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Abstract Solar photocatalytic behavior of zinc oxide quantum dots (ZQs) was studied and synthe-

sized using a modified precipitation process and characterized using various spectroscopic tech-

niques. HRTEM was used to demonstrate and verify the purity of the prepared quantum dot

material and the calculated crystallite size is 4.4 and 5.3 nm for the ZQ1 and ZQ2 samples, respec-

tively. The optical characteristics and the BET analysis of ZQs samples investigated great value for

the bandgap energy and the specific surface for ZQS samples. The photodegradation process of

Indigo Carmine dye (IC) (one of the commercial organic hazardous materials used in the dying pro-

cess) by ZQ1 recorded the highest synthetic levels equal to 17.18 � 10-3S-1. Also, the ZQ1 sample

with the smallest particle size reaches the maximum fluorescence rate by almost 31 % in coumarin

photo-oxidation than the ZQ2 sample with the largest particle size. This study included a report of

the mineralization of IC dye, 16 investigated factory effluents samples, and their recovery ability for

ten replication cycles as a case study in the presence of ZQs by sunlight for two months. These eval-

uation processes are by TOC analysis and COD measurements.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

For life sustainability, both guiding socioeconomic and manu-
facturing operations, water is the first essential commodity on
Earth. This valuable highly resource is subjected to multiple

quality threats every day.
In recent years water contamination has been at the fore-

front of global issues that need many researchers to find safe

and inexpensive ways of eliminating these pollutants and
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improving water quality for many multiple life usages. A river
has different types of microorganisms, ponds, aquifers,
streams, or other water sources that have a lot of quantities

of poisonous chemical materials run to them. So, water purity
decreases and becomes harmful to the environment or humans
(Alexandrov et al., 2020; El-Sayed et al., 2019; Kharkwal et al.,

2020; Kumar et al., 2021b; Lin et al., 2020; Mohamed et al.,
2021; Singh et al., 2019; Vaez and Javanbakht, 2020).

However, organic dyes cause water pollution in several sec-

tors such as cosmetics, fabrics, textiles, or certain medicinal
products. These dyes have many environmental and economic
threats and can cause many diseases such as skin inflamma-
tions, allergic dermatitis, and cancer. Therefore, organic com-

pounds removal safely from multiple water supplies is one of
the most important fields for many researchers worldwide.
Several water contaminants identification, visualization, and

removal/reduction techniques have been certified (Banerjee
et al., 2014; Hanna et al., 2014; Liang et al., 2020; Lin et al.,
2020; Nandi and Das, 2019).

Recently, the photocatalytic technique is an excellent
removal and transform method to a wide variety of toxins
from wastewater into zero-risk compounds. As photocatalysts,

semiconductor metal oxides are considered fundamental com-
ponents of photocatalytic technology (Abo Zeid et al., 2020;
Kitture et al., 2017; Kumar et al., 2019; Rani and Sahare,
2013; Tanji et al., 2020). Due to its quality, preferably deliver-

ing non-toxic end materials and simple operation, this success
is related to its outstanding properties such as wide bandgap,
environmentally friendly design, low-cost, biocompatibility,

and others. Metal oxide quantum dots (MOQDs) with particle
sizes less than 10 nm have unique photoluminescent and
physicochemical properties. Zinc oxide quantum dots (ZQs)

are commonly included in the catalogue of MOQDs as a
promising material for different photocatalytic, biological as
anticancer, electrical as size-dependence photoluminescence

effect (Busseron et al., 2013; Jain et al., 2014; Mus�at et al.,
2014), nano paint for marine antifouling and wastewater treat-
ment applications (Mohamed et al., 2021; Mohamed et al.,
2020).

Both 3D-containing energies and ZQs confinement struc-
ture reinforce the physicochemical properties and photolumi-
nescent that primarily depend on the effect of the quantum

size. ’particle-in-box’ expression describes the relationship
between electron structure changes and particle size, especially
when the particle size falls on the waviness of electro-short

photons. Easy frequency changes depending on decreases in
the particles’ size are often susceptible to absorption and light
emission. (Chen et al., 2019; Khan et al., 2014; Kumar et al.,
2021a; Lee et al., 2019; Wang et al., 2017; Zhu et al., 2018).

The exciton-radius (electron-hole pair radius) is restricted by
reducing its crystal size to the nano-range and known as the
quantum size effect. As a consequence of this containment,

the excitons gain momentum, which considers the blue-shift
observed irradiated from such nanomaterials as a theoretical
basis (Ambade et al., 2014; Felbier et al., 2014; Mohammed

Ali et al., 2018; Repp and Erdem, 2016; Senger and Bajaj,
2003).

The Indigo Carmine dye is a conventional organic commer-

cial dye for textile manufacturing in the local Egyptian facto-
ries because of the low cost and high coloring efficiency.
Also, it is tested the photocatalytic behavior of the quantum
dots of synthesized zinc oxide (ZQs) prepared under a xenon
reactor by the modified precipitation process. Also, this study
focuses on the effects of mineralization performance for the
Indigo Carmine dye and 16 samples of industrial wastewater

and determining the maximum recycling mechanism according
to Egyptian environmental law.

The motivation of our work in the near future is to design a

prototype for real industrial wastewater treatment by sun light
in textile and dyes factories depending on active photocatalysts
such ZQs prepared samples which initially succeed with high

efficiency during the recycling process for 10 repetition times.
Also, prospective future research would provide a local eco-
nomic strategy for ZQ preparation since there are more excit-
ing application using ZQs as sophisticated advanced optics

and QD solar cell applications.
2. Experimental

2.1. Materials

Packages of zinc acetate dihydrate (Zn(CH3COO)2�2H2O) and
sodium hydroxide (NaOH) bought from Merck Company and
a commercial pack of nano zinc oxide from Aldrich-Sigma.

The chemicals used in this work are also analytical grade
and used without further purification, and for all formulated
solutions deionized water was used. Indigo Carmine dye (IC)

(C16H8N2Na2O8S2, M. Wt. = 466.36 g/mol) was also obtained
from Fluka and picked by one of the largest Spinning & Weav-
ing Egyptian companies as one of the industrial red color dyes

used in the dying process.

2.2. Preparation of quantum dots oxides

Using zinc acetate as a starting material and sodium hydroxide

solution to add oxygen (O) to the production of quantum dots,
ZQs were synthesized via the modified precipitation process.
Sodium hydroxide (0�1 M) was applied slowly dropwise (0�5
ml/min) under intense stirring at 9000 rpm to the zinc acetate
aqueous solution (0�1 M). The aging reaction has done for 48 h
to validate the formation of a dense white precipitate by addi-

tion and stability. ZQs isolated by centrifugation and washed
until neutral pH (pH= 7) were obtained with deionized water,
followed by methanol washing.

For the complete elimination of solvent and any reactive

impurities, ZQs samples were dried in an oven at 60 0C for
24 h. The ZQs (ZQ1 and ZQ2) samples were calcinated after
drying in the muffle furnace at 450 and 550 0C for 20 min,

respectively. Eventually, the ZQs samples produced were
stored under airtight conditions.

2.3. Characterization

X-ray powder diffraction (XRPD-Philips Holland) was used
for phases and crystal structure analysis of the prepared quan-

tum dot catalyst. The Xpert MPD model uses 0.154 nm, 50 kV,
and 40 mA copper -K al radiation, and the data recorded is
100 s/step at 0.0170 step size. A high-resolution TEM (A JEOL
HRTEM- Philips CM-120) was determined the surface proper-

ties of the samples. The bandgap energies for all ZQs prepared
samples were determined by UV–vis diffuse reflectance spectra
(DRS, Varian Cary 300). Also, Shimadzu 240 spectrometer-
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JAPAN was used for determining the absorption spectrum
shifts of the chosen dyes.

A spectrophotometer has calculated photoluminescence

output (Shimadzu-JAPAN) and from the slope of the relation-
ship between the time curves for fluorescence intensity and
irradiation, the apparent rate constant (kf) was determined.

The Brunauer Emmett-Teller (EBT) study measured the sur-
face areas (SA) of the prepared materials. After drying the
samples at 150 0C for 60 min, the SA values (eq. (1)) deter-

mined using the Tristar 3000 Micrometrics (Micrometrics
apparatus-Norcross-GA) method depended on the adsorption
isotherm of N2 gas as a liquid nitrogen temperature at 77 K.

s ¼ 6

d� q
ð1Þ

where s, q and d is the specific surface area, density of ZnO

(5.63 g/Cm3) and the particles average diameter, respectively
(Mohamed et al., 2021; Singh et al., 2019).

2.4. Photocatalytic performance of quantum dots oxide samples

The first method used to evaluate the photocatalytic activity
performance of the ZQs prepared samples is the photodegra-
dation process of the Indigo Carmine dye as a selective indus-

trial textile dye. 0.5 g/L of the prepared ZQs samples were
dispersed in 100 ml of Indigo Carmine dye solution (5 � 10–
5 M) at pH = 6.6 during the experimental procedures

(Wahba et al., 2020). The dye solution was stirred in the dark-
room for 15 min in the presence of the prepared samples to
detected the adsorption–desorption equilibrium. A photoreac-

tor used in the photodegradation process has a xenon arc lamp
as a light source (from the Engineering Firm, Egypt). Also, a
water-cooling cycle system is used in the reactor to remove
the lamp temperature effect. The Xenon lamp has suitable

power strength for this proposal which is 100 W/Cm2 and its
wavelength limits between 100 and 1100 nm. The photodegra-
dation test was investigated under the Xenon light bulb as a

light source which the ZQ’s particles are extracted in the final
step of photodegradation after the illumination process, cen-
trifuged for a further 15 min at 8000 rpm.

Total organic carbon (TOC) of the investigated dye and
factory effluents samples after the photodegradation processes
is measured by the TOC analyzer (Model TOC-VCPH from
Shimadzu Firm) to determine the maximum photodegradation

percentage for each sample.
Also, the fluorescence rate of 7-Hydroxychromen-2-one

(coumarin) photooxidation is the second way of estimating

the photocatalytic performance of the ZQs prepared samples.
The experiment starts with the preparation of both coumarin
solution (0.146 g/L), referred to as (solution A), and the cata-

lysts prepared solution (ZQs) (0.5 g/L), referred to as (solution
B). Then mixed solution B which is dissolved in solution A and
vigorously stirred at the UV source. Fluorescence spectrum

emissions have been measured over a specific period after
revealed the light at solution excitation (kex = 332 nm). The
results indicate that under these parameters, coumarin is not
active.

Finally, the solar photocatalytic process for dyes with a
high environmental hazard is considered an interesting appli-
cation to evaluate the photocatalytic activity performance of

the ZQs prepared samples. The procedure was carried out at
pH 7 (neutral medium) under sunlight as the third approach
for photocatalytic activity efficiency for samples prepared by
ZQs.

During this analysis, the sunlight doze has 2.9 mW/Cm2

and 1091 mW/Cm2 of UV radiation and visible light, respec-
tively. Also, the mineralization efficiency determined by using

of COD ’C-990 model - HANNA Company and as the follow-
ing formula

Efficiencyofmineralization ¼ CODo� CODt

CODo
� 100 ð2Þ

where COD0 and CODt are the chemical oxygen demand at
zero and time t, respectively.

3. Results and discussion

3.1. XRPD-Characterization

Analysis of X-ray powder diffraction (XRPD) is a distinguish-

able way to evaluate the crystalline phases and structure of
ZQs prepared samples. The resulting evidence gives direct
proof of the single wurtzite crystal phase structure of the pre-

pared ZQS compared to the crystallographic data for index
card No. 36–1451 in the JCPDS-ICDD. With the two theta
values of 31.67, 34.4, 36.2, 47.58, 56.47, 62.61, and 67.920,
the major characteristic XRPD peaks of the ZQs prepared

samples observed to belong to the following planes of (100),
(002), (101), (102), (110), (103) and (112), respectively
(Fig. 1 (a)).

The lack of any additional diffraction peaks in the pattern
indicated the superior purity of the samples. The prepared
quantum dot samples are similar depending on the relative

refinement technique and have the same packing structure as
represented in Fig. 1 (b). The Debye-Scherer equation was
applied with the following formula to calculate the crystallite
size (D) of the prepared ZQs (Mohamed et al., 2020).

D ¼ 0:89k=bcosh ð3Þ
Where the symbols k, b and h represent the wavelength

radiation of the X-ray radiation, the full width at the half-
peak maximum (FWHM), and the maximum peak position

of the diffraction angle, respectively, the Scherrer constant is
0.9 (Fan et al., 2013; Mohamed et al., 2020; Yang et al.,
2016). The calculated results obtained indicate a decrease in

the mean crystallite size value for the first ZQ1 sample
(4.4 nm) compared to the second ZQ2 sample (5.3 nm) shown
in Fig. 1 (c), which has XRPD demonstrator parameters for

the ZQ1 and ZQ2.

3.2. TEM

High-resolution transmission electron microscopy was a
potent and effective way to investigate surface morphology
and the particle size of ZQ2 prepared samples. The superfine
nanoparticles, extreme crystallinity composition, and ellip-

soidal elongated shape are in Fig. 2. This observation forms
one of the most outstanding surface qualities for the prepared
samples.

The observed average particle size is 4.4 nm and 5.3 nm for
the samples ZQ1 and ZQ2, respectively, was determined by
using the Debye-Scherer equation. These results indicate
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increases in the hydroxyl volume during the preparation pro-
cess, leading to increases in particle size of the prepared

samples.
The approximate crystallite size values calculated by

HRTEM images give significantly higher values by 10% from
the actual size than that measured by XRPD, it may be due to

the limited agglomeration found for the prepared quantum dot
samples as a result of aging the samples until they measured.

3.3. Bandgap energies

Using Ultraviolet–visible absorption spectroscopy of the opti-
cal properties of the prepared catalysts was carried out. The

absorption spectra of the prepared ZQ2 sample are greater
than those of the ZQ1, as seen in Fig. 2, which shows the sig-
nificant impact of the additional hydroxide concentrations in

the prepared samples. One of the interesting features derived
from the optical analysis is the determination of energy band-
gap values due to its significant effect on the photocatalytic
behavior of ZQs samples.
Tauc’s gap equation was employed to measure the optical
bandgap energies by any of the following formulas:

a ¼ b=hm hm� Eg

� �n
or ahmð Þ1=n ¼ b hm� Eg

� � ð4Þ

Whichcanbeexpressedas ahmð Þ2 ¼ A hm� Eg

� � ð5Þ
where Eg, A, n, ht, b and a is optical bandgap energy, con-

stant, power factor of the transition mode, photon energy,

band tailing parameter constant and the absorption coefficient,
respectively.

The measuring process of the second relationship generates
a clear line in a lower region of the curve when photon energy

(ht) plotted against (aht)2, where the bandgap (Eg) values
obtained by crossing the extrapolation of the corresponding
straight line with the axis of ht. ZQs samples prepared in

Fig. 3, 3.53 eV, and 3.50 eV were showed for ZQ1 and ZQ2
samples, respectively. By comparison to (3.37 eV) for the bulk
ZnO. These results appear when a distinctive quantum effect

(quantum confinement effect) and the change in the blue area
of the absorption band are detected.
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From absorption spectra, as shown in Fig. 3 (b), A small

blue shift from 370 to 374 nm observed indicate increases in
frequency within decreasing in wavelength, the observed tun-
ning due to decreases ZQs particle size. On the other side, from

the emission spectra (Fig. 3 (c)), a distinguishable blue shift
was observed nearly about 11 nm from 550 to 561 nm, which
is excitation wavelength decreased from 374 to 370 nm as

shown in Fig. 3 (b). This observation is expected as the same
blue shift observed in the absorption spectra due to the
decrease in the ZQs size from ZQ2 (5.3 nm) to ZQ1(4.4 nm).

Triggering as an additional factor of ZQs surface-
functionalized may be led to a decrease and/or increase of
the defects of the ZQs surface (van Dijken et al., 2000). A
broad emission band occurred by a defined type of electronic
relaxation observed when trapping inside the surface O2�/
O� states occurred by the photo-generated holes. Trapped
holes formed during tunneling processes and subsequent
recombination with the oxygen vacancies can return to the

bulk phase or larger ZQs size (from ZQ1 to ZQ2). This obser-
vation led to the emission effect is more intense for the smaller
ZQs size (ZQ1) according to the observed recombination in the

visible range (Ambade et al., 2014; van Dijken et al., 2000).
Also, UV–vis diffuse reflectance spectra presented in (Fig. 3

(d)) suggest very low reflection rate in the visible region; thus,

verifying the amount of light absorption by ZQ1 is higher as
compared to ZQ2. This observation due to the photocatalytic
activity of ZQ1 is higher than ZQ2 because of ZQ1 is the smal-
ler in size and larger in surface area than ZQ2.
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Fig. 4 Correlation between quantum particle size, Eg and BET
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3.4. Surface area (BET)

Large surface areas observed are considered one of the most

distinctive surface characteristics due to identify the efficiency
and performance of photocatalysts prepared for various appli-
cations. The BET theory is an outstanding instrument to mea-
sure the surface (S) of ZQs prepared samples. For the ZQ 1

and ZQ 2 tests, the approximate surface area values are
233.25 and 197.81 m2/g. The relation between BET, Eg, and
quantum particle size values seen for each of the ZQ samples

(Fig. 4). These results demonstrate that the reduction in the
optical bandgap and the particle size led to increasing the sur-
face area affected by hydroxyl ion lack.

3.5. Photocatalytic activity of ZQs

The photocatalytic assessment of ZQs prepared samples using

three applications of manufacturing, economic and environ-
mental significance.
of ZQs samples.



120

125

130

135

140

145

150

155

Irradiation time (min) Photodegradation rate x10-3S-1

Quantum particle size(nm) Max. photodegradation %

99.91

99.92

99.93

15.0

15.5

16.0

16.5

17.0

17.5

4.2

4.4

4.6

4.8

5.0

5.2

5.4

5.6

Fig. 6 Correlation between irradiation times, max. photodegra-

dation percentages, Photodegradation rates and quantum particle

size of ZQs prepared samples.

Facile synthesis of quantum dots metal oxide for photocatalytic degradation 7
Indigo Carmine (IC) is one of the commercially organic
dyes consumed in the food and garment industry in Egypt.
The safe handling is an important environmental issue to

assess the catalytic efficiency of ZQs prepared samples via
the IC dye photodegradation process, multiple experiments,
and relationships are determined.

The first evaluation way is the changes in the absorbance
spectra of the dye within the different degradation periods
under xenon lamp irradiation as a light source, as seen in

Fig. 5, demonstrating the linear relationships between ln (Co/
Ct) with irradiation time for the photodegradation process.
Also, the photodegradation process reaction rate constant
(Kapp) was determined using formulas (6).

Both ZQ1 and ZQ2 have equal overall photodegradation
percentages of 99.93 and 99.91, respectively. But ZQ1 has a
higher photodegradation rate than ZQ2, 17.18 � 10-3, and

15.25 � 10-3, respectively. It refers to the improvement of the
photodegradation rates accompanied by decreases in the pho-
todegradation times and quantum particle size seen in Fig. 5.

Concurrently, the results demonstrate that the excellent pho-
todecontamination rate is directly proportional to the mini-
mum time needed for photodegradation, active surface area,

and energy gap. Also, the photodecontamination rate is inver-
sely proportional to the average size of the ZQs particles
(Fig. 6).

The starting point of the suggested mechanism for the IC

dye photodegradation process in presence of the prepared sam-
ples is in the valence band (VB) region, where the electrons are
transferred to the conduction band (CB) region when the cat-

alyst exposure to the light source. This process will result in the
relocation of the electron to the upper level of exciting negative
electrons (e-), while at the lower level a positive hole (h+)

formed at the previous level. So, the reactive species formed
due to superoxide and hydroxyl radicals created by the reac-
tion of e- and h + with the oxygen (O2) and water (H2O)

molecules, respectively. By targeting the subsequent active
components of the target IC dye molecule, the degradation
mechanism completed and the full photodegradation mecha-
nism is published in our previous work (Mohamed et al.,
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dye in presence of ZQs.
2020; Ambade et al., 2014; Foo et al., 2014; Hirai et al.,

2005; Wahba et al., 2020).
Under the previous condition, ZQs prepared samples are

revealed to a substantial improvement for the photodegrada-

tion process by shortening the recombination step time
required led to increases in the photodegradation rate of the
investigated dye. TOC analysis determines the highest percent-

age of organic carbon disappearance (dissociation) during the
photodegradation processes seen in Fig. 7.

A phenolic organic compound belonging to the Coumarin
family is 7-Hydroxychromen-2-one, which has numerous bio-

logical applications such as anti-microbial, anti-oxidant, and
anti-carcinogenic cells. The photo-oxidation process of Cou-
marin (7-hydroxychromen-2-one) is the second way of testing

the photocatalytic behavior of ZQs by the fluorescent probe
instrument. Fig. 8 shows the effect of the photocatalysts on
the coumarin emission spectra and fluorescence rate constant

(Kf) under illumination with UV light for one hour. A
pseudo-zero-order reaction followed because the photo-
oxidation rate improved in the first sample than the second

sample as in the IC dye photodegradation process and the val-
ues listed in Table 1.

Coumarin dye oxidation boosted in the presence of the ZQ1
(4.4 nm) sample, which is the smallest particle size prepared

sample. ZQ1 has a high energy bandgap (3.53 eV), the area
of the surface (233.25 m2/g), the rate of fluorescence
(51.46 � 10-3), apparent OH radical formation rate

(35.91 � 10-3), and have a greater e-/h + pair separation effi-
ciency than that of ZQ2 (5.3 nm) sample. All above results
have a distinguishable performance compared to literature

and our previous work (Mohamed et al., 2021; Chen et al.,
2019; Mohamed et al., 2020;).

3.6. Solar photocatalytic process for hazardous factory effluents

Industrial waste and especially wastewater contain many
organic dyes, which are known for their high degradation
resistance. They are a source of many environmental and
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health issues under normal conditions. Organic effects on
waste are measured using an accurate study of the need for
chemical oxygen to detect the amount of oxygen needed to

turn organic waste into environmentally safe end products
(CO2 and H2O). Organic waste is measured by chemical oxy-
gen demand (COD).

The particle size was the main factor effect in COD values
for the wastewater sample estimated during the wastewater
Table 1 Photodegradation rates (Kapp) and Fluorescence rate

(Kf) constants for ZQs prepared samples.

(ZQ1 = 4.4 nm) (ZQ2 = 5.3 nm)

Kapp 17.18 � 10-3 15.25 � 10-3

Kf 51.46 � 10-3 (35.91x 10-3
treatment process (Fig. 9). The reported results aligned to

the safe limits of the environmental law of Egypt (COD
<1000 ppm) (2009).

January-February an experimental investigation period

with one of the largest Egyptian Spinning & Weaving compa-
nies that showed high COD values ranging between 4215 and
6138 (ppm) shown in Table 2.

It can clarify from the results obtained that the spectrum of
COD values for 16 COD investigated samples for hazardous
factory effluents as industrial wastewater samples allowed a
cap for the use of ZQ1 (4.4 nm) as a photocatalyst except

for NO. 13 and NO. 4, 11, and 13 for ZQ2 (5.3). But there
are seven samples in the risky limit range (901 to 978) for
ZQ2 and only two samples for ZQ1. From the above findings,

better results were obtained for the smallest particle size ZQ1
than ZQ2, which leads to an improvement in industrial
wastewater mineralization. (photodegradation) over an assess-
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

700

800

Hazardous factory effluents samples

Fig. 9 COD evaluation for industrial wastewater in presence of

ZQs prepared samples.
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ment period owing to an increase in photo-oxidation processes
with a decrease in quantum particle size. From the above

results, there are 13 samples from 16 investigated factory efflu-
ents samples subject to the allowed COD limit (less than
899 ppm) for ZQ1 but only six samples in case of ZQ2 in

the allowed COD limit.
The future work plan is to use various forms of ZnO

depending on their particle sizes as quantum dots or nanopar-

ticles to be economical. Prospective future research would also
provide a local economic strategy for ZQ preparation since
there are more exciting uses for ZQs as sophisticated new
optics and solar cell applications.

3.7. Recycling of ZQs during industrial wastewater treatment of

factory effluents

The recycling method is one of the more effective studies in the
economic and environmental sector for preserving and repeat-
edly using prepared catalysts for two photocatalytic activity

evaluation processes for both Indigo Carmine and industrial
wastewater of factory effluents.

Indigo Carmine destruction occurred was replicated ten

times using a variety of (ZQs) prepared samples with a concen-
tration (0.5 g/l). The photodegradation rates were decreased by
36.5 % from (17.18 � 10-3 to 10.92 � 10-3) and 38.5 % from
(15.25 � 10-3 to 9.41 � 10-3) in the presence of ZQ1 and

ZQ2 samples, respectively (Fig. 10 (a and b). The correlation
curve between repetitions using the number of various pre-
pared ZQ samples and the photodegradation rates of Indigo

Carmine dye shown in (Fig. 10 (c)). Also, nanofiltration mem-
branes used to avoid any weight loss, so the repetition (recy-
cling) reached to 10 times with high photocatalytic efficiency

for the photocatalysts prepared. The regular accumulation of
catalysts is the explanation key for the depression rate, which
eventually results in the reduction of photocatalytic activity
that can be seen in the ZQ2 than ZQ1 sample, indicating the
impact of the particle size on the effectiveness of the prepared

materials.
The recycling process for the solar photocatalytic process of

industrial wastewater samples depended on using ZQs as a

photocatalyst. Also, the recycling process efficiency has been
investigated by determining COD values at ten replicate times
for industrial wastewater recycling in the Egyptian Spinning

and Weaving Company as shown in Table 3 and 10 (d).
Aggregation of the prepared ZQs samples during the recy-

cling process led to decreased recycling activity because
increasing its particle size due to decreases in its active surface

area. These findings were observed because ZQ samples pre-
pared behaved like a very interesting active photocatalyst.

4. Conclusion

Evaluation of the photocatalytic efficiency of ZQs samples pre-
pared by easily modified precipitation method determined for

the Indigo Carmine dye (as organic hazardous materials),
and 16 factory effluents investigated samples (as industrial
wastewater samples). All results refer to ZQ1 as a very active

photocatalyst during the photodegradation process and solar
photocatalytic process, which verified by the recycling process
(repeat for ten times) of the use of ZQ1 and ZQ2. During all

various photocatalytic reactions, the ZQ1 has superior effi-
ciency and higher photodegradation rate for Indigo Carmine
dye and factory effluents samples than the ZQ2 due to the dis-
tinctive photophysical features of ZQ1 which has the smallest

quantum particle size (4.4 nm) than the ZQ2 size (5.3 nm).
Also, the reduction in the optical bandgap and the particle size
led to increasing the surface area affected by hydroxyl ion lack

which due to improvement the photodegradation rates done
by ZQ1 than ZQ2 during all photodegradation processes by
xenon reactor and solar photocatalytic process.
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Table 3 COD values for recycling process of industrial wastewater in presence of ZQs samples.
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