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1. Introduction

The industrial wastewater treatment is one of the
most important environmental issues that re-
searchers all over the world have to address. The
textile industry generates a huge amount of waste
water that is loaded by organic and toxic compounds,
which are strongly colored [1]. These characteristics
make them harmful for both human and aquatic
lives [2]. In fact, industrial effluents must be treated
before they are discharged in aquatic systems [3].

There are many processes for wastewater pol-
lution abatement, like adsorption, biological treat-
ment, filtration, coagulation flocculation. However,
these methods have many inconveniences among
which expensiveness and the generation of large
amounts of sludge [4,5]. In this respect, Advanced
oxidation processes (AOPs) have gained the atten-
tion of researchers since the 70’s, for their ability
to remove pollutants from contaminated water and
achieve the mineralization step without generating
any sludge [6–8].

Recently, the photocatalysis use for the treat-
ment of a variety of pollutants such as dyes, pesti-
cides, pharmaceuticals and various endocrine dis-
rupting compounds, is rapidly increasing. Photo-
catalysis refers to the photogeneration of strong ox-
idizing and reducing agents at the surface of the
catalyst that destroy mainly organic pollutants [9,
10]. In this regard, researchers have turned their
attention to producing economically viable, non-
toxic, stable and photo-corrosion resistant catalysts
[11–13].

Various semiconductors have been utilized for the
photocatalytic removal of pollutants among which,
titanium dioxide (TiO2) and zinc oxide (ZnO) with a
similar band gap (3.2 eV), that are the most widely
used as photocatalysts [14]. Although TiO2 is univer-
sally known as the most photoactive catalyst, many
reports have outlined the potency of ZnO for the
removal of recalcitrant matter [15]. These catalysts
can be employed either in a colloidal or an immo-
bilized form. When the particles are dispersed in the
aqueous phase, the depth of the radiation penetra-
tion is limited due to absorption or scattering by
the dissolved organic species and the catalyst par-
ticles [16,17]. The primary aim of using the immo-
bilized form is that the costly and extra final fil-
tration process can be avoided, which is important

especially for the water decontamination and the
catalysts reusability [18]. The supports of the cata-
lyst have to be inert, resistant to erosion and corro-
sion and possess a large surface area with the capa-
bility to keep the catalyst immobilized; in such a way,
the catalyst particles do not get unattached from the
support and act as suspended catalysts [19,20]. Many
supports of ZnO photocatalyst have been studied in
literature (Table 1).

The glass plate was selected as substrate for ZnO
immobilization in this study. The preference of this
support goes to its inertness coupled with its abil-
ity to withstand high calcination temperatures, its
availability, chemical stability, nontoxicity and low
cost [28,29].

Various techniques have been employed to
achieve the immobilization of ZnO on the glass
plates (Table 2).

Even if extensive research has been conducted
on the photodegradation of pollutants, the large-
scale applications of this technique are still restricted
due to the use of batch reactors. The other rea-
son is credited to the slow evolution of practical
photocatalytic systems [24]. Therefore, particular fo-
cus/attention must be accorded to the configura-
tion of photocatalytic reactors to promote these pro-
cesses [37]. The stability of the catalyst film and its
successive reuse along with the increased time of
the treatment has always remained one of the ma-
jor concerns in these types of reactors [38]. To im-
prove the photocatalytic efficiency of semiconduc-
tors, the UV/H2O2/semiconductor system is recom-
mended because of its high tendency to form a sub-
stantial amount of reactive oxygen species, which are
the basic reactive intermediates needed to facilitate
the catalytic process [39,40].

This work aims at: (i) the comparison of ZnO de-
posited by two methods on glass plates for the re-
moval of two textiles dyes i.e. Reactive Blue 19 and
Direct Red 227 in single and binary systems by the
photocatalytic process; (ii) the use of a new loop re-
actor configuration for the photodegradation experi-
ments; (iii) the reusability and stability studies of the
immobilized ZnO for practical applications; (iv) the
assessment of the biodegradability and the phyto-
toxicity of the treated solution, which still remains
scarcely examined in the literature. It is highly signif-
icant to note that very few studies have been carried
out using Direct Red 227 dye.
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Table 1. Examples of supports used in research for ZnO photocatalyst

Photocatalyst Support Pollutant Initial
concentration of

pollutant (mg·L−1)

Degradation
yield (%)

Treatment
duration

(min)

Reference

ZnO PMMA polymer Methylene Blue dye 2.5 60 15 h [21]

Flower-like ZnO
hollow microspheres

Flexible ceramic mesh Cr(VI) 250 86 180 [22]

ZnO nanoparticles Montmorillonite
(MMT)

Metronidazole
(antibiotic)

40 97 30 [23]

ZnO Commercial zeolite Caffeine 25 100 120 [24]

ZnO Stones Acid red 18 dye 25 97 40 [25]

ZnO Fine pineapple leaf
fiber (PALFs)

Congo red dye 20 95 300 [26]

ZnO Glass plate p-nitroaniline 10 96 105 [27]

Table 2. Immobilization techniques for ZnO NPs on the glass plates

Photocatalyst Method of fixation Pollutant Initial
concentration

(mg·L−1)

Degradation
yield (%)

Treatment
duration

(min)

Reference

ZnO Heat attachment
method

Benzene and
toluene

50 for benzene
and toluene
respectively

46% and 57% removal
of benzene and

toluene respectively

240 [30]

ZnO Pulsed laser
deposition (PLD)

Rhodamine B
(RhB) dye

Not reported 91 360 [31]

ZnO Spin coating Rhodamine-B
(RhB) dye

10.0 93 240 [32]

TiO2–ZnO Sole gel dip-coating Methylene blue 10.0 97 360 [33]

ZnO Ultrasonic spray
pyrolysis

technique (USP)

Methylene blue 8.0 99 180 [34]

(Ni) doped ZnO Chemical bath
deposition (CBD)

Methylene blue 3.20 96 150 [35]

ZnO/graphene One-step
electrochemical

deposition (ECD)

Methylene blue Not reported 100 180 [36]

2. Material and methods

2.1. Chemical products

Zinc acetate ((CH3COO)2Zn·2H2O) was purchased
from Merck with a purity of 99%. The studied pol-
lutants are two textile dyes namely Reactive Blue
19 (RB19) and Direct Red 227 (DR227). The former
Reactive Blue 19 (RB19) dye was purchased from
the brand ACROS Organics. This dye was selected
because it is considered a model dye of the an-
thraquinone family. It is a hazardous dye for aquatic

mediums. The second dye that is the subject of this
study is Direct Red 227 (DR227) dye which was ob-
tained from a textile industry TEXALG that is located
in Boufarik, Blida, Algeria. Their characteristics are
presented in Table 3.

2.2. Fixation of ZnO on the glass substrate

Two simple and economic routes were used to de-
posit the two thin films of ZnO, which were fixed on
glass plates by two methods: “Spray Pyrolysis” and
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Table 3. Characteristics of RB19 and DR227 dyes

Trade name Remazol Blue brilliant R Solophenyl Red 7BE

Scientific nomenclature Reactive Blue 19 Direct Red 227

Molecular structure

Molecular formula C22H16N2Na2O11S3 C60H46N16Na6O22S6

Type of structure Anionic Anionic

λmax (nm) 593 542

Molecular weight (g·mol−1) 626.533 1673.430

“Spray”. Osmosis water was used as a solvent for the
preparation of all the solutions. All films were immo-
bilized on microscopic glass slides (2.6 cm × 7.6 cm),
which were previously rinsed with osmosis water and
dried at ambient temperature. A manual aerosol va-
porizer was used to spray the solutions on the sub-
strate. The two thin films were prepared under the
same conditions to enable the comparison of their
photocatalytic efficiency.

2.2.1. Fixation of ZnO by Spray Pyrolysis

40 g·L−1 of zinc acetate ((CH3COO)2Zn·2H2O) was
dissolved in osmosis water. The glass plate was pre-
heated to 370 °C. 15 ml of Zinc acetate solution was
sprayed on the glass plate. A distance of 30 cm was
kept between the manual aerosol spray and the sub-
strate glass. The time interval between each spray
was 45 s.

2.2.2. Fixation of ZnO by Spray

40 g·L−1 of ZnO nanoparticles (prepared previ-
ously by one step calcination at 420 °C, the synthe-
sis protocol is well-described in Cherif et al. [41])
were homogenized in osmosis water under stirring
for 3 h, then, the solution was sonicated for 2 h in the
ultrasound bath (VWR USC-1). Furthermore, 15 mL
of ZnO solution was sprayed on the preheated glass
under the same conditions of the Spray Pyrolysis
method.

2.3. Characterization

The crystalline nature and phase formation of ZnO
films were known using the PANAlytical Xpert-PRO
diffractometer (Cu-radiation, λ = 1.5406 Å). The
Raman spectroscopy using a Jobin Yvon T64000 spec-
trometer (λ = 514.5 nm; 2.41 eV) in a confocal mi-
croscopy mode in air at room temperature, was ap-
plied to examine the structural properties of ZnO
films. The presence of hydroxyl groups and other in-
organic or organic contaminants in the ZnO sample
was investigated by Fourier-transform infrared spec-
troscopy (FT-IR) Nicolet 5700 Fourier spectrometer in
the frequency range 4000–400 cm−1 with a scan num-
ber of 80 and a resolution of 4 cm−1.

The morphology and the size distribution of the
prepared powders were analyzed by Scanning Elec-
tron Microscopy (SEM, JEOL 5910 LV), and Trans-
mission Electron Microscopy (TEM, Hitachi H-7650)
at 80 kV acceleration voltage with magnifications up
to 200,000×, the samples investigated by TEM were
suspended in ethanol and dropped onto a 400-mesh
holey carbon-coated copper grid and dried at room
temperature in air. Energy Dispersive X-ray photo-
electron spectroscopy analysis (EDX) was taken with
a SDD Bruker analyzer.

The Electron Paramagnetic Resonance (EPR) is ef-
fective for the detection of vacancies and interstitial
defects in metal oxide materials. Thus, it was used for
further analyses of the samples, The EPR investiga-
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tion was carried out on a Bruker EMX spectrometer
in 5 mm diameter quartz tubes using an X Band spec-
trometer operating at 9.653 GHz, in a resonant cavity
ER 4105 DR.

XPS: X-ray photoelectron spectroscopy (XPS)
analyses were carried out/conducted using the Omi-
cron brand EA 125 model with a DAR 400 X source.
The previously mentioned analysis utilizes the MgKα
anode (E = 1253.6 eV) and a hemispheric analyzer
working at constant energy of 20 eV for the acqui-
sition of higher solution spectra. A high-resolution
measurement was made for Zn2p, O1s, and C1s
peaks.

2.4. Photocatalytic experiments

The adsorption and photocatalytic experiments of
the as-prepared ZnO thin films were assessed by
the photodegradation of single RB19 and DR227
(10 mg·L−1) solutions and their binary mixture
(5 mg·L−1 each) in a loop plexiglass reactor, which
had a spherical shape (Figure 1a, b). UV lamp were
used as light source, LED type, emitting at 365 nm
(Lot:239312/BIN:M.UO). The lamps were placed
above the reactor, the effluent to be treated was re-
circulated using a peristaltic pump. The samples to
be analyzed were taken during the photodegradation
reaction in the buffer tank. The overall reaction vol-
ume Vr was equal to 50 ml. Agitation was carried out
mechanically by a magnetic bar. The entire reactor
was covered in order to protect the reaction medium
from external light.

The flow in the reactor was fixed at 0.06 L·min−1.
The assays of the photocatalytic degradation were
conducted in room temperature. The dyes solutions
were kept in the dark for 60 min within the loop reac-
tor to ensure the adsorption/desorption equilibrium
between the dye and the catalyst films, then the UV
lamps were turned on. The liquid film thickness in
the reactor was 0.38 mm calculated from the follow-
ing equations:

Thickness film =
(
Γ2

g

)1/3

(1)

where:

Γ= Q

L
(2)

Γ is the flow rate per unit length (m3·s−1·m−1), L is the
length of the glass plate, Q is the flow rate (m3·s−1)
and g is the gravity (m·s−2). The energy supplied by

the lamp is 6.375×10−19 J = 3.41 eV,1 which is much
higher than that of the band gap of ZnOSpray = 3.13 eV
and ZnOSpray Pyrolysis = 2.99 eV (see Section 3.1.1), in-
dicating that the energy provided by the lamp is suf-
ficient for the photocatalytic reaction to take place.
The average mass deposited on the glass plate was
3.15× 10−3 and 2.97× 10−2 g·cm−2 for the thin film
prepared by “Spray Pyrolysis” and “Spray” respec-
tively.

2.5. Reusability and photo-stability of the cata-
lyst for the treatment of binary dyes mixture

The reusability experiments of ZnO fixed by Spray Py-
rolysis were studied by washing the glass plate with
osmosis water overnight and drying it at room tem-
perature for few minutes. This plan of regeneration
was repeated after each cycle in order to remove the
unreacted binary dyes mixture and the byproducts
of the previous experiments. This regeneration tech-
nique is simple, economic and efficient.

2.6. Analytical methods

The samples were analyzed using UV/Vis spec-
trophotometer (SHIMADZU UV-1800). The concen-
trations of the two dyes were deduced from the cal-
ibration curve. The kinetic constant rates K (min−1)
of the two single dyes (RB19/DR227) solutions were
calculated using (3)

K ∗ t =−Ln

(
Ct

C0

)
(3)

where: Ct is the concentration at the instant t , and C0

is the initial concentration.
In order to simulate a real textile effluent and

examine the performance of the as-prepared thin
films on the decomposition of dyes mixture, the pho-
todegradation study was realized on the binary dyes
mixture (RB19+DR227). The degradation efficiency
of the mixture of the two dyes was calculated from
the maximum absorbance of the mixture at 550 nm

1 E = hc/λ

where E : is the proton energy in joules (J), h is the Planck’s con-
stant (6.63×10−34 J·s), c is the speed of light (3×108 m/s) and λ is
the wavelength in nanometers (nm)

1 electronvolt (eV) = 1.6×10−19 J.
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Figure 1. (a) Schematic of the pilot installation, (b) schematic for the loop photocatalytic reactor.

by the following (4):

Yield of degradation =
(

ABS0 − ABSt

ABS0

)
∗100. (4)

The kinetic constant rates K (min−1) of the binary
dyes mixture (RB19 + DR227) was calculated using
(5) [42].

K ∗ t =−Ln

(
ABSt

ABS0

)
(5)

where ABS0 is the initial absorbance and ABSt is the
absorbance at the instant t .

2.6.1. Chemical oxygen demand (COD)

COD was measured by the COD (MERCK Spec-
troquant TR 420) apparatus. The duration of diges-
tion was for 120 min at 148 °C, which followed the
norm ISO 15705:2002 (F). The range of COD was
(0–40 mg·L−1).

2.6.2. Biological oxygen demand (BOD5)

BOD5 was measured at the initial and final ex-
periments, in the presence of the blank for the
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determination of the endogenous respiration of
microorganisms. The technique was based on the
manometric principle allowing the determina-
tion of the BOD5 according to the standard NF
EN 1899-2 related to the autocontrol. The value
of BOD5 was calculated from the following for-
mula: BOD5 = COD/1.46. The inoculum used for
the BOD5 assays was a solution of bacteria pre-
pared as follows: 55 g of the damp earth or (50 g
of the dry earth) was stirred in a 500 ml flask for
20 min. The supernatant was recuperated after de-
cantation. The following mineral medium was used
for all experiments (g·L−1): 22.5 MgSO4·7H2O; 27.5
CaCl2; 0.15FeCl3; 2.0 NH4Cl; 6.80 Na2HPO4; 2.80
KH2PO4. The sample to be analyzed was introduced
into the Oxitop IS6 (from WTW, Alès, France) with
the nutrient medium, the buffer solution, the nitrate
inhibitor solution, and the bacteria solution. The
pH was adjusted to a value of 7.0 ± 0.2. NaOH was
placed in the rubber cap on the BOD5 vial to ab-
sorb the released CO2. After 5 days, the BOD5 mea-
surements were recorded. The obtained values were
multiplied by the dilution factor to obtain the final
BOD5 value.

A control sample was run applying the same men-
tioned protocol of BOD5, it consisted of a solution of
easily biodegradable compounds, namely glutamic
acid (150 mg·L−1) and glucose (150 mg·L−1).

2.6.3. Phytotoxicity of germination tests on watercress
seeds

Ten filter papers were cut to the same shape as
the Petri dish and placed inside ten Petri dishes.
Then, moistened with (5 ml of the binary dyes mix-
ture (RBBR + DR227). The tests were conducted us-
ing watercress seeds (Lepidium sativum) from the
La Semence Bio brand, France. 10 watercress seeds
were placed in each Petri dish, the whole was in-
troduced into an oven at 25 °C for 48 h. Under the
same conditions, the control sample was carried out
in ten petri dishes containing 5 ml of tap water and
ten watercress seeds each. The germination index
(GI) was determined from the calculation of the aver-
age sprouted seeds and the average root shoots was
based on the following relationships:

GI (%)

=
(

Seed germination (%)∗average of root length of the sample

Seed germination (%)∗average of root length of the control

)
∗100. (6)

The phytotoxicity test was conducted with watercress
seeds for the treated and initial solutions of the dyes
mixture.

3. Results and discussion

3.1. Characterization of the ZnO nanostructures

3.1.1. X-ray diffraction (XRD), FT-IR and Raman
spectra

Figure 2(a) shows the XRD patterns of the ZnO
NPs of the two samples, the 2θ peaks at 31°, 34°,
47°, 56°, 62°, 66°, 67°, 68° and 74° correspond to
the reflections of reticular plans (100), (002), (101),
(102), (110), (103), (200), (112), (201) and (004) of
the Wurtzite structure in agreement with JCPDS
card number 04-008-6994 [43–45], matched with the
hexagonal symmetry (space group P63mc), which
has the following lattice parameters: a = 0.3269 nm
and c = 0.5203 nm [41]. No impurities or secondary
phases are detected on the patterns. The narrow-
ness of the peaks indicates a good crystallinity and
demonstrates the long-range periodicity of ZnO pre-
pared by both methods. Debye Scherer’s equation (6)
is used for the determination of the average crystal-
lite size (D) of the samples using the full width at half
maxima (FWHM =β) [46].

D = 0.94λ

βCosθ
(7)

where D—represents the size of the crystalline (nm),
λ—is the incident wavelength of Cu Kα radiation
X-ray (= 1.5418 nm), β—is the maximum full width
and θ—indicates the diffraction angle.

The average crystallite size (D) of the nanos-
tructures calculated based on Scherrer’s equation is
27.04 nm and 11.94 nm for ZnO deposited by “Spray”
and “Spray Pyrolysis” respectively. The obtained val-
ues of the average particle size (D) are smaller than
those reported in the literature [27,31,34,35].

After estimating the specific surface area (Sp)
of the two samples, the yielded results are equal
to 1200 m2/g and 330 m2/g respectively for
ZnOSpray Pyrolysis and ZnOSpray, which means that
the Sp of ZnOSpray Pyrolysis is three times higher than
the Sp of ZnOSpray.

Figure 2b illustrates the FT-IR spectra of both ZnO
samples “Spray” and “Spray Pyrolysis”. The centered
band at 500 cm−1 belongs to ZnO. The band located
at 3500 cm−1 corresponds to the vibration of the OH
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Figure 2. (a) XRD spectrum of ZnO nanoparticles, (b) the FTIR spectra of ZnO NPs, (c) Raman spectra of
the ZnO films, (d) direct optical transitions of ZnO samples.

hydroxyl groups, it could also be assigned to the OH
ions, which have substituted from the O−

2 ions in the
structure of the compound. The centered band at
about 1499 cm−1 is assigned to the vibration of OH
ions of water molecules presented on the surface of
ZnO. No traces of contaminants or impurities from
the raw precursor are found in both samples. The
same findings are reported elsewhere [47,48].

Based on Raman spectra, the wurtzite ZnO struc-
ture is involved and belongs to C6V4 (P63mc) space
group with the unit cell containing 4 Zn atoms co-
ordinated by oxygen atoms. According to the group
theory, 12 normal modes are allowed by symmetry

with 9 optical modes and 3 acoustic ones. The
wurtzite-structured ZnO has four active Raman
modes, namely, A1 + E1 + 2E2 [49,50]. Four dis-
tinct Raman peaks can be seen at 198, 331, 438, and
584 cm−1 (Figure 2c). The Raman peak at 331 cm−1

that belongs to E2(h) − E2(l) is frequently attrib-
uted to multiple-phonon process. It signifies that
the nanoparticles are single crystals [51]. The Raman
peak at 438 cm−1 that belongs to the E2(h) mode indi-
cates a high crystalline quality of the nanoparticles,
which further confirms the formation of wurtzite
ZnO [52]. The Raman peak at 584 cm−1 belongs to
the A1(LO) mode [53].
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The energy bandgap was determined from the
Tauc representation:

αhv = A(hv −Eg )n (8)

where α is the absorption coefficient, hv is the pho-
ton energy, A is the constant, Eg is the bandgap, and
n = 1/2 is for direct allowed transition [41,54].

The optical properties of the Spray thin ZnO film
differ from those of the ZnO prepared by Spray Py-
rolysis. The band gap of the as-prepared samples
is found to decrease from 3.13 eV to 2.99 for ZnO
prepared by Spray and Spray Pyrolysis respectively
(Figure 2d).

The minor decrease in the bandgap energy of the
ZnO sample synthesized by Spray Pyrolysis can also
play a role in the enhancement of the photocatalytic
activity [55,56]. The obtained values of the band gap
energy for both samples are interesting compared to
those obtained in the literature since the as-prepared
materials are pure without any doping, while in the
literature to obtain similar results, ZnO should be
dopped with other metals to enhance the energy
bandgap [55–57].

3.1.2. Scanning electron microscopy (SEM), energy
dispersive X-ray spectroscopy (EDS) and trans-
mission electron microscopy (TEM)

The SEM analysis shows the existence of an ag-
glomerate of a fine powder, which forms plaques for
both samples Figure 3(a, b). It is important to note
that the ZnO films are regular, homogeneous and
identical; and therefore, the reactivities should be the
same over the entire glass plates. Moreover, the two
films preparation methods give similar deposit mor-
phologies, so the essential difference comes from the
sizes and shapes of individual nanoparticles.

The EDS spectrum (EDS) reveals the presence of
“Zn” and “O” peaks as shown in Figure 3(c, d). In
both cases, the Zn/O ratio is close to, which is in good
agreement with the previous results with.

The EDS measurements reconfirm that the
prepared ZnO NPs by the two methods are pure
since no residues or contaminants exist in the final
nanoproduct [58].

Various ZnO nanostructures such as: nanodisks,
nanowires, nanorods, nanoparticles and nanoflow-
ers are synthesized by different techniques in the lit-
erature [59–63]. The TEM analysis reveals that ZnO
nanoparticles are composed of small “spherical”

particles (20 nm of average) and a small number
of rods (73 nm of width and 530 nm of length of
average) in the case of ZnO fixed by Spray (Fig-
ure 3e, e′). Figure 3f and f′ indicates the presence
of ZnO spherical-shaped particles with a consistent
size of 28 nm of average, and the absence of nano-
rods for ZnO fixed by Spray Pyrolysis. The same shape
of ZnO prepared by Spray Pyrolysis has been ob-
served by Sahoo et al., Widiyandari et al. [64,65].
This finding indicates that ZnO deposited by Spray
Pyrolysis has a polycrystalline character in correla-
tion with the crystallite size calculated from DRX
(11.74 nm and 28 nm for the crystallite size and the
particle size respectively), While the ZnO deposited
by Spray has a monocrystalline character (23 nm and
27.04 nm for the crystallite size and the particle size
respectively).

3.1.3. Electron paramagnetic resonance (RPE) and
X-ray photoelectron spectroscopy (XPS)

In the literature, the high photocatalytic activity
of ZnO-NPs samples is attributed to the developed
surface of aggregates (RFE) and the presence of oxy-
gen vacancies [50], because the latter can act as elec-
tron receptors and inhibit the recombination rate of
electron–hole (e−/h+) pairs [27]. The Oxygen vacan-
cies can also induce band-gap narrowing and en-
hance visible light photocatalytic activity of ZnO [66].
An insignificant small amount of carbon impurities
may induce the concomitant appearance of oxygen
vacancies responsible for the green light emission ev-
idenced by photoluminescence, as well as photocat-
alytic activities in the visible spectral range [67]. From
Figure 4(a, b), two gyromagnetic factor “g ” values are
obtained considering the low and high fields of ab-
sorption peaks. The signals at g = 1.958, originating
from VO, are observed for the elaborated materials.
The signal g = 2.0034 is induced either by Zn inter-
stitial or free electrons [68,69]. It is also worth men-
tioning that in the background spectrum there is no
trace of the typical signal of carbon centered radi-
cals (a symmetric line at g = 2.002) that is always
present when carbon impurities are formed and left
in the solid during the preparation [70]. The intensity
of peaks is less important in ZnO deposited by Spray
Pyrolysis.

The XPS analysis (Figure 4c) is in good agree-
ment with the RPE and shows that the ZnO prepared
by the “Spray Pyrolysis” sample has fewer oxygen
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Figure 3. SEM images of ZnO nanoparticles (a) ZnO spray, (b) ZnO spray pyrolysis, the EDS spectra
of ZnO nanoparticle (c) spray (d) spray pyrolysis. TEM images of ZnO nanoparticles (e, e′): ZnO spray,
(f, f′) ZnO spray pyrolysis.

vacancies than ZnO “Spray”. This must certainly im-
pact the photocatalytic properties. The amount of
oxygen vacancies in both samples could be assigned

to the synthesis conditions, Indeed, the difference in
the synthesis methods could cause the difference in
oxygen vacancies.
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Figure 4. The RPE spectra of ZnO (a) Spray (b) Spray Pyrolysis, (c) XPS spectrum O1s.

3.2. Photocatalytic assays

The high photocatalytic activities of the ZnO thin
films were evaluated through the degradation of the
RB19 and DR227 dyes individually and in mixture un-
der UV-light irradiation after adsorption equilibrium,
as the treatment of dye mixtures is still a real chal-
lenge nowadays.

3.2.1. Degradation of RB19 and DR 227 in single
solution

Figure 5(a) displays the adsorption capacities and
photocatalytic performances of the two prepared
thin films in RB19 solution under UV lamp irradia-
tion (λ = 363 nm). The RB19 solution is quite sta-
ble under UV light irradiation without any catalysts.
Experimental data indicates the absence of the ad-
sorption capacity for the ZnO thin film prepared by
Spray. Under UV-light for 390 min, the concentration
of the RB19 solution reached 82% of removal yield.
The reaction follows a first order kinetics, with a rate

constant of 6.9×10−3 min−1 (Table 5). The ZnO thin
film prepared by Spray Pyrolysis exhibits stronger ad-
sorption capacity of RB19, which is equal to 26% indi-
cating a slight porous structure. It presents also a bet-
ter photocatalytic activity, which touched 66% with a
total decolorization yield (adsoption + photocataly-
sis) of 92%. This confirms that the degradation of the
pollutant takes place at the surface of the catalyst, the
closer the pollutant is to the surface, the faster the
kinetics.

Both films gave a good degradation rate; how-
ever, the thin film prepared by Spray Pyrolysis yielded
better results due to the nanoparticles small size. It
is highly important to note that the thin film pre-
pared by Spray lost 12% of its initial mass, which
impacts negatively the photodegradation process
and explains the reason why the thin film pre-
pared by Spray Pyrolysis showed a better photocat-
alytic activity. (The evaluation of the mass of the
catalyst is done before and after photocatalysis us-
ing a model balance: VWRI611—3683, Type: TA314i,
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Figure 5. Evolution of the concentration during the photocatalytic process (a) RB19 (pHspray pyrolysis =
7.21, pHspray = 7.26, C0 = 10 mg·L−1, P = 0.186 W), (b) DR227 (pHspray pyrolysis = 6.46, pHspray = 6.83,

C0 = 10 mg·L−1, P = 0.186 W).

Serial number: ITA2002546, Accuracy: 0.1 mg.) The
reaction follows a first order kinetics, with a rate con-
stant of 2.7×10−3 min−1 (Table 5).

A slight decrease in the decomposition of the DR
227 dye confirms the insufficiency of the UV irradia-
tion to degrade this molecule (Figure 5b). The same
behavior in the photocatalytic and adsorption per-
formances is observed for the two thin films, which
gave a good DR227 decolorization rate (Figure 5b).
The difference in the photocatalytic behavior of the
two dyes could be explained on the basis of the molar
masses of the two dyes. The molar masses of the two
dyes are not the same: 1.60×10−5 M and 5.97×10−6 M
for RB19 and DR227 respectively. The DR227 dye has
fewer chemical species in the solution than the RB19
dye, which could explain the good degradation of
this molecule in the presence of the two thin lay-
ers of ZnO. The reaction follows first order kinetics,
with a rate constant that equals 2.7× 10−3 min−1 in
case of ZnO fixed by Spray Pyrolysis. In case of ZnO
immobilized by Spray, the reaction follows first or-
der kinetics, with a rate constant of 3.2×10−3 min−1

(Table 5).
Several photocatalytic studies have demonstrated

that the •OH radicals are the main oxidizing species
leading to the degradation of pollutants. When a light
photon falls on the surface of a semiconductor, an
electron is excited and passes from the valence to the

conduction band; thus, generating the electron/hole
(e−/h+) pair. The electron reacts with dissolved oxy-
gen to generate the superoxide radicals O•−

2 , while
the hole oxidizes the water molecule and/or OH− so
as to form the OH• species. The latter is the most
powerful radical found in nature since it is non-
selective, i.e., it attacks all types of organic matter and
converts it into simple hydrocarbons, water, and in-
organic salts [56,71–73].

Even though the RB19 and DR227 pollutants be-
long to the families: anthraquinone and azoic dyes,
the as-synthesized ZnO thin films were effective
for the decomposition of the target molecules that
are known by their recalcitrance and their complex
molecular structure.

The residence time and the number of cycle that
the liquid passes in such type of reactor is an impor-
tant notion to know.

The residence time ts in the reactor is equal to
0.833 min, calculated from the following formula:

Q = V

ts
→ ts = V

Q
(9)

where: V is the volume of the solution in the reactor
(L), Q: is the flow in the reactor (L·min−1).

The liquid circulates 540 times in the reactor.
The number of cycles (N) that the pollutant took
within the reactor was calculated from the following
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Figure 6. Evolution of the degradation rate dur-
ing the photocatalytic process (pHspray pyrolysis
= 7.19, pHspray = 6.53, C0 = 5RBBR/5DR227

mg·L−1, P = 0.186 W).

formula:
N = t

ts
(10)

where: t : is the time of the reaction (min), ts : is the
residence time in the reactor (min).

This information is basic data that will be used for
sizing a reactor in continuous mode.

3.2.2. Mixture of the two dyes

ZnO fixed on the glass substrate by Spray Pyroly-
sis reveals more superior adsorption and photocat-
alytic activity than the other sample (Figure 6). More-
over, its degradation efficiency reached 73% within
390 min. This could be attributed to the size of
the particles that is smaller for ZnO immobilized by
Spray Pyrolysis. Hence, we have opted to continue
the rest of the experiments by the thin film prepared
by Spray Pyrolysis. We highlight a loss of mass for
ZnO prepared by Spray that is found to be 15%.

Table 4 shows the previously reported results
of photocatalytic degradation of different binary
organic dyes solutions in the presence of various
photocatalysts.

In this study, we note a slight decrease in the re-
moval efficiency rate of the binary mixture dyes in
comparison with single aqueous dyes that might
be related to the interactions between the two
molecules and their by-products. Some reports high-
light the enhancement in the photodegradation effi-
ciency of the binary mixture dyes system compared
with the decolorization yield of the individual dyes
solutions by synergy effect [77,78].

The photodegradation of both dyes in single solu-
tion and in binary mixture follow a first order kinetic
model (3) and (5). The kinetic constant rates were
presented in Table 5.

The values of the kinetic rate constants K of both
ZnO films for the degradation of the two dyes sepa-
rately and in mixture are comparable to those already
obtained in the previous studies using the same cata-
lyst ZnO thin film prepared by other methods [57,79].

In order to optimize and enhance the decoloriza-
tion rate of the mixture of the two dyes, the effect of
lamp intensity and the ad of H2O2 will be deferred to
the next sections.

3.2.3. Effect of the light intensity and the addition of
H2O2

The energy saving is an important factor in the
application of photocatalytic processes. The removal
efficiency of the mixture of the two dyes under dif-
ferent UV powers of (0.093, 0.186, and 30 W) is de-
picted in Figure 7a. As shown, the increase in the pho-
tons flux inhibits the degradation of the dyes in mix-
ture because at low light intensity, reactions involv-
ing (e−/h+) formation are principal and the recombi-
nation process is negligible. Conversely, at high light
intensity, the (e−/h+) pair separation competes with
recombination; thereby, causing a lower effect on the
reaction rate [80,81].

In the goal to enhance the photocatalytic behavior
of the catalyst, two different concentrations of H2O2

have been added to the reaction medium (Figure 7b).
Figure 7b depicts no significant effect of H2O2 on

the decolorization of the mixture of the two dyes after
addition of H2O2, which did not enhance the degra-
dation rate. We note only a slight decrease in the re-
moval rate with 12 mM H2O2 concentration (76% and
73% for 6 mM and 12 mM respectively). This could
be traced back to the fact that the H2O2 molecules
could exhibit a self-scavenging effect for an excess of
•OH radicals; thus, leading to the formation of a per-
hydroxyl radical specie (HOO•), which is a less active
as shown in (11) and (12). Therefore, resulting in a
deterioration of the catalytic performance. This con-
firms the presence of (HOO•) as the most probable
reactive specie that facilitates the degradation of the
dyes mixture [55,82].

H2O2 +OH• → H2O+HOO• (11)

H2O2 +h+
C B → H++HOO• (12)
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Table 4. Comparison of the photocatalytic performance of different binary dyes mixture to the previous
studies in the presence of various photocatalysts using mass concentrations

Catalyst Dye1/yield of
degradation (%)

Dye2/yield of
degradation (%)

Mixture/yield of
degradation (%)

Reference

PdTiO 0.25 100/methylene blue 100 of methyl orange 100/Binary mixture [74]

UiO-66/BiFeO3 88.7/methyl orange 89.3/of rhodamine B 84.2/Binary mixture [75]

Cu2SnS3 92/rhodamine B 80/methyl orange 80 [76]

ZnO thin film
ZnO spray pyrolysis 91.86/reactive blue 19 79.40/direct red 227 73.04/Binary mixture

This work
ZnO spray 81.57/reactive blue 19 79.02/direct red 227 60.81/Binary mixture

Table 5. Comparison of the kinetic rate constants K of the two dyes photodegradation using both as-
prepared ZnO films

Dye Deposition method Rate constant K ×103 (min−1) R2

Reactive blue 19
ZnO spray pyrolysis 6.9 0.996

ZnO spray 2.7 0.991

Direct red 227
ZnO spray pyrolysis 2.7 0.998

ZnO spray 3.2 0.998

Binary dyes mixture
ZnO spray pyrolysis 3 0.996

ZnO spray 2.2 0.992

The two deposition methods of ZnO on the glass
plate have demonstrated similar chemical compo-
sition, structural, optical and morphological prop-
erties. Nevertheless, the ZnO prepared by Spray
Pyrolysis exhibited smaller crystallite sizes which
provide a larger specific surface. Indeed, this char-
acteristic is desirable for the degradation of pollu-
tants. ZnO fixed by both Spray and Spray Pyrolysis
methods has shown good overall performances (ad-
sorption + photocatalysis) towards the target pol-
lutants in individual and binary mixture systems;
however, the ZnO prepared by the Spray Pyrolysis
method has yielded better photodegradation for
RB19 dye in individual and binary mixture systems.
The high light intensity has a negative impact on the
performance of the photocatalytic process. More-
over, the addition of H2O2 has no influence on the
degradation yield.

3.2.4. Reusability and photo-stability of the catalyst
for the binary dyes in mixture decolorization
process

Several reuse experiments were designed to eval-
uate the stability of the elaborated material. The de-
composition rate remained high (74.21%) after reuse

for 20 runs extending over a period of 148 h, as shown
in the Figure 8(a, b).

The reproducibility of the photocatalytic ex-
periments is confirmed and observed very clearly
through the 20 photodegradion cycles. Ben Ameur
et al. [83] have conducted many cycles of thin film of
ZnO: Co (1%) doped ZnO (CZO), and In (1%) doped
ZnO (IZO). Their measurements clearly showed that
after three cycles, the photo-degradation remains
almost constant with a deactivation not exceeding
(11%). Ravichandran et al. [84] have investigated the
photostability and reusability of ZnO:Mo/rGO as a
photocatalyst. The photodegradation experiments
were carried out for four cycles. Even after the fourth
run, the deposited photocatalyst was found to have
the degradation efficiency of about 90% and 68%
within 120 min for Methylene Blue and Rhodamine B
dyes respectively. Compared with previous research
studies, the present thin film of ZnO fixed by Spray
Pyrolysis is among the highest stable materials. This
high stability after repeated usage provided the pos-
sibility for long term applications.

The before and after diffractograms cycles are
very similar (Figure 8c). The ZnO material deposited
on the plate did not degrade or change during the
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Figure 7. (a) Evolution of the degradation rate during the photocatalytic process: effect of light intensity
(pH30 W = 7.19, pH0,186 W = 6.37, pH9,2×10−2 W = 7.11, C0 = 5RBBR/5DR227 mg·L−1), (b) evolution of the
degradation rate during the photocatalytic process: effect of the addition of H2O2 (pH6 mM = 6.73,
pH12 mM = 7.01, C0 = 5RB19/5DR227 mg·L−1, P = 0.093 W).

20 cycles of photocatalysis. The material acted well
as a catalyst.

3.3. Biodegradability and phytotoxicity studies

The ratio within the biological oxygen demand over
5 days (BOD5) and the chemical oxygen demand
(COD) indicates the level of the biodegradability
of a sample. The ratio BOD5/COD between 0.4 <
BOD5/COD < 1 indicates a good biodegradability,
which signifies that the sample can be easily treated
by activated sludge. In our case, the biodegradability
BOD5/COD of the binary dye mixture before treat-
ment was 0.059, which means that the mixture of
dyes is non-biodegradable by microorganisms. The
final solution exhibits a high ratio of BOD5/COD that
equals 0.833, which indicates that the final sample is
biodegradable. Similar results are reported through
the literature [85–87].

The initial mixture of dyes exhibits a moder-
ate phytotoxicity with watercress seeds as shown in
Figure 9. After the photocatalytic process, there is
an absence of phytotoxicity in the treated solution,
which reveals the efficiency of the treatment for re-
ducing the toxicity of the target pollutants.

Naraginti et al. [88] have studied the phytotoxi-
city of an antibiotic sulphamethoxazole (SMX) and
the azo-dye reactive-red-194 (RR194) before and af-
ter photocatalysis. The tests have demonstrated a
lower percentage of germination in Phaseolus vul-
garis (40%), Vigna radiata (30%) and Phaseolus luna-
tus (30%) of the seeds treated with 50 ppm of SMX,
compared with the seeds treated with the degrada-
tion products (100%). The results with 50 mg·L−1

of RR-194 have shown as well a lower percentage
of germination in P. vulgaris (40%), V. radiata (50%)
and P. lunatus (30%) compared with the degradation
products (100%). Saratale et al. [89] have examined
the phytotoxicity before and after the photodegrada-
tion treatment of Reactive Green 19A (RG19A) and
textile effluent using Phaseolus mungo and Sorghum
vulgare. The results have uncovered that the prod-
ucts generated after the photocatalytic degradation
of RG19A and textile effluent are less toxic in nature.

4. Conclusion

In summary, ZnO nanocrystalline thin films were
prepared on glass substrates by two techniques
namely the Spray and Spray Pyrolysis. The prepared
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Figure 8. Cycling curves of the photocatalytic degradation of the binary dyes mixture in presence of the
ZnO thin film prepared by Spray pyrolysis (P = 0.093 W), (a) kinetic curves, (b) number of cycles b, (c) XRD
spectrum of ZnO nanoparticles before and after 20 photodegradation cycles.

ZnO nanoparticles were indexed to the hexagonal
wurtzite ZnO polymorph. XRD and Raman were
used to examine the crystal structure. The grain size
and the surface morphology were analyzed by SEM
and TEM. The optical properties of the ZnO films
were also studied. No impurities were detected in
both samples confirmed by EDX and FT-IR. ZnO
deposited by Spray contains more oxygen vacan-
cies evaluated by EPR and XPS. The ZnO thin films
prepared by Spray Pyrolysis showed a better pho-
tocatalytic performance compared with the other
sample (73% and 61% respectively for ZnO deposited

by Spray Pyrolysis and Spray). This photocatalytic
activity can be explained based on the smaller size
of the crystallites and nanoparticles of the material
on one hand and the lower energy of the band gap
on the other hand. The elaborated material exhib-
ited a high photostability even after 20 cycles of re-
utilization (148 h). BOD5/COD rate enhanced from
0.053 to 0.83 showing better biodegradability of the
treated solution. The germination phytotoxicity test
has improved from 75% to 100%.

This study reports an economic and ecofriendly
decolorization process that may open an interesting
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Figure 9. Phytotoxicity test of the binary
dyes mixture before and after photocatalytic
degradation (C0 = 5RB19/5DR227 mg·L−1, P =
0.093 W).

route to achieve a high efficiency of the photocat-
alytic activity through the immobilized ZnO dedi-
cated to the effluent treatment on a semi-pilot scale.
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