
Journal of Hazardous Materials 410 (2021) 124562

Available online 18 November 2020
0304-3894/© 2020 Elsevier B.V. All rights reserved.

Research paper 

Photocatalytic and biocidal activities of ZnTiO2 oxynitride heterojunction 
with MOF-5 and g-C3N4: A case study for textile wastewater treatment 
under direct sunlight 

Sherif A. Younis a,b,f,*, Philippe Serp c, Hussein N. Nassar d,e,f 

a Analysis and Evaluation Department, Egyptian Petroleum Research Institute, Nasr City, Cairo 1172, Egypt 
b Central Laboratories, Egyptian Petroleum Research Institute, Nasr City, Cairo 11727, Egypt 
c Laboratoire de Chimie de Coordination UPR CNRS 8241, Composante ENSIACET, Université de Toulouse, UPS-INP-LCC, 4 Allée Emile Monso, BP 44362, 31030 
Toulouse Cedex 4, France 
d Petroelum Biotechnology Lab., Department of Process Design and Development, Egyptian Petroleum Research Institute (EPRI), Nasr City, Cairo 11727, Egypt 
e Center of Excellence, October University for Modern Sciences and Arts (MSA), 6th of October City, Giza, PO 12566, Egypt 
f Nanobiotechnology Program, Faculty of Nanotechnology for Postgraduate Studies, Cairo University, Sheikh Zayed Branch Campus, Sheikh Zayed City, Giza, PO 12588, 
Egypt   

A R T I C L E  I N F O   

Editor: Dr. L. Eder  

Keywords: 
Zinc-titanium oxynitride 
Metal-organic framework 
Carbon nitride 
Textile wastewater treatment 
Biocidal activity 

A B S T R A C T   

The work aimed to synthesize three heterojunction photocatalysts (Eg = 2.65–2.78 eV) via in-situ encapsulation 
of 5% zinc doped titanium oxynitride (Zn0.05TiOxNy) catalyst into MOF-5 and bulk (BCN)/sulfur-doped (SCN) g- 
C3N4 supports using a microwave method. The prepared photocatalysts were characterized and utilized to purify 
textile industrial wastewater from the organic dye (e.g., methylene blue, MB) and microbial (e.g., E. coli, S. 
aureus, and C. albicans) contaminants under dark, visible, and solar lights. The output data confirmed the higher 
activity of Zn0.05TiOxNy@SCN and Zn0.05TiOxNy@MOF-5 for photo-induced microbial growth inactivation (>
90%) under visible light, with photo-biocidal efficiency of 0.91–1.69 mCFU/Einstein. Such a phenomenon is 
ascribed to the synergism between the high antimicrobial capacity of supports and photoactivity of Zn0.05TiOxNy. 
Also, Zn0.05TiOxNy@SCN exhibited far superiority to mineralize MB dye (Kphoto of 2.73 × 10− 2 min− 1) under 
direct sunlight due to its high photonic (ζ% of 4.4–8.3%)/quantum (QE of 0.56–0.54%) efficiencies for the 
generation of hydroxyl and superoxide (–•O2/•OH) oxidative species. As a practical case study, all heterojunction 
photocatalysts also demonstrated high-performance stability (5 cycles) for real textile wastewater treatment 
under sunlight (efficiency = 76.1–84.6%).   

1. Introduction 

A vast amount of wastewater effluents are daily produced worldwide 
from textile, cosmetics, paper, rubber, leather, and printing industries. 
Most effluents generated from these industries are released directly into 
the natural ecosystem without adequate purification, especially from 
dyestuff industries (Pattnaik et al., 2018). Note that these discharged 
organic dyes can enrich the microbial contaminant in aquatic systems. 
Besides, the continuous contamination of natural ecosystems with such 
contaminants (microbial pathogens and organic dyes) directly impacts 
the availability of clean freshwater sources for safe drinking due to the 
high water solubility and toxicity of discharged organic dyes (Tian et al., 
2019). Therefore, the development of a green and sustainable method 

for effective treatment of industrial wastewater effluents (e.g., textile 
industry) is pivotal to alleviate some of the burdens on the availability of 
globally clean water sources. 

To date, extensive efforts have been carried out on removing 
dyestuff/organic pollutants from wastewaters by adsorption and pho
tocatalysis techniques using various carbon-based composites (Wang 
et al., 2017), metal-organic frameworks (MOFs) (Reddy et al., 2020), 
and other composite materials (Yahya et al., 2018). Adsorption has an 
excellent prospect for scalable industrial wastewater treatment with 
many benefits, including energy-saving, ease of operation, high effi
ciency, and wide-ranging availability (Li et al., 2019). However, the 
deactivation of microbial pathogens in aqueous streams is far from being 
optimal by adsorption technique alone. On the other hand, 
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photocatalysis possesses the merits of wastewater purification from 
organic and microbial contaminants via catalytic oxidation mechanism 
(Dong et al., 2020). Nonetheless, the practical applicability of tradi
tional semiconductor photocatalysts in the field of wastewater treatment 
is limited due to the possible secondary pollution by intermediates 
generated during the incomplete oxidation process and poorly visible 
photon-absorption (≈ 45% of solar spectrum) (Liu et al., 2020). To 
overcome this limitation, it is recommended to design solar-driven 
photo-active materials that possess the high capacity to achieve com
plete removal of microbial/organic pollutants by synergistic adsorp
tion/photocatalytic treatment techniques under dark and sunlight 
conditions. 

The design and engineering of solar-driven photoactive sorbent 
materials is an attractive eco-friendly clean technology of the 21st 
century for the real industrial wastewater treatment under day/night 
conditions. Among photocatalysts, TiO2 has attracted particular atten
tion in wastewater treatment because of its eco-friendliness, commercial 
availability (Degussa P-25) at low-cost price (e.g., 1800–2500 USD/Ton, 
Loman Chemical Co. LTD., China), and high photostability (Fatima 
et al., 2019). However, the potential applicability of TiO2 for practical 
environmental application is still restricted due to its poor-visible light 
absorption (bandgap energy of Eg ≈ 3.1–3.2 eV; i.e., only excited under 
UV light), fast electrons-holes (e–/h+) recombination (low quantum 
yield), and poor adsorbability for most organic pollutants. In light of 
these drawbacks, numerous strategies have been made to upshift the 
optical response of TiO2 from the UV to the visible-region via (i) dop
ing/coupling with nitrogen (e.g., TiOxNy oxynitride (Aoki et al., 2019)) 
or metal ions (e.g., zinc-doped TiO2: ZnxTiO2; Deng et al., 2019) and (ii) 
heterojunction/composite design with metal oxide (e.g., ZnO/TiO2; 
Pérez-larios et al., 2012), carbon-based materials (like graphitic-carbon 
nitride g-C3N4/TiO2; Caudillo-Flores et al., 2019), or metal-organic 
frameworks (MOFs: TiO2/MOF-5; Yang et al., 2019). However, so far, 
these designed photocatalysts still displayed unsatisfactory photo
catalytic activities under visible light, with little knowledge about their 
photocatalytic behaviors under incident sunlight. Hence, efforts are still 
needed to develop new solar-response photocatalysts with improved 
photocatalytic/adsorption activities in sunlight. 

Based on the band-engineering concept, it is believed that the 
development of binary heterojunction materials through gathering of 
the above two strategies (i.e., encapsulation of Zn-doped TiOxNy 
(ZnTiOxNy) oxynitride photocatalyst onto g-C3N4 or MOF-5) can be 
suggested as an ideal route to improve the synergistic effect of 
adsorption-enriched solar-induce photocatalysis for real wastewater 
treatment under direct sunlight. This suggestion is assumed based on the 
reported adsorption, optical, and antimicrobial activities of pristine g- 
C3N4 and MOF-5. For example, the use of g-C3N4 (Eg ≈ 2.7–2.8 eV) has 
attracted much attention as a metal-free visible-driven photocatalyst 
with high adsorption capacity for various dye organic pollutants in 
water matrices (Liu et al., 2020; Younis et al., 2016). More importantly, 
sulfur-doped g-C3N4 (SCN) was shown to improve significantly charge 
mobility and e–/h+ pair separation compared to bulk g-C3N4 (BCN) due 
to the upshifting of the valence band position (Oh et al., 2018). Addi
tionally, MOFs have been suggested as potential biocides with antimi
crobial properties, especially those containing zinc metal sites (e.g., 
MOF-5, also known as IRMOF-1) (Martín-Betancor et al., 2017). In 
particular, MOF-5, with Zn4O metal clusters, is a UV-driven photo
catalyst in which the organic ligands (BDC = benzene-1,4-dicarboxylic 
acid) act as antennas to harvest photon light and activate Zn4O cata
lytic site through a localized ligand-to-metal cluster charge transfer 
(LMCT) mechanism (Younis et al., 2020). Because of the high 
surface-to-volume ratio and tunable porosity of MOF-5 along with its 
framework flexibility, it was also utilized as an effective sorbent for 
many organic/inorganic pollutants in aqueous solutions (Mirsoleima
ni-azizi et al., 2018; Bakhtiari and Azizian, 2015). However, the pure 
MOF-5 is unstable upon exposure to moisture and aqueous solution, 
limiting its application for practical wastewater treatment (Chu et al., 

2018). As one of the most promising options to overcome this limitation, 
the design of MOF-based composites has been widely recommended to 
improve MOF water stability as well as visible-driven photocatalysis 
(Jiang et al., 2018). 

Accordingly, in this work, three binary heterojunctions materials are 
prepared through in-situ encapsulation of ZnTiOxNy oxynitride nano
particles (NPs) in MOF-5, bulk g-C3N4, and sulfur-doped g-C3N4 using a 
fast microwave procedure. A detailed characterization of the prepared 
heterojunctions (ZnTiOxNy@MOF-5, and ZnTiOxNy@BCN, or ZnTiOx

Ny@SCN) was performed to understand their surface chemistry, crys
tallographical-, morphological-, textural-, and optical-properties 
relative to the original materials. Followed that, the adsorption, pho
tocatalytic, and biocidal performances of the synthesized photocatalysts 
were investigated and compared towards the elimination of methylene 
blue (MB) dye and three microbial pathogens [Gram-negative Escher
ichia coli ATCC 8739, Gram-positive Staphylococcus aureus ATCC 25923, 
and the yeast Candida albicans ATCC 10231] from synthetic wastewater 
solutions under different light sources (dark, ultraviolet, LED visible, 
and sunlight). These bacterial/yeast strains were selected as represen
tative for the predominant microbial diversity in textile effluents and 
surface water. Besides, the photocatalysis mechanism was also exam
ined by determining: (i) the dominant reactive oxidative species (ROS), 
and (ii) the main intermediates generated during photocatalytic degra
dation of organic dye pollutants. The reusability and the effectiveness of 
the prepared hybrid photocatalysts in treating real industrial textile 
wastewater (in terms of chemical oxygen demand (COD, mg/L)) were 
also evaluated to assess their performances under real-conditions. Thus, 
it is expected that the results obtained in this work would offer useful 
information toward the synthesis of bifunctional materials for efficient 
purification of industrial/surface wastewater from various organic/mi
crobial pollutants via the synergism between adsorption and photo
catalysis in a one-cleaning treatment step. 

2. Experimental procedures 

2.1. Preparation of Zn0.05TiOxNy encapsulated in g-C3N4 and MOF-5 
supports 

By using the microwave synthesis method, both bulk graphitic (BCN) 
and sulfur-doped carbon nitride (SCN) sheets were prepared from urea 
and thiourea as starting nitrogen-rich precursors (Younis et al., 2016), 
while MOF-5 was synthesized from the coordination of zinc ion with 
benzene-1,4-dicarboxylic acid (BDC) precursor (Choi et al., 2006). The 
preparation of 5% Zn doped TiOxNy oxynitride (Zn0.05TiOxNy) nano
particles (NPs) was carried out by a two-step hydrothermal method 
using a diluted Zn/Ti elements (Zn/Ti ≈ 0.05) in ethanol/nitric acid 
solution mixture and 1% aqueous urea solution as a nitrogen source. The 
detailed synthesis procedures of pure BCN, SCN, MOF-5, and 
Zn0.05TiOxNy NPs are illustrated in the electronic supplementary infor
mation (ESI: Section S1). By following the same synthesis procedure of 
pure Zn0.05TiOxNy NPs, the in-situ growth of Zn0.05TiOxNy NPs was 
carried out in the presence of 67 wt% of g-C3N4 sheets (BCN or SCN) to 
prepare Zn0.05TiOxNy@BCN or Zn0.05TiOxNy@SCN hybrid structures. 
On the other hand, the microwave-assisted growth of cubic MOF-5 
crystals was performed in the presence of 33 wt% of Zn0.05TiOxNy NPs 
to design Zn0.05TiOxNy@MOF-5 heterostructure. Scheme 1 represents 
the microwave synthesis procedures for BCN, SCN, MOF-5, and 
Zn0.05TiOxNy oxynitride NPs and their corresponding hybrid photo
catalysts (e.g., Zn0.05TiOxNy@BCN, Zn0.05TiOxNy@SCN, and 
Zn0.05TiOxNy@MOF-5). 

All the prepared materials (single and binary photocatalysts) were 
characterized by various techniques to evaluate their crystalline, 
chemical, textural, morphological, thermal, and optical properties, as 
illustrated in the electronic supplementary information file (ESI: Section 
S1.4). The characterization techniques include X-ray diffraction (XRD), 
X-ray photoelectron spectroscopy (XPS), Fourier transform infrared 
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spectroscopy (FTIR), field-emission scan electron microscopy (FESEM) 
equipped with energy-dispersive X-ray spectroscopy (EDX), trans
mission electron microscopy (TEM), Raman spectroscopy, thermogra
vimetric analysis (TGA), UV–visible diffuse reflectance spectroscopy 
(UV–Vis DRS), photoluminescence (PL) spectroscopy, N2 adsorption- 
desorption isotherm, CHNS-analyzer, and inductively coupled plasma- 
mass spectrometry (ICP-MS). 

2.2. Experimental application studies 

2.2.1. Adsorption/photocatalytic treatment process 
Two types of wastewaters were used to evaluate the photocatalytic/ 

adsorption performances of the prepared photocatalysts, including 
synthetic wastewater contaminated with 80 µmol/L methylene blue dye 
(MB, as a model pollutant) and real industrial textile effluent collected 
from one of the spinning and weaving industries in Egypt (2018). The 
physicochemical characteristics of the real wastewater were determined 
in terms of effluent pH, total dissolved salts (TDS), chemical oxygen 
demand (COD), and biochemical oxygen demand (BOD5) in compliance 
with the Standard Methods for the Examination of Water and Waste
water (Ertugay and Acar, 2017). 

The adsorption/photocatalytic treatment processes for water sam
ples were carried out in a batch type cylindrical reactor (150 mL vol
ume) molded with a double-wall for temperature controller at 25 ◦C. 
First, 1 g/L of each photocatalyst was dispersed into 100 mL of waste
water solution (pH 6.5 ± 0.3) containing 1248 mg/L total dissolved 
solids (e.g., NaCl, KCl, Ca(HCO3)2, MgCl2, and Na2SO4). Before light 
irradiation, the suspended solution was stirred (at 150 rpm) in the dark 
for 180 min to evaluate the adsorption process. After that, the suspen
sion solution was subjected to the light irradiation so as to initiate the 

photocatalytic process. During photocatalysis, a continuous air stream 
was injected into the reaction system (50 mL/min flow rate) to maintain 
dissolved oxygen at 7.05 mg/L for the oxidation reaction. Three light 
sources were employed during the photocatalytic tests: (i) UVC 
ultraviolet-light (HPK 125 W high-pressure mercury vapor lamp, λmax 
= 253 nm), (ii) incident visible-light (two Philips indoor luminaires, 
MASTER TL-D Super 80 36 W/840; λmax ≈ 420~650 nm), and (iii) 
direct sunlight (a summer day between 11.00 am and 4.00 pm; i.e., the 
light intensity in a typical sunny day is in the range of 1.5–2 kW/m2). 
The visible lamps were placed over the photoreactor vessel at a distance 
of around 5–7 cm, while the depth of wastewater solution during the 
photocatalytic treatment was maintained at around 10 cm. At regular 
time intervals, 2 mL of the treated water sample was withdrawn and 
filtrated with a 0.45 µm PTFE Millipore membrane to determine the 
residual concentration of MB dye against blank photolysis (without 
photocatalyst). The measurement of MB dye concentration in solution 
was done using a double beam UV–visible spectrophotometer (λmax 
= 668 nm), with a minimum detection limit of 0.25 µmol/L. The treated 
solution’s COD (mg/L) value was determined by a closed reflux colori
metric method using COD Hack vials [0–1500 mg O2/L] at λmax 
= 610 nm (Ertugay and Acar, 2017). The photo-remediation efficiency 
(R %: Eq. S1) and adsorption capacity (qt, µmol/g: Eq. S2) were calcu
lated in duplicate to verify the experimental errors (<6.75%). In detail, 
experimental kinetic modeling equations are described in the supple
mentary information (ESI: S1.5 and Table S1). 

2.2.2. Biocidal and photo-disinfection of pathogenic microbes in aqueous 
solution 

The biocidal and disinfection activities against the three microbial 
pathogens (E. coli, S. aureus, and C. albicans yeast) were carried out using 

Scheme 1. Schematic diagram for tailoring the preparation of Zn0.05TiOxNy@MOF-5, Zn0.05TiOxNy@BCN, and Zn0.05TiOxNy@SCN heterostructures and their cor
responding pristine photocatalysts. 
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the standard plate count method. In this procedure, Luria Broth (LB) 
media containing 1 g/L of each photocatalyst, based on the minimum 
inhibitory concentration, were initially prepared and sterilized at 120 ◦C 
for 30 min. After cooling, the sterilized LB broth media were injected 
with freshly grown axenic culture (105 cells/mL: 50 mL) and incubated 
under visible-light (72 W tungsten lamp with intensity ≈ 390 W/m2, 
using a UV cutoff filter > λmax ≈ 450 nm) for 48 h at 37 ◦C under 
shaking speed of 150 rpm. The survived (viable) microbial cells in the LB 
samples were counted at different time intervals (as a colony-forming 
unit: CFU/mL) on nutrient agar plates. Three replicates and negative 
control (without photocatalyst) were simultaneously tested for each run 
to evaluate the experimental errors and the light source’s effect on the 
inhibition rates. The photo-biocidal efficiency of the photocatalysts 
under visible-light was determined using the following equation (Eq. 1): 

Photo − biocidal efficiency% = [
CFUo − CFUT

CFUo
] × 100 (1) 

The biocidal experiments were also carried out under dark condi
tions (keeping all other parameters identical for comparison) to deter
mine the antimicrobial capacity of the prepared materials. In this case, 
the antimicrobial efficiency was determined using the following formula 
(Eq. 2): 

Antimicrobial efficiency% = [
CFUN − CFUd

CFUN − CFUp
] × 100 (2)  

where CFUo and CFUT are the recorded CFU/mL before and after incu
bation with photocatalysts, respectively. CFUd is the number of viable 
cells after biocidal treatment in dark light. CFUp (a positive control) is 
the count of the microbial cells treated with isopropyl alcohol (70% v/v: 
as standard antimicrobial activity agent), whereas CFUN (a negative 
control) is the count of the microbial cells without any treatment. 

To understand the effect of light intensity on the disinfection rate, the 
kinetic of disinfection (dark/light) was studied based on the classical 
pseudo-first-order-kinetic given by Chick and Watson model (ESI: 
Table S1) (Nair et al., 2011; Das et al., 2015). Furthermore, microbicide 
photonic efficiency (MPE) was also determined based on the concept of 
photonic detoxification efficiency (εmb: Eq. 3) (Nair et al., 2011). 

εmb = ∆N
/

JAp∆t (3)  

where ∆N is the change in CFU in the active platting area (Ap, m2); J is 
the photon flux [J = Iλ/NAhc in Einstein/m2/s: as I = light intensity of 
390 W/m2, h = Planck’s constant (J/s), NA = Avogadro constant, 
c = speed of light (m/s)], and ∆t is the change in time (s). 

The apparent quantum efficiency (QE: Eq. 4) of the prepared pho
tocatalysts was also calculated to evaluate the photocatalytic perfor
mance (Younis et al., 2020). 

QE =
Decay rate(photoreacted molecules per second)

Photon flux(Photon per second)
× 100 (4) 
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Fig. 1. (a) XRD patterns of the single and hybrid materials (BCN, SCN, Zn0.05TiOxNy, MOF-5, Zn0.05TiOxNy@BCN, Zn0.05TiOxNy@SCN, and Zn0.05TiOxNy@MOF-5) 
and (b) XPS spectra of bare Zn0.05TiOxNy NPs (i) with respect to hybrid photocatalysts [(ii)- Zn0.05TiOxNy@MOF-5, (iii)- Zn0.05TiOxNy@SCN, and (iv)- 
Zn0.05TiOxNy@BCN]. 

S.A. Younis et al.                                                                                                                                                                                                                               



Journal of Hazardous Materials 410 (2021) 124562

5

3. Results and discussion 

3.1. Characterization data 

3.1.1. Crystalline phases and chemical properties 
Fig. 1 shows the XRD diagrams and XPS spectra of the prepared 

photocatalysts. In Fig. 1(a), the XRD peaks of the pure MOF-5 (at 
2ϴ = 0.9◦ (200), 9.8◦ (220), and 24.9◦ (551)) and Zn0.05TiOxNy-oxy
nitride (at 2ϴ = 25.4◦ (101) and 48.04◦ (200)) confirmed the obtention 
of cubic crystalline phase of Zn4O(BDC)3 (space group: Fm-3m) and an 
isostructural of TiO2 anatase structure (body-centered tetragonal crys
tal), respectively (Hao et al., 2018; Grasset et al., 2007). Compared with 
the pure TiO2 anatase phase [JCPDS Card no. 78-2486], the XRD pat
terns of Zn0.05TiOxNy-oxynitride showed low-intensity peaks in the re
gion 25.5◦ < 2θ < 37◦ due to the cation deficiency in the anatase phase 
as a result of the substitution of host Ti4+ (0.605 Å) and O2– (1.4 Å) ions 
by Zn2+ (0.74 Å) and N3– (0.13 Å) dopants (Grasset et al., 2007). The 
XRD data of BCN and SCN materials showed a typical pattern of g-C3N4 
sheets, with two peaks at 2ϴ = 13.25–13.4◦ (001) and 27.3–28.13◦

(002) for the in-plane repeated units of tri-s-triazine (heptazine frame
work) and the interplanar stacking, respectively (Younis et al., 2016; 
Wang et al., 2015). However, the interlayer spacing (d002) decreases 
slightly in SCN (0.317 nm) compared to BCN (0.336 nm) due to the 
electron localization of the sulfur atom in the SCN, which makes 
stronger binding between the heptazine layers (Yang et al., 2017). For 
the hybrid photocatalysts in Fig. 1(a), the XRD patterns of Zn0.05TiOx

Ny@MOF-5, Zn0.05TiOxNy@BCN, and Zn0.05TiOxNy@SCN hetero
junctions showed well-matched diffraction peaks to their corresponding 
individual components, confirming their successful synthesis without 
alteration in the crystalline phases after hybridization. Only 
Zn0.05TiOxNy@SCN showed an overlap for the (100) plane of SCN and 
the (101) plane of Zn0.05TiOxNy, along with a few unidentified peaks at 
2ϴ of 22.0–40.0◦. This observation could be attributed to the reaction of 
sulfur species with the Zn0.05TiOxNy network during microwave syn
thesis, which may induce some alterations of atomic orientations within 
the Zn0.05TiOxNy crystal structure. 

In Fig. 1(b), the XPS survey spectra confirmed the successful syn
thesis of Zn0.05TiOxNy photocatalyst and its composites with MOF-5, 
BCN, and SCN supports. In general, the XPS data confirmed the pres
ence of two oxidation states for titanium (Ti4+ 2p3/2 and Ti3+ 2p3/2 at 
binding energy (BE) of 459.20 and 458.5 eV, respectively) in the pre
pared Zn0.05TiOxNy photocatalyst (Fig. 1b (i)). TheTi4+/Ti3+ oxidation 
states can be explained by the formation of oxygen vacancies resulting 
from (i) the replacement of Ti4+ in TiO2 crystal by Zn2+ cation (i.e., Zn-O 
bonding (Fig. S1(c)), with BE of 1021.9 for Zn 2p3/2) (Grasset et al., 
2007; Mitra et al., 2017) and/or (ii) the substitutional doping of nitrogen 
atom (at BE of 399.4 eV) in the crystal structure (Ferrari-Lima et al., 
2015; Kadam et al., 2017). For the hybrid photocatalysts, the XPS survey 
spectrum of Zn0.05TiOxNy@MOF-5 (Fig. 1b (ii)) indicates the presence of 
Ti4+/Ti3+ 2p (BE at 458.3–467.48 eV) and N 1 s (BE at 399.4 eV) peaks 
related to the incorporation of Zn0.05TiOxNy NPs within the MOF-5 
framework. The photoelectron peaks of Zn0.05TiOxNy@MOF-5 
elemental constituents were as follows (Fig. 1b (ii)): Zn 2p (BE at 
1021.8–1025.9 eV), Ti 2p (BE at 458.3–467.48 eV), C 1s (BE at 
284.6–291.38 eV), N 1s (BE at 399.4 eV), and O 1s (BE at 
531.59–535.78 eV). Likewise, both Zn 2p (BE at 1021.8–1025.9 eV) and 
Ti 2p (BE at 458.2–467.5 eV) peaks were observed in the XPS survey 
spectra of Zn0.05TiOxNy@BCN (Fig. 1b (iii)) and Zn0.05TiOxNy @SCN 
(Fig. 1b (vi)) composites. Besides, the Zn0.05TiOxNy@SCN spectrum 
shows the S 2p peak (Fig. S1(g)), which can be fitted into two core level 
peaks at BE of 164.4 eV (C˭S bond) and 167.8 eV (S˭O species) (You 
et al., 2017). Moreover, the deconvolution of C 1s and N 1s regions 
(Fig. S1) confirmed the presence of the graphitic C–N network within 
both Zn0.05TiOxNy@BCN and Zn0.05TiOxNy@SCN hybrid photocatalysts 
(details in the ESI: section S2.1). 

The above-mentioned characteristic results were further verified by 
the FTIR, Raman, and TGA analyses, as shown in Figs. S2 and S3 (ESI). In 
brief, the overturned FTIR peaks at 1100 − 1150 cm− 1 are ascribed to 
the vibrations of O–Ti–N, N–Ti–N, and Zn–O–Ti bonds within 
Zn0.05TiOxNy NPs incorporated into all hetero-structured photocatalysts 
(Fig. S2(a)) (Qiao et al., 2016; Etacheri et al., 2010). The Ti3+–OH vi
bration peak of Zn0.05TiOxNy NPs was also observed at 3840 cm− 1 in all 
the heterostructures, indicating the successful synthesis of hybrid pho
tocatalysts (Qiao et al., 2016). In Fig. S2(b), the typical active vibrations 
for the Zn0.05TiOxNy anatase phase were observed in all the hetero
structures with an up-field Raman shift (Eg, B1 g, A1g, and Eg symmetries 
at 144, 197, 396, 513, and 640 cm− 1, respectively). The notable change 
in the intensities with a substantial up-field shift in Raman vibrational 
modes could be attributed to a hybrid structure without change on phase 
purities (details in the ESI: section S2.1). Moreover, based on the TGA 
plots (Fig. S3), the prepared Zn0.05TiOxNy@SCN, Zn0.05TiOxNy@BCN, 
and Zn0.05TiOxNy@MOF-5 heterojunctions showed increased thermal 
stability (relative to pristine materials), with recorded weight loss of 
about 2.6%, 4.1%, and 49.8%, respectively at 495 ◦C. The increased 
thermal stability of hybrid photocatalysts can be ascribed to the pres
ence of 33 wt% Zn0.05TiOxNy NPs (as a thermally stable catalyst with 
<1.5% weight loss at 850 ◦C) in all the structures. Among pristine 
samples, MOF-5 had the lowest thermal stability (58.6% weight loss at 
478 ◦C) due to BDC ligand’s thermal decomposition along with Zn metal 
centers’ conversion to ZnO NPs end products (Hafizovic et al., 2007). 
Also, the SCN sheets demonstrate higher thermal-stability (1.8% weight 
loss at 545 ◦C) than the BCN (2.4% weight loss at 478 ◦C), resulting from 
the increased stability of heptazine-base units in the presence of sulfur 
dopant within the carbon nitride sheet (Elshafie et al., 2020). 

3.1.2. Morphological and textural properties 
The surface morphology of the synthesized materials was charac

terized by TEM and FESEM techniques, as shown in Figs. S4 and S5 
(ESI). The TEM images of the individual materials (Fig. S4) show a 2D 
layered sheet-like morphology for BCN and SCN (Fig. S4 (a–b)) (Ke et al., 
2017), spherical-shaped nanoparticles for Zn0.05TiOxNy (DLS particle 
size ranging from 6 to 34 nm, Fig. S4 (c)), and a 3 D cubic structure for 
MOF-5 (particle size distribution from 1.3 to 4.8 µm, Fig. S4(d)) 
(Bakhtiari and Azizian, 2015). In the case of the hybrid photocatalysts, 
FESEM images (Fig. S5 (a–c)) also show that the spherical-shaped 
Zn0.05TiOxNy NPs are distributed uniformly within the 2D/3D layers 
of BCN, SCN, and MOF-5 supports. The overall elemental analysis data 
(using EDX, CHNS analyzer, and ICP-MS, ESI: Section S2.1.3) also 
verified that approximately 32.3 ± 1.9% w/w of Zn0.05TiOxNy NPs were 
successfully encapsulated in the three supports (BCN, SCN, and MOF-5). 
This measured value is close to the theoretical one (33% w/w), indi
cating the successful synthesis of the three hetero-structured photo
catalysts with the proposed chemical constituents using the in-situ 
impregnation method. 

The prepared photocatalysts’ textural properties based on the N2- 
adsorption/desorption isotherm at 77 K are listed in Table 1. The surface 
area (SBET) and pore volume (Vtotal) of pristine MOF-5 and SCN materials 
decreased after hybridization with Zn0.05TiOxNy NPs. In contrast, the 
encapsulation of Zn0.05TiOxNy caused a significant increase in the 
average pore size (Dp) of all hybrid photocatalysts (Zn0.05TiOxNy@MOF- 
5, Zn0.05TiOxNy@SCN, and Zn0.05TiOxNy@BCN; with Dp of 3.4–7.4 nm) 
relative to their corresponding pristine materials (Dp of 2.9–4.4 nm). 
However, it should be noted that all the determined DP values confirms 
the formation of mesoporous photocatalysts. Among all hybrid photo
catalysts, Zn0.05TiOxNy@MOF-5 has the highest surface area (SBET of 
904 m2/g) and pore volume (Vtotal of 0.45 cm3/g) due to the large 
surface-to-pore volume of MOF-5 (Table 1). The decreased SBET and 
Vtotal values for the hybrid photocatalysts (relative to single materials) 
could be attributed to the partial filling/blocking of mesopores during 
the in-situ impregnation of Zn0.05TiOxNy NPs onto SCN or MOF-5 sup
ports. The increased pore size of hybrid materials could also be linked to: 
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(i) the high dispersion of Zn0.05TiOxNy on carbon nitride sheets with an 
increase of bond lengths and porous structures per unit mass, and (ii) the 
creation of a new interface between Zn0.05TiOxNy and carbon nitride 
sheets as a result of chemical bond formation (between S/N-atoms and 
Zn/Ti-elements) during the synthesis (Sahoo et al., 2019). At this end, 
the larger pore size, surface area, and pore volume of Zn0.05TiOxNy@
MOF-5 could significantly improve its adsorption/photocatalytic per
formances by efficiently accelerating mass diffusion during the 
treatment of contaminated wastewater, as verified experimentally in 

Sections 3.2 and 3.4. 

3.1.3. Optical properties 
Based on the UV–vis DRS spectra (Fig. 2a), the bandgap energy (Eg) 

of all the synthesized materials (Table 1) were determined using 
Mott–Schottky plots [(∝hν)2 νs. (hν); as illustrated in the ESI: Section 
S2.1.4] (El-Maghrabi et al., 2017). As seen in Fig. 2(a), all the pristine 
photocatalysts (Zn0.05TiOxNy, BCN, and SCN) showed a good capability 
for visible light absorption (wavelength (λ) of 449–463 nm), except 

Table 1 
The textural and optical properties of the prepared photocatalyst materials.  

Photocatalyst 
materials 

Textural data1 Optical data 

SBET (m2/ 
g) 

Total pore volume (Vtotal: 
cm3/g) 

BJH pore size (DP : 
nm) 

Absorption band edge 
(nm) 

Theoretical2 Eg 

(eV) 
Measured2 Eg 

(eV) 
CB 

(eV) 
VB 

(eV) 

BCN  36  0.53  4.2  450  2.76  2.81 − 1.24 1.58 
SCN  86  1.20  4.4  463  2.68  2.78 − 1.22 1.56 
MOF-5  1291  0.58  3.0  384  3.23  3.23 − 0.58 2.66 
Zn0.05TiOxNy NPs  62  1.07  2.9  449  2.77  2.77 − 0.35 2.43 
Zn0.05TiOxNy@BCN  44  0.27  7.4  469  2.65  2.68 – – 
Zn0.05TiOxNy@SCN  51  0.30  7.4  456  2.72  2.79 – – 
Zn0.05TiOxNy@MOF-5  904  0.45  3.4  447  2.78  2.83 – –  

a The textural properties were determined based on N2-adsorption/desorption isotherm using Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) 
theories. 

b The theoretical Eg values are estimated from 1240/wavelength (nm), whereas the measured Eg values are calculated from the Mott–Schottky plots of (∝hν)2 vs. (hν) 
using UV–vis DRS results. 
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Fig. 2. The optical properties for the synthesized photocatalysts: (a) UV–visible DRS spectra and (b) PL spectra (excitation λ = 335 nm).  
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MOF-5 with a basal absorption edge in the ultraviolet region (λ at 384 
nm). After the hybridization process, all the hetero-structured photo
catalysts exhibited up-lift in the visible absorption region of wavelength 
more than 450 nm. The bandgap energy (Eg) values of Zn0.05TiOxNy@
MOF-5, Zn0.05TiOxNy@BCN, and Zn0.05TiOxNy@SCN were 2.78, 2.72, 
and 2.65 eV, respectively (Table 1). The UV-light absorption by MOF-5 
(Eg of 3.23 eV) can be attributed to the ligand (BDC)-to-(ZnO) metal 
nodes charge transfer mechanism upon irradiation (Younis et al., 2020). 
The capability of Zn0.05TiOxNy for visible light absorption is in a good 
agreement with the band-engineering concept (doping of TiO2 with N 
and Zn atoms) (Aoki et al., 2019). Accordingly, the improved optical 
property of the three heterojunctions (relative to the pure materials) can 
be ascribed to the interfacial charge transfer across the heterojunction 
between visible-driven Zn0.05TiOxNy NPs and the supporting catalysts. 
This is confirmed by the PL emission spectra (Fig. 2b, excitation at 
335 nm), which showed red-shift of fluorescence emission peaks for all 
the heterostructured photocatalysts compared to the pristine materials. 
Specifically, the PL emission of Zn0.05TiOxNy@SCN exhibited the highest 
quenched intensity (upshifted to 672 nm, Fig. 2b) due to the crystal 
surface defects (oxygen vacancies) on Zn0.05TiOxNy and the reduction of 
the free charge carrier concentration on the S-doped C3N4 (sulfur-doped 
heptazine in which S atoms partially substitute N-edges in g-C3N4 
planes) (Song et al., 2018). Similarly, the PL spectrum of Zn0.05TiOx

Ny@MOF-5 exhibited a higher shift in emission peak (≈ 658 nm) with a 
decreased intensity relative to pure MOF-5 (650 nm; Fig. 2b), indicating 
an improvement in the migration/separation of photogenerated charges 
(e–/h+ pairs) upon excitation (Zhang et al., 2019; Ma et al., 2016). 

To confirm the above-mentioned optical features, the photocatalytic 
activities of the heterostructured photocatalysts (relative to their single 
counterparts) were investigated towards textile wastewater treatment 
under various light sources. 

3.2. Photocatalytic activities toward MB dye contaminated wastewater 

3.2.1. Effect of the light source 
It is well-known that adsorption plays an essential role in improving 

photocatalytic treatment because it is the initial step for the pre- 
concentration of organic molecules on the photoactive sites. Hence, 
the coupled adsorption/photocatalytic activities of the prepared pho
tocatalysts toward removing 80 µmol/L MB dye are shown in Fig. 3. The 
results revealed that MOF-5 and Zn0.05TiOxNy@MOF-5 had the fastest 
adsorption uptake for MB dye (≈42–45%, with capacity (qe) ≈
33.2 ± 3.0 µmol g− 1) within 60 min in dark condition. In contrast, the 
photocatalytic performance of Zn0.05TiOxNy@SCN outperformed all 
other prepared photocatalysts toward MB dye degradation under all 
light sources (Fig. 3). The photocatalytic activity of all photocatalysts 
was found to be dependent on the light source, with the high capability 
to initiate solar-induced photocatalysis. Under sunlight (for 90 min), the 
performance of the prepared photocatalysts towards the discoloration of 
MB dye-contaminated water ranked in the order: Zn0.05TiOxNy@SCN 
(95.4%) > Zn0.05TiOxNy@BCN (91.0%) > SCN (79.1%) ≈ Zn0.05TiOx

Ny@MOF-5 (78.0%) > Zn0.05TiOxNy (64.5%) > BCN (54.3%) > MOF-5 
(53.0%) (details in ESI: Section S2.2). The performances sharply 
increased under UV light to achieve approximately complete MB dye 
degradation (> 98% discoloration after 90 min) when using hybrid 
photocatalysts (as compared to 57–76% discoloration efficiency by all 
pristine materials, Fig. 3). However, under visible light, the photo
catalytic performance of all photocatalysts slightly decreased to about 
43.33%, 73.2%, 58.8%, 48.3%, 92%, 83.4%, and 70.5% for BCN, SCN, 
Zn0.05TiOxNy, MOF-5, Zn0.05TiOxNy@SCN, Zn0.05TiOxNy@BCN, and 
Zn0.05TiOxNy@MOF-5, respectively after 90 min. Compared with P25 
TiO2 (as a commercial photocatalyst: Fig. S6 in the ESI), it was apparent 
that the designed Zn0.05TiOxNy NPs significantly improved the adsorp
tion/photocatalytic performances toward MB dye removal under dark/ 
visible conditions. In contrast, the UV-induced photocatalysis by P25 
TiO2 was 1.2-time higher than Zn0.05TiOxNy NPs. Specifically, the 
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removal efficiencies of MB dye with P25 TiO2 were 1.75%, 92.7%, and 
8.9% under dark, UV, and visible light, while those of Zn0.05TiOxNy NPs 
were 12.4%, 75.9%, and 58.9%, respectively (Fig. S6). The above results 
indicated that the hybrid photocatalysts have outstanding catalytic 
performances towards dye decomposition under all light sources 
compared to the original materials. Further, the doping of TiO2 lattice 
with Zn/N-atoms (Zn0.05TiOxNy) is an effective approach to promoting 
visible/solar-driven photocatalysis, compatible with decreasing energy 
consumption during treatment operation. 

Based on these data, the QE values (Eq. 4) were computed to be in the 
range of 0.56–0.49% for Zn0.05TiOxNy@SCN, 0.55–0.46% for 
Zn0.05TiOxNy@BCN, and 0.54–0.38% for Zn0.05TiOxNy@MOF-5 under 
UV–visible light sources. The lower photocatalytic activities (e.g., QE) 
under visible light could be attributed to the lower photon energy/ 
irradiance of visible light (0.103 W cm− 2) as compared to UV 
(0.239 W cm− 2) light source. To better understand the crucial role of the 
light source on the photocatalytic process, the photonic efficiency (ζ(%)) 
of the developed hybrid photocatalysts was estimated (Eq. 5). 

ζ(%) = ∆MB × ∆X− 1
t × V × EmA × I0 × 100 (5) 

Herein, ∆MB is the total moles of degraded MB dye molecules per 
unit volume (mol L− 1), ∆Xt is the irradiation time per second (s), V (L) is 
the volume of treated solution, I0 (W m− 2) is the incident photon flux, 
Em (W s mol− 1) is the mean energy of 1 mol photons emitted from 
irradiation light sources in this study, and A (m2) is the surface area of 
utilized photoreactor. 

The estimated photonic efficiencies (ζ%) of all developed materials 
were decreased with decreasing light photon flux: UV (4.74–8.33%) >
sunlight (2.83–5.09%) > visible (2.04–4.45%) light sources. Among all 
hybrid photocatalysts, Zn0.05TiOxNy@SCN had the highest ζ% values 
under all light sources, with 1.32–2.3-fold higher than the photonic ef
ficiencies of pristine materials. Specifically, the computed ζ% values of 
hybrid photocatalysts ranked in the order of Zn0.05TiOxNy @SCN (ζ% =

8.33%, 4.45%, and 5.09%) > Zn0.05TiOxNy@BCN (ζ% = 8.27%, 4.01%, 
and 4.82%) > Zn0.05TiOxNy@MOF-5 (ζ% = 8.17%, 3.39%, and 4.15%) 
when using UV, visible, and sunlight sources, respectively. The high 
photonic efficiency of hybrid photocatalyst under sunlight (relative to 
visible irradiation) is reasonable due to high UV photon energy (≈5%) in 
the solar spectrum. This indicates the high capacity of prepared photo
catalysts to absorb the UV/visible spectra in sunlight during practical 
photocatalytic treatment of wastewater. 

Based on the above data, the superior photocatalytic activity of 
Zn0.05TiOxNy@SCN is consistent with its optical properties in Section 
3.1.3, supporting the facilitated e–/h+ generation/transfer mechanism 
between the two semiconducting materials (e.g., successful band- 
engineering concept) (Song et al., 2018). Besides, the enhanced 
adsorption performances of MOF-5 and Zn0.05TiOxNy@MOF-5 could be 
attributed to their larger mesoporous ordering and higher surface 
area-to-pore volume relative to other materials (Table 1). These unique 
textural features of MOF-based materials could accelerate the adsorp
tion of MB molecules (13.8− 14.47 Å length × 9.5 Å width) via surface 
interaction and pore-diffusion mechanisms. Although Zn0.05TiOxNy@
MOF-5 exhibited the highest adsorption performance for MB dye, its 
lower photocatalytic performances (relative to SCN and Zn0.05TiOx

Ny@SCN) may be explained based on: (i) the kinetic instability of MOF-5 
in the aqueous system (collapse of the framework structure), (ii) the 
affinity of MOF-5 to absorb only the UV spectrum, and/or (iii) the low 
photon energy absorption on the surface active sites due to the high 
amount of adsorbed MB molecules per unit surface area on the photo
catalyst surface. Accordingly, the decrease in the freely available active 
sites leads to a reduction of the quantum efficiency and hamper the 
photo-generation of radical species, which, in turn, decreased the 
photo-discoloration of MB dye molecules (Xu et al., 2015). On a 
comparative note, the high photo-activities of Zn0.05TiOxNy@MOF-5 
(relative to pure MOF-5, Fig. 3) is attributed mainly to the high photonic 

response of doped Zn0.05TiOxNy NPs (ζ% of 6.33% and 3.46% under UV 
and sunlight, respectively) and the MOF-5 photosensitization (i.e., 
adsorbed MB dye acted as a photosensitizer) (Yuan et al., 2015; Wen 
et al., 2017). Upon light irradiation, the adsorbed MB dye molecules are 
excited, followed by fast migration of photogenerated electrons from 
excited dye to the reactive centers (e.g., Zn4O nodes of MOF-5 and 
Ti-O-Zn lattice of Zn0.05TiOxNy) within Zn0.05TiOxNy@MOF-5 via 
ligand-to-metal and metal-to-metal charge transfer mechanisms (Younis 
et al., 2020). The improved redox half-reactions at these catalytic cen
ters (i.e., due to the effective e–/h+ separation/transfer processes) could 
subsequently accelerate photocatalytic activity towards the enhanced 
generation of ROS radicals for dye degradation. 

3.2.2. Effect of time: kinetic analysis 
The adsorption/photocatalytic degradation data of MB dyes onto the 

prepared photocatalysts as a function of contact time were analyzed by 
different kinetic models (ESI: Table S1) to understand better the syner
gistic effect of adsorption-photocatalysis and adsorption mechanism 
during the treatment process (Younis et al., 2016; El-Maghrabi et al., 
2017; El-Fawal et al., 2020). 

Based on the adsorption kinetic dataset in Table S2 (ESI), the 
nonlinear mixed first- and second-order kinetic equation (MOE, 
R2 ≥ 0.99) provided the best fit for MB dye adsorption onto all photo
catalysts, with the lowest average relative error (ARE%) between the 
predicted and the experimental adsorption capacity vs. contact time 
(ARE ≤ 0.08%, Fig. S7). Kinetic fits to MOE equation indicates that the 
adsorption of MB dye onto all photocatalysts followed a complex 
physicochemical interaction mechanism (Bakhtiari and Azizian, 2015). 
According to the pore-diffusion kinetic curves (Fig. S8: ESI), the entire 
physicochemical adsorption process of MB dye onto all developed ma
terials involves two stages: (i) a fast external mass transfer from the 
liquid phase to adsorbent surface sites (i.e., surface interactions) at the 
initial sorption stage (1–50 min: exponential phase), followed by (ii) a 
pore-diffusion mechanism with longer contact time (after 50–90 min: 
semi-equilibrium phase) (Albadarin et al., 2017). In the initial sorption 
stage, the adsorption interactions on the photocatalyst surfaces can 
include π-π stacking, van der Waals, or hydrophobic bonding with sup
porting materials (MOF-5 or carbon nitrides) and electrostatic (or Lewis 
acid/base) interactions with surface-active sites (e.g., Zn0.05TiOxNy 
(Zn-O and N-Ti-O), COOH (BDC linker), N–(C)3, C–N–C, or N–C˭S sites). 

According to the Langmuir-Hinshelwood model, the photocatalytic 
kinetic rates (kphoto: min− 1) for MB dye onto the photocatalysts were 
determined based on the linear relationship between − Ln (Co/Ct)

versus time (t, min) at different light sources (UV, visible, and sunlight: 
Fig. S9 and Table S3 for details) (El-Maghrabi et al., 2017). The deter
mined adsorption vs. photocatalytic kinetic rates (kads vs. kphoto) of 
photocatalysts against MB dye removal were compared across varying 
light sources, as presented in Fig. 4(a). As seen in Fig. 4(a), all the 
prepared photocatalysts possess higher kinetic rates for MB dye 
adsorption than photodegradation, indicating the synergistic role of 
adsorption on the enhanced photocatalytic degradation process. Only 
Zn0.05TiOxNy@SCN demonstrated a higher UV-driven photodegradation 
rate for MB dye than that of adsorption rate, indicating its superior ac
tivity to promote fast reactive adsorption/photocatalytic degradation of 
MB dye during treatment under UV light. 

Under dark conditions (Fig. 4(a)), both Zn0.05TiOxNy@MOF-5 and 
MOF-5 demonstrated the highest adsorption rates for MB dye, with kads 
values of 6.93 and 7.06 (×10–2 min− 1), respectively. However, 
Zn0.05TiOxNy@MOF-5 exhibited a faster initial rate for MB dye adsorp
tion (h0 = 2.75 µmol g− 1 min− 1) than MOF-5 (h0 = 2.66 µmol g− 1 

min− 1) within the first 50 min of the adsorption process (Table S2). 
These kinetic results could be attributed to the high porosity (large cage- 
cavity) and large surface area of MOF-5 (Table 1), which play a key role 
in decreasing mass transfer resistance and improving the adsorption 
diffusion mechanism (Abd El Salam et al., 2017). At the initial sorption 
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step, the superiority of Zn0.05TiOxNy@MOF-5 for MB dye uptake is 
mainly due to the increased number of reactive surface sites (e.g., Zn-O 
and N-Ti-O in Zn0.05TiOxNy NPs) available to induce reactive adsorption 
interaction with MB dye (h0 value of Zn0.05TiOxNy NPs = 0.61 µmol g− 1 

min− 1). 
Under light conditions (Fig. 4(a)), all photocatalysts showed higher 

photocatalytic degradation rates for MB under UV-light than those ob
tained under sunlight and visible irradiation. Also, all heterostructures 
exhibited higher photodegradation (kphoto) rates than the bare photo
catalysts, with ranked kphoto values in the order of Zn0.05TiOxNy@SCN >
Zn0.05TiOxNy@BCN > Zn0.05TiOxNy@MOF-5 > Zn0.05TiOxNy ≥ SCN >
BCN > MOF-5 under all light sources (Table S3: ESI). Although all 
supporting materials showed low photocatalytic rates, they remarkably 
contributed to the enhanced solar-induce photocatalytic performances 
of Zn0.05TiOxNy NPs (kphoto ≈ 1.06 ×10–2 min− 1) through the formation 
of the hybrid heterostructures. The determined kphoto values of MB dye 
were 2.73, 2.05, and 1.25 (×10–2 min− 1) for Zn0.05TiOxNy@SCN, 
Zn0.05TiOxNy@BCN, and Zn0.05TiOxNy@MOF-5, respectively, under 
sunlight (Table S3). In particular, the photocatalytic (kphoto) rates of 
Zn0.05TiOxNy@SCN (as a superior photocatalyst) against MB dye were 
5.64, 2.51, and 2.73 × 10–2 min− 1 under UV, visible, and sunlight, 
respectively. The improved photocatalytic activities of hybrid photo
catalysts (relative to pristine materials) could be attributed to the 
accelerated vectorial transfer of photogenerated e–/h+ from one 

semiconductor to the other (e.g., interparticle electron-jump) upon 
illumination/excitation of their energy bandgaps (Table 1) in the het
erostructures (Karunakaran et al., 2010). The accelerated charge 
transfer mechanism in the heterostructures could enhance the genera
tion of ROS radicals that induce non-selective oxidation reactions with 
organic/microbial contaminants in the aqueous solution (as discussed 
later in Section 3.4). 

3.3. Micobiocide activities under dark/visible light conditions 

As well-known, a large number of microbes (e.g., bacterial, fungal, 
and yeast strains) occur in the ecosystem due to the continued discharge 
of untreated industrial effluents (e.g., textile wastewater) into water 
bodies (Prabha et al., 2017). Apart from microbes of natural origin, 
various microbial pathogens (e.g., E. coli, S. aureus, Bacillus spp., 
Lactobacillus spp., Acinetobacter spp., Aeromonas spp., and other mi
crobes) are also reported in textile industrial wastewater depending on 
the treatment plant and effluent characteristics (e.g., colorants content, 
surfactants, dyestuff/chemical load, salinity, etc.) (Prabha et al., 2017; 
Buthelezi et al., 2012; Ali et al., 2009). In that context, the 
photo-biocidal activity of the prepared photocatalysts toward microbial 
inactivation was investigated to verify further their applicability for the 
effective treatment of textile wastewater contaminants (e.g., organic and 
microbial pollutants). 

Fig. 4. Evaluation of the photocatalytic/adsorption performance of the prepared photocatalysts under different light sources: (a) adsorption/photocatalytic kinetic 
rates for MB dye (80 µmol/L) and (b) performance stability (5 cycles) during the treatment of real industrial wastewater. 
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3.3.1. Antimicrobial activities 
The antimicrobial efficiencies of pristine and hybrid photocatalysts 

towards the three microbial pathogens (e.g., E. coli, S. aureus, and C. 
albicans) in synthetic wastewater solution under dark and visible light 
are given in Fig. S10 (ESI). In the absence of photocatalysts (negative 
control), the reduction in the viable cell counts by photolysis was in the 
range of 1.3–4.6%, indicating the negligible effect of visible light on 
microbial cell viability. The photolysis results are consistent with the 
used visible light source, which does not emit UV-C radiation (i.e., no 
bactericidal illumination). During the antimicrobial experimental study, 
it was found that the microbiocidal (disinfection) activities of pure and 
heterostructured materials were dependent on the types of microbial 
strain and light sources. In particular, all photocatalysts displayed 
higher microbiocidal activity against bacterial strains (E. coli and 
S. aureus) than for C. albicans yeast strain under dark/visible light con
ditions. Among all photocatalysts, Zn0.05TiOxNy@MOF-5 exhibited the 
highest microbiocidal activity for the three microbes in dark/visible- 
light conditions (Fig. S10 (a–b)). 

Under dark conditions (Fig. S10(a)), Zn0.05TiOxNy NPs and 
Zn0.05TiOxNy@BCN photocatalysts exhibited excellent antimicrobial 
efficiency (93–97%) for bacterial cells (E. coli and S. aureus), which was 
two times higher than that recorded against yeast cells (C. albicans: 
49.4–57.8%). Also, the antimicrobial efficiencies of Zn0.05TiOxNy@SCN 
and Zn0.05TiOxNy@MOF-5 against C. albicans were 3.4–1.6-time higher 
than SCN and MOF-5, respectively. These results indicate the contri
bution of Zn0.05TiOxNy NPs in the improved microbiocidal activity of 
supporting materials. Under visible irradiation (Fig. S10 (b)), all pho
tocatalysts’ photo-biocidal efficiencies against the three microbes 
dramatically increased, as confirmed by computed photonic detoxifi
cation efficiency (MPE) in Table 2. Specifically, MOF-5, Zn0.05TiOxNy 
NPs, and Zn0.05TiOxNy@MOF-5 have the highest ability to achieve 
complete inhibition of the three microbial growth under visible light, 
with photo-biocidal % in the range of 91–99.3%, 96.7–97.8%, and 
97–99.5%, respectively (Fig. S10 (b)). Both BCN and Zn0.05TiOx

Ny@BCN have also comparatively higher photo-biocidal % against 
bacterial strains (92.1–99.3%) than yeast (72–90%). However, SCN and 
Zn0.05TiOxNy@SCN showed higher photo-biocidal % against E. coli and 
C. albicans (90–98%), whereas S. aureus showed slightly higher resis
tance (57.6%) against photoactivity. 

3.3.2. Kinetics of biocidal activities 
The Chick–Watson kinetic model (ESI: Table S1) was adopted to 

determine the rate of disinfection (km: h− 1) by the photocatalysts under 
dark and light conditions, as listed in Table 2. Photonic detoxification 
efficiency (MPE) was also calculated to quantify the photocatalysts’ 

disinfection performance at constant irradiation flux (Table 2). 
As can be seen in Table 2, all heterostructured materials exhibited 

superior disinfection rates than those obtained by pure Zn0.05TiOxNy 
photocatalysts due to the faster recombination of e–/h+ pairs during 
photocatalysis. Specifically, the calculated disinfection rate for 
Zn0.05TiOxNy@MOF-5 outperformed all other photocatalysts toward the 
three microbial strains, with a higher rate under visible light (km 
0.148–0.112 h− 1) relative to dark conditions (km 0.015–0.077 h− 1, 
Table 2). The calculated MPE values also confirmed that Zn0.05TiOx

Ny@MOF-5 is far superior for the microbial disinfection process (MPE of 
1.48–1.69 mCFU/Einstein) than pure Zn0.05TiOxNy NPs (MPE of 
1.08–1.14 mCFU/Einstein). Pure MOF-5 also showed slightly better 
antimicrobial performances for E. coli and S. aureus (MPE of 
1.03–1.08 mCFU/Einstein) than C. albicans (MPE of 0.83 mCFU/Ein
stein). On the other hand, Zn0.05TiOxNy@MOF-5 and Zn0.05TiOx

Ny@SCN exhibited the highest disinfection performances toward 
C. albicans (MPE of 1.48 mCFU/Einstein) among all photocatalysts. The 
higher disinfection rates by Zn0.05TiOxNy@MOF-5 are expected to be 
associated with its high specific area-to-pore volume and photocatalytic 
activity, particularly surface plasmonic resonance (SPR) caused by 
synergism in the photon response within the heterostructure (Ma et al., 
2016; Thakare and Ramteke, 2017). Furthermore, the enhanced disin
fection rates under visible light may be attributed to the contribution of 
both cytotoxicity and photo-biocidal activities by the hybrid photo
catalyst that leads to the microbial cell’s membrane rupture, followed by 
oxidative damage of intercellular component (Nair et al., 2011). 
Nevertheless, the kinetic results confirmed the dominant role of the 
photo-biocidal effect for the microbial disinfection process in the dark 
compared to the biocidal effect (direct cytotoxicity reaction) (Table 2). 
In this case, the heterojunction between Zn0.05TiOxNy NPs and MOF-5 
and/or C3N4 supports accelerated the photogeneration of e–/h+ active 
sites with a lower recombination rate during photocatalysis under 
visible irradiation (as discussed later in Section 3.6). Such a high pho
tonic response enhanced the photo-induced photocatalytic generation of 
reactive oxygen species (ROS: such as superoxide (–•O2) and hydroxyl 
(•OH) radicals)) in the system. These ROS radicals promoted all pho
tocatalysts’ microbiocidal activity via accelerating oxidative damage to 
microbial cell membranes and their intracellular components (i.e., 
cellular apoptosis) (Thakare and Ramteke, 2017; Jaffari et al., 2020). 

3.4. Case-study application and reusability study 

The above bench-scale experimental data demonstrated the suc
cessful application of the prepared photocatalysts in treating synthetic 
wastewater contaminated with MB dye and bacteria/yeast pathogens 

Table 2 
Kinetics rates (h− 1) and MPE (mCFU/Einstein) values for the photo-biocidal activities of the synthesized photocatalysts towards three microbial pathogens (E. coli, S. 
aureus, and C. albicans).  

MPE Light source 
C–W kinetic rate constant (km, h− 1) MPE (mCFU/Einstein)a 

E.coli S. aureus C. albicans E.coli S. aureus C. albicans 

BCN Dark  0.021  0.027  0.015 NA NA NA  
Visible  0.073  0.089  0.097 1.39 1.32 1.09 

SCN Dark  0.019  0.015  0.001 NA NA NA  
Visible  0.072  0.052  0.095 1.38 1.17 1.07 

MOF-5 Dark  0.017  0.019  0.003 NA NA NA  
Visible  0.102  0.138  0.099 1.03 1.08 0.83 

Zn0.05TiOxNy Dark  0.023  0.028  0.011 NA NA NA  
Visible  0.119  0.112  0.113 1.12 1.08 1.14 

Zn0.05TiOxNy@SCN Dark  0.026  0.029  0.003 NA NA NA  
Visible  0.127  0.022  0.105 1.49 0.94 1.48 

Zn0.05TiOxNy@BCN Dark  0.023  0.076  0.014 NA NA NA  
Visible  0.104  0.127  0.086 1.46 1.58 0.91 

Zn0.05TiOxNy@MOF-5 Dark  0.031  0.077  0.015 NA NA NA  
Visible  0.148  0.145  0.112 1.69 1.62 1.48  

a Quantifying the photonic efficiency of the prepared photocatalysts towards microbial inactivation, as defined by MPE (mCFU/Einstein), where the mCFU means 
“million colony-forming units”. 
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under dark/light conditions. Thus, it is crucial to confirm the prepared 
photocatalysts’ applicability for the effective treatment of real industrial 
wastewater effluents from a practical standpoint. Accordingly, a series 
of experimental tests were carried out to evaluate the adsorption/pho
tocatalytic activities (up to five reusability cycles) towards treating real 
wastewater collected from the textile industry in Egypt under dark and 
light (UV, visible, sunlight) conditions. In this work, the collected textile 
effluent had initial pH, TDS, COD, and BOD5 values of 6.43, 1248 mg/L, 
2130 mg/L, and 572 mg/L, respectively. Note that the values of COD 
and BOD5 (i.e., referring to persistent and biodegradable organic con
taminants, respectively) were used as standard metrics in all industrial 
treatment plants to evaluate wastewater quality before disposal. In this 
respect, the calculated BOD5/COD ratio of the collected wastewater 
effluent was 0.27. As the BOD5/COD ratio is an indicator of organic 
biodegradability (e.g., (persistent) 0.4 > BOD5/COD ratio > 0.5 
(biodegradable)), the collected wastewater can thus belong to non- 
biodegradable effluent (Ghobashy et al., 2018; Deogaonkar et al., 
2019). These results indicate the high loading contents of dissolved 
organic compounds (dyestuff and/or chemicals) in the collected effluent 
resistant to biological degradation (Deogaonkar et al., 2019). 

Accordingly, photocatalysts’ performance for adsorption/photo
catalytic treatment of real wastewater was determined based on the 
percentage decline in the COD values (i.e., mineralization efficiency), as 
listed in Table 3. The results revealed that MOF-5 and Zn0.05TiOxNy@
MOF-5 exhibited superior performances for adsorption removal of COD 
(% reduction) by 59.9% and 62%, respectively, after 90 min in the dark. 
During photocatalysis under sunlight (for 90 min), the COD % reduction 
remarkably increased to achieve the maximum COD removal values of 
84.6% and 83.1% by Zn0.05TiOxNy@SCN and Zn0.05TiOxNy@MOF-5, 
respectively. The obtained results under sunlight irradiation were 
similar (or higher) compared to the ones obtained under UV 
(79.8–84.5%) and visible (82.0–72.2%) light sources (Table 3). These 
results confirmed that the prepared materials had the capacity to act as 
adsorbents and/or photocatalysts to continue the treatment of real 
wastewater under day/night conditions. Besides, the solar-induce pho
tocatalytic process with the hetero-structured photocatalysts is sufficient 
to reduce the COD content to the limit established by Egyptian law (Law 
48/1982) for the discharge of textile wastewater into surface water. 

The adsorption/photocatalytic stability (up to 5 reuse cycles) of the 
prepared photocatalysts was also investigated during textile wastewater 
treatment under dark and sunlight conditions, as shown in Fig. 4(b). The 
results revealed that the hybridization of Zn0.05TiOxNy onto all supports 
(BCN, SCN, and MOF-5) exhibited a noticeable improvement of 
adsorption/photocatalytic stability over five cycles. For pristine mate
rials, MOF-5 showed the lowest performance stability with a 94% loss 
after five reuse cycles relative to 21.3% for SCN, 19.8% for BCN, and 
37% for Zn0.05TiOxNy (SD (σ) ± 4.7%: Fig. 4(b)). On a comparative note, 
the decrease in heterostructured photocatalysts’ performance was in the 
range of 5.6 ± 2.09% for Zn0.05TiOxNy@BCN, 14.8 ± 1.27% for 
Zn0.05TiOxNy@BCN, and 19 ± 3.22% for Zn0.05TiOxNy@MOF-5 after 
five cycles (Fig. 4(b)). The XRD analyses also confirmed the chemical 

stability of hetero-structured photocatalysts after five reuse cycles, as 
seen in Fig. S11 (ESI). It was also noted that the XRD pattern of pure 
MOF-5 was considerably changed after photocatalysis, indicating its 
poor kinetic stability. On a comparative note, Zn0.05TiOxNy@MOF-5 
showed no significant change in the XRD patterns before and after 
photocatalysis. Only the intensity of diffraction peaks was declined after 
reusability cycles, with the observation of some unidentified diffraction 
peaks. 

The lower stability of the MOF-5 based photocatalysts (XRD pattern 
in Fig. S11, ESI) could be attributed to the interaction of water molecules 
with the tetrahedral Zn4O open metal site, leading to form a more stable 
6-coordinate with two H2O molecules in the second coordination shell. 
The coordinated H2O molecules are expected to displace the BDC ligand 
from the [Zn4O]6+ cluster and consequently disrupt the MOF-5 frame
work (collapsed structure) (Younis et al., 2020). This phenomenon 
provokes, in turn, the generation of labile benzene dicarboxylate 
(BDC2-) ligand that can participate in the adsorption of heavy metal ions 
in the textile wastewater solution. Due to the kinetic instability of the 
MOF-5 framework in the aqueous medium (Younis et al., 2020), the 
textural and optical properties of MOF-5 could significantly change (e. 
g., surface area, porosity, and catalytic sites), leading to reduce its per
formance stability. On the other hand, the enhanced stability of 
Zn0.05TiOxNy@MOF-5 as compared to pure MOF-5 could be attributed to 
the improved hydro-stability of the MOF-5 due to the hybridization with 
Zn0.05TiOxNy NPs. Likewise, enhanced hydro-stability of the MOF-5 
framework has been reported previously by hybridization with natural 
clay (i.e., attapulgite) (Lu et al., 2015) and mesoporous silica (i.e., 
SBA-15) (Wu et al., 2013). Accordingly, the developed Zn0.05TiOx

Ny@MOF-5 hybrid structure is expected to possess a good 
hydro-stability for possible application of MOF-5 based composite in 
adsorption/photocatalytic treatment of wastewater under dark/solar 
light in this study. 

3.5. Photocatalytic mechanism 

3.5.1. Role of photogenerated reactive species 
The photocatalytic processes were also carried out in the presence 

and absence of radical scavengers (5 mmol) under UV irradiation for 
90 min (ESI: detail procedure in Section S1.6.1) to understand the role of 
ROS (e.g., •OH, h+

VB or e–
CB, and O2

•–) generated during photocatalysis 
(Table 3). In this work, disodium ethylene diamine tetraacetate (EDTA- 
2Na), tertbutyl alcohol (TBA), and benzoquinone (BQ) were utilized as 
trapping agents for holes (h+

VB), •OH, and electrons (e–
CB)/superoxide 

ion (O2
•–) radicals, respectively (Zheng et al., 2017). Compared to 

controlled experiments (Table 3), the photocatalytic activity signifi
cantly decreased in the presence of BQ (i.e., e–

CB/O2
•– capture) and TBA 

(capture for •OH radical), whereas the addition of EDTA-2Na promoted 
the oxidation of organic contents. The enhanced photocatalytic activity 
by EDTA-2Na addition could be attributed to the improved 
photo-induced charge carrier’s separation by recombination of 
EDTA-2Na electrons with positive h+ sites. Note that BQ has a high 

Table 3 
Adsorption/photodegradation reduction of COD (%) in textile wastewater effluent (Egypt) by the prepared photocatalysts (dose = 5 g/L) in the absence and presence 
of 5 mmol radical scavenger agents (TBA, EDTA-2Na, and BQ).  

Light source (conditions)  
aPercentage of COD reduction values (% removal) 

BCN SCN Zn0.05TiOxNy MOF-5 Zn0.05TiOxNy@BCN Zn0.05TiOxNy@SCN Zn0.05TiOxNy@MOF-5 

Dark (adsorption)  18.9  32.4  16.0  59.9  22.6  34.3  61.9 
Visible light (photocatalysis)  50.5  62.8  62.3  63.2  71.9  82.0  72.1 
Sunlight (photocatalysis)  74.2  80.3  72.1  67.2  76.1  84.6  83.1 

Ultraviolet 

Control (no scavengers)  53.8  60.6  56.9  71.4  64.5  79.8  84.5 
EDTA-2Na  57.4  62.3  62.3  67.0  67.7  89.9  88.3 
TBA  39.5  46.5  45.8  62.2  47.4  53.5  76.4 
BQ (O2 atmosphere)  29.7  41.8  29.1  61.9  40.2  45.2  67.6 
BQ (N2 atmosphere)  19.4  33.6  20.0  59.9  29.4  39.8  62.6  

a Standard deviation for error analysis (SD) ranges from ±2.4% to ±5.1% at 95% confidence level. 
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inherent electron affinity (≥1.8 eV), and thereby it can be used to 
selectively quench photogenerated electrons under N2 atmosphere. As 
seen in Table 3, the photocatalytic activities for all the photocatalysts 
were remarkably declined by adding BQ scavenger under N2 atmosphere 
than observed under the O2 atmosphere, signifying the crucial role of 
photogenerated electrons (e–

CB) in the photocatalytic reaction. In this 

case, it is suggested that the photogenerated electrons can react with 
dissolved oxygen in the water to generate the O2

•– anion as the major 
oxidative radical (the redox potential of O2/O2

•– equals − 0.33 eV vs. 
NHE) (Sin et al., 2020). In another pathway, the formed O2•

– anionic 
radical can be protonated to generate •OH radical (as secondary reactive 
species) under light irradiation by a two-electron reduction 

Fig. 5. The schematic diagrams for (a) the proposed photodegradation route of MB dye over Zn0.05TiOxNy@SCN photocatalyst under visible irradiation for 90 min 
and (b) photogenerated charges transfer/separation mechanisms within the heterostructured photocatalysts under UV–visible irradiation. 
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transformation reaction (Das et al., 2015). Those formed ROS (O2•
– and 

•OH) radicals are responsible for the enhanced photocatalytic activities 
of the heterostructured photocatalysts against dye degradation/micro
bial inactivation under light irradiation. 

3.5.2. Detected intermediates upon MB dye photodegradation 
The photocatalytic degradation pathway of MB dye (80 µmol/L) over 

Zn0.05TiOxNy@SCN was also evaluated under visible irradiation (for 
90 min) to provide more insight into the photocatalytic mechanism 
(Fig. 5(a)). The intermediate byproducts (organic and inorganic ions) of 
MB dye (molecular mass (m/z) 319) were identified by ultra- 
performance liquid chromatography-mass/mass spectroscopy (UPLC- 
MS/MS) and ion-exchange chromatography (IEC), as described in Sec
tion S1.6.2 (ESI). Before irradiation, the MB peak was detected at m/z of 
284 by UPLC-MS/MS analysis, associated with cationic MB dye forma
tion via dye’s ionization (i.e., detached Cl− ion) (Ray et al., 2017). After 
30 min of photocatalysis, two peaks appeared with m/z of 270 and 310, 
corresponding to the formation of Azure C and 3,7-bis(dimethylami
no)-10H-phenothiazine 5-oxide, respectively. The appearance of Azure 
C is attributed to the loss of three methyl groups through the breaking of 
terminal bonds between nitrogen and methyl groups (e.g., –N–(CH3)2) 
(Nguyen et al., 2018). The observation of 3,7-bis(dimethylamino)-10H-
phenothiazine 5-oxide indicates S˭O bonds’ formation, resulting from 
the attack of •OH/•O2

- radicals onto the cationic MB dye (C–S+˭C). After 
60 min of photocatalysis, the intermediate products were further 
degraded with the appearance of four new peaks at m/z values of 135, 
202, 211, and 245. These peaks were attributed to the formation of 
dimethyl-p-phenylenediamine (m/z 135), diphenyl sulfoxide (m/z 202), 
2-hydroxy, 5-amino, benzene sulfonic acid (m/z 211), and 3,7-diami
no-10H-phenothiazine 5-oxide (m/z 245). These intermediate byprod
ucts were formed via multiple oxidative reactions of the cationic MB ring 
structure (i.e., breaking of ‒N‒C‒ and ‒C‒S‒ bonds) by the generated 
oxidative •OH/•O2

– radicals in the solution during photocatalysis (Ray 
et al., 2017). After 90 min irradiation, small peaks of 
low-molecular-weight organic compounds (e.g., phenol (m/z 118) and 
benzene sulfonic acid (m/z 158)) were also detected due to the contin
uous oxidation of the resultant organic intermediates. The subsequent 
photodegradation of these byproducts produce less harmless biode
gradable aliphatic organic products (e.g., methanol by oxidation of 
liberated CH3 group) and mineralized inorganic ions (e.g., SO4

2− , NO3
− / 

NH4+, and Cl− ). These mineralized inorganic ions were detected by IEC 
analysis at the end of the photocatalytic treatment (e.g., 72 µmol/L Cl–, 
20 µmol/L NO3

–, 98 µmol/L NH4
+, and 30 µmol/L SO4

2–), confirming the 
complete mineralization of MB dye and intermediates products. 

3.5.3. Photocatalytic reaction 
Combining the above experimental and optical data (VB and CB 

position in Table 1), the photocatalytic/disinfection over all the hetero- 
structured photocatalysts could be explained based on two mechanisms 
for the migration of charge carriers upon sunlight irradiation: Type-I and 
Type-II heterojunctions (Fig. 5(b)). In the type-I heterojunction, the 
excitation of Zn0.05TiOxNy@MOF-5 could accelerate the interfacial 
transfer of photogenerated electrons/holes from MOF-5 (ECB 
(− 0.58 eV)/EVB (2.66 eV)) to the Zn0.05TiOxNy NP (ECB (− 0.35 eV)/ EVB 
(2.43 eV)). The accumulated electrons (e–

CB) and holes (h+
VB) on the 

CB/VB positions of Zn0.05TiOxNy have the higher redox potentials to 
react with O2 and hydroxide (OH− ) ions and generate O2

•– (O2/ O2
•– 

potential (E̊) − 0.33 eV vs. NHE) and •OH (E̊ of OH− /•OH = 2.38 eV vs. 
NHE) radicals, respectively (Lam et al., 2020). 

In contrast, in the type-II heterojunction (Zn0.05TiOxNy@C3N4: BCN 
or SCN), the photo-induced electrons in the CB of C3N4 sheets (BCN or 
SCN: ECB of − 1.24 to − 1.22 eV, respectively) can be transferred to the 
CB of Zn0.05TiOxNy. In the opposite direction, the photogenerated holes 
(h+) were transferred from the VB of Zn0.05TiOxNy (high positive po
tential) to the VB of C3N4 sheets with less positive potential (Fig. 5(b)). 
As a result, the high potential energy of CB in Zn0.05TiOxNy can 

accelerate the generation of O2
•– radical (as major ROS oxidative species) 

as a result of interaction between the accumulated e–
CB and adsorbed O2 

molecules. However, the energy of the accumulated holes (h+
VB) in C3N4 

sheets was more negative than the potentials of OH− /•OH and H2O/ 
•OH (E̊ of 2.72 eV vs. NHE), indicating their inability to oxidize OH− or 
H2O into •OH radicals (Sin et al., 2020). This mechanism conflicted with 
the radical scavenger data (Table 3), which confirmed the crucial roles 
of O2

•– and •OH radicals on the photocatalysis process. Accordingly, it is 
suggested that the separation/migration of photogenerated charges in 
Zn0.05TiOxNy@C3N4 heterostructures may follow Z-scheme hetero
junction to retain the strong redox potentials of active species in each 
catalyst. In this scheme, the excited electrons in the CB of Zn0.05TiOxNy 
transferred to the VB of C3N4 sheets (i.e., recombined with positive h+), 
leading to an increase in the lifetime of photogenerated e-/h+ pairs in 
Zn0.05TiOxNy@C3N4 heterostructures. At this stage, the accumulated 
e–

CB in C3N4 sheets (CB − 1.22 to − 1.24 eV) had the high potential to 
initiate spontaneous catalytic reactions to generate O2

•– radical and H2O2 
oxidant (Fig. 5(b)) (Sin et al., 2020). On the other hand, the VB position 
of Zn0.05TiOxNy can oxidize OH− ions to form •OH radicals. These 
formed oxidative species (O2•

– and •OH radicals) ultimately promote 
solar-induced photodegradation of organic dyes and deactivation of 
microbial cells in aqueous solution. 

3.6. Photocatalytic performance comparison 

Table 4 lists a comparison of adsorption/photocatalytic perfor
mances of the prepared photocatalysts (relative to published photo
catalysts) towards the removal of various textile dyes (e.g., MB, RhB 
(Rhodamine B), and MO (methyl orange)) under visible light. As seen, 
the computed adsorption/photocatalytic rates (kads and kPhoto: min− 1) 
values obtained with the prepared heterostructured photocatalysts are 
significantly higher than those reported for other photocatalysts for dyes 
removal. Within the reported photocatalysts, Ag/TiO2, g-C3N4/MIL-125 
(Ti), and AlZnO/G photocatalysts were found to have higher kPhoto 
values (5.15–14.5 ×10− 2 min− 1) as compared with that obtained by the 
heterostructures in this study (kPhoto = 1.0–2.51 ×10− 2 min− 1). This 
observation is likely attributed to the change in experimental conditions 
(e.g., the use of high light outputs (200– 300 W) for irradiation and/or 
low initial dye concentration (47–50 μmol/l)). The decrease in initial 
dye concentration could reduce solution opacity. With decreased water 
opacity, more photon light can migrate through a water solution to 
activate catalytic surface sites for enhanced generation of charge car
riers (El-Fawal et al., 2020; Younis and Kim, 2020). Likewise, as the light 
irradiance increases, the transmission of photon light into the water 
increases as well. Such phenomena enhance catalyst excitation (i.e., 
accelerate charge carriers generation) and subsequently promote 
oxidative radical species’ production to degrade organic dyes (as dis
cussed earlier). More importantly, it was also found that there is a large 
variation in the quality (demineralized, saline, and real water) and 
volume/depth (from 50 to 200 mL) of dye-contaminated wastewater 
used in the published experimental studies. Such variation in water 
quality and volume (or depth) could remarkably influence the photo
catalytic efficiency by affecting the penetration depth of photon in 
water. These results suggest that the applicability of photocatalysis for 
industrial wastewater treatment depends not only on the target photo
catalyst’s photoactivity but also on the light irradiance, water quality, 
and water depth. These parameters considerably influence the 
maximum amount of photon light that reached the catalysts’ surface for 
excitation and initiated the photocatalytic treatment process. Accord
ingly, during the practical application of photocatalysis in real-fields, it 
is critically important to optimize these parameters via: (i) hybridizing 
photocatalysis with other traditional pre-treatment methods to improve 
water quality (e.g., reduce the water color to the minimal limits), and (ii) 
coupling adsorption/photocatalysis to promote and maximize treatment 
efficiency in light/dark conditions. 
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4. Conclusion 

Three hierarchical photo-sorbent materials were successfully syn
thesized by in-situ encapsulation of Zn0.05TiOxNy NPs (6–34 nm) into 2D 
free and sulfur-doped graphitic carbon nitride sheets and 3D cubic MOF- 
5 framework using a microwave-assisted method. The optical features 
strongly confirm the effectiveness of hetero-structured photocatalysts 
(Eg = 2.68–2.83 eV) to promote solar-initiated-light-responsive photo
catalysis. Specifically, Zn0.05TiOxNy@MOF-5 outperformed all other 
photocatalysts in terms of MB dye sorption (qe of 42.5 µmol g− 1 with kads 
rate of 6.9 × 10− 2 min− 1) and antimicrobial efficiencies for E. coli 
(83%), S. aureus (96.5%), and C. albicans yeast (53.2%) under dark 
condition. The results of photonic detoxification efficiencies showed 
that the microbial inactivation was promoted with hetero-structured 

photocatalysts to achieve 97–99.3% inhibition growth under visible 
irradiation due to the vital role of photocatalysis in the disinfection 
process. Our study also showed effective sunlight-induced photo
catalytic treatment for real textile wastewater (COD reduction by 
76.1–84.6%) by all hybrid photocatalysts, with relatively stable per
formances up to 5 cycles. Based on the radical scavengers and MB dye 
photodegradation pathway, the enhanced photocatalytic activities were 
attributed to the formation of reactive oxidative species (O2

•– and •OH 
radicals) and the separation of photogenerated e–/h+ charge carriers. In 
this respect, the photoactive supporting materials (BCN, SCN, and MOF- 
5) improved the photon harvesting properties in the UV–visible region. 
In contrast, the dopant Zn0.05TiOxNy NPs assisted e–/h+ charge carriers’ 
separation via a well-aligned overlapping energy band potential 
structure-property (i.e., band-engineering concept). As such, this work 

Table 4 
Comparison of adsorption/photocatalytic performance of the prepared materials (in this work) with some other photocatalysts in the literature.  

Sr. 
No. 

Photocatalyst 
materials 

Characterization Experimental conditions Experimental results References 

Optical 
bandgap 
(Eg: eV) 

BET 
(m2/g) 

Light/ 
power 
(W) 

Dye/ 
Conc. 
(μmol/l) 

pH/ 
catalyst 
dose (g/L) 

Ads/ 
Photo 
time 
(min) 

qe 

(μmol/ 
g)  

kads 

(×10− 2 

min− 1) 

kphoto 

(×10− 2 

min− 1) 
R %  

1 Zn0.05TiOxNy@SCN 2.79 51 Vis/72 W MB/80 6.5/1.0 90/90 14.38 5.1  2.51 92.4 This work 
2 Zn0.05TiOxNy@BCN 2.68 44 Vis/72 W MB/80 6.5/1.0 90/90 15.53 5.9  1.70 83.5 This work 

3 
Zn0.05TiOxNy@MOF- 
5 2.83 904 Vis/72 W MB/80 6.5/1.0 90/90 42.45 6.93  1.00 70.5 This work 

4 Zn0.05TiOxNy 2.77 62 Vis/72 W MB/80 6.5/1.0 90/90 12.41 4.90  0.94 58.9 This work 
5 SCN 2.78 86 Vis/72 W MB/80 6.5/1.0 90/90 22.41 6.59  1.20 73.2 This work 
6 BCN 2.81 36 Vis/72 W MB /80 6.5/1.0 90/90 20.19 6.38  0.38 42.3 This work 
7 MOF-5 3.23 1291 Vis/72 W MB/80 6.5/1.0 90/90 37.6 7.06  0.32 48.3 This work 

8 P25 TiO2 

(commercial) 
3.2 – Vis/72 W MB/80 6.5/1.0 90/90 1.4 0.39  0.11 8.9 This work 

9 g-C3N4/MIL-125(Ti) 3.24 328 
Vis/ 
300 W RhB/104 -/0.16 60/60 103.3 –  6.24 95.2 

Wang et al. 
(2015) 

10 g-C3N4 2.45 6.2 
Vis/ 
300 W 

RhB/104 -/0.16 60/60 62.4 –  2.99 81.3  

11 MIL-125(Ti) 3.68 1548.3 Vis/ 
300 W 

RhB/104 -/0.16 60/60 8.8 –  0.26 10.1  

12 AlZnO/PANI (PAZ-2) 2.57 – 
Vis/ 
200 W 

RhB/10 7/0.40 30/150 – –  2.61 98.0 Mitra et al. 
(2017) 

13 AlZnO/PANI (PAZ-2) 2.57 – 
Vis/ 
200 W MO/10 7/0.40 30/150 – –  1.77 92.5  

14 ZnO 2.92 – 
Vis/ 
200 W 

RhB/10 7/0.40 30/150 – –  0.08 –  

15 ZnO 2.92 – 
Vis/ 
200 W 

MO/10 7/0.40 30/150 – –  0.05 –  

16 AlZnO 3.03 – 
Vis/ 
200 W RhB/10 7/0.40 30/150 – –  0.32 –  

17 AlZnO 3.03 – 
Vis/ 
200 W MO/10 7/0.40 30/150 – –  0.12 –  

18 Sn doped N-TiO2 2.82 – Sunlight MO/60 –/1.0 30/120 – –  3.40 95.0 
Kadam et al. 
(2017) 

19 AlZnO 3.22 32.69 Vis/72 W MB/50 6.5/0.5 90/60 1.097 0.005  0.18 24.9 El-Fawal 
et al. (2020) 

20 AlZnO/PANI 3.02 24.08 Vis/72 W MB/50 6.5/0.5 90/60 30.85 0.12  1.92 59.3  
21 AlZnO/g-C3N4 2.62 35.25 Vis/72 W MB/50 6.5/0.5 90/60 30.23 0.19  2.82 92.2  
22 AlZnO/CNT 2.8 146 Vis/72 W MB/50 6.5/0.5 90/60 56.18 0.44  3.37 71.9  
23 AlZnO/CNF 2.82 86.6 Vis/72 W MB/50 6.5/0.5 90/60 44.81 0.33  2.26 56.5  
24 AlZnO/G 2.71 230.8 Vis/72 W MB/50 6.5/0.5 90/60 79.89 0.82  5.15 88.3  

25 Ag/TiO2 – – 
Vis/ 
300 W 

MB/47 -/0.11 40/80 – –  14.50 97.0 Tahir et al. 
(2016) 

26 TiO2 – – 
Vis/ 
300 W 

MB/47 -/0.11 40/80 – –  7.20 77.0  

27 Ag NPs – – 
Vis/ 
300 W MB/47 -/0.11 40/80 – –  5.90 35.0  

28 BiOBr/MnFe2O4-10 – – 
Vis/ 
105 W 

RhB/ 42 5.1/1.0 60/80 – –  2.57 89.3  

29 MnFe2O4 1.85 – 
Vis/ 
105 W 

RhB/ 42 5.1/1.0 60/80 – –  0.40 24.9 Sin et al. 
(2020) 

30 BiOBr 2.97 – 
Vis/ 
105 W 

RhB/ 42 5.1/1.0 60/80 – –  0.90 48.5  

31 TiO2 (commercial) – – 
Vis/ 
105 W RhB/ 42 5.1/1.0 60/80 – –  0.27 17.2  

Notes: PANI = polyaniline; CNT = carbon nanotube; CNF = carbon nanofiber; G = graphene; MO = methyl orange dye; RhB = Rhodamine B dye. 
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opens new prospects for further tuning and utilization of these hetero
structured photocatalysts for advanced treatment of industrial waste
water to respond to the growing demand for clean water resources. 
Further studies are in course with the aim to: (i) understand the elec
trochemical properties and solvo/hydrothermal stability of the prepared 
Zn0.05TiOxNy@MOF-5 versus Zn0.05TiOxNy@g-C3N4 hybrids, and (ii) 
evaluate the effect of operating parameters (e.g., pH, salinity, initial 
pollutant concentration, and temperature) on their adsorption photo
catalytic performances. 
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Appendix A. Abbreviation/acronym/symbol  

CFU Colony-forming units  
εmb Photonic detoxification efficiency  
ho (µmol g− 1 min− 1) Initial sorption rate  
HOMO Highest Occupied Molecular Orbital  
kads (min-1) Adsorption kinetic rate  
kphoto (min-1) Photocatalytic kinetic rate  
ki (µmol g− 1 min− 0.5) Pore diffusion kinetic rates  
km (h-1) biocidal/antimicrobial kinetic rate  
LMCT Ligand-metal charge transfer  
LUMO Lowest Unoccupied Molecular Orbital  
MOE Mixed-order kinetic model  
MPE (mCFU/Einstein) Microbicide photonic efficiencies  
MW Microwave  
qe (µmol/g) Adsorption capacity 

Appendix B. Supporting information  

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.jhazmat.2020.124562. 
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