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Abstract: The mineralization of five industrial sunlight-exposed wastewater samples was investi-
gated, and the recycling process of ZnO quantum dots (ZQDs) for five reusable times was estimated
under the approved Egyptian Environmental Law COD (Chemical Oxygen Demand), which has to
be less than 1000 ppm. An improved sol-gel process at a low calcination temperature that ranged
between 350 and 450 °C was employed to synthesize ZnO quantum dots (ZQDs). The purity, high
crystallinity, and structure of the prepared catalysts were determined by TEM and XRD analysis. The
energy bandgap, the crystal size values, and the surface area for Z1 and Z2 were determined based
on the TEMs, DRSs, and EBTs, which were equal to 6.9 nm, 3.49 eV, and 160.95 m? /g for Z1 and
8.3 nm, 3.44 eV, and 122.15 m? /g for Z2. The investigation of the prepared samples was carried out by
studying the photocatalytic activity and photoluminescence, and it was found that the degradation
rate of reactive yellow dye as an industrial pollutant of the Z1 sample was significantly higher than
other samples, by 20%. The data collection has shown that photocatalytic efficiency decreases with
an increase in the crystallite size of ZQDs.

Keywords: industrial wastewater; solar photocatalytic process; recycling process; zinc oxide quantum
dots; reactive yellow dye

1. Introduction

The global environmental management industry still has a disability in the face of
massive quantities of emissions from different manufacturing factories. One of the worst
wastewater materials is industrial wastewater from the dye industry, which has an un-
biodegradable impact on the environment and human beings. Reactive yellow dye is a
type of color used in most textile and printing sectors. It is also known as a coloring model
to be used to examine photocatalytic efficiency for photocatalysts [1-3].

The photocatalytic activity of the photodegradation processes of organic pollutants
depended on using metal oxides as basic materials regarded as distinguishable impacts in
wastewater management. Nano-heterogeneous photocatalysis exhibits a wide-bandgap,
environmentally friendly, and relatively inexpensive biocompatibility of nanostructured
semiconducting oxides, which are functionally ascribed to the method. Additionally, these
compounds can break down different types of pollutants under Ultra-Violet light. As a
nano-heterogeneous catalyst, nano zinc oxide with a wide band gap (3.37 eV) at room
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temperature is considered the most efficient photocatalyst for water splitting, wastewater
treatment, and photodegradation of organic dyes [4-11].

To create high-quality ZnO quantum dots, researchers have studied a number of
different preparation processes. These methods are physical vapor deposition [12-14],
which comprises thermal evaporation, molecular beam epitaxy, sputtering, and laser
ablation [15-17]; chemical vapor deposition (CVD), which comprises metal-organic CVD,
mist CVD, hot filament CVD, and atomic layer deposition [12,18,19]; and chemical so-
lution synthesis, which comprises sol-gel synthesis, hydrothermal growth, and spray
pyrolysis [2,20-23]. In particular, the parameters of these synthesis procedures are tuned
in order to create ZnO quantum dots with the required physical and chemical properties,
as well as excellent stability and compatibility. In contrast, parameter optimization often
involves a trade-off between the desired features.

Physical, chemical, and photoluminescent properties of Zinc Oxide quantum dots
(ZQDs) are sometimes not observed because of their 10 nm size, which is small for micro-
molecules photocatalysts. Their 3-D structure is extremely important for the fabrication
of ZQDs, resulting in enhanced optoelectronic properties such as radiative lifetime and
exciton energy, which often depend on the quantum impact. Furthermore, the quantitative
theory “particles in a box” explain that particle size changes are due to changes in the
electronic structure, where holes and electrons are spatially confined, and energy is discrete,
so light emission and absorption are the result of reduced particle size and are significantly
enhanced [24-26]. Further, ZQDs can be used as an advanced technique for cancer therapy,
as in bio-science cell tagging, the antibacterial agent and anti-fouling, and ZQDs [27-31].
Recent work has shown that ZQDs can be used in QD TV (4 and 8 k TVs) as lighted diodes,
photodetectors, high-efficiency solar cells (with 60 percent expected efficiency), UV laser
detectors, and in some new applications, as well as thin-film transistors [32-34]. The surface,
structure, and visual properties of ZQDS-prepared samples are studied in this current work.
A recent evaluation phase for measuring the photocatalytic activity and tuning the emission
of the ZQDS samples was observed and measured via the photodegradation process of the
reactive yellow dye by the Xenon photoreactor.

In the present study, the surface composition and optical properties of the prepared
ZQDS were analyzed. Further steps toward the assessment and calculation of the photo-
catalytic activities of the prepared samples are observed by studying and quantifying the
photodegradation process of the reactive yellow color dye under Xenon irradiation. Further,
the photocatalytic efficiency of the ZQDS samples in industrial wastewater treatment at
dyeing companies was estimated under direct sunlight, like a solar photocatalytic process.

2. Materials and Methods
2.1. Materials

All the chemicals used during this work have been analytically classified by Sigma-
Aldric (St. Louis, MO 68178, United States) and Alfa Aesar (Erlenbachweg 276870, Kandel,
Germany). They have not been further purified, such as Zinc acetate dihydrate, lithium
hydroxide monohydrate, acetic acid, ammonia, propanol, n-heptane, and ethanol HPLC.

2.2. Preparation of Zinc Oxide Quantum Dots Samples

This synthesis method of ZQDs depended on using zinc II acetate dihydrate, lithium
hydroxide-monohydrate, and ethanol. First, 2 moles of zinc acetate dihydrate are dissolved
in 100 mL of ethanol in an ultrasonic bath at 60 °C for 90 min, representing solution (A).
In the same volume of ethanol, 1.15 g of lithium hydroxy is dissolved and described as
solution (B). Then, solution (B) was slowly added to solution (A) under vigorous stirring
(9000 rpm) at atmospheric pressure and room temperature to form solution (C). When
n-heptane was added to the solution (C), a white precipitate appeared under vigorous
stirring, and the precipitate was isolated, extracted, and then dispersed into ethanol, which
was then recentrifuged to complete the elimination of excess lithium ions. The ZQDs are
repeatedly washed away by n-heptane and ethanol to eliminate the remaining acetate
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ions. A clear white precipitate was obtained and dried at 26 °C (room temperature), then
calcinated in an oven for 3 h at 350 and 450 °C. Finally, a purified ZQDs (Z1 and Z2) powder
was ready for potential measurements.

2.3. Characterization

A PANalytical X-ray diffractometer (X'pert Pro MPD, Los Altos, CA 94022, USA) with
a Cu-Kux target (Cu Ko = 0.154 nm, 40 mA, 50 kV, recorded in 0.017° steps, 100 s/step)
measured the crystallinity properties of the ZQDs samples. The following Debye-Scherrer
formula for measuring the crystallite size of ZQDS is applied:

D— 0.9A
B cosf

M

where 20 is the diffraction angle at the position of the maximum peak, A is the radiation
wavelength used in Cu K« (0.15406 nm), 8 is the full width at the half-maximum of the
peak (FWHM), and K (=0.9) is Scherrer’s constant [2,35]. A high-resolution transmission
electron microscope HRTEM, Philips/FEI BioTwin CM120, was used to study the particle
size and shape of ZQDs. In addition, a JASCO V-570 Rel-00 USA (Easton, MD 2160,
USA) spectrophotometer was used to measure photophysical observations such as the
fluorescence rate constant (kf) of the prepared sample and the kinetic fluorescence intensity
slope ratio to illumination time was calculated; the sample was measured using a Shimadzu
UV260 spectrometer (Columbia, MD 21046, USA). A Micrometrics Tristar 3000 device,
Micromeritics Instrument Corporation (Norcross, GA 30093, USA), was used for BET-
specific surface area. The prepared samples were analyzed in a nitrogen atmosphere
(adsorption-desorption isotherms 77 K), where the drying process was carried out for 1 h at
150 °C before the evaluation of the eliminated moisture levels in the prepared samples. In
the Barrett, Joyner, and Halenda methods, the average pore size and pore size distribution
were calculated, and the specific surface area was determined by the following equation:

6
S_d><p

@

where p is the density of ZnO (5.63 g/Cm?3), d is the average diameter of particles, and S is
the BET-specific surface area [36].

Further, the expression of Jan Tauc was used to measure the bandgap energy values
for the catalysts prepared by the following equation:

(ahv)* = A(hv — Eg) 3)

where A is a constant, & is the Plank constant, E, is the bandgap, and « is the absorption
coefficient.

A Photoreactor X 100 with a xenon arc lamp produced by Engineering Egyptian Co.
with a water-cooling system is used to prevent the temperature influence of the lamp during
all photodegradation processes where the intensity of the xenon lamp was 70 W/Cm?, and
its wavelength ranged from 200 to 1100 nm.

A multi-parameter bench photometer evaluated the mineralization of reactive yellow
dye and real industrial wastewater samples (from one of the factories, Cairo, Egypt) in the
presence of ZQDs samples. Multiparameter Bench Photometers (COD series 99), Hanna
(Allendale, SC 29810, USA), determined the chemical oxygen demand (COD).

2.4. Photocatalytic Activity Performance

The photocatalytic performance was tested as a model of industrial dye by the pho-
todegradation of reactive yellow dye: 0.25 g ZQDs was distributed into 250 mL of the
investigated dye solution (4 x 107> M; pH = 6.5) with stirring in the dark for 20 min to
reveal that the absorbability of the dye on the catalyst surface was negligible, as the de-
creasing percent does not exceed 0.8%, and the photodegrading process was carried out at
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70 Watts. After 20 min of the irradiation phase, the ZQDs particles were strongly separated
from the suspension solution by direct centrifugation at 8000 rpm. The photodegradation
process rates of reactive yellow dye in the presence of ZQDs were spectrophotometrically
detected as the following equation

In (Co/C) = kappt @)

where C is the dye concentration, Cy is the initial dye concentration, ¢ is time, and kg is the
apparent rate constant for the photodegradation process.

Further, the fluorescence rate of ZQDs was improved by the photooxidation process
that transforms correct quantities of coumarin dye to 7-hydroxy coumarin as follows:
0.5 g/L of ZQDs was immersed in a coumarin dye solution (1.0 x 10~* M) and irradiated
by a UV reactor (80 Watt) with stirring at 9000 rpm. Then, the fluorescence spectrum of
the solution (Aex = 332 nm) was measured over determined periods after illumination. The
coumarin samples have been completely inactive after the course of UV irradiation and are
viewed as a blank sample in the absence of ZQDs particles that represent photocatalysts [24].

2.5. Solar Photocatalytic Activity

The solar photocatalytic efficiency of the real industrial wastewater was measured at
pH = 7.1 from a textile factory, and sunlight with a UV radiation of 3.1 W/Cm? was used,
while the visible light was 1198 lux. The efficiency of solar mineralization, measured by a
highly active sample with time t, was evaluated using the following equation:

Solar mineralization efficiency = 100 x [(COD), — (COD),]/(COD), (5)

where chemical oxygen demand, or COD, is the ability of the water to consume oxygen
during the breakdown of organic matter. In other words, the amount of oxygen necessary
to oxidize the organic stuff in a given volume of water (COD); COD; and CODy are the
COD value at time t and initial at 0, respectively [7].

3. Results and Discussion
3.1. XRD

As illustrated in Figure 1, X-ray diffraction analysis was used to examine the crys-
tal properties of the produced quantum dot samples. The XRD patterns were com-
pletely matched to the wurzite structure of ZnO, index card number 36-1451 from JCPDS-
ICDD [27,37,38]. The observed diffraction peaks at 26 were identified as the (100), (002),
(101), (102), (110), (103), and (112) planes, respectively. No additional distinctive peaks of
impurities or other secondary phases were observed in the patterns, indicating the great
purity and crystallinity of the samples produced for the experiment.

The values obtained are described in Figure 1b, which demonstrate that the crystallite
size measured increases gradually as the rinsing temperature increases, whereas the average
crystallite size was 6.9 and 8.3 nm, respectively, for Z1 and Z2 samples.

3.2. TEM

The HRTEM of the prepared samples shown in Figure 2 is based on the morphology
and particle size of ZQDs. TEM images demonstrated that ellipsoidal prolonged, ultra-finite
nanoparticles with excessive crystallinity had been formed.
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Figure 1. XRD pattern of ZQDs (a), XRD demonstrator parameters (b).
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Figure 2. TEM image of different prepared ZQDs samples (a,b) along with their corresponding
particle size distribution map (c,d) and presence percentages of ZQDs (e).

For Z1 and 72, the particle size is 6.9 and 8.3 nm, respectively. The average particle
size of the ZQDs samples is significantly greater than that obtained from the XRD data, as
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the calcination temperature rose from 350 to 450 °C for Z1 and Z2, respectively. This may
be due to the aggregation of powder samples in the copper-coated grid [24,39,40].

3.3. Bandgap

The absorption spectrum measured in the UV region is shown in Figure 3. The Z2
result was found to have higher absorption than Z1 from a continuum. In comparison,
the absorption rates rose by increasing the temperature of the calcination. One of the
most important optical property tests is the bandgap value detection, which represents
an effective element in the catalytic activities of ZQDs samples prepared by using the Jan
Tauc equation.
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Figure 3. UV-Visible absorption spectra and estimation bandgap energies of ZQDs. The inner image
is the absorption spectrum of Z1 and Z2 samples.

Bandgap energy values are estimated as 3.49 and 3.44 eV for Z1 and Z2 samples,
respectively, which are clearly higher than ZnO bulk (3.37 eV) [2,41]. The correlation
between BET, Eg, and ZQDs samples is represented in Figure 4; based on the particle size of
the prepared samples, the BET values are directly commensurate with the band gap energy
and inversely commensurate with the crystallite sizes of the photocatalyst prepared.
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Figure 4. Correlation between BET, Eg, and particle size of ZQDs.
As a result of the surface area increase, the mass transfer accelerated and produced

further reaction sites, which will increase the reaction catalytic efficiency for Z1 samples
compared to the other sample (Z2).
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ZQDs specimens’ sizes of had 160.95 and 120.15 m?/ g for the Z1 (6.9 nm) and Z2
(8.3 nm) samples, respectively, where these samples were synthesized at various calcination
temperatures of 350 and 450 °C.

3.4. Photocatalytic Activity by Spectrophotometrically Method

The photodegradation of reactive yellow dye test is performed in the presence of
ZQDs by a xenon photoreactor and spectrophotometrically detected as in Supplementary
Figures S1 and S2.

Figure 5 shows a linear relationship between the irradiation time and In (Cy/C).
The first-order kinetics follow photocatalytic studies with reactive yellow dye and the
correlation between maximum photodegradation percentage, photodegradation times, and
photodegradation rates of the prepared ZQDs samples are represented in Figure 6. The
findings confirmed that photodegradation process rates increases as ZQD’s bandgap values
increase and the ZQDs particle size decreases (Table 1 and Figure 4). The photodegradation
rate for Z1 is 17 percent higher than Z2. The findings thus verified BET values and the
crystallite size suggesting that the surface area average increases with decreases in the
crystallite size due to increases in the photocatalytic activity of ZQDs samples.
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o
e
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Figure 5. Kinetics plot of the photodegradation rate of reactive yellow dye in the presence of ZQDs.
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Figure 6. Correlation between Max. photodegradation percentage, photodegradation times, and
photodegradation rate of ZQDs.
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Table 1. Fluorescence rate constant (Ky) and photodegradation rate (Kgpp) for ZQDs prepared samples.

(Z1 = 6.9 nm) (Z2 = 8.3 nm)
Ks 39.59 x 1073571 27.62 x 1073571
Kapp 1030 x 1073571 8.59 x 1073571

The highest photodegradation process percentage of reactive yellow dye was 93%
and 88.5% in the presence of samples prepared from ZQDs (6.9 and 8.3 nm), respectively,
as the rates of photodegradation decreased with the increasing size of samples prepared
from ZQDs. In the presence of the prepared ZQDs samples, the formation of the hydroxyl
radicals is the main core of the photodegradation process mechanism of the reactive yellow
dye, which was clarified in previous work [2,24].

In the ZQDs samples, the electrons of the conduction bands and the holes of the
valance band were formed by radiation light (hv) on their surface, where hydroxyl radical
(HO) is created when combined with a positive hole (h*) and/or H,O/(H,O,). Further,
O, molecules are absorbed onto the photocatalyst surface by the conductive band electrons
to create O, (the superoxide anion radical). The (O, ) and (HO) created to represent all
available oxidants for the degradation of reactive yellow dye. These oxidant ions incorpo-
rated in the ZnO lattice produce more electrons and gorgeous hole traps, which increase
the charge carriers, consequently suppressing the recombination of photoinduced electrons
and holes by means of a high enhancement in the photocatalytic activities. Consequently,
the recombination phase of electron-hole delays and high photocatalytic activity are de-
tected as the bandgap of the prepared ZQDs samples increase. The acute electrons in
the conductive band, creating radical superoxide anions, are decreased by O, molecules
absorbed into the photocatalyst, where the evolved (HO) and (O;7) is determined; the
(Oy7) is formed as a powerful oxidant at the same time as the degradation process of the
reactive yellow dye [42]. In a perfect photocatalytic process, organic contaminants are
converted into carbon dioxide, water, and mineral acids. When photons equal to or exceed
the band gap of ZnO’s surface, photocatalysis occurs [43]. During illumination, electrons
from the valence band (VB) (e™) are photoexcited to the conduction band (CB), leaving
a hole (h*) behind (Equation (6)). Excited electrons and holes may swiftly recombine. In
the second equation, the photogenerated electron-hole pairs migrate to the surface of Zinc
Oxide, decrease hydroxyl radicals (*OH), and form superoxide radicals (Equations (7) and
(8)). The created superoxide radicals also induce the production of additional (*OH) radi-
cals [44-46] (Equations (9)—(11)), which are capable of effectively destroying the pollutant
(Equation (12)).

ZnO + hv — ec + hip (6)

hyz + H,O - H" + *OH @)

ecg + O = Oy 8)

O, + H' = HO, )

HO, + H' = HyO, (10)

H,0; + hv — 2°0OH (11)

Organic pollutant + *OH — Intermediate + CO, + H,O (12)

Due to its broad band gap, ZnO can only degrade pollutants under UV light. UV
radiation is just 4-5% of the solar spectrum, whereas visible light is 4% [47-51].

3.5. Photocatalytic Activity by Fluorescent Probe Method

Table 1 describes the fluorescence ratio of ZQDs samples provided by the fluorescent
test method, where coumarin photooxidation to 7-hydroxycoumarin and the reaction rate
constant (kf) are calculated. Coumarin emission spectra provided ZQDs samples under
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UV lighting at various times, as shown in Figure 7. Further, as the ZQDs sample’s particle
size decreases, the apparent rate continuously increases, as shown in Figure 7, and the
correlation between photodegradation and fluorescence rates is represented in Figure 8.

70
220 + e
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200 o ( ) 16
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Figure 7. Emission spectra and kinetics plot of coumarin in the presence of ZQDs.
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Figure 8. Correlation between photodegradation rate and fluorescence rate for ZQDs.

The development of hydroxyl radicals depends on the rivalry between surface water
oxidation and the electron-hole recombination in the holes or the hydroxyl group [24].
Consequently, higher electron-hole pair separation efficiency is a referee to a higher rate
of creation of (HO") that contribute to declines in the ZQDs particle size. As seen in the
optical measurements’ parts (UV-Vis/DR absorption and emission spectra), the quantum
dots scale plays a significant role in increases in the isolation of electron-hole pairs. The
ZQDs sample (Z1), prepared at the lowest calcination temperature of 350 °C (6.9 nm), has
the highest formation of hydroxyl radicals and can effectively prevent the recombination of
electrons and holes.

The further from the hydroxylic radical formations, the more effective electron-hole
pairs are, and the more efficiently they detach. This reaction is based on a kinetic (kf)
pseudo-zero order reaction, which describes the rate of formation of hydroxyl radical
coumarin as 7-hydroxycoumarin for photooxidation [52].

The highest photodegradation rate found in the Z1 sample (6.9 nm) is definitely due
to its higher surface area, which is higher than the Z2 sample (8.3 nm) because of the
number of dye molecules adsorbed on Z1 (Z1 = 6.9 nm) is higher than Z2 (Z2 = 8.3 nm).
The findings of the photocatalytic operation of the investigated dye performed to contrast
the quantum size effect were apparent. For Z1 (6.9 nm), the fluorescence rate was more
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than 40 percent higher than that found in Z2. These findings show that the surface area of
the ZQDs sample increases as its particle size reduces and the fluorescence rate increases.

3.6. Solar Photocatalytic of Real Industrial Wastewater (Application)

Concerning the prepared ZQDs samples, the mineralization efficiencies modified the
substantial of numerous real industrial wastewater samples (5 different samples) taken
from the industrial textiles dye company in the presence of commercial nano zinc oxide
and ZQDs samples (Z1 and Z2) with COD values between 6101 and 7020 (ppm). Figure 9
and Supplementary Table S1 show the results of this analysis after it was performed for 7 h
a day (8 am to 3 pm).

1600
1400 -

Z1 (6.9 nm)
Z2 (8.3 nm)
Commerical nano ZnO (25-30 nm)

coD
allowed limit

COD (ppm)

3 Feb. 4 Feb 7 Feb. 8 Feb. 9 Feb.

Real wastewater sample date in 2021

Figure 9. Evaluation of real industrial wastewater during photocatalysis by sunlight via the
COD method.

A survey considering the impact of particulate size as the key factor influencing this
analysis also included the photocatalytic operation conducted on the actual wastewater
effluent in a textile factory using commercial nano ZnO (25-30) nm. The permissible COD
value for industrial wastewater at the textile dye companies is 1000 ppm, as specified
by Egyptian Environmental Law [53]. Figure 9 shows that all COD values are below the
COD limits. Except for the first two samples, those COD values of commercial nano ZnO
(25-30 nm) had been above the upper COD limit (less than 1000 ppm) (1299 and 1152 ppm).

Future studies will rely on economic catalyst uses for wastewater treatment units of a
combination of various zinc oxide forms (nano and quantum dots) than on ZQDs. More
green approaches for processing samples for ZQDs and analyzing them in specialized
applications would also be more feasible.

3.7. Recycling Processes
3.7.1. Recycling ZQDs during Decontamination of Reactive Yellow Dye

The photodegradation process rates decreased due to the accumulation of the photo-
catalysts observed via the recurrence of using of the photocatalysts, as shown in Figure 10.
The use of ZQDs prepared samples was repeated five times during the recycling of the pho-
todegradation process. Other interesting studies have shown that the repetition variation
for Z1 (6.9 nm) is 15% and Z2 (8.3 nm) is 20%. These findings demonstrate the efficacy of
the photodegradation processes with the quantum point size effect.
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Figure 10. Kinetics plot (a,b) and correlation between photodegradation rate of reactive yellow dye
and no. of recycling processes by using different prepared ZQDs samples (c).

3.7.2. Recycling of ZQDs during Real Industrial Wastewater

Table 2 and Figure 11 evaluated the method of repeating the samples prepared with
ZQDs. This procedure is conducted for residue water from 3 February until 11 February
2021 for 7 h a day from 8:30 am until 3:30 pm, where its COD value is equal to 7020 ppm,
and the assessment process for recycling the real industrial wastewater treatment process
using photocatalysts is performed seven times.

Table 2. COD values of real industrial wastewater by the recycling of different prepared ZQDs
samples during photocatalysis by sunlight.

Sample NO. of COD Value (ppm)
Investigated Recycling Nano ZnO
Date Process 71 (6.9 nm) Z2 (8.3 nm) (25-30 nm)

3 February 2021 1 658 725 838
4 February 2021 2 706 783 888
7 February 2021 3 768 844 941
8 February 2021 4 847 915 991
9 February 2021 5 929 988
10 February 2021 6 989
11 February 2021 7

Color key: red: Upper limit; yellow: Risky limit; green: Allowed limit.
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Figure 11. COD limits for the recycling process of real industrial wastewater in the presence of
prepared ZQDs samples during photocatalysis by sunlight.

The result shows that with Z1 (6.9 nm) and Z2 (8.3 nm), the mineralization performance
still makes COD limits after six and five instances of recycling. Although commercial nano
ZnO (25-30 nm) still permitted COD after three times instances of the recycling process,
and still in a risky condition allowed COD after four instances of the recovery process
(991 ppm). It is obvious that, as a result of the replication of the recycling process, the size
of photocatalysts increases during the recycling process.

4. Conclusions

ZQDs (6.9 and 8.3 nm) were developed at low calcination temperatures of 350 and
450 °C using a modified sol-gel process. All prepared ZQDs samples, demonstrated by
XRD and TEM, have high purity in the single phase, while ZQDs samples’ particle size
increased from 6.9 nm (Z1) to 8.3 nm (Z2) where Z1 was calcinated at 350 °C and Z2 at
450 °C. The photocatalytic efficiency of the prepared ZQDs against reactive yellow color
degradation approaches 93%, and the photographer rate for Z1 exceeds 17%, while the
fluorescence rate for Z1 exceeds Z2 by 17% due to the confinement effect of the prepared
ZQDs samples. On the other hand, the mineralization productivity of real industrial
wastewater from one of the large textile plants in Egypt and the Middle East followed the
approved COD limits in Egypt’s Eco-Law specification.

Furthermore, ZQDs increase in their size in the recycling phase as a recurrence (7 times)
of the accumulation of photocatalysts contributes to the increase in the above allowable
COD values after 6 and 5 recycling processes. Therefore, due to the high surface area, the
containment size effect, the photophysical properties, and photocatalytic action, the samples
prepared will contribute to future work as distinctive photocatalysts in recent years.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /nano12152642 /s1, Figure S1: Absorption spectra for photodegra-
dation process of reactive yellow dye in the presence of Z1 = 6.9 nm; Figure S2: Absorption spectra
for photodegradation process of reactive yellow dye in the presence of Z2 = 8.3 nm; Table S1: COD
values of real industrial wastewater using commercial nano zinc oxide, and ZQDs samples during
photocatalysis by sunlight.

Author Contributions: W.M. Mohamed: Conceptualization, Data curation, Writing—original draft.
H.A.E.-G.: Formal analysis, funding acquisition. H.H.: Formal analysis, Data curation, Writing—
original draft. H.G.: Formal analysis, Data curation, Writing—original draft. H.M.: Formal analysis,
Data curation, Writing—original draft. B.E.-S.: Formal analysis, Data curation, Writing—original
draft. S.M.: Formal analysis, Data curation, Writing—original draft. 1.I.: Formal analysis, Data


https://www.mdpi.com/article/10.3390/nano12152642/s1
https://www.mdpi.com/article/10.3390/nano12152642/s1

Nanomaterials 2022, 12, 2642 13 of 15

curation, Writing—original draft. A.L.: Conceptualization, Data curation, Writing—original draft.
All authors have read and agreed to the published version of the manuscript.

Funding: The authors extend their appreciation to the Deanship of Scientific Research at King
Khalid University for funding this work through General Research Project under grant number (RGP.
2/114/43).

Data Availability Statement: All data supporting the conclusions of this article are included within
the article.

Conflicts of Interest: The authors declare that they have no competing interest.

References

1. Muralikrishna, 1.V.; Manickam, V. Industrial Wastewater Treatment Technologies, Recycling, and Reuse. In Environmental
Management; Elsevier: Amsterdam, The Netherlands, 2017; pp. 295-336. [CrossRef]

2. Mohamed, W.A.A.; Handal, H.T,; Ibrahem, I.A.; Galal, H.R.; Mousa, H.A.; Labib, A.A. Recycling for solar photocatalytic activity
of Dianix blue dye and real industrial wastewater treatment process by zinc oxide quantum dots synthesized by solvothermal
method. J. Hazard. Mater. 2021, 404, 123962. [CrossRef]

3. Li L., Zhang, ].; Wang, A. Removal of Organic Pollutants from Water Using Superwetting Materials. Chem. Rec. 2017, 18, 118-136.
[CrossRef] [PubMed]

4. Dhayagude, A.C.; Nikam, S.V,; Kapoor, S.; Joshi, S.S. Effect of electrolytic media on the photophysical properties and photocatalytic
activity of zinc oxide nanoparticles synthesized by simple electrochemical method. J. Mol. Lig. 2017, 232, 290-303. [CrossRef]

5. Vaez, Z.; Javanbakht, V. Synthesis, characterization and photocatalytic activity of ZSM-5/ZnO nanocomposite modified by Ag
nanoparticles for methyl orange degradation. J. Photochem. Photobiol. A Chem. 2020, 388, 112064. [CrossRef]

6.  Wahba, M.A.; Yakout, S.M.; Mohamed, W.A.A.; Galal, H.R. Remarkable photocatalytic activity of Zr doped ZnO and ZrO,/ZnO
nanocomposites: Structural, morphological and photoluminescence properties. Mater. Chem. Phys. 2020, 256, 123754. [CrossRef]

7. El-Mekkawi, D.M.; Abdelwahab, N.A.; Mohamed, W.A.A ; Taha, N.A.; Abdel-Mottaleb, M.S.A. Solar photocatalytic treatment of
industrial wastewater utilizing recycled polymeric disposals as TiO; supports. J. Clean. Prod. 2020, 249, 119430. [CrossRef]

8. Wahba, M.A.; Mohamed, W.A.A.; Hanna, A.A. Sol-gel synthesis, characterization of Fe/ZrO, nanocomposites and their
photodegradation activity on indigo carmine and methylene blue textile dyes. Int. |. ChemTech Res. 2016, 9, 914-925.

9. El-Mekkawi, D.M.; Labib, A.A.; Mousa, H.A.; Galal, H.R.; Mohamed, W.A.A. Preparation and Characterization of Nano Titanium
Dioxide Photocatalysts Via Sol Gel Method over Narrow Ranges of Varying Parameters. Orient. ]. Chem. 2017, 33, 41-51.
[CrossRef]

10. Hanna, A.A; Mohamed, W.A.A,; Galal, H.R.; Labib, A.A. Synthesis, Characterization and Electrical Properties of Zr doped ZnO
Nanoparticles and its Effect on Photodegradation of Methyl Orange. Res. |. Pharm. Biol. Chem. Sci. 2016, 7, 213-224.

11. Hanna, A.A ; Mohamed, W.A.A.; Ibrahim, I.A. Studies on Photodegradation of Methylene Blue (MB) by Nano-sized Titanium
Oxide. Egypt. ]. Chem. 2014, 57, 315-325. [CrossRef]

12. Zhou, Z.; Lan, C.; Wei, R.; Ho, ].C. Transparent metal-oxide nanowires and their applications in harsh electronics. . Mater. Chem.
C 2019, 7, 202-217. [CrossRef]

13. liberi, A.; Poodt, P.; Bolt, P.-].; Roozeboom, F. Recent Advances in Atmospheric Vapor-Phase Deposition of Transparent and
Conductive Zinc Oxide. Chem. Vap. Depos. 2014, 20, 234-242. [CrossRef]

14. Rosli, N.N,; Ibrahim, M.A.; Ahmad Ludin, N.; Mat Teridi, M.A.; Sopian, K. A review of graphene based transparent conducting
films for use in solar photovoltaic applications. Renew. Sustain. Energy Rev. 2019, 99, 83-99. [CrossRef]

15. Boubhssira, N.; Abed, S.; Tomasella, E.; Cellier, J.; Mosbah, A.; Aida, M.S.; Jacquet, M. Influence of annealing temperature on the
properties of ZnO thin films deposited by thermal evaporation. Appl. Surf. Sci. 2006, 252, 5594-5597. [CrossRef]

16. Minami, T.; Ohtani, Y.; Miyata, T.; Kuboi, T. Transparent conducting Al-doped ZnO thin films prepared by magnetron sputtering
with dc and rf powers applied in combination. J. Vac. Sci. Technol. A Vac. Surf. Film. 2007, 25, 1172-1177. [CrossRef]

17.  Liu, Y, Lian, J. Optical and electrical properties of aluminum-doped ZnO thin films grown by pulsed laser deposition. Appl. Surf.
Sci. 2007, 253, 3727-3730. [CrossRef]

18. Kirchner, C.; Gruber, T.; ReuB3, F; Thonke, K.; Waag, A.; Gielen, C.; Heuken, M. MOVPE growth of ZnO using various oxygen
precursors. J. Cryst. Growth 2003, 248, 20-24. [CrossRef]

19. Shirahata, T.; Kawaharamura, T.; Fujita, S.; Orita, H. Transparent conductive zinc-oxide-based films grown at low temperature by
mist chemical vapor deposition. Thin Solid Film. 2015, 597, 30-38. [CrossRef]

20. Raoufi, D.; Raoufi, T. The effect of heat treatment on the physical properties of sol-gel derived ZnO thin films. Appl. Surf. Sci.
2009, 255, 5812-5817. [CrossRef]

21. He, Y, Yanagida, T.; Nagashima, K.; Zhuge, F; Meng, G.; Xu, B.; Klamchuen, A.; Rahong, S.; Kanai, M.; Li, X,; et al. Crystal-Plane

Dependence of Critical Concentration for Nucleation on Hydrothermal ZnO Nanowires. J. Phys. Chem. C 2013, 117, 1197-1203.
[CrossRef]


http://doi.org/10.1016/b978-0-12-811989-1.00013-0
http://doi.org/10.1016/j.jhazmat.2020.123962
http://doi.org/10.1002/tcr.201700029
http://www.ncbi.nlm.nih.gov/pubmed/28766897
http://doi.org/10.1016/j.molliq.2017.02.074
http://doi.org/10.1016/j.jphotochem.2019.112064
http://doi.org/10.1016/j.matchemphys.2020.123754
http://doi.org/10.1016/j.jclepro.2019.119430
http://doi.org/10.13005/ojc/330105
http://doi.org/10.21608/ejchem.2014.1055
http://doi.org/10.1039/C8TC04501A
http://doi.org/10.1002/cvde.201400056
http://doi.org/10.1016/j.rser.2018.09.011
http://doi.org/10.1016/j.apsusc.2005.12.134
http://doi.org/10.1116/1.2748809
http://doi.org/10.1016/j.apsusc.2006.08.012
http://doi.org/10.1016/S0022-0248(02)01866-3
http://doi.org/10.1016/j.tsf.2015.11.006
http://doi.org/10.1016/j.apsusc.2009.01.010
http://doi.org/10.1021/jp3113232

Nanomaterials 2022, 12, 2642 14 of 15

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Liu, J.; Nagashima, K.; Yamashita, H.; Mizukami, W.; Uzuhashi, J.; Hosomi, T.; Kanai, M.; Zhao, X.; Miura, Y.; Zhang, G.; et al.
Face-selective tungstate ions drive zinc oxide nanowire growth direction and dopant incorporation. Commun. Mater. 2020, 1, 58.
[CrossRef]

Nomoto, J.; Makino, H.; Nakajima, T.; Tsuchiya, T.; Yamamoto, T. Improvement of the Properties of Direct-Current Magnetron-
Sputtered Al-Doped ZnO Polycrystalline Films Containing Retained Ar Atoms Using 10-nm-Thick Buffer Layers. ACS Omega
2019, 4, 14526-14536. [CrossRef] [PubMed]

Mohamed, W.A.A.; Ibrahem, I.A ; El-Sayed, A.M.; Galal, H.R.; Handal, H.; Mousa, H.A.; Labib, A.A. Zinc oxide quantum dots for
textile dyes and real industrial wastewater treatment: Solar photocatalytic activity, photoluminescence properties and recycling
process. Adv. Powder Technol. 2020, 31, 2555-2565. [CrossRef]

Liang, H.; Tai, X.; Du, Z.; Yin, Y. Enhanced photocatalytic activity of ZnO sensitized by carbon quantum dots and application in
phenol wastewater. Opt. Mater. 2020, 100, 109674. [CrossRef]

Rani, G.; Sahare, P.D. Structural and Spectroscopic Characterizations of ZnO Quantum Dots Annealed at Different Temperatures.
J. Mater. Sci. Technol. 2013, 29, 1035-1039. [CrossRef]

Musat, V.; Tabacaru, A.; Vasile, B.S.; Surdu, V.-A. Size-dependent photoluminescence of zinc oxide quantum dots through
organosilane functionalization. RSC Adv. 2014, 4, 63128-63136. [CrossRef]

Singh, S.; Kumar, V.; Romero, R.; Sharma, K.; Singh, J. Applications of Nanoparticles in Wastewater Treatment. In Nanobiotechnology
in Bioformulations; Springer: Cham, Switzerland, 2019; pp. 395-418. [CrossRef]

Bisht, G.; Rayamajhi, S. ZnO Nanoparticles: A Promising Anticancer Agent. Nanobiomedicine 2016, 3, 9. [CrossRef] [PubMed]
Valsalakumari, J.; Baby, J.; Bijin, E.; Constantine, I.; Manjila, S.; Pramod, K. Novel gene delivery systems. Int. ]. Pharm. Investig.
2013, 3, 1. [CrossRef] [PubMed]

Yong, H.E.; Krishnamoorthy, K.; Hyun, K.T.; Kim, S.J. Preparation of ZnO nanopaint for marine antifouling applications. J. Ind.
Eng. Chem. 2015, 29, 39-42. [CrossRef]

Du,J.; Du, Z,; Hu, ].-S.; Pan, Z.; Shen, Q.; Sun, J.; Long, D.; Dong, H.; Sun, L.; Zhong, X,; et al. Zn-Cu-In-Se Quantum Dot Solar
Cells with a Certified Power Conversion Efficiency of 11.6%. |. Am. Chem. Soc. 2016, 138, 4201-4209. [CrossRef]

Zhao, K,; Pan, Z.; Mora-Ser¢, I.; Canovas, E.; Wang, H.; Song, Y.; Gong, X.; Wang, ].; Bonn, M.; Bisquert, J.; et al. Boosting Power
Conversion Efficiencies of Quantum-Dot-Sensitized Solar Cells Beyond 8% by Recombination Control. J. Am. Chem. Soc. 2015,
137,5602-5609. [CrossRef] [PubMed]

Ma, ]J.; Bai, H.; Zhang, J.; Yuan, Y.; Ni, ].; Zhang, K. Size-controlled nc-Si:H/a-SiC:H quantum dots superlattice and its application
to hydrogenated amorphous silicon solar cells. Sol. Energy Mater. Sol. Cells 2016, 157, 923-929. [CrossRef]

Patterson, A.L. The Diffraction of X-Rays by Small Crystalline Particles. Phys. Rev. 1939, 56, 972-977. [CrossRef]

Khan, R.; Hassan, M.S.; Jang, L.-W.; Hyeon Yun, ].; Ahn, H.-K; Khil, M.-S.; Lee, I.-H. Low-temperature synthesis of ZnO quantum
dots for photocatalytic degradation of methyl orange dye under UV irradiation. Ceram. Int. 2014, 40, 14827-14831. [CrossRef]
Fan, F; Feng, Y.; Bai, S.; Feng, J.; Chen, A.; Li, D. Synthesis and gas sensing properties to NO, of ZnO nanoparticles. Sens.
Actuators B Chem. 2013, 185, 377-382. [CrossRef]

Yang, W.; Zhang, B.; Ding, N.; Ding, W.; Wang, L.; Yu, M.; Zhang, Q. Fast synthesize ZnO quantum dots via ultrasonic method.
Ultrason. Sonochem 2016, 30, 103-112. [CrossRef] [PubMed]

Klaumiinzer, M.; Distaso, M.; Hiibner, J.; Mackovi¢, M.; Spiecker, E.; Kryschi, C.; Peukert, W. ZnO superstructures via oriented
aggregation initiated in a block copolymer melt. CrystEngComm 2014, 16, 1502-1513. [CrossRef]

Vidhya, K.; Saravanan, M.; Bhoopathi, G.; Devarajan, V.P.; Subanya, S. Structural and optical characterization of pure and
starch-capped ZnO quantum dots and their photocatalytic activity. Appl. Nanosci. 2014, 5, 235-243. [CrossRef]

Hirai, T.; Harada, Y.; Hashimoto, S.; Itoh, T.; Ohno, N. Luminescence of excitons in mesoscopic ZnO particles. J. Lumin. 2005, 112,
196-199. [CrossRef]

Mursal; Irhamni; Bukhari; Jalil, Z. Structural and Optical Properties of Zinc Oxide (ZnO) based Thin Films Deposited by Sol-Gel
Spin Coating Method. J. Phys. Conf. Ser. 2018, 1116, 032020. [CrossRef]

Lee, KM.; Lai, C.W.; Ngai, K.S; Juan, ].C. Recent developments of zinc oxide based photocatalyst in water treatment technology:
A review. Water Res. 2016, 88, 428-448. [CrossRef] [PubMed]

Ashouri, R.; Ghasemipoor, P.; Rasekh, B.; Yazdian, F.; Mofradnia, S.R.; Fattahi, M. The effect of ZnO-based carbonaceous materials
for degradation of benzoic pollutants: A review. Int. ]. Environ. Sci. Technol. 2018, 16, 1729-1740. [CrossRef]

Samadi, M.; Zirak, M.; Naseri, A.; Kheirabadi, M.; Ebrahimi, M.; Moshfegh, A.Z. Design and tailoring of one-dimensional ZnO
nanomaterials for photocatalytic degradation of organic dyes: A review. Res. Chem. Intermed. 2019, 45, 2197-2254. [CrossRef]
Samadi, M.; Zirak, M.; Naseri, A.; Khorashadizade, E.; Moshfegh, A.Z. Recent progress on doped ZnO nanostructures for
visible-light photocatalysis. Thin Solid Film. 2016, 605, 2-19. [CrossRef]

Raza, W,; Faisal, S.M.; Owais, M.; Bahnemann, D.; Muneer, M. Facile fabrication of highly efficient modified ZnO photocatalyst
with enhanced photocatalytic, antibacterial and anticancer activity. RSC Adv. 2016, 6, 78335-78350. [CrossRef]

Poongodi, G.; Anandan, P.; Kumar, RM.; Jayavel, R. Studies on visible light photocatalytic and antibacterial activities of
nanostructured cobalt doped ZnO thin films prepared by sol-gel spin coating method. Spectrochim. Acta Part A Mol. Biomol.
Spectrosc. 2015, 148, 237-243. [CrossRef] [PubMed]

Raizada, P; Sudhaik, A.; Singh, P. Photocatalytic water decontamination using graphene and ZnO coupled photocatalysts: A
review. Mater. Sci. Energy Technol. 2019, 2, 509-525. [CrossRef]


http://doi.org/10.1038/s43246-020-00063-5
http://doi.org/10.1021/acsomega.9b01761
http://www.ncbi.nlm.nih.gov/pubmed/31528807
http://doi.org/10.1016/j.apt.2020.04.017
http://doi.org/10.1016/j.optmat.2020.109674
http://doi.org/10.1016/j.jmst.2013.08.015
http://doi.org/10.1039/C4RA10851E
http://doi.org/10.1007/978-3-030-17061-5_17
http://doi.org/10.5772/63437
http://www.ncbi.nlm.nih.gov/pubmed/29942384
http://doi.org/10.4103/2230-973X.108958
http://www.ncbi.nlm.nih.gov/pubmed/23799200
http://doi.org/10.1016/j.jiec.2015.04.020
http://doi.org/10.1021/jacs.6b00615
http://doi.org/10.1021/jacs.5b01946
http://www.ncbi.nlm.nih.gov/pubmed/25860792
http://doi.org/10.1016/j.solmat.2016.08.001
http://doi.org/10.1103/PhysRev.56.972
http://doi.org/10.1016/j.ceramint.2014.06.076
http://doi.org/10.1016/j.snb.2013.05.020
http://doi.org/10.1016/j.ultsonch.2015.11.015
http://www.ncbi.nlm.nih.gov/pubmed/26611814
http://doi.org/10.1039/C3CE41868E
http://doi.org/10.1007/s13204-014-0312-7
http://doi.org/10.1016/j.jlumin.2004.09.055
http://doi.org/10.1088/1742-6596/1116/3/032020
http://doi.org/10.1016/j.watres.2015.09.045
http://www.ncbi.nlm.nih.gov/pubmed/26519627
http://doi.org/10.1007/s13762-018-2056-5
http://doi.org/10.1007/s11164-018-03729-5
http://doi.org/10.1016/j.tsf.2015.12.064
http://doi.org/10.1039/C6RA06774C
http://doi.org/10.1016/j.saa.2015.03.134
http://www.ncbi.nlm.nih.gov/pubmed/25897717
http://doi.org/10.1016/j.mset.2019.04.007

Nanomaterials 2022, 12, 2642 15 of 15

50. Munawar, T,; Yasmeen, S.; Hasan, M.; Mahmood, K.; Hussain, A.; Ali, A.; Arshad, M.L; Igbal, F. Novel tri-phase heterostructured
ZnO-Yb,03-Pr, O3 nanocomposite; structural, optical, photocatalytic and antibacterial studies. Ceram. Int. 2020, 46, 11101-11114.
[CrossRef]

51. Pant, B,; Ojha, G.P; Kuk, Y.S.; Kwon, O.H.; Park, YW.,; Park, M. Synthesis and Characterization of ZnO-TiO,/Carbon Fiber
Composite with Enhanced Photocatalytic Properties. Nanomaterials 2020, 10, 1960. [CrossRef]

52. Jain, B.; Hashmi, A.; Sanwaria, S.; Singh, A.K.; Susan, M.A.B.H.; Singh, A. Zinc oxide nanoparticle incorporated on graphene
oxide: An efficient and stable photocatalyst for water treatment through the Fenton process. Adv. Compos. Hybrid Mater. 2020, 3,
231-242. [CrossRef]

53. The Egyptian Society of Environmental Changes. Environmental Change. In The Egyptian Journal of Environmental Change; The
Egyptian Society of Environmental Changes: Alexandria, Egypt, 2009; Volume 1, pp. 1-2. [CrossRef]


http://doi.org/10.1016/j.ceramint.2020.01.130
http://doi.org/10.3390/nano10101960
http://doi.org/10.1007/s42114-020-00153-5
http://doi.org/10.21608/ejec.2009.96541

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Zinc Oxide Quantum Dots Samples 
	Characterization 
	Photocatalytic Activity Performance 
	Solar Photocatalytic Activity 

	Results and Discussion 
	XRD 
	TEM 
	Bandgap 
	Photocatalytic Activity by Spectrophotometrically Method 
	Photocatalytic Activity by Fluorescent Probe Method 
	Solar Photocatalytic of Real Industrial Wastewater (Application) 
	Recycling Processes 
	Recycling ZQDs during Decontamination of Reactive Yellow Dye 
	Recycling of ZQDs during Real Industrial Wastewater 


	Conclusions 
	References

