Journal of Environmental Chemical Engineering 10 (2022) 107681

Contents lists available at ScienceDirect

Journal of Environmental Chemical Engineering

journal homepage: www.elsevier.com/locate/jece

ELSEVIER

Check for

Fabrication of highly porous ZnO/Ag>0 nanoparticles embedded in | e
N-doped graphitic carbon for photocatalytic degradation of tetracycline

Norah Alhokbany, Tansir Ahamad , Saad M. Alshehri

Department of Chemistry, King Saud University, Riyadh 11451, Saudi Arabia

ARTICLE INFO ABSTRACT

Keywords: In the present study, we have successfully fabricated ZnO/Ag,O nanoparticles embedded in nitrogen doped
Nanocomposite carbon based nanocomposites (ZnO/Ag20-NDC). The fabricated nanocomposites were characterized by several
Photocatalyst analytical techniques. The photocatalytic performance was inspected by the degradation of tetracycline (TC)
;r(;tsracydme under visible light. The fabricated nanocomposites show excellent photocatalytic degradation performance,
710 which can degrade approximately 90.7% of TC within 60 min at nearly neutral pH 7, and the degradation rate

constant was found to be 0.0083 min~!, Moreover, the optimal composite exhibited excellent stability, indicating
its suitability for reuse. Reasonable pathways of antibiotic degradation were proposed based on the detected
intermediates during the degradation, where the *OH and O,* played a dominant role. It was also noticed that
the N-doped graphitic carbon acts as the framework and promotes the electron transfer, and the ZnO acts as an

effective photocatalyst while Ag,0 as an electron trapping agent to enhance the visible light activity.

1. Introduction

Nowadays, several undesired products such as dyes, heavy metals,
chlorinated compounds, pesticides and pharmaceuticals are exposed to
the environment and cause a serious challenge globally. Among these
pollutants, antibiotics are one of the persistent pollutants and exist in the
natural environment [1-4]. Tetracycline (TC) is one of the most famous
antibiotics, used to treat a wide range of bacteria for humans and ani-
mals. However, after administration of tetracycline to humans, and
animals cannot completely metabolize, resulting in a large amount of TC
was exposed to the environment which lead to serious effects to the
ecosystem and public health [5-7]. Therefore, the effective treatment of
these antibiotics into wastewater systems becomes a major challenge.
Currently, several techniques have been used to treat TC and other
organic pollutants into wastewater including ion exchange, coagulation,
filtration with coagulation, precipitation, ozonation, adsorption, reverse
osmosis, advanced oxidation processes and photocatalytic degradation
[8-10]. Among these techniques, photocatalytic degradation has much
attention due to its outstanding advantage (economic, efficient, and
green feature) [11-14]. To date several semiconductors based photo-
catalyst such as TiO, ZnS, CuO/CuO5, CoFe304, NiFe304, M0S,, AgsPO4
and g-C3N4 have been used for the photocatalytic degradation of TC.
However, each semiconductor has their own advantage/ disadvantage
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and limitations [15-18]. Among these semiconductors, ZnO based
photocatalyst are one of the most promising agents because of their
extraordinary properties such as excellent chemical stability, low cost,
and eco-friendly compound [19-21]. However, the large bandgap (3.37
eV), photo-corrosion and the rapid recombination of charge carriers,
low response to visible light of ZnO restrict its photocatalytic applica-
tions. Therefore, it is essential to modify ZnO for the enhancement of its
physicochemical and optical properties, especially rapid recombination
of charge carriers [22-24]. The physicochemical and optical properties
of the ZnO can be tuned using several supporting materials such as
graphite carbon, CNTs, graphene, g-C3Ny4, other metal oxide [25-27].
The utilization of graphite carbon enhances the chemical stability,
sorption activity, and corrosion resistance of the photocatalyst. On the
other hand, the coupling with narrow band semiconductors such as
Sn0O,, Biy03, Cup0, MoS; and AgO can improve the absorption to
visible-light region and control the photogenerated charge recombina-
tion [28-30]. Among these narrow band gap semiconductors, Ag,0 is a
p-type semiconductor with a narrow band gap energy varying from 1.2
to 1.5 eV is favorable to prepare composite with ZnO [31-33]. The
photogenerated charge carriers can be effectively separated due the
electron trapping behavior of Ag,0, which can reduce the probability of
recombination of electrons and holes, resulting in greatly enhanced
optical properties [34-36]. In the present study, a hetrostructure
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Zn0O/Ag>0 was fabricated in N-doped carbon using hydrothermal and
post calcination. The physicochemical and optical properties of the
Zn0/Ag>0-NDC nanocomposites were tuned with various ratios of Ag,0
to ZnO and used for the photocatalytic degradation of TC under visible
light. The effect of pH, initial concentration and effect of scavengers and
the kinetics was also studied to know the mechanism of photocatalytic
degradation for TC. The formation of the photogenerated spices and
intermediates during the photocatalytic degradation were determined
using ESR and GC-Mass respectively.

2. Experiment
2.1. Materials

Zinc nitrate Zn(NO3),.6H20, silver nitrate AgNOs, egg albumen,
hydrogen peroxide and tetracycline were purchased from Sigma Aldrich
(Munich, Germany) and directly used without further purification. Milli-
Q water was used throughout all experiments.

2.2. Fabrication of the nanocomposites (ZnO/Ag20-NDC)

The nanocomposite was fabricated using a single source precursor
and fresh egg albumen was used as a source of N and carbon. Firstly, the
metallic and bimetallic polymer-metal complex was prepared by mixing
egg albumen with zinc nitrate and silver nitrate details are provided in
supporting information. To fabricate the ZnO-NDC, Ag20-NDC, ZnO/
Ag>0(10%)-NDC, ZnO/Ag20(10%)-NDC, ZnO/Ag>0(15%)-NDC and
Zn0/Ag20(20%)-NDC nanocomposites the corresponding polymer-
metal complex was transferred into an autoclave and heated at 200 °C
for 24 h. The resulting hydrochar was filtered, washed and dried under
vacuum. The fabricated hydrochar was further heat treated at 800 °C
under the flow of argon with 5 °C/ min heating rate to get the nano-
composite. The resulting nanocomposite was washed several times using
distilled water and dried in vacuum. The fabricated nanocomposites
were characterized using several analytical techniques such as FTIR,
TGA, XRD, Raman, BET (N, adsorption desorption), SEM, TEM/HRTEM,
DSR spectra and XPS, their details are provided in supplementary in-
formation. The fabricated nanocomposites were used for the photo-
catalytic degradation of TC and the details of experiments are also given
in supporting information.
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3. Results and discussion
3.1. Characterization of ZnO/Ag,0-NDC nanocomposites

The ZnO/Ag;0-NDC based photocatalyst were fabricated using
polymer bimetallic complexes, which were fabricated with egg albumin,
zinc nitrate and silver nitrate as summarized in Fig. 1. The FTIR spectra
of the ZnO/Ag>0(15%)-NDC, ZnO-NDC and Ag>O-NDC shown in Fig. 2
(a), while the FTIR spectra of other nanocomposites were illustrated in
supporting figure SF1(a). The results support successfully fabrication of
N-doped carbon. The presence of several functional groups including O-
H, N-H, =C-H, -CH,, C=N, C=C, C-N and O-C were supported with their
corresponding peaks, which appear at 3421, 3240, 3042, 2960-2845,
1652, 1548, 1412 and 1132 cm ™! respectively.

Moreover, the peaks at 479 and 530 cm™! support the presence of
ZnO and Ag,0 nanoparticles in the NDC matrix [37-39]. It was noticed
that in the case of ZnO/Ag>0-NDC another peak at 530 cm™' was
noticed that support the presence of Ag>0 nanoparticles.

These results support the successful fabrication of the ZnO/Ag20-
NDC nanocomposite. The XRD patterns of the fabricated nano-
composites are illustrated in Fig. 2(b), the XRD spectra of the ZnO-NDC
show the diffraction peaks at 20 = 31.80°, 34.39°, 36.14°, 47.43°,
56.49°, 62.63°, 66.28° and 67.71° assigned to 100, 002, 101, 102, 110,
103, 200 and 112, respectively support the formation of hexagonal
wurtzite ZnO (JCPDs Card No. 36-1451) [40-42]. While the XRD
spectra of Ag20O-NDC show the peaks at 20 of 32.98°, 38.13°, 55.81° and
64.43° are attributed to the 111, 200, 220 and 311 diffraction planes of
cubic phase of Ag,0 respectively (JCPDs Card No. 41-1104) [43,44].
The XRD spectra of the ZnO/Ag>0-NDC nanocomposites show mixed
peaks for both the ZnO and Ag,0 and the intensity of the peaks belongs
to Ag»0 increases with the increase the amount of Ag,0 that support the
co-existence of two phases in the nanocomposites. Additionally, the
broad peak at 25.52° assigned to (002) plane of graphite carbon which
was observed in all the nanocomposites. No peak related to any impurity
or unreacted metal was observed which confirmed that the nano-
composites mainly contain ZnO and Ag,0O nanoparticles.

The porosity and surface area of as fabricated nanocomposites were
determine using nitrogen adsorption/desorption isothermal measure-
ment and exhibited the type IV isotherm with a distinct hysteresis loop
which indicates that a large number of meso-pore are present in the
nanocomposites as shown in Fig. 3(a) and supporting figure SF-1(b). The
BET specific surface area of ZnO-NDC, Ag>0-NDC, ZnO/Ag»0-NDC (5%)
and ZnO/Ag,0-NDC (15%) was found to be 482.2 m® g}, 437.6 m? g},
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Fig. 1. The synthesis routes for ZnO/Ag,0-NDC nanocomposite.
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Fig. 2. (a) FTIR spectra and (b) XRD spectra curves of ZnO-NDC, Ag,0-NDC, ZnO/Ag,0(5%)-NDC, ZnOAg>0(10%)-NDC, ZnO/Ag>0(15%)-NDC, and ZnO/Ag,;0

(20%)-NDC nanocomposites.
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Fig. 3. (a) N, adsorption and desorption isotherm (b) pores size distribution of ZnO-NDC, Ag;O-NDC, ZnO/Ag>0(5%)-NDC,and ZnO/Ag»>0(15%)-NDC

nanocomposites.

442.8 m? g~ 'and 456.3 m? g~ ! respectively. As shown in Fig. 3(b), the
narrow size pore distribution was found in the range of 6-9 nm and the
average pore volumes of the nanocomposites were found in the range of
0.28-42 cm® g~ . The large specific surface area of the nanocomposites
is considerably favorable for the adsorption of TC and provide more
active sites for photocatalytic degradation.

The XPS is used to inspect the chemical composition and the surface
chemical states of the elements present in the nanocomposite. The XPS
spectra of AgoO-NDC, ZnO-NDC and ZnO/Ag>0(15%)-NDC are illus-
trated in Fig. 4(a). The XPS spectrum of ZnO/Ag;0(15%)-NDC shows
the presence of C, N, Zn, Ag and O elements. As shown in Fig. 4(b), the
Cls spectrum was deconvoluted into four peaks at 284.54 eV,
285.44 eV, 286.13 eV and 287.14 eV corresponding to the C-C, C=C, C-
V/C=N and C-O groups [45]. The N 1 s peaks was split in to three peaks
and observed 398.91 eV, 399.79 eV, and 401.83 eV assigned to the
pyridine-N, pyrrolic-N, and graphitic-N, respectively and illustrated in
Fig. 4(c) [46]. The XPS spectrum of Zn 2p as shown in Fig. 4(d) showed
two main peaks with binding energies at 1043.63 eV and 1020.62 eV
characteristic doublets of Zn 2p; 2 and Zn 2p3,5, which were essentially
identical binding energies for the Zn 2p orbital with spin orbital splitting
about to 23.0 eV in accord with Zn(Il). The Ag 2p XPS spectrum as
shown in Fig. 4(e), deconvoluted into two peaks at 368.29 and
374.28 eV corresponding to Ag 3ds/2 and Ag 3ds/», which supporting

the presence of Ag" as Ag,0, which is agree with the XRD results [47,
48]. However slightly change in the pack position of Zn 2p was noticed
in the case after formation of hetrostructure when compared with
ZnO-NDC. As shown in Fig. 4(f), O 1 s spectrum can be divided into three
peaks and observed at 529.56, 530.85 and 531.62 eV and assigned to the
Ag-0, C-0/0-H, and Zn-O function groups [49,50]. The morphology of
the nanocomposite was measured by SEM and TEM. As shown in Fig. 5
(a), the SEM image of ZnO/Ag>0(15%)-NDC shows the highly porous
surface and ZnO and Ag,0 nanoparticles were embedded into the car-
bon matrix. The ZnO nanoparticles were found spherical in shape and
with a ranging from 20 nm to 30 nm. On the other hand, the Ag,O
particle sizes were in the range of 13-18 nm. For further details of the
morphology, TEM examinations have been carried out as shown in Fig. 5
(b). The average diameter of the ZnO and Ag»O nanoparticles were
found to be about 20-30 nm and 12-20 nm, respectively and were
uniformly embedded into graphite carbon matrix which is consistent
with the results of SEM. The high-resolution TEM (HRTEM) image dis-
plays that Ag,O nanoparticles are attached with ZnO nanoparticles to
form ZnO/Ag20 hetrostructure which improve the photocatalytic per-
formance as shown in Fig. 5(c). In the Fig. 5(d), the interplanar distance
of ZnO was found to be 0.260 nm and which match well with the (002)
plane of the hexagonal wurtzite ZnO, and an inter-planar distance of
0.235 nm, assigned to the (200) plane of Ag,0.
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Fig. 4. (a) A wide XPS spectra for the ZnO-NDC, Ag,O-NDC and ZnO/Ag>0(15%)-NDC nanocomposites (b)C 1 s, (¢c) N 1 s (d) Zn 2p (e) Ag 3d, and (f) O 1 s of ZnO/

Ag,0(15%)-NDC.

Optical properties of the fabricated nanocomposites were deter-
mined using UV-vis diffuse reflectance absorption spectrum analysis as
presented in Fig. 6(a). It was noticed that the ZnO-NDC shows strong
absorption edge below to 550 nm to the ultraviolet light region below to
380 nm, owing to the inherent large band gap. On the other hand, the
Ag>0-NDC shows the adsorption in the visible region, in the range of
400-800 nm. While in the case of the hetrostructure nanocomposites,
after the doping of AgyO, the light absorption edge of the nano-
composites ZnO/Ag,O-NDC was changed toward the red shift [51,52].
The red shift of the absorption edge is beneficial for improving the
visible light absorption capacity.

The band gap energy (E,) was calculated by the following equation:
ahy = A(hv-Eg)"/ 2,

where « is the absorption coefficient, A is a constant, hv is the energy
of light and n is a constant depending on the nature of the electron
transition.

As shown in Fig. 6(b), the band gaps of ZnO-NDC, Ag,O-NDC, ZnO/
Ag20(5%)-NDC, ZnO/Ag,0(10%)-NDC, ZnO/Ag;0(15%)-NDC and
Zn0/Ag>0(20%)-NDC were found to be 3.19, 1.49, 3.06, 3.00, 2.91 and
2.72 eV, respectively, which indicates that the band gap energy of the
ZnO-NDC nanocomposite materials is reduced after the doping of Ag,0
nanoparticles, which is beneficial to improve the photocatalytic effi-
ciency. The optical absorption features and calculated band gap values
suggest that the fabricated nanocomposite materials can be used as
photocatalyst under solar light. The flat band potential (Epg) and band
structure properties of pure ZnO-NDC and Ag,O-NDC were confirmed
using Mott-Schottky experiments. As shown in supporting figure SF-3 (a-
b), the positive slope of Mott-Schottky curve of ZnO-NDC and indicating
the n-type semiconductors. The Epg of ZnO-NDC was found to be
— 0.332V vs an Ag/AgCl electrode, which has an Egg of — 0.139 eV vs
standard hydrogen electrode (NHE). On the other hand, the M-S plot of
Ago0-NDC show the negative slope and indicating that it is a p-type
semiconductor which show the Egg about to 0.948 vs Ag/AgCl. Based on
the results of Mott-Schottky curves, the band positions of ZnO-NDC and

Ag>0-NDC, resulting the p—n heterojunction can be formed as displayed
in supporting figure SF-3 (c).

3.2. Photocatalytic assay

The catalytic performances of the fabricated nanocomposites were
carried out against the photocatalytic degradation of TC under ascribed
conditions (pH 7, catalyst dose of 1.0 g/L, drug concentration of 30 mg/
L and irradiation time of 90 min). As shown in Fig. 7(a), no degradation
of TC was observed in the absence of photocatalyst, indicating that self-
photolysis did not occur under the irradiation of visible light, resulting
in the concentration of TC being almost unchanged. While, a little
concentration of TC was reduced in the dark, which could be clarified
that in the absence of visible light the photocatalyst only adsorbed the
TC without degradation.

Under the irradiation of visible light, about to 56.2%, 47.0%, 67.0%,
76.6%, 90.7% and 85.0% of TC degradation was noticed in the presence
of ZnO-NDC, Ag,0-NDC, ZnO/Ag,0(5%)-NDC, ZnO/Ag;0(10%)-NDC,
Zn0O/Ag>0(15%)-NDC and ZnO/Ag>0(20%)-NDC nanocomposites
respectively. It was noticed that the coupling of Ag,O nanoparticles with
the ZnO nanoparticles increased the catalytic performance with
increasing the amount of AgsO, but the catalytic performance was
decreased when the amount of Ag,0 was increased (above 15%) this
may be firstly, due to electron trapping behavior of Ag>0 and secondly,
the photo-shielding effect of Ag;O on ZnO. The degradation kinetics
curves of were illustrated in Fig. 7(b), usually the photocatalytic
degradation of TC follows the first-order kinetics with In (Cy/Cy) = kt,
where k is the rate constant and Cy, C; initial and final concentration
respectively [53]. It was noticed that the ZnO/Ag>0(15%)-NDC photo-
catalyst show the higher value of k value, then other photocatalyst
resulting, its revealed highest photocatalytic activity.

It was noticed that the initial concentration of the TC also affects the
catalytic performance of the catalyst, to determine the optimum initial
concentration of the TC during the photocatalytic degradation was
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Fig. 5. (a) SEM image of ZnO/Ag>0(15%)-NDC (b) TEM image of ZnO/Ag>0(15%)-NDC (c) HRTEM image of ZnO/Ag,0(15%)-NDC; and (d) HRTEM image of ZnO/

Ag>0(15%)-NDC.
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Fig. 6. (a)UV-vis absorption spectra and (b) band gap for ZnO-NDC, Ag,0-NDC, ZnO/Ag>0(5%)-NDC,and ZnO/Ag,0(15%)-NDC nanocomposites.

investigated in the range of 5 mg/L to 50 mg/L and the results are
illustrated in Fig. 7(c), it was observed that the degradation performance
was slightly decreased from 94.2% to 90.7% with increasing the initial
concentration of TC from 5 mg/L to 30 mg/L. However, when the con-
centration of TC was further increased from 30 to 50 mg/L the degra-
dation performance and the degradation rate constant was decreased
and found to be 69.0% and 0.0439 min ! respectively as shown in Fig. 7

(d). This may be due to the ZnO/Ag»20(15%)-NDC active site being
saturated with increasing the initial concentration, leading to the lower
degradation efficiency.

To determine the optimal catalyst’s dose, the experiment was carried
out in the range of 0.1-2 g/L with a fixed initial concentration (30 mg/
L). As shown in Fig. 8(a), It was observed that when the catalysts amount
was increased form 0.1-1.0 g/L, the degradation efficiency was
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Fig. 7. (a) Photocatalytic degradation TC curves using several catalysts; (b) kinetic curves of TC degradation; (c) Effect of TC concentration during the photocatalytic

degradation (d) kinetic curves of TC degradation at different concentration of TC.

increased form 48.0%— 90.7% and the rate constant was increased
0.0070-0.0333 min~!, which could attribute to the increased reactive
sites generating more free radicals. However, after the dose 1.0 g/L,
negligible change in the degradation efficiency was observed the rate
constant was decreased form 0.0333-0.0213 min~! with dose 2.0 g/L,
which may be due to the scattering effect and reduced the light ab-
sorption at higher dose as shown in supporting figure SF-4.

During the photocatalytic degradation of the TC, pH has a significant
impact because, pH may not only affect the molecular structure of TC,
but also the surface charge of catalysts and the stability of active species.
As shown in figure SF-5 in supporting information, it was noticed that
when the initial pH of the solution was decreased from 7 to 3 the TC
degradation efficiency was decreased from 90.70 to, 52.63%, however
when the pH of the solution was further increased from 7 to 10 the TC
degradation efficiency was also decreased and about to 79.28% degra-
dation was observed after 60 min. The highest degradation efficiency of
TC was discovered at pH 7. The results suggested that the fabricated
nanocomposite ZnO/Ag>0(15%)-NDC had the best photocatalytic ac-
tivity towards TC degradation under near neutral condition, while its
photocatalytic activity would be inhibited under strong acid or base
condition.

It was noticed that the contaminated water contains several inor-
ganic co-existing ions including NO3 ™, Cl~, SO42’, and HCO3 ™, these co-
existing ions, affect the photocatalytic performances of the fabricated
catalysts. As illustrated in supporting figures SF-6, it was observed that
no noticeable change was found on the photocatalytic degradation of TC
in the presence of NO3~ and S0,42~ ions [54]. However, the presence of
the CI ion in the aqueous solution slightly decreased the catalytic effi-
ciency of the ZnO/Ag>0(15%)-NDC, this may be due to decreasing the
adsorption of light and adulteration of the catalyst. However, the

presence of HCO3 ions affects the degradation of TC significantly and
decreases the degradation efficiency and is found to be 62.0% of
Zn0/Ag20(15%)-NDC. This may be because the HCO3 ™~ could react with
*OH and behave as hydroxyl trapping agent. The total organic carbon
(TOC) of TC was measured for the mineralization experiment and the
results were shown in figure SF-7. It was observed that after 60 min, the
TOC removal was found to be 63.21% while the TC degradation was
noticed about to 90.70. These findings indicated that the TC molecules
were first decomposed into tiny molecules (intermediates) that were
more stable, followed by CO, and H,0. However, the TOC curve con-
firms the degradation curves, and the results show that the as-fabricated
photocatalyst can be employed to successfully degrade TC.

3.3. Detection of photogenerated species

The scavengers radical trapping experiments were employed to
determine the types of photogenerated species during the degradation of
TC degradation. For this study, ammonium oxalate (AO), 1, 4-benzoqui-
none (BQ), isopropyl alcohol (IPA) and silver nitrate (AgNO3) were used
as the scavengers for holes M), superoxide anion radicals (*03), hy-
droxyl radicals (*OH) and electrons (e’) respectively [55,56]. As shown
in Fig. 8(b), it was observed that the degradation efficiency was
decreased after the addition of all scavengers. In the presence of the AO
and AgNOg, slight change in the degradation efficiency was found,
which may be due to the slight role of h™ and e during the TC degra-
dation. While in the presence of BQ and IPA, decreased in the degra-
dation efficiency was noticed, which indicates that OH®* and *O,™ has
played a key role in the photocatalytic degradation of the TC in aqueous
solution.

The radical-trapping results were further confirmed via EPR spectra



N. Alhokbany et al.

Journal of Environmental Chemical Engineering 10 (2022) 107681

——No sca\'/engers
—o— IPA
—o— BQ

AgNO

3

0-0 T T T T T T 0.0 T T T T T T
-40  -20 0 20 40 60 80 40 -20 0 20 40 60 80
Time (min) Time (min)
(C) DMPO-OH* 1 (d) DMPO-*0,"
—~ =
S © ]
S > ]
> = After 10 min
= After10min] 2 1
c 1 o J
o ] T
< - ] .
After 5 mi After 5 min|
1 In dark 1 In dark
3340 3360 3380 3400 3420 3340 3360 3380 3400 3420

Magnetic Field (Gauss)

Magnetic Field (Gauss)

Fig. 8. (a) Effect of catalyst dose for TC degradation; (b) Effect of scavenger (d) ESR spectra of DMPO-eOH in dark and light (e) ESR spectra of DMPO-eO, in dark

and light.

which was carried out using 5,5-dimethyl-1-pyrroline N-oxide (DMPO)
technique under the dark and visible light irradiation. As shown in Fig. 8
(c and d), no EPR signal was detected in dark condition, while in both
the case (DMPO-*05 and DMPO-*OH) four EPR signals were observed
within 5 min visible irradiation, moreover the intensity of the signals
was increased with increasing the visible irradiation time 10 min. The
EPR analysis verified the generation and contribution of *0Oy~ and *OH
as active radicals in the TC photodegradation.

The electrical conductivity and charge separation/recombination of
photogenerated electrons-holes were investigated using photo-
luminescence analysis (PL), photocurrent generation performance, and
electrochemical impedance spectra (EIS). When compared to pure Ag,0-
NDC and ZnO-NDC, the intensity of PL spectra was decreased in the
heterostructure as illustrated in figure SF-8(a). it was noticed that the PL
intensity was reduced by raising the Ag>0 content of the nanocomposite
upto 15%, while further increasing the Ag>O contact increased the PL
intensity. As a result, the lowest PL emission intensity of ZnO/Ag20
(15%)-NDC may support the photocatalyst’s effective conductive per-
formance, thereby preventing electron-hole recombination. Figure SF-8
(b) shows the results of the photocurrent-time measurements, which
show an improvement in charge transfer separation. The photocurrent
was found to be higher in the ZnO/Ag20(15%)-NDC than in pure Ag,0-
NDC and ZnO-NDC, indicating that the mobility and separation effi-
ciency of photoinduced charge carriers were improved with hetero-
structure and increased with increasing the amount of AgyO in the
nanocomposite up to 15%. ESI spectra were also used to assess the
photocatalyst’s electrical conductivity, as illustrated in Figure SF-8 (c).
On the EIS Nyquist plot, the narrow arc radius corresponds to a reduced
charge transfer resistance and a higher charge transfer efficiency. The
arc radius of the ZnO/Ag>0(15%)-NDC nanocomposite is less than that
of pure ZnO-NDC and other heterostructures (ZnO/Ag20(5%)-NDC,

Zn0/Ag>0(10%)-NDC, and ZnO/Ag>0(20%)-NDC), showing a lower
interfacial charge-transfer resistance in the ZnO/Ag The reduction in
interfacial charge-transfer resistance reveals the successful separation of
electron-hole pairs, which aids photocatalytic activity.

3.3.1. Reusability of the photocatalysts

The recyclability and stability of a photocatalyst are one of the most
important factors. As shown in Fig. 9(a), five consecutive cycles were
tested and the results reveal that only 4% degradation efficiency was
decreased after five cycles. Supporting Table (ST-1), presents the com-
parison of various photocatalysts from the aspects of photocatalyst
dosage (g/L), pollutant concentration (mg/L), reaction time (min), and
removal efficiency (%). Based on comprehensive comparison and anal-
ysis, it can be concluded that the catalyst in this work (ZnO/Ag,0(15%)-
NDC) exhibited an outstanding photocatalytic behavior and stability for
the removal and mineralization of TC. The catalytic efficiency of the
nanocomposites was decreased due to the extra trapping of electrons
and conversion of Ag" into Ag as shown in Fig. 9(b). The formation of Ag
metal was supported using XPS and XRD spectra. The XPS spectra of the
photocatalyst after 7 cycles show the formation of Ag due to the for-
mation of new peaks at 374.3 eV and 368.3 eV assigned to the Ag 3ds3,,
and Ag 3ds,; states respectively, and the slitting of the 3d doublet of Ag
was 6.0 eV, indicating that the silver species existed as Ag’.

3.4. Degradation mechanism and intermediate determination

The ionization energy and band gap of the ZnO to Ag,0 support the
mechanism for the formation of photogenerated spices under visible
light. In the ZnO/Ag>0(15%)-NDC nanocomposite formed a p-n heter-
ojunction and electron transfer occurs from ZnO to Ag>O due to the
ionization potential of Ag20 (5.3 eV) and electron affinity of wurtzite
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ZnO (4.3 eV). The formation of photo-induced spices was illustrated in
Fig. 10 and summarized in Eqgs. (1)-(10). The appropriate light source is
exciting electrons at valence band (VB) edge to the conduction band
(CB) and created electron-hole pairs [57-59]. Upon the photocatalytic
activities under UV-light irradiation, ZnO tends to absorb more photon
energy rather than Ag,0. The photogenerated electrons from CB of ZnO
site are moved in CB of Ag,0 and the photogenerated holes migrated to
the VB of Ag,0. Therefore, the prolonged charge separation could be
effectively improved by p-n heterojunction and lead to the enhancement
of photocatalytic activities. While the holes (h") were remains into the
VB of both ZnO to Ag,0, generate HO; ~ and further generate *OH, *HO,
and H,0,. While the formed e were further transfer to the CB of Ag,0,
and react with the available O3 to produced *O5".

Additionally, the electrons can be trapped with the silver ions which
could effectively inhibit the recombination of the photoinduced
electron-hole pairs.

ZnO+ hv — ZnO( h'yg+ ¢) @
Ag0+ ho - Agy0 (¢ g + h'yp) 2)
AgrO¢yp) + ZnO (¢) —» Agy0 (e” cB) 3)
Agr0(e” cB) + Oz = Ag0+ *02” (©)]
*0, + H'= *0H, (5)
Ag0 (¢ cp) + *0y + H'— *OHy (6)
*OHy + h''= H0, %)
ZnO/Ag>0 (htyp) + OH — Zn0O/Ag,0 + *OH (8)
Zn0O/Ag,0 (h'yg) + HO — ZnO/Ag,O + H" + *OH 9
TC + (h+,°0H, *0,", ¢") — intermediates — CO,+ H,O (10)

The photocatalytic degradation pathway and formation of in-
termediates during the photocatalytic degradation of TC under visible

Journal of Environmental Chemical Engineering 10 (2022) 107681

light irradiation was explained using LC-MS analysis (as summarized in
supporting table-3) and supported via chemical computation based on
DFT techniques. The active sites on the TC molecule for photocatalytic
degradation were predicted using Fukui function calculation and the
highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of TC have been illustrated in Fig. 9(c). In
addition, electrostatic potential (ESP) mapping indicate the regions of
TC molecules, which could easily bind with the photogenerated species.
As the Fukui index summarized in supporting table-2, the atoms marked
with red color exhibit relatively larger fo such as C8, C4, N2 and C2, are
more vulnerable to radical attack. By combining the detected in-
termediates and Fukui index, the photo-degradation pathway of TC is
presented in Fig. 11. The TC degradation can be explained in two
pathways, in the first degradation pathway, the hydroxylation reaction
was carried out at C8 due to most reactive site (f ¥ = 0.0915, f
°=0.0845), and to be attacked by *OH radicals, resulting the formation
of hydroxylated TC intermediate B (m/z 461), which was further sup-
ported via GC-MS spectra. Subsequently, the intermediate B was further
attacked by *OH radicals and produced intermediate C with m/z 477.
After 30 min, in the GC-MS spectra the peak belong to TC at m/z = 445
was completely disappear and another peaks were found at m/z = 231,
140, and 125 due to the formation of new intermediate by breaking the
methyl, amino and hydroxyl groups. Moreover, the attacked by *OH to
produce smaller intermediates and then volatile compounds after
cleaving the aromatic rings. The second pathway is observed due to the
removal of -NH group form the N2 atom (f" = 0.0248, f* =0.2321)
which was attacked by the *O,~ and resulting in formation of interme-
diate D with m/z 430(C). The intermediate D was further degraded after
the cleavage of ~CO from the C4 and generated another intermediate E
with m/z 402. As the retention time was increased the small molecular
weight intermediates are obtained after the bond and ring cleavage
using OH and 0.~ and show several GC-MS peaks belongs to smaller
intermediates. It was noticed that after 60 min TC molecules were
completely degraded with photogenerated free radicals into volatile
compounds such as to CO3, H,0, and inorganic ions NH; ", NHs.

~

L __HO
m/z=461 m/z=477 m/z=401
*HO Ring Opening [*HO/° O,
[ ] [ ] +
HO/* O, o,
+
m/z=271 m/z=231 NH,
m/z=445 “Ho/* O, etc
°0, | -NH *HO/ * 0-,| Ring Opening
.O-z
—_—
-CO
b m/z=430 E 02 m/rz140 /

Fig. 11. Photocatalytic degradation pathways for the TC.
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4. Conclusion

In summary, the novel photocatalyst hetrostructure was fabricated
using egg albumin. The chemical composition, structure and the
morphology, surface area of the prepared nanocomposites was deter-
mined using analytical techniques. The fabricated ZnO/Ag,0(15%)-
NDC show excellent photodegradation of TC at room temperature under
visible light. The results revealed that about 90.7% TC was decomposed
within 60 min at optimum condition and followed the first order reac-
tion with a rate constant of 0.0333 min~!. The ESR and trapping results
support the formation of photogenerated spices OH® and *O5> which
plays the main role during the TC degradation. The mechanism was
demonstrated combining the theoretical calculation with experimental
data. Over all, the fabrication of the nanocomposites using egg albumen
is facile, effective, cost efficient, fast and suitable and can be used for the
fabrication of other photocatalysts and can be used for water treatment,
environmental cleaning on industrial scale.
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