP (in significant quantities as the 
samples with lower conversion were analyzed specifically), phenol, 
hydroquinone, and carboxylic acids such as benzoic acid and propanoic 
acid. Although, several studies have reported the presence of benzo
quinone, 4-nitrocatechol, and trihydroxy benzene, they were not iden
tified in our samples which may possible be due to its direct conversion 
to acids or may be these compounds are out of the detection limits. 

3.9. Commercial relevance of the obtained results 

The demonstrated results in terms of effectiveness of the silver bis
muth doped titanium dioxide for degradation of variety of pollutants are 
definitely of commercial relevance. It is known that photocatalyst plays 
a vital role in deciding the degradation of pollutants present in the 
wastewater. From an industrial perspective, the catalyst must be effec
tive, cheaper, and stable. The easy availability, low price of TiO2 makes 
the TiO2 based catalysts commercially attractive from the industrial 
application viewpoint. Use of lower metal loadings of active metals like 
silver and bismuth further enhanced photocatalytic activity that was 
confirmed with the experimental observations and theoretical calcula
tions. The underlying mechanisms for catalyst activity and the role of 
electron acceptors are expected to be equally valid at commercial scale 
as well. Overall findings of the current work coupled with the stability 
and reusability studies reported for similar doped catalysts in our earlier 
study [22] for 5 consecutive cycles clearly elucidate the potential of 
doped catalysts for commercial exploitation. 

4. Conclusions 

The current study has demonstrated the enhanced photocatalytic 
activity of silver bismuth doped titanium dioxide at an optimum loading 
of 0.5 wt% of Ag and Bi for the degradation of PNP. Theoretical studies 

Table 2 
ƩE(2) of interacting NBOs of PNP and radicals.  

System Donor unit 
(NBOs of) 

Acceptor unit 
(NBOs of) 

ƩE(2) 
(kcal/mol) 

PNP/ O2
•- PNP O2

•- 0.11 
O2

•- PNP 8.11 

PNP/•OH 
PNP •OH 0.39 
•OH PNP 18.87 

PNP/SO4
•- PNP SO4

•- 1.77 
SO4

•- PNP 21.76  

N
+
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Fig. 8. Possible reaction pathway of the photocatalytic degradation of PNP.  
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using density functional theory also confirmed sufficient band gap of 
bimetallic catalysts for good photon absorption in line with the experi
mental observations of enhanced photocatalytic activity. Process opti
mization studies using the best catalyst was carried out at different pH 
conditions, and different initial feed concentrations which showed 
marginal effects of pH on the degradation and lower feed concentrations 
favouring higher degradation rates. In addition, studies with different 
lamp powers showed negligible effect for the degradation at low lamp 
powers and higher degradations at higher power studied. The best 
catalyst with 0.5 wt% Ag 0.5 wt% Bi supported on titania was found to 
be active enough for the degradation of various other pollutants such as 
Rh–B, TPA, m-DNB, 4-AMP. The role of various electron acceptors such 
as air, hydrogen peroxide, and potassium persulphate studied in terms of 
the degradation of PNP showed minimal/negligible role of oxygen in 
photocatalytic process whereas the addition of hydrogen peroxide and 
persulphate improved the degradation of PNP. It was found that the 
optimum concentrations of hydrogen peroxide resulted in 100% 
degradation within a shorter period of 30 min for a 20 ppm feed. For the 
case of persulphate addition, it was observed that rate almost increased 
by 3.5 folds as compared to direct photolysis. In addition, the activation 
of persulfate with catalyst resulted in the synergistic effect of higher 
degradation rates though lower as compared to the presence of H2O2 in 
the system. Computational studies of molecular electrostatic potential 
using DFT also indicated higher electrostatic potential (0.0939) with 
hydroxyl radicals compared to sulphate and oxygen addition. NBO 
analysis suggested that hydroxyl and sulphate radicals generated in the 
system favour PNP degradation, and these theoretical predictions 
closely matched with the experimental observations of higher degra
dations with hydrogen peroxide than persulfate addition. Overall, this 
study systematically shown excellent photocatalytic activity for degra
dation of various organic pollutants in the presence of different oxidants 
with supporting evidence based on the theoretical predictions. 
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